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Preface

On behalf of a great team of nano researchers who have been part of this exciting

project, I am pleased to introduce to the scientific community a comprehensive ten

volume series on Nanotechnologies for the Life Sciences (NtLS), which is going to be a

knowledge base of encyclopedic proportions for applications of nanotechnologies

in biology, biotechnology and medicine. This is a unique series of books on an im-

portant facet of nanotechnology being presented by the nanotechnologists for the

nanotechnologists. What you have in your hand is the first volume, Biofunctionali-
zation of Nanomaterials, in this exciting series.

The first volume has eleven chapters covering various aspects and techniques for

functionalization of different nanomaterials with variety of biomolecules. The book

begins with an exciting chapter by Michael J. Murcia and Christoph A. Naumann
from the Indiana University-Purdue University, USA, which provides an overview

of developments in biofunctionalization and biocompatible coating of fluorescent nano-
particles. There is an explosion of knowledge on carbon nanotubes, long, thin cylin-

ders of carbon, discovered in 1991 by S. Iijima and the focus of their practical

applications have been due to their unique physical properties such as optical,

electrical, thermal, elastic behavior and so on. However, once it was demonstrated

that it is possible to functionalize them with biomolecules, there has been a great

interest amongst nanoresearchers to investigate their potential in life sciences. The

University of California team of researchers from Riverside, USA, Elena Bekyarova,
Robert C. Haddon and Vladimir Parpura, has done a remarkable job in capturing

the up-to-date information in their chapter entitled biofunctionalization of carbon
nanotubes. Metallic and metal oxide nanoparticles are well studied and their ex-

traordinary physical and chemical properties make them useful in variety of appli-

cations. Not surprisingly, a great deal of research work was carried out to make

them not only biocompatible, but also attach biological molecules in order to ex-

tend their applications into the life sciences. Four chapters have been dedicated to

capture this information and the authors of these four chapters – 3, 4, 6 and 8 –

have done a thorough job in comprehensively providing the information on bio-

functionalization aspects of a wide variety of metallic/metal oxide nanoparticles.

Yong Guo from the Southern Illinois University, Carbondale, USA, dealt with bio-
functionalization of magnetic nanoparticles. Ming Zheng and Xueying Huang from

DuPont Central Research and Development, USA, described some unique aspects
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of biofunctionalization of gold nanoparticles. Grit Festag, Uwe Klenz, Thomas Henkel,
Andrea Csllki and Wolfgang Fritzsche from the Institute for Physical High Technol-

ogy, Jena, Germany, in a very unique fashion reviewed several approaches towards

biofunctionalization of metallic nanoparticles for biosensing. In addition to the com-

pletely chemical based approach for biofunctionalization, Raphael Levy and Chris
Doty from the University of Liverpool, UK, provided a state-of-the-art review on

the use of biomolecules themselves for stabilization of metallic nanomaterials in

the chapter entitled stabilization and biofunctionalization of metallic nanoparticles:
the peptide route.
In addition to metallic nanoparticles, polymeric nanoparticles have been widely

investigated for their applications in life sciences primarily in the area of drug de-

livery. It is again very important for the polymeric nanoparticles to be either bio-

compatible or biofunctionalized in order to be suitable for life science applications.

Biofunctionalization of phospholipid polymeric nanoparticles by Junji Watanabe, Jong-
won Park, Tornomi Ito, Madoku Takai, and Kazuhiko Ishihara from the University of

Tokyo, Japan, provides information, based on their own research experience, on

phospholipid polymeric nanoparticles and their biofunctionalization. The chapter

magnetic core conducting polymer shell nanocomposites for DNA attachment und hy-
bridization contributed by Jean-Paul Lellouche of Bar-llan University, Israel, pre-

sents an interesting perspective towards biofunctionalization of magnetic core

polymer shell nanomaterials. The researchers from the Northeastern University,

Boston, USA, – Sushama Kommareddy, Dinesh B. Shenoy and Mansoor M. Amiji –
brought out comprehensive information on gelatin nanoparticles and their bio-
functionalization.
Amongst all the biomolecules, proteins are unique and their conjugation to nano-

materials provides a very broad base for life science researchers. The research

group from Clemson University, USA, led by Ya-Ping Sun with Mohammed J.
Meziani and Yi Lin brought out an excellent in-depth analysis of various conju-

gation approaches to bind proteins to variety of nanomaterials in their chapter

entitled conjugation of nanomaterials with proteins. In this chapter, they provide

an overview of current and emerging approaches in the coupling of metal and

semiconductor nanostructures with proteins and their assemblies into different

architectures followed by approaches to conjugation of carbon nanotubes with pro-

teins and the mechanistic issues involved with nanotube-protein interactions. The

chapter entitled folate-linked lipid based nunoparticles for tumor-targeted gene therapy
by Yoshiyuki Hattori and Yoshie Maitani, Institute of Medicinal Chemistry, Japan,

contains a review of literature on folate-linked liposomes and nanoparticles, and

show the effectiveness of folate-linked lipid-based nanoparticles as a vector for

DNA transfection and for suicide gene therapy to treat human nasopharyngeal

and prostate tumors.

I am very grateful to all the authors who have shared my enthusiasm and vision

by contributing high quality manuscripts, on time, keeping in tune with the origi-

nal design and theme of not only this particular volume but also the whole series.

You will not be having this book in your hand but for their dedication, persever-

ance and sacrifice. I am thankful to my employer, the Center for Advanced Micro-
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structures and Devices (CAMD), and especially to my superior, Prof. Josef Hormes,

Director of CAMD, who has been supporting me in all my creative ventures. With-

out this backing it would be impossible to make this venture of such magnitude a

reality. No words can express the understanding of my wife, Suma, in allowing me

to make my office a second home and bearing with my spending innumerable

number of hours in front of the computer at home. My little daughter, Saakshi,

has been the source of joy and inspiration in bringing forth my intellectual creativ-

ity. My families, friends and mentors are integral part of my existence and con-

tinue to shape my life and I am indebted to them. While it would be impossible

to thank everyone individually in this preface, I must make a special mention of

the support from Wiley VCH publishers in general and the publishing editor, Dr.

Martin Ottmar, in particular, who has been working closely with me to ensure this

project becomes a reality. I am grateful for this support.

I also would like to take this opportunity to provide few glimpses of the rest of

the nine volumes in this series. As I write this preface, I am pleased to let you

know that the second and the third volumes are in press and will be published

shortly after volume one. The second volume, Biological and Pharmaceutical Nano-
materials, provides information on variety of nanomaterials from natural sources

and also those that are particularly relevant from pharmaceutical stand point of

view. As life scientists learn about nanotechnologies, they also need to be familiar-

ized with tools and techniques for characterization and the third volume, Nanosys-
tem Characterization Tools in the Life Sciences, brings forth the required information.

The rest of the volumes in this series deal in general with sensing, controlled

release, devices, engineering, biomimetic approaches that are relevant to life

sciences. These volumes are currently under preparation and I hope to present

them to you as soon as possible.

As I stop for moment and ponder at the amount of information that the dedi-

cated team of scientists have been compiling for this ten volume series, I can’t

help but become philosophical. Scientific endeavors by their very nature, while pro-

viding answers to several questions, create more and more questions. If one exam-

ines the growth of various scientific disciplines one would realize that while we

made tremendous progress in scientific achievements, we continue to be puzzled

by several unanswered questions in addition to several more new ones popping up

every day. In the words of one philosopher, ‘‘the measure of our intellectual matu-

rity is our capacity to feel less and less satisfied with our answers to better prob-

lems.’’ One could say that the progress in science is directly proportional to the

number of unsolved problems. It is pertinent to remember what Einstein said

once, ‘‘We can’t solve problems by using the same kind of thinking we used

when we created them.’’ What we need as scientists is lateral thinking. In order

for developing lateral thinking one needs to comprehend the existing knowledge

and develop the ability to connect seemingly unconnected points in the web of

knowledge.

Nanoscience and nanotechnology is beginning to gain respectable place in this

web of knowledge that we scientists have been creating. This new scientific disci-

pline is being touted as the greatest revolution in the history of mankind and is
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anticipated to positively affect every facet of our existence. It is anticipated to im-

prove quality of our life in leaps and bounds. However, Nanotechnology’s greatest

gift to mankind, in my view, is its ability to promote lateral thinking amongst not

only scientists but all those who are associated with this new approach to problem

solving. This is what I would like to call ‘‘nano vision or nano thinking’’. It is the

ability to think small while thinking big and to connect small and big at the same

time.’’ The followers of ‘‘nano thinking’’, so called ‘‘nano thinkers’’, are growing

day by day and their presence is beginning to be felt strongly in the field of life

sciences. It is my endeavor to be a catalyst in inculcating this new thinking by

providing a multi-pronged base of knowledge in nanotechnologies for the life

sciences. The ten volume series NtLS is anticipated to be the solid foundation for

all those who are interested in applying ‘‘nano thinking’’ in life sciences. I am leav-

ing the book in your hands and take your leave sharing a quotation from one of the

greatest thinkers from the United States of America, Oliver Wendell Holmes, who

said ‘‘Man’s mind, once stretched by a new idea, never regains its original dimen-

sions.’’ It is my hope that this book series will help in stretching the limits of

thinking in all those who come in contact with it.

Challa S. S. R. Kumar
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1

Biofunctionalization of Fluorescent

Nanoparticles

Michael J. Murcia and Christoph A. Naumann

1.1

Introduction

The current revolution in life sciences is strongly linked to the availability of so-

phisticated new experimental tools that enable the manipulation of biomolecules

and the study of biological processes at the molecular level using state-of-the-art

imaging techniques, such as single molecule imaging. Optical microscopy is fun-

damental to furthering our understanding of the structural, organizational, and dy-

namic properties of biological systems because a wide variety of complementary,

non-invasive optical techniques exemplified by wide-field microscopy techniques,

such as brightfield, darkfield, phase contrast, and DIC exist. Among these optical

detection techniques, fluorescence microscopy is particularly important because it

facilitates highly sensitive and specific imaging experiments. In addition, more so-

phisticated imaging approaches such as confocal and near-field imaging provide

the opportunity for 3D and sub-diffraction limit imaging, respectively.

Optical microscopy is now sensitive enough to track individual molecules if they

are conjugated to appropriate imaging probes. Traditionally, such single molecule

probes were mm-size colloidal particles and single fluorophores [1]. Colloidal

probes such as gold or fluorescently labeled polystyrene beads are typically much

larger (0.1–1 mm) than the biomolecule to be studied. However, fluorescent dyes,

though smaller, show pronounced photo-instabilities, including blinking (due to

fluorescence intensity fluctuations) and photobleaching, thus complicating single

molecule tracking experiments and other fluorescence-based long-term studies.

From the above description, further progress in the field of optical single molecule

imaging obviously depends on the availability of appropriate labels that combine

small size and high photostability with the ability to be used in multicolor studies.

Fluorescent nanoparticles fulfill these important criteria. To be used in a biological

environment, these nanoprobes need to be biofunctionalized appropriately, which

remains a significant challenge.

The main focus of this chapter is to provide an overview of recent developments

addressing the bioconjugation of fluorescent nanoparticles and their surface modi-

fication using biocompatible coatings. Section 1.2 summarizes the different types
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of fluorescent nanoparticles, including dye-doped nanoparticles, quantum dots

(QDs), metal nanoparticles, and mm-size hybrids comprising fluorescent nano-

probes. Section 1.3 describes recent developments concerning the conjugation of

biomolecules to fluorescent nanoparticles, and compares the different conjugation

approaches for nanoparticles consisting of polymeric, semiconductor, or metallic

materials. An overview of published design architectures of biocompatible surface

coatings as applied to fluorescent nanoparticles is given in Section 1.4. Finally, Sec-

tion 1.5 lists representative examples of how biofunctionalized nanoprobes can

be applied to problems in biosensing, as well as single cell and biological tissue

imaging.

1.2

Fluorescent Nanoparticle Probes

Gold nanoparticles that are surface-functionalized with proteins have been used in

electron microscopy (EM) applications for quite some time [2]. A prominent exam-

ple is the specific labeling of tissue by use of antibody-conjugated Au-nanoprobes

(10–40 nm diameter) and their imaging by use of transmission electron micros-

copy (TEM). Such EM studies can achieve the detection of Au-probes with a resolu-

tion of less than 10 nm [3]. Though this demonstrates a great sensitivity, EM is

limited by its inability to image living biological systems. Optical microscopy may

overcome this limitation. For example, colloidal gold of 30–40 nm diameter has

been used as an optical imaging label on multiple single molecule tracking experi-

ments at the cellular level [1, and references therein]. Here, colloidal gold is used

as a Rayleigh scatterer, for which the scatteringz d6 (d ¼ diameter), thus making

tracking experiments with probe diameters of less than 30 nm extremely challeng-

ing or even impossible.

Fluorescent nanoparticles are highly attractive imaging probes because, in con-

trast to scattering probes, their detection is not limited by the Rayleigh scattering

condition. As a consequence, fluorescent nanoprobes > 1 nm can be detected

if appropriate imaging setups are used. Importantly, at this size range, such

nanoprobes do not exceed the size of individual proteins, thus addressing an

important condition for high-quality imaging at the molecular level. In addition,

single molecule detection is improved because the weak scattering of the probes

lowers the optical background and thus enhances the imaging sensitivity. Figure

1.1 illustrates the size range of these probes in comparison with that of other nano-

particles. The most common types of fluorescent nanoparticles, dye-doped nano-

spheres and luminescent quantum dots (QDs), are described below in more detail,

together with some recently introduced hybrid architectures of fluorescent nanop-

robe-containing mm-size particles. Also included is an overview of optically active

metal nanoparticles because these probes are highly relevant in single molecule

spectroscopy.
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1.2.1

Dye-doped Nanoparticles

Dye-doped nanoparticles are polymer or silica-based particles containing organic or

inorganic dyes [4, 5]. Dyes can be attached to the nanoparticle surface or can be

embedded inside the particles either noncovalently or covalently. For imaging ap-

plications, dye-doped nanoparticles containing embedded dyes are particularly at-

tractive because their photostability can be enhanced due to the better protection

of the dyes from oxygen. For example, incorporation of pyrene dyes into polysty-

rene particles using a normal microemulsion approach led to a 40-fold increase in

emission intensity with respect to the pure dye at the identical concentration [6].

Brightness of the fluorescence signal from such imaging probes can be controlled

by the number of dye molecules per nanoparticle, with the maximum dye density

limited only by self-quenching. Therefore, dye-doped nanoparticles can be quite

photostable without showing fluorescence intensity fluctuations (blinking).

Typical polymer-based dye-doped nanoparticles are made of hydrophobic poly-

mers. The hydrophobic dye molecules are kept within such nanoparticles through

noncovalent hydrophobic interactions, thus preventing the gradual release and

photooxidation of the dyes. Dye-doped polymeric nanoparticles have been applied

down to a size of@20 nm [7]. Although they are reasonably photostable, the hydro-

phobic nature of these probes complicates imaging applications in aqueous envi-

ronments, which are required for studies on biological systems. Common un-

wanted phenomena are clustering and non-specific binding. To overcome these

problems, the hydrophobic core particles can be surface-functionalized with hydro-

Fig. 1.1. Size ranges of commonly used fluorescent nanoprobes.
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philic coatings such as polymers like poly(ethylene glycol) (PEG), polysaccharides

such as dextran, or proteins such as bovine serum albumin (BSA).

Dye-doped silica nanoparticles are attractive imaging probes because their hydro-

philic nature reduces the problems of non-specific binding and clustering. Silica

shows several additional properties beneficial for optical imaging applications in

biological systems, including chemical inertness, transparency, and the ability to

act as stabilizers in protecting the embedded dyes from the outside environment

[4]. In addition, the surface hydroxyl groups can be chemically modified, allowing

for the straightforward surface modification with amines, carboxyls, or thiols. In

addition, pH changes do not lead to swelling and porosity changes, and silica par-

ticles are less prone to attack from microbes [8]. However, the incorporation of hy-

drophobic dyes into the hydrophilic silica matrix is challenging, requiring specific

modifications of either the dye molecules or the silica. For example, dyes can be

modified with a hydrophilic molecule such as dextran or a hydrophobic silica-

precursor can be used during nanoparticle synthesis [9]. Dye-doped silica particles

were first synthesized using the Stoeber method [10]. However, this method leads

to polydispersity and average particle sizes of >100 nm. More recently, these limi-

tations have been overcome by use of a reverse microemulsion method that can

create monodisperse dye-doped silica particles down to a size of 15 nm (Fig. 1.2)

[11]. Notably, this elegant approach facilitates the size-tuning via adjustment of

the microemulsion composition and does not require elevated temperatures and

pressures [11, 12]. Silica also has been used to create hollow silica nanospheres

filled with dye molecules [13].

Rare-earth-doped LaPO4 nanoparticles are another interesting class of nano-

probes that show promising properties for diagnostic and imaging applications

[14]. These systems combine small size (<10 nm), high chemical stability, very

good quantum yield, and high photostability. Furthermore, they are expected to

show low cytotoxicity. Recently, such rare-earth-doped LaPO4 nanoparticles were

successfully surface-functionalized to allow their subsequent coupling to biomole-

Fig. 1.2. Schematic of the reverse

microemulsion method for the synthesis of

dye-doped silica nanoparticles (adapted from

Bagwe et al., 2004) [11]. In this method, nm-

sized water droplets, which are stabilized by

surfactant molecules, are formed in a

continuous oil phase, thus forming a

thermodynamically stable oil–water–surfactant

microemulsion.

4 1 Biofunctionalization of Fluorescent Nanoparticles



cules [15]. The nanoparticle surface was first functionalized with aminohexanoic

acid and then linked to avidin using EDC coupling.

1.2.2

Quantum Dots (QDs)

Nanocrystals based on semiconductor materials began attracting the interest of

physicists three decades ago because of their interesting quantum properties.

These properties are the result of size-dependent band gaps, which cause the color

emitted by a semiconductor nanocrystal of a specific composition to be a function

of its diameter. Physically, quantum properties (in this case a size-dependent fluo-

rescence emission) are expected to occur if electron–hole pairs (excitons) are con-

fined to dimensions that are smaller than the electron–hole distance (exciton diam-

eter) [16–19]. As a result of this condition, the state of free charge carriers within a

nanocrystal is quantized and the spacing of the discrete energy states (emission

colors) is linked to the size of the nanoparticle. It is this quantum confinement ef-

fect that led to the term ‘‘quantum dot’’.

Quantum dots can be based on metallic or semiconductor materials. Most

widely used are CdSe and CdTe quantum dots because their quantum confinement

region spans the entire optical spectrum. More recently, there has been growing

interest in quantum dots with near-infrared emission properties, such as CdTe/

CdSe, InAs, or PbS (which are of use in animal imaging studies) [20, and refer-

ences therein]. In addition, several groups have studied silicon nanocrystals [21–

23]. Quantum dots also show other fascinating optical properties, including broad

absorption and narrow emission bands, which allows a single laser to excite dots of

a wide size-range, with each dot emitting its own specific color. This is in contrast

to organic-based fluorophores, which are characterized by narrow Stokes shifts (dif-

ference between maximum wavelengths of absorption and emission bands). To

protect their surface from photobleaching, quantum dots can be passivated by use

of a higher-bandgap semiconductor shell or an organic layer [24]. In fact, success-

fully passivated, quantum dots show dramatically enhanced photostability, en-

abling their long-term observation in optical experiments [25]. Furthermore, quan-

tum dots can be brighter than their dye counterparts at an equivalent quantum

yield [26] because of their notably higher extinction coefficients [20]. Given the

above properties, quantum dots bring fascinating possibilities for single molecule

cellular imaging studies because they combine small size, broad absorption, nar-

row size-tunable emission (covering the entire optical spectrum), and excellent

photostability. These features outperform traditional fluorescent dyes in many

respects.

The traditional approach to synthesizing quantum dots relies on heating specific

organic solvents and injection of semiconductor precursors. In a typical prepara-

tion [27], Cd(CH3)2 and elemental Se are combined with trioctylphosphine oxide

(TOPO), which acts as a solvent and stabilizing agent. This mixture is subjected

to high temperature (about 350 �C) for 24 hours at which time the mixture is

cooled and Zn(CH3)2 and S(SiMe3)2 added to form a stabilizing ZnS shell. To cre-
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ate nanocrystals of a narrow size distribution, an additional size-selective precipita-

tion step needs to be included. Because dialkylmetal compounds are very sensitive

to oxygen and water and become pyrophoric upon exposure to air, alternative ap-

proaches of quantum dot synthesis have been explored. Consequently, CdSe quan-

tum dots can be formed using CdO, selenium, and hexylphosphonic acid or tetra-

decylphosphonic acid [28]. This synthesis reduces the reaction times to less than

30 min, but still uses temperatures upwards of 300 �C. In another example, our

group has synthesized CdSe/ZnS quantum dots by use of sonochemistry [29].

This low-temperature approach not only produces spherical high-quality quantum

dots with quantum yields of up to 70% and emission bands of less than 50 nm

(FWHM), but also allows for straightforward control of the synthesis parameters.

Figure 1.3 shows the photoluminescence spectra of CdSe core quantum dots and

Fig. 1.3. Quantum dots show size-tunable

emission properties. The samples represent

different sizes of quantum dots, which produce

different colors upon UV light. Within the

quantum confinement region, an increase in

particle sizes produces a redshift in the

emission spectrum. Spectra and photograph

were obtained from CdSe quantum dots

synthesized sonochemically [29].
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the colors of these samples upon UV illumination, which are representative of this

procedure.

To be of use in biological imaging applications, quantum dots need to be water-

soluble. Indeed, synthetic approaches for CdTe [30–32] and CdS [30, 33–38] have

utilized aqueous solvent conditions. However, these nanocrystals usually lack the

quantum yield and narrow size distribution observed for TOPO-synthesized quan-

tum dots. TOPO-stabilized quantum dots, however, show hydrophobic surface

properties. To disperse TOPO-stabilized quantum dots in aqueous solution, several

surface modification strategies have been pursued (Fig. 1.4). A common approach

is to synthesize quantum dots in TOPO and replace the hydrophobic TOPO layer

with bifunctional molecules containing thiol and hydrophilic moieties separated by

a molecular spacer (Fig. 1.4: approach I) [39, 40]. The thiol groups bind to the

CdSe or ZnS surface, while the hydrophilic moieties radiate from the surface of

the corresponding semiconductor. Unfortunately, thiols bind less strongly to ZnS

than to Au, which leads to a dynamic equilibrium between bound and unbound

thiols. This behavior reduces the long-term water solubility of ZnS-capped quan-

tum dots. To shift the equilibrium towards bound moieties, monothiols have been

replaced with molecules containing more than one thiol group (Fig. 1.4: approach

II) [41–43]. Another stabilization concept is to enhance binding via surface cross-

linking of bound molecules. On the basis of this concept, ZnS-shelled quantum

dots have been made water-soluble by adding a silica shell to the nanoparticles

by using alkoxysilanes during the polycondensation (Fig. 1.4: approach III) [44–

48]. Two types of silanes have been used to stabilize quantum dots in aqueous

solution. The first includes silanes whose surface functional groups are positively

or negatively charged at neutral pH [48]. The second type includes silanes with

poly(ethylene glycol) chains [48, 49]. TOPO-coatings also can be made water-

soluble without their replacement by adding amphiphilic molecules such as lipo-

polymers or amphiphilic diblock copolymers, whose hydrophobic moiety stabilizes

the TOPO-coating via hydrophobic forces and whose hydrophilic moiety is exposed

to the solvent environment, guaranteeing water-solubility (Fig. 1.4: approach IV).

The last approach has the advantage of not exposing the sensitive surface of the

quantum dot during a surface exchange step.

1.2.3

Metal Nanoparticles

In contrast to noble metals in bulk, nanoparticular forms of such materials result

in interesting photochemical and electronic properties [50]. Three strategies have

been pursued to study the photochemical activity of metal nanoparticles: (a) direct

excitation of the metal nanoparticles; (b) indirect excitation of the metal nanopar-

ticles via surface-conjugated dye molecules; and (c) photocatalytic processes in

semiconductor–metal nanocomposites [50]. After excitation with UV or visible

light, metal nanoparticles show several interesting phenomena, including photolu-

minescence [51–53], nonlinear optical phenomena [54, 55], and surface-enhanced

1.2 Fluorescent Nanoparticle Probes 7
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Raman scattering (SERS) [56–61]. Due to the significant field enhancement, SERS

can be used as an extremely sensitive analytical tool, thereby exceeding the sen-

sitivity from luminescence-detecting techniques. For example, biomolecules can

be detected with 1000-fold better sensitivity if they are bound to Au nano-

particles [62]. Silver nanoparticles also are useful in this respect. The main experi-

mental challenge in SERS is to keep the surface roughness uniform and

reproducible.

There are multiple strategies for synthesizing metal nanoparticles [50]. For

example, they can be synthesized using a biphasic reduction approach [63–69]. In

this procedure, a noble metal salt such as HAuCl4 is dissolved in water and phase-

transfer extracted into an organic solvent followed by reduction with NaBH4. Metal

nanoparticles also have been synthesized using reverse micelle procedures where

the size and size distribution of nanospheres can be controlled by the micelle com-

position [12, 70–73]. Gold nanoparticles are particularly attractive for studies in a

biological environment because they show no surface oxidation and high biocom-

patibility without any surface modification. In addition, thiol chemistry can be ap-

plied to conjugate molecules to the gold surface.

1.2.4

Hybrid Architectures Involving Fluorescent Nanoprobes

1.2.4.1 Metal–Dye

Another interesting application of metal nanoparticles is their use in combina-

tion with conjugated dye molecules (Fig. 1.5). Such hybrid systems are attrac-

tive because they can be studied by use of electron microscopy in addition to

fluorescence-based techniques such as fluorescence microscopy and spectroscopy.

Importantly, if conjugated to biomolecules, metal nanoparticle–dye hybrids can be

used as very sensitive biomolecular imaging probes [74, 75]. Interestingly, dye mol-

ecules attached to metal nanoparticles can show enhanced emission. For example,

Py-CH2NH2 molecules bound to gold particles show pronounced emission that is

much stronger than that for unbound Py-CH2NH2 in THF [50]. The main disad-

vantage of this approach is that the surface-exposure of the dyes promotes their

photooxidation.

1.2.4.2 Dye-doped Silica Shells

To reduce photooxidation, dyes also can be embedded within the nanoparticle. As

illustrated in Fig. 1.5(B), dyes can be incorporated into a nanoparticle-capping sil-

ica shell. For example, up to 12 alternating fluorescent and nonfluorescent silica

shells have been added to silica core particles, where the shells were doped with

six dyes of different emission wavelengths. Dyes of multiple colors have been in-

corporated previously in silica beads throughout the matrix of the particle [76],

but not in an ordered fashion [77]. This multi-shell approach helps to reduce un-

wanted energy transfer. As a multiplexing probe, the system is not as simple to

analyze as a quantum dot-based one. Re-absorption of the fluorescence emission,
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which is related to the identity of the fluorophore, alters the emission intensity. As

a result, it is difficult to determine the possible number of spectral combinations in

a designed system, and a flow cytometer must be used to identify the number of

individual species in the mixture. This shelling approach has also been reported

for single dye systems for enhanced fluorescence [10].

1.2.4.3 Quantum Dot-containing Microspheres

An interesting hybrid architecture that has been developed recently is the quantum

dot embedded microsphere. Unlike a dye embedded polymeric bead, the quantum

dot microbeads utilize the narrow emission of quantum dots combined with their

broad absorption characteristics to perform multicolor detection experiments with

one excitation wavelength [78–81]. By incorporating up to six different colors of

quantum dots and ten intensities of those colors, the quantum dot microbeads

can, theoretically, optically ‘‘bar code’’ biomolecules with one million possible spec-

tral signatures. Realistically, the number is likely to be substantially lower due

to spectral overlap, fluorescence intensity variations, and signal-to-noise require-

ments. The multiplexing approach has been tried with organic dyes, but was

limited to two colors due to spectral overlapping and the inability to excite more

than two or three dyes with the same wavelength [82].

Fig. 1.5. Common hybrid architectures

containing fluorescent nanoprobes include (A)

dyes bound to a nanoparticle surface; (B) dyes

incorporated into the silica shell of a

nanoparticle; (C) fluorescent probes such

quantum dots or dyes incorporated into the

core of microparticles; and (D) a multiplexing

approach by embedding probes of different

colors.
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1.3

Bioconjugation of Fluorescent Nanoparticles

1.3.1

General Considerations

1.3.1.1 Overview

To apply fluorescent nanoparticles to biosensing and biomedical imaging applica-

tions, it is crucial to develop strategies towards their biofunctionalization. These in-

clude the proper linkage of biomolecules to nanoparticles (bioconjugation) and the

design of appropriate biocompatible coatings. This section outlines the different

aspects of bioconjugation, and Section 1.4 provides a corresponding discussion of

biocompatible coatings.

Bioconjugation can be described as any procedure that links a nanoparticle to a

biomolecule under mild conditions [83]. As described above, the synthesis of nano-

particles often does not render them capable of attachment to biomolecules, be-

cause their surface-chemical properties are not appropriate. Therefore, nanopar-

ticles frequently must undergo surface transformations to create the chemistry

needed for coupling to biomolecules under mild (physiological) conditions. There

are a few key requirements for successful bioconjugation reactions [4]. Crucially,

the conjugation process must avoid compromising the activity of biomolecules. In

addition, the bioconjugation ideally should not hinder the signal of the nanopar-

ticle. Another requirement is the ability to control the number of linkage sites on

the nanoparticle surface where biomolecules can bind. This requirement can be

quite challenging. In addition, the biomolecule–nanoparticle coupling should be

stable and, for crystalline particles, the surface should be covered to avoid free

valence states. Finally, the thickness of any nanoparticle shell should remain as

small as possible relative to the nanoparticle size.

Figure 1.6 illustrates several possible strategies to bioconjugate nanoparticles.

Simple adsorption of biomolecules to the nanoparticle surface via noncovalent

forces represents the least demanding approach (Fig. 1.6A). However, in this case,

the activity of bound biomolecules may be compromised and the amount of bound

biomolecules per nanoparticle is difficult to control. In addition, this bioconjuga-

tion approach does not target one protein preferentially. Another concept is based

on the physisorption (noncovalent coupling) of biomolecules to molecules (e.g.,

other biomolecules) acting as mediators between biomolecule and nanoparticle

surface (Fig. 1.6B). This design may be advantageous over the first one, because it

may help biomolecules to bind in a proper orientation. Figure 1.6(C) is based on

the chemical coupling between reactive groups of biomolecules (e.g., thiols and

primary amines) and crosslinker molecules. These crosslinkers may bind to the

nanoparticle surface via physisorption or chemisorption (covalent coupling). How-

ever, there are frequently multiple active sites on the target biomolecule to which

the probe can bind, thus preventing controlled binding. Furthermore, uncontrolled
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binding may interfere with the biologically active sites of biomolecules. To over-

come this limitation, a ligand (typically an antibody) can be bound to the nanopar-

ticle via the crosslinker. This ligand then facilitates coupling to the biomolecule of

interest with high specificity. These crosslinker-based bioconjugation strategies are

best executed if appropriate heterobifunctional crosslinkers are used. A large

variety of such crosslinker molecules is now commercially available. Alternatively,

homobifunctional crosslinkers can be used where one reactive end group is pro-

tected. Here, nanoparticle and biomolecule are coupled by binding of the partially

protected linker to either nanoparticle or biomolecule and by deprotecting the

linker prior to bioconjugation. Unprotected homobifunctional crosslinkers are al-

ways problematic because they can induce the clustering of nanoparticles. Figure

1.6(D) shows a facile approach for the chemical coupling of biomolecules to nano-

particles. This approach is particularly useful for attaching oligonucleotides to

nanoparticles, e.g., via mercapto groups [84–86]. Still, control over the number of

bound biomolecules per nanoparticle remains a challenging endeavor. To achieve

such control, a separation step, such as nanoparticle separation using gel electro-

phoresis, must be added [87]. Another popular approach is to link biotinylated li-

gands or target biomolecules to streptavidin (or avidin)-functionalized nanopar-

ticles with high specificity (Fig. 1.6E). In this case, the biotin-binding proteins,

avidin or streptavidin, act as linker molecules [88, 89].

Fig. 1.6. Common strategies for the

conjugation of biomolecules to nanoparticles

include direct physisorption of biomolecules

(A), assisted physisorption using pre-bound

molecules (B), chemical linkage of biomole-

cules to crosslinkers either physisorbed or

chemisorbed on the nanoparticle surface (C),

direct chemical coupling of biomolecules to

nanoparticles (D), and the targeted binding of

biotinylated biomolecules to streptavidin-

coated nanoparticles via biotin–streptavidin

coupling (E).
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1.3.1.2 Common Coupling Reactions

The bioconjugation of nanoparticles is critically dependent on the availability of ef-

fective covalent coupling procedures. Figure 1.7 lists the most common coupling

procedures. The reaction between primary amine and carboxylic acid groups is a

very popular coupling procedure (Fig. 1.7A). In a first step, a carboxylic acid reacts

with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC) and N-hydroxysulfo-
succinimide (NHS) to form an acyl amino ester that subsequently reacts with the

primary amine to create a stable amide bond. This approach also is attractive be-

cause preparation of the ligands is less demanding. A widely used approach is

based on the reaction between thiol and maleimide groups (Fig. 1.7B). This affords

a stable thioether bond, typically with good yield at physiological pH. Most promi-

nently, this reaction can be used to directly link maleimide-functionalized ligands

to thio-groups of proteins. If no thiols are available, they can be created by using

heterobifunctional crosslinkers with one thiol endgroup or by reducing disulfide

bonds within the target protein. The coupling of two thiols to form a disulfide link-

age is another straightforward reaction approach (Fig. 1.7C). Unfortunately, the re-

sulting disulfide bond is relatively labile in biological fluids like serum. Another

useful reaction scheme is based on the covalent linkage between aldehyde and

hydrazide groups to form a hydrazide bond (Fig. 1.7D). Reactive aldehyde groups

can be created by oxidation of carbohydrate groups. Obviously, mild oxidation

conditions have to be used for the oxidation reaction on relatively unstable mole-

cules like antibodies. Chemical reaction between two primary amines is another

approach for bioconjugation applications (Fig. 1.7E). In this case, coupling can be

achieved using homobifunctional crosslinkers such as glutaraldehyde [90, 91].

1.3.2

Bioconjugation of Polymeric Nanoparticles

From a bioconjugation perspective, polymeric nanoparticles are attractive because

they can be prepared with various different reactive groups on their surface. The

obvious benefit is that a comparably broad spectrum of conjugation chemistry ap-

proaches can be used, including covalent and noncovalent ones (Fig. 1.6). These

different bioconjugation strategies are reviewed below.

1.3.2.1 Noncovalent Approaches

One of the most widely applied approaches in bioconjugating polymeric nanopar-

ticles is simple physisorption of the biomolecules on the particle surface (Fig. 1.6A)

[93–97]. Because biomolecule activity is compromised by uncontrolled adsorption,

spacer molecules have been introduced (Fig. 1.6B). For example, nanoparticles first

coated with Protein A (isolated from the cell wall of Staphylococcus aureus), which
attaches specifically to the Fc fragment of the IgG antibody, have proper Fab orien-

tation for antibody binding [97]. Unfortunately, such simple adsorption approaches

are only of limited use when applied in serum. This is because serum proteins

compete with antibodies for adsorption sites [93–95]. Furthermore, in vivo experi-

ments have revealed that such simply designed nanoparticles tend to accumulate
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in the liver and spleen. Using a similar design strategy, polystyrene nanoparticles

have been functionalized with humanized mAB HuEP5C7.g2 [98]. These delivery

systems target cells expressing E and P-selectin.

1.3.2.2 Covalent Approaches

Obviously, the activity of ligands bound to nanoparticles strongly depends on the

stability of the ligand–nanoparticle linkage and the proper orientation of the li-

gand. To address these needs, ligands have been bound covalently to polymeric

nanoparticles using several different conjugation approaches (Fig. 1.6E) [7, 99–

102]. For example, an amide linkage strategy was pursued to bind lactose to the

poly(vinylamine)-grafted nanoparticles [99]. Such lactose-functionalized carrier sys-

tems are useful because they specifically bind to lectin RCA120. The same amide-

based linkage chemistry was used to bind proteins to dye encoded latex particles

[7]. In another approach, transferrin was conjugated to PEG coated poly(cyanoacry-

late) nanocrystals, with the transferrin bound to PEG via periodate oxidation [100].

A heterobifunctional linker was used to bind antibodies to BSA-containing nano-

particles [101, 102]. In this case, the crosslinker (glutaraldehyde) was bound to

BSA to provide free aldehyde groups, which could then be linked to the primary

amines of the antibodies. Another interesting strategy is based on formation of

ligand-carrying nanoparticles via polymerization of monomers with bound ligands.

Such a strategy has been applied to create nanoparticles with biotin groups, which

then allowed for specific linkage to avidin [103, 104]. The grafting of carbohydrates

to poly(l-lysine) was also reported [105]. This carrier can bind to carbohydrate-

binding proteins on the surface of target cells.

1.3.3

Bioconjugation of Quantum Dots

Though quantum dots are very small, their surface area is large enough for linking

to multiple biomolecules [106]. There are several ways to bind biomolecules to

quantum dots. These involve either direct binding to the quantum dot surface or

attachment via a stabilizing layer acting as a crosslinker between the ligand and re-

active surface of the nanoparticle. In the first case, ligand binding can be achieved

covalently or noncovalently. Direct covalent coupling is accomplished commonly

by use of thiol coupling chemistry, although a silane-based coupling is needed if

quantum dots carry a stabilizing silica shell. Noncovalent ligand-quantum dot cou-

pling, however, is typically pursed using electrostatic or hydrophobic forces. On the

basis of these general concepts, several bioconjugation strategies have been pur-

sued. These are discussed below.

Fig. 1.7. Commonly used chemical reactions

in the bioconjugation of fluorescent

nanoparticles. Shown are the coupling

chemistries between (A) carboxylic acid and

primary amine, (B) thiol and maleimide

groups, (C) two thiols to form a disulfide

bond, (D) hydrazide and aldehyde groups, and

(E) two primary amines. (Adapted from Nobs

et al., 2004 [92].)

H————————————————————————————————————————
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1.3.3.1 Noncovalent Approaches

An electrostatic coupling approach has been applied to link negatively charged

CdTe quantum dots and positively charged enzymes [107]. Electrostatic coupling

also was pursued in several applications to bind positively charged protein do-

mains (pentahistadine segment) to oppositely charged alkyl-COOH-capped quan-

tum dots [31, 42, 88, 108–112]. An alternative electrostatic-based coupling strategy

has been used to bind nanocrystals coated with trimethoxysilylpropyl-urea and ace-

tate groups with high affinity in the cell nucleus [44]. Here the binding of the

silanized nanocrystal surface is controlled with an anionic silane reagent. Nega-

tively charged quantum dots have also been electrostatically bound to positively

charged Maltose Binding Protein [113]. Quite often, adsorbed proteins show a

stabilizing effect on the quantum dot surface, thereby improving the optical prop-

erties of the probes. For example, a two-fold increase in fluorescence was observed

after adsorption of 10–15 Maltose-Binding Protein Pentahistadine (MBP-5HIS) to

the quantum dot surface [114].

1.3.3.2 Covalent Approaches

A relatively straightforward covalent bioconjugation approach is based on the re-

placement of thiol acids present on the quantum dot surface with thiolated bio-

molecules. This strategy has been used to attach oligonucleotides, DNA [41, 84]

and bovine serum albumin (BSA) [86] to quantum dots. Proteins also have been

conjugated to quantum dots by reacting carboxylic acid groups on the nanoparticle

surface with amine groups of the proteins [115]. A similar strategy was used to co-

valently attach IgG and streptavidin to quantum dots. The IgG system was applied

as a cancer marker, whereas the streptavidin system was utilized for labeling actin,

microtubules and the cell nucleus [116].

In another application, antibodies have been bound to quantum dots via sulfo-

NHS crosslinking [117]. In a different approach, reactive biotin was covalently

linked to either surface sulfhydryl or amine functionalities, thus allowing for the

biotinylation of the quantum dot surface and the subsequent binding to streptavi-

din [44]. A biotin–streptavidin coupling approach was chosen, for example, to bind

quantum dots to fibroblasts [44]. In this case, the nanocrystals were functionalized

with biotinamidocaproic acid 3-sulfo-N-hydroxysuccinimide ester and then allowed

to bind to fibroblasts previously incubated with phalloidin–biotin and streptavidin.

A combination of covalent and noncovalent coupling strategies was pursued by

conjugating quantum dots stabilized with amphiphilic PEG lipids to DNA. Here,

the DNA coupling was achieved by replacing 1
2 of the PEG-PE phospholipids with

amino PEG-PE. Thiol modified DNA was then covalently coupled to the amines on

the surface of the quantum dot [118].

1.3.4

Bioconjugation of Metallic Nanoprobes

Most conjugation concepts described for the linkage of ligands to quantum dots

can also be applied to metal nanoparticles, such as Au or Ag nanoprobes. Again,
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surface modification is accomplished using thiol-coupling chemistry. The binding

of biomolecules to these nanoparticles can be covalent or noncovalent. With re-

spect to biofunctionalization, gold nanospheres are particularly attractive because

gold shows excellent biocompatibility properties, and does not require additional

surface chemical modification prior to bioconjugation. In addition, gold nanopar-

ticles can be made with very narrow size distribution. This is advantageous if accu-

rate control of the number of bound biomolecules per nanoparticle is required.

1.3.4.1 Noncovalent Approaches

One option for bioconjugation is the direct attachment of a biomolecule to the

metallic nanoparticle surface. Short peptide chains such as tiopronin [119] and

the tripeptide glutathione [120] have been conjugated directly to a gold surface.

Globular proteins have also been directly conjugated. Miziani et al. conjugated

globular proteins directly to the surface of silver sulfide nanoparticles [121]. In an-

other application, gold nanoparticles were coated with BSA via electrostatic interac-

tions under mild conditions [122]. Due to the bioinertness of gold, biomolecules

directly bound on the gold surface can retain their activity, as shown, for example,

for redox enzymes [123] and cytochrome c [124]. Biotin–streptavidin coupling con-

cepts have also been used. For example, disulfide-modified biotin was conjugated

to gold nanoparticles and subsequently reacted with streptavidin [125].

1.3.4.2 Covalent Approaches

Direct coupling of biomolecules to the surface of metal nanoparticles represents a

very facile bioconjugation strategy. Among the different metals, this conjugation

strategy is best suited for gold because of its excellent bioinertness. For example,

thiol-modified DNA has been conjugated directly to gold particles [74, 126–128].

Direct thiol coupling was also pursued to conjugate SH modified PEG to gold-

shelled silica nanoparticles [129]. Covalent bioconjugation to the nanoparticle can

also be mediated by heterobifunctional crosslinker molecules. One example is the

surface modification of iron oxide nanoparticles with a trifluoroethylester-terminal

poly(ethylene glycol) (PEG) silane and the subsequent coupling of biomolecules via

their terminal amine or carboxyl groups [130].

1.4

Design of Biocompatible Coatings

1.4.1

General Considerations

1.4.1.1 Overview

Though multiple bioconjugation strategies have been worked out, the routine ap-

plication of fluorescent nanoparticles in biomedical imaging remains challenging.

This is largely because not only appropriate conjugation between biomolecules to

nanoparticles is required but other important criteria concerning biocompatibility
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have to be fulfilled. These criteria include (a) prevention of nanoparticle aggrega-

tion in a biological environment, (b) effective suppression of non-specific adsorp-

tion of biomolecules at the nanoparticle surface or their accumulation close to the

surface, and (c) low cytotoxicity (Fig. 1.8). To address these criteria, nanoparticles

need to be capped with protective coatings that show passivating surface proper-

ties. Notably, the first criterion, good colloidal stability, does not guarantee the

biocompatibility of nanoparticles as, firstly, ions and proteins may be accumulated

on or near the nanoparticle surface, thus varying the complex molecular composi-

tion nearby. Secondly, especially with heavy metal-containing quantum dots (e.g.,

CdSe, CdTe), individual nanoparticles may remain cytotoxic if the coating does

not protect the biological environment from released heavy metals ions.

1.4.1.2 Colloidal Stability

The dispersion stability of nanoparticles is well-described by the Derjaguin–

Landau–Verwey–Overbeek (DLVO) theory, which predicts that such stability is

determined by the balance between attractive van der Waals and repulsive electro-

static forces. As a result, nanoparticles are expected to remain stable (show no par-

ticle aggregation) if the strength of the repulsive electrostatic force exceeds that of

the attractive van der Waals (vdW) force. In other words, nanoparticles show no ag-

gregation if they contain a sufficient density of surface charges. Indeed, particles

with charged surface properties do not aggregate in ion-free solutions. At the

same time, this balance can clearly be shifted in favor of vdW forces if the charges

on the particle surface are screened by counter ions in the solution. This is an

important aspect to consider during chemical surface modification, because such

Fig. 1.8. Potential problems compromising the

biocompatibility of fluorescent nanoparticles, including

nanoparticle (NP) clustering, non-specific adsorption of

proteins (P), and release of cytotoxic ions (CT).
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modifications may result in surface charge neutralization, thereby compromising

dispersion stability. More importantly, nanoparticles with charged surfaces tend to

become unstable (show aggregation) in a biological environment. Figure 1.9 shows

the loss of colloidal stability due to charge screening. Here comparative fluores-

cence correlation spectroscopy (FCS) autocorrelation curves from our laboratory

are presented for CdSe/ZnS quantum dots with negatively charged carboxylic acid

surface groups in Millipore water and in 10 mm MES buffer. As illustrated, the

nanoparticles in MES buffer show notably higher diffusion times, indicating their

increasing aggregation. If quantum dots are surface-functionalized with a layer of

hydrophilic polymers such as poly(ethylene glycol) (PEG), colloidal stability can be

achieved even in the presence of ions in solution. Such particle stabilization via

polymer coatings is attributed to the flexibility of polymer chains and their repul-

sive ‘‘entropic spring’’ effect during particle–particle interaction. Currently, the

concept of stabilization of nanoparticles due to the addition of polymeric coatings

is widely accepted. Indeed, several experimental results seem to support the

concept [131, 132]. Peptides adsorbed to the quantum dot surface can also have a

similar stabilizing effect [133]. Conversely, it has been theoretically predicted that

homopolymers, if end-grafted to nanoparticles in good solvents, may lead to nano-

particle attraction [134].

1.4.1.3 Biocompatible Surfaces

To make fluorescent nanoparticles ‘bioinert’, their surfaces need to be designed so

as to prevent the non-specific adsorption of all relevant molecules in the biological

medium. It is challenging to improve the design of surface coatings to a level of

sophistication that fulfills this requirement. Fortunately, promising strategies for

Fig. 1.9. Fluorescence correlation spectros-

copy autocorrelation curves of ZnS-capped

CdSe quantum dots surface-functionalized

with carboxylic acid in Millipore water (dark

curve) and 10 mm MES buffer (lighter curve).

The notably higher diffusion time obtained

for the buffer-based system indicates nano-

particle clustering.
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the creation of bioinert surfaces are known from biomaterials research in the bio-

medical engineering community. As a result, our understanding about the host re-

sponse of living tissue with respect to biomaterials has improved significantly and

numerous sophisticated biomaterials have been developed [135]. A key aspect for

the creation of colloidal solids with sufficient stealth properties in a cellular envi-

ronment is the understanding of protein adsorption. Like surfactants, proteins

have a high tendency to adsorb at interfaces. Interactions between proteins and

surfaces are primarily noncovalent and include electrostatic, hydrophobic, and

hydrogen-bonding interactions [136]. The different interactions result from the

‘‘surface inhomogeneity’’ of proteins, which typically are characterized by surface

patches that may be charged, neutral, hydrophilic, or hydrophobic in character

[137]. Consequently, surface properties of biomaterials affect the mechanism, rate,

and extent of protein adsorption. Protein adsorption can be suppressed most effi-

ciently on biomaterials whose surfaces are neutral, hydrophilic, and highly dy-

namic [138]. A paradigm of a protein-resistant surface is a solid substrate surface-

functionalized with grafted PEG chains [139]. This is so because PEG is electrically

neutral, thus minimizing electrostatic interactions, and highly hydrophilic, thus

minimizing hydrophobic interactions. As the PEG chains are highly dynamic in

an aqueous environment, the formation of strong hydrogen-bonding between pro-

tein and polymer is effectively suppressed. Besides those enthalpic effects, the high

dynamics of the PEG chains results in a high entropy, which is also unfavorable for

protein adsorption. It has been generally assumed that the surface resistance of

PEG functionalized substrates is a result of the steric repulsion grafted PEG chains

show for adsorbing proteins [138, 140, 141]. However, this assumption is valid only

if the grafted PEG chains are of very high molecular weight and show large

enough grafting densities to form polymer brushes [142]. Interestingly, Prime

and Whitesides found that protein adsorption is prevented effectively even if the

PEG chains have only two ethylene oxide segments, thus indicating that surface

coverage is the most important parameter to prevent protein adsorption [143,

144]. In the same context, Single-chain Mean Field Theory (SCMF) calculations

and experimental studies showed that protein adsorption on hydrophobic surfaces

is prevented because PEG chains bind to the hydrophobic substrate, thereby block-

ing possible protein binding sites [145]. A later SCMF study by Szleifer and co-

workers found that polymers with a low substrate affinity are more effective for

kinetic control, whereas those with a higher affinity lead to a lower equilibrium

concentration of adsorbed proteins [146]. Obviously, protein adsorption on sub-

strates surface grafted with synthetic polymers is dependent on both the steric

hindrance effect of the grafted polymer layer and the affinity of the underlying sub-

strate for proteins and other molecules.

1.4.1.4 Cytotoxicity

Several potential processes lead to cytotoxicity. One source of nanoparticle-induced

cytotoxicity, rather independent of particle composition, occurs if nanoparticles

adsorb to cell surfaces [147, 148] or if they get ingested by cells [149, 150]. The cy-

totoxicity of CdSe/ZnS quantum dots is suggested to be due mostly to their inter-
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action with cells [151]. Another source of nanoparticle-induced cytotoxicity occurs

when the nanoparticle is composed of toxic materials that can be gradually re-

leased. A prominent example concerning fluorescent nanoparticles is the gradual

release of heavy metal ions such as Cd2þ from CdSe or CdSe/ZnS quantum dots

[152, 153]. Heavy metal ions are cytotoxic and often show several pathways of cyto-

toxicity. Indeed, Cd2þ may induce hepatotoxicity, immunotoxicity, and nephrotoxic-

ity; apoptosis being a critical part of each toxicity type [154]. Studies concerning

Cd-induced hepatotoxicity show, for example, the relevance of direct and indirect

cytotoxic pathways [155]. The direct pathway is caused by Cd2þ binding to sulf-

hydryl groups on key mitochondrial molecules, thus damaging the mitochondria.

The indirect pathway, though, is assumed to occur via activation of Kupffer cells.

However, not all metals show such pronounced cytotoxicity. For example, gold

nanoparticles have good biocompatibility properties [156]. From the above infor-

mation, nanoparticles only show very low cytotoxicity if all potential sources of

cytotoxicity are prevented efficiently.

1.4.2

Nanoparticle-stabilizing Coatings

To enhance the biocompatibility of nanoparticles, one popular strategy has been to

cap the nanoparticles with polymeric coatings of high biocompatibility. In particu-

lar, poly(ethylene glycol) (PEG) has been applied as a coating material because of

its excellent biocompatibility properties. Originally studied on flat macroscopic

surfaces for biomaterials applications, PEG coatings have been widely applied to

sub-micron sized delivery systems and imaging probes [48, 49, 116, 118, 131, 157,

158]. Delivery systems coated with PEG have notably longer circulation times in

the blood, thus exceeding traditional non-nanoparticle-based delivery methods for

the prolonged delivery of drugs, diagnostics, genes, and vaccines [159–162]. Based

on the success of PEG coatings in drug delivery systems, similar coating strategies

have been applied to the design of biocompatible coatings of nm-size imaging

probes in biological and biomedical imaging. A facile approach for adding a PEG

layer to the quantum dot surface is via physisorption of amphiphilic molecules

[116, 118]. Here one interesting strategy has been to use PEG-containing lipopoly-

mers, which result in excellent colloidal stability in Xenopus embryo cells over

several days [118]. In an alternative amphiphilic passivation approach, block co-

polymers have been utilized to enable colloidal stability of quantum dots [116,

163, 164].

Chemically coupled PEG coatings have even greater stability. Wuelfing et al. re-

ported the surface functionalization of gold nanoparticles using CH3O-PEG-SH

[131]. Covalent PEG coatings were also used to increase the colloidal stability of

CdSe [49], CdS, [158] and SiO2-capped CdS [48] quantum dots. However, in these

cases, the PEG coatings lack reactive surface groups, thus preventing the further

immobilization of ligands on the PEG layer. To overcome this limitation, nanopar-

ticles need to be surface-functionalized via mixtures of mono-functional PEGs and

other linker molecules [48] or via heterobifunctional PEG-linkers. Heterobifunc-
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tional PEG-linkers can be synthesized via monoprotected symmetric PEG linkers,

such as monoprotected diamines derived from tetraethylene glycol [165–167].

Another strategy for the synthesis of heterobifunctional PEG linkers is based on

the ring-opening polymerization of ethylene oxide using a metal alkoxide initiator

[168–171]. For example, a-acetal-PEG-SH has been synthesized using this strategy

[172]. Here the facile modification of the acetal group into a reactive aldehyde al-

lowed the immobilization of ligand molecules on the surface of PEGylated gold

particles [173]. Meanwhile, various heterobifunctional PEG linkers are also com-

mercially available. Figure 1.10 shows the design of a biocompatible surface coat-

ing where a few linkers support the targeted immobilization of ligand molecules.

Such a design can be accomplished by using a mixture of homofunctional and het-

erobifunctional PEGs. An excess of homofunctional PEG molecules, which have

no reactive surface groups after surface coating, suppresses the non-specific bind-

ing of proteins, whereas the heterobifunctional linkers facilitate the targeted cou-

pling to ligands. Notably, however, a PEG layer does not prevent cytotoxic side re-

actions due to the leaching of toxic heavy metal ions from quantum dots. In those

cases, an additional protective layer preventing the egress of harmful ions is essen-

tial [153].

PEG-based coatings are not the only biocompatible polymeric coatings. For ex-

ample, poly(acrylic acid) has been used to stabilize luminescent silicon nanopar-

ticles [174]. Because this anionic polyelectrolyte has a high density of carboxylic

acid moieties, the immobilization of amine-containing molecules is straightfor-

ward. A similar concept has been applied to conjugate CdS quantum dots with

aminodextran [175]. Dendrimers have also been used as stabilizing coating mate-

rial [176]. Quantum dots have been embedded into larger polymeric spheres via a

facile procedure using block copolymers [163, 177], and CdSe-ZnS quantum dots

have been incorporated into glyconanospheres via electrostatic coupling with car-

boxymethyldextran and polylysine [178]. Several other procedures have afforded

gold glyconanospheres [173, 179, 180]. Quantum dots capped with specific peptide

coatings have recently been shown to be quite promising biocompatible imaging

Fig. 1.10. Design of nanoparticles with

stabilizing, biocompatible coatings, including

(A) adsorption of amphiphilic molecules such

as amphiphilic diblock copolymers; (B)

chemical coupling of hydrophilic polymeric

systems; and (C) linkage of spacer molecules

with hydrophilic surface groups.
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probes that can be designed for targeted labeling of biomolecules [20, and refer-

ences therein].

1.4.3

Low Cytotoxicity Coatings

As stated before, successful application of fluorescent nanoparticles in a biological

environment requires not only high dispersion stability and the suppression of

non-specific biomolecule adsorption, but also should show low cytotoxicity. This

topic is particularly important for applications involving quantum dots where toxic

heavy metal ions can be released [152]. If properly passivated, quantum dots seem

to show no significant cytotoxicity. For example, a study on Xenopus embryos did

not reveal significant cytotoxicity after injection of 2� 109 and 5� 109 CdSe/ZnS

quantum dots per cell [118].

Several strategies have been pursued to suppress this oxidation process. One

approach is simply to passivate the quantum dot surface with binding ligands

[181]. Importantly, such a passivation not only lowers the cytotoxicity of nano-

probes, but also enhances their quantum yields. Quantum dots can be further pas-

sivated by adding a protecting semiconductor shell. Such coatings also significantly

lower the cytotoxicity of CdSe quantum dots, but do not completely eliminate the

problem [152]. Surface silanization is another promising approach to suppress-

ing surface oxidation [44, 46, 182–184]. The stability of the coating is provided by

crosslinks within the siloxane shell. Importantly, such shells are quite stable in a

biological environment [46]. Furthermore, CdSe/ZnS quantum dots with a protec-

tive shell of crosslinked silica significantly reduce the release of Cd2þ, thus lower-

ing the cytotoxicity of fluorescent nanoparticles [153]. Interestingly, the addition of

a bovine serum albumin (BSA) layer further reduced the cytotoxicity of CdSe/ZnS

quantum dots [152]. The BSA, added to the mercaptoacetic acid-functionalized

quantum dot surface using EDC coupling, may act as a diffusion barrier for O2

molecules.

Based on the above discussion, the appropriate biofunctionalization of nanopar-

ticles clearly must address the features of colloidal stability, bioinertness, specificity

with respect to target biomolecules, and low cytotoxicity. Figure 1.11 shows a

biofunctionalization architecture where these crucial features are considered in its

design.

1.5

Applications

Our growing ability to synthesize and surface-functionalize nanoparticles has

provided new opportunities in bioanalytical and biological imaging applica-

tions. Metallic nanoparticles have been used primarily in bioanalytical projects.

Nanoparticle-based imaging applications, however, rely more on dye-doped poly-

meric nanoparticles and quantum dots due to their excellent fluorescence proper-
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ties and photostability. While dye-doped systems have been used initially in such

imaging applications, quantum dots have recently increasingly become the nano-

particle systems of choice. It is fair to say that further progress in bioanalytical

and imaging applications is strongly linked to the availability of novel biofunction-

alized nanoparticles of improved designs. Though developing rapidly, this highly

interdisciplinary field is still in its infancy. The rapidly growing number of publica-

tions over the last decade reflect its relevance.

Though this chapter focuses primarily on the relevant concepts of biofunctional-
ization, this section describes recent applications using biofunctionalized fluores-

cent nanoparticles. We do not claim to review all published applications where

such particles have been used because this is clearly beyond the scope of the

chapter. Instead, the intent is to provide a representative overview of recent

nanoparticle-related applications in the fields of diagnostics and live cell and in
vivo imaging.

1.5.1

Biosensing

Fluorescent nanoparticles are highly promising probes for bioanalytical appli-

cations. In particular, their use in the field of biosensors is attractive because

fluorescence-based techniques are extremely sensitive and nanoparticle probes

show high photostability, thus allowing for long-term observations.

Fig. 1.11. Schematic of an appropriately biofunctionalized

quantum dot. The inner coating protects from surface oxidation

whereas the outer coating guarantees dispersion stability and

biocompatibility. Immobilized ligands mediate the specific

binding to biomolecules.

24 1 Biofunctionalization of Fluorescent Nanoparticles



1.5.1.1 Polymeric Sensors

Bioanalytical applications based on polymeric nanoparticles are now well estab-

lished. In one application, the combination of two silica precursors, tetraethyl-

orthosilicate and phenyltriethoxysilane, was used to synthesize organic dye-doped

silica nanoparticles. The nanoparticles were coated with avidin to determine bio-

tinylated bovine serum albumin. In addition, a glutamate sensor was designed by

immobilizing glutamate dehydrogenase on the nanoparticle surfaces [185]. In an-

other application, a BODIPY-doped polymeric nanoparticle was designed for the

detection of Cu2þ. Here the metal-chelating receptor, cyclam, was covalently bound

to the surface of the nanoparticle. In the presence of Cu2þ the fluorescence emis-

sion of the BODIPY is quenched by the overlapping adsorption band of the metal–

chelator complex [186]. Fluorescent polymeric nanoparticles have also been used

for the intracellular monitoring of key biological components. Using three differ-

ent nanoparticle fabrication technologies, sensors based on polyacrylamide, cross-

linked decyl methacrylate, and silica-based sol–gel have been characterized in

aqueous solution and intracellular surroundings. Each matrix can be combined

with specific ‘‘free dyes’’, ionophores, or enzymes to produce sensors selective for

the biological component of interest. These nano-optodes are termed PEBBLEs

(probes encapsulated by biol. localized embedding). Spherical sensors less than

600 nm in diam. (and reducible to below 100 nm) have been made from all three

matrices. Acrylamide-based sensors have been used to monitor intracellular pH

and calcium (with proven selectivity over Mg2þ). Decyl methacrylate has been suc-

cessfully applied to intracellular potassium monitoring with probes 1000� more

selective for potassium than sodium. Such a sol–gel-based approach has also

proven useful for monitoring intracellular oxygen at physiologically interesting

concentrations. PEBBLEs, with a wide range of both simple and complex sensing

schemes, provide a unique tool for minimally invasive intracellular monitoring,

with many significant advantages over free dyes as well as over fiber-optic sensors

[187–189].

1.5.1.2 Quantum Dot Sensors

The great potential of quantum dots for sensing applications has been demon-

strated in several instances. In one application, quantum dots have been utilized

as maltose sensors [114]. Here quantum dots were surface-functionalized with a

maltose-binding protein (MBP) containing b-cyclodextrin-QSY-9 attached to the

binding site to quench the quantum dot emission. The senor concept is that malt-

ose displaces the b-cyclodextrin-QSY-9, thus inducing quantum dot emission. An-

other reported quantum dot-based maltose sensor using MBP acts as a double

FRET sensor [114]. Here the quantum dot emission excites Cy3 that is adsorbed

on the surface of the MBP. The Cy3 emission then excites the b-cyclodextrin–

Cy3.5 whose emission is observed. Once maltose is introduced to the sensor, the

Cy3 emission is no longer quenched by the Cy3.5, because the b-cyclodextrin–

Cy3.5 has been displaced by maltose [114].

Quantum dots also show great promise in immunoassays. For example, an im-

munoassay has been performed by binding an antibody covalently to a glass chip,

1.5 Applications 25



followed by binding of the antigen. The antigen was then detected with the addi-

tion of antibody labeled quantum dots, which bound selectively to the captured an-

tigen [190]. In another application, Tran et al. prepared quantum dot conjugates

with the immunoglobin G (IgG) binding domain of streptococcal protein G (PG)

appended with a basic leucine zipper attachment domain (PG-zb). They also dem-

onstrated that the quantum dot/PG conjugates retain their ability to bind IgG anti-

bodies, and that a specific antibody coupled to quantum dots via the PG functional

domain efficiently binds its antigen. Preliminary results indicated that electrostati-

cally self-assembled quantum dot/PG-zb/IgG bioconjugates can be used in fluoro-

immunoassays [191]. Quantum dot–antibody conjugates were again successfully

used in fluoro-immunoassays to detect both a protein toxin (staphylococcal enter-

otoxin B) and a small molecule (2,4,6-trinitrotoluene) [108]. Goldman et al. de-

scribed a conjugation strategy employing an engineered molecular adaptor protein,

attached to the quantum dots via electrostatic/hydrophobic self-assembly, to link

quantum dots with antibodies. Quantum dots can also be used as sensors for sug-

ars; a quantum dot FRET application using adsorbed MBP has been mentioned

[114].

Powerful sensor concepts can also be designed using the multiplexing capa-

bility of quantum dots. This results from the broad excitation and narrow, size-

dependent emission bands of quantum dots. This concept has been used, for ex-

ample, to embed quantum dots of six different colors and ten intensities per color

in nanoparticles composed of styrene, divinylbenzene, and acrylic acid. This com-

bination can, theoretically, code one million nucleic acids or protein sequences

[80]. In another application, a high-throughput assay has been developed for the

parallel detection of antibodies using quantum dot microbeads. In this case, a cus-

tom designed microfluidic chip with multiple micro-wells was utilized for captur-

ing of microbeads, antibody injection into each micro-well, QD injection, and fluo-

rescence detection [192]. These beads could be identified with a standard flow

cytometer at a rate of 1000 beads s�1 [193].

1.5.1.3 Metallic Sensors

Gold nanoparticles (2.5 nm) have been used to recognize and detect specific DNA

sequences and single-base mutations. Detection is based on fluorescently tagged,

thiol modified oligonucleotides bound to the surface of the gold nanoparticle.

Upon self-assembly, the fluorophores arch toward the gold surface, quenching the

fluorescence. Upon binding the appropriate target sequence, the oligonucleotide

undergoes a conformational change, moving it away from the gold nanoparticle

surface, and restoring the fluorescence [194]. Another interesting approach to

ultrasensitive detection of DNA hybridization is based on Au nanoparticle-

amplified surface plasmon resonance (SPR). Interestingly, even without further op-

timization, the sensitivity of this technique begins to approach that of traditional

fluorescence-based methods for DNA hybridization and oligonucleotide detection

[62]. Gold nanoparticles have also been used in the detection of glucose and glu-

cose oxidase. The growth of the Au nanoparticles requires H2O2 and converts it

into O2. In the presence of glucose oxidase and glucose, O2 is converted into
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H2O2, allowing the Au nanoparticles to grow, thus giving a shift in absorbance

over time [195]. Finally, Ag has also been employed for surface plasmon-based

nanosensors concerning the detection of Alzheimer’s disease. Autopsied brain

samples of humans with Alzheimer’s disease show elevated levels of amyloid-

derived diffusible ligands (ADDLs), which suggest that a definitive chemical diag-

nosis of Alzheimer’s could be achieved with a sensitive method to detect ADDL or

anti-ADDL antibodies. The lmax of silver nanoparticles conjugated with anti-ADDL

was monitored before and after the incubation with ADDL. The resulting Dlmax

indicated that it is possible to monitor the interaction between ADDL and anti-

ADDL using Ag nanoparticles. While undergoing a promising initial trial, the

practicality of the system as a sensor is limited because its specificity becomes low

at nm concentrations of anti-ADDLs [196].

1.5.2

Fluorescent Nanoparticles as Labels in Biological Imaging

1.5.2.1 Dye-doped Nanoparticles

Though very small, fluorescent dyes are only of limited applicability in biological

imaging because of their poor photostability and limited brightness. To improve

the photostability, initially, dye-doped nanoparticles have been used as photostable

imaging probes. For example, 20 nm dye-doped latex nanoparticles have been

linked to DNA-binding proteins (restriction enzyme EcoR1) to probe specific se-

quences on stretched DNA [7]. In addition, ruthenium bipyridyl-doped silica nano-

particles can be used to stain and image leukemia cells [4]. More recently, Ru(bpy)-

doped silica nanoparticles have been applied successfully in several fluorescent

imaging applications, including immunocytochemistry, immunohistochemistry,

and DNA and protein microarrays [197]. Here the nanoparticles were surface-

functionalized with avidin, thus allowing straightforward coupling to biotinylated

antibodies. In one case, avidin-capped, dye-doped silica nanoparticles were conju-

gated with biotinylated mouse anti-hIgM to stain human peripheral blood mono-

nuclear cells. In another case, these photostable nanoprobes were coupled to

biotinylated goat anti-ChAT antibodies to label choline acetyltransferase to image

mouse brain tissue. Interestingly, these dye-doped silica nanoparticles are not out-

performed by quantum dots with respect to photostability.

1.5.2.2 Quantum Dots

Among the different types of fluorescent nanoparticles, quantum dots seem to

show the greatest promise as labels in biological imaging applications. Since their

introduction as labels in cellular imaging in 1998 [44, 115], multiple reports have

shown the strengths of these nanoprobes for tagging and imaging applications

in biological systems. This strength is based on the impressive photostability of

quantum dots and on their broad excitation and narrow size-dependent emission

properties. Most importantly, the high photostability guarantees the observation of

biomolecules over longer time periods. Dubertret et al. have reported a very elegant

example of such a long-term observation of biological processes [118]. Here, quan-
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tum dots with biocompatible coatings were injected into Xenopus embryos and

their movement into different cells during tadpole development was monitored

over several days.

Quantum dot multi-color imaging in cells is another fascinating imaging

approach. For example, quantum dots biofunctionalized with streptavidin and IgG

have been used to label the breast cancer marker Her2 on fixed and live cancer

cells, to tag actin and microtubules, and to stain nuclear antigens inside the nu-

cleus [116]. Quantum dots have also been shown to be useful in studying ATP

driven biological processes. The in vitro sliding of quantum dot labeled actin fila-

ments was observed over periods of 10–12 s [198]. The chaperonin proteins GroEL

(from Escherichia coli) and T.th (‘T.th cpn’, from Thermus thermophilus HB8) typi-

cally encapsulate denatured proteins within a cavity and release them in the pres-

ence of ATP. This encapsulation and release technique was used to give quantum

dots high thermal and chemical stability in various aqueous mediums, while also

allowing the controlled release of quantum dots [199].

Quantum dot labels are particularly advantageous over traditional organic dyes

in single-molecule tracking applications because dye-based tracking experiments

are limited by very short observation times [200, 201]. Quantum dot-based single

molecule tracking in biological systems represents a fascinating emerging research

area. The first results indicate great promise. Dahan et al. have successfully tracked

individual quantum dot-tagged glycine receptors in the neuronal membrane of live

cells and analyzed the diffusion properties [202]. Furthermore, this technique al-

lowed them to observe the entry of individual glycine receptors into the synapse,

which was confirmed by electron microscopy experiments. The ability to detect

quantum dots not only optically but also by electron microscopy is clearly a very

powerful feature. Another recent single-molecule application was related to the

monitoring of quantum dot-labeled epidermal growth factor. In this case, a new

transport process was discovered [203].

Fluorescent nanoparticles have also been applied in animal imaging experi-

ments; again, quantum dots seem to show great promise. Proper biocompatible

surface coating is essential for long-term stability of the probes in a biological envi-

ronment [204]. In another application, quantum dots have been targeted in vivo via
peptides immobilized on the quantum dot surface [205]. Here, several types of

peptides were used to label different regions of the mice tissue. Thus, quantum

dots with lung-targeting peptides were shown to accumulate in the lungs of mice

whereas other peptides targeted quantum dots to blood or lymphatic vessels in tu-

mors. Targeted quantum dot transport in live animals was recently reported in

mice [164]. In this case, PEG-coated nanoprobes were used that carried conjugated

antibodies directed against prostate-specific membrane antigens. A clear boost in

animal imaging should be expected from the recent development of quantum

dots with emission bands in the near-infrared (NIR) because this wavelength range

offers an optical window for tissue imaging. Indeed, NIR quantum dots have been

applied successfully to conduct imaging experiments on rat and porcine tissue

[206, 207]. In one case, rat coronary vasculature was studied. In the other case, por-

cine sentinel lymph nodes were imaged. Interestingly, when injected interdermally

28 1 Biofunctionalization of Fluorescent Nanoparticles



on the thigh of a 35 kg pig, doctors could visualize the nearby sentinel lymph

nodes within 3–4 min and use the infrared signal as a guide during surgery. De-

spite the relatively low power NIR excitation used (5 mW cm�2) the sentinel lymph

nodes were observed as deep as 1 cm below the skin surface.
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Biofunctionalization of Carbon Nanotubes

Elena Bekyarova, Robert C. Haddon, and Vladimir Parpura

2.1

Introduction

The decade long history of carbon nanotubes (CNTs) has been largely devoted to

investigation of their growth mechanism and physical and chemical properties.

This has led to sustained progress in the synthesis of materials of higher purity,

to chemically functionalized CNTs with specifically tailored properties, and to the

development of technologies for the processing and assembly of CNTs into func-

tional structures and devices. Recent research on the chemical interactions be-

tween biological molecules and CNTs has led to the assembly of functional hybrid

(CNT-biomolecule) structures for nanoelectronics, scaffolds for cell and tissue

growth, and high-performance biosensors. While much remains to be accom-

plished, this fascinating nanomaterial clearly offers great potential for the develop-

ment of revolutionary hybrid structures and devices, and work in this field has pro-

pelled CNTs to a point that their entry into the realm of nanobiotechnology and

nanomedicine is now a reality [1].

In this chapter, we overview the currently available methods for biofunctionaliza-

tion of CNTs and some of their applications in biology and nanotechnology. We

briefly discuss the structure, properties, and most common methods for synthesis

of CNTs, focusing on current progress in patterned growth and purification of

CNTs. We summarize the achievements in chemical modification of CNTs that

are related to the solubilization of CNTs in water, since the dispersion and stabili-

zation of CNTs in aqueous media is a key step in developing biological applica-

tions. We present various schemes for noncovalent and covalent modifications of

CNTs with biological molecules. Additionally, we review the applicability of the

modified CNTs in the assembly of electronic devices, for biosensing, and as scaf-

folds or substrates for neuronal growth.
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2.2

Carbon Nanotubes – Types, Structures and Properties

CNTs can be classified according to the number of concentric graphene cylinders

that constitute their structure (Fig. 2.1). Multi-walled CNTs (MWNTs) consist of

several concentric graphene cylinders with their ends individually capped with

hemispheres of fullerene molecules. Typically, their outer diameter ranges from 2

to 100 nm, while their inner diameter is about 1–3 nm. The MWNTs are from 1 to

several hundred mm long. Double-walled CNTs (DWNTs) are composed of two con-

centric graphene cylinders, and represent an intermediate structure between

MWNTs and single-walled CNTs (SWNTs), the later consisting of a single gra-

phene cylinder. Although the smallest SWNTs reported have a diameter of 0.4 nm

[2, 3], which corresponds to a hemispherical fragment of the C20 dodecahedron,

SWNTs are usually produced with a random distribution of diameters (0.7–2 nm)

and exist in hexagonally close-packed bundles held together by van der Walls

forces.

Based on their hexagonal lattice structure, SWNTs are classified as armchair,

zigzag and chiral (Fig. 2.2). The wrapping angle of the graphene sheet determines

the electronic properties of SWNTs [4–6]. All armchair nanotubes are conductive

(metallic), while the zigzag and chiral nanotubes can be either metallic or semicon-

ducting. Most currently available synthetic methods produce SWNTs with a ran-

dom distribution of metallic and semiconducting nanotubes in a ratio of 1:2. Be-

cause CNTs are either metallic or semiconducting, they provide the necessary

building blocks for molecular electronics. In addition, they are ballistic conductors

with high effective mobility and can sustain very high current densities. A rope of

SWNTs has a room temperature conductivity in the range 10 000–30 000 S cm�1

[7]. These properties provide a unique opportunity to develop miniature advanced

Fig. 2.1. Transmission electron microscopy

images of (a) multi-walled carbon nanotubes,

(b) single-walled carbon nanotubes, (c)

double-walled carbon nanotubes, and (d) a

bundle of single-walled carbon nanotubes.

(TEM micrographs in (b)–(d) [112] are

reproduced by permission of the American

Chemical Society Publications.)
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sensors [8] for rapid, label-free electronic detection of different biological materials

(Section 2.5.2). With a Young’s modulus of@1 TPa [9, 10], CNTs also have excep-

tional mechanical strength – a useful feature for tissue scaffolds and engineering.

2.3

Synthesis of Carbon Nanotubes

The most widely used techniques for synthesis of CNTs are electric arc discharge,

laser ablation, chemical vapor deposition (CVD) and high-pressure carbon monox-

ide disproportionation (HiPco) [11]. The first two methods involve the vaporization

of carbon in an inert atmosphere, whereas CVD and HiPco are based on catalytic

decomposition of hydrocarbons. The synthesis of CNTs has advanced to the point

that patterns of aligned MWNTs or SWNTs can be engineered. Such patterned

growth is of interest in tissue engineering [12]. CNT-based scaffolds have some ad-

vantages over bio-degradable synthetic polymers currently used in tissue engineer-

ing as they posses the structural integrity and high mechanical stability to support

developing tissue and to withstand in vivo forces [12].

SWNTs can be aligned by applying an electric field during CVD growth of the

nanotubes [13–15], and vertically aligned arrays of MWNTs (Fig. 2.3) are routinely

produced in standard CVD experiments [16–19]. Network architectures have been

produced by the reassembly of dense CNT arrays using the capillary forces induced

Fig. 2.2. (a) Two-dimensional graphene sheet.

A carbon nanotube is formed by rolling up the

graphene sheet and superimposing the two

ends OA of the chiral vector (Ch). The chiral

vector is defined as Ch ¼ na1 þma2, where a1
and a2 are unit vectors in the two-dimensional

hexagonal lattice, and n and m are integers.

The pair of integers (n;m) and the chiral angle

(y – the angle between Ch and a1) define the

nanotube type: armchair (n ¼ m, y ¼ 30�),
zigzag (n or m ¼ 0, y ¼ 0�) and chiral (y

between 0 and 30�). The diagram is

constructed for a (5; 2) carbon nanotube. T is

the basic translation vector for the tubule and

the unit cell of this tubule is defined by OABB 0.
(b) Schematic models for the three types of

SWNTs. (Courtesy of Riichiro Saito, Tohoku

University, Japan.)
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by the evaporation of liquids from the CNT films or mats (Fig. 2.3) [12, 19]. In this

process, the nanotubes collapse to cellular structures due to the induced surface

tension; the resulting periodic architectures might find applications as scaffolds

for tissue engineering. Indeed, similar structures composed of MWNTs (Fig. 2.4)

have been used to support the cellular adhesion and growth of mouse fibroblasts

[12].

While patterned films and mats that are attractive for cell growth, biosensors,

and bioelectronics all require relatively small amounts of material, applications

may be envisaged in which bulk quantities of CNTs are necessary. Although bulk

production is a necessary step, the purity of the CNT material is an essential pre-

requisite for further progress. MWNTs of high purity can be readily synthesized.

However, SWNTs typically contain a substantial fraction of carbonaceous impur-

ities together with the metal that is used as a catalyst in the synthesis. Quality con-

trol in SWNT manufacturing is a major issue, and the absence of widely accepted

and established methods for quality assessment has raised questions regarding the

purity of commercially available CNTmaterials [20]. Certainly, high purity material

is required if SWNTs are to play an important role in biotechnology. Although

quality control is virtually nonexistent in the CNT industry, analytical tools for reli-

able evaluation of the quality of SWNTmaterials exist, and efforts to establish stan-

dards in the field may help to reform current CNT industrial practices. Solution

phase near-infrared (NIR) spectroscopy [21–24], Raman spectroscopy [25, 26], ther-

mogravimetric analysis [25, 27], and combinations of these analytical methods [28]

have been used to evaluate SWNT purity. At this point, NIR spectroscopy has been

established as the simplest, fastest, most efficient and unambiguous technique for

the quantitative assessment of the carbonaceous purity of SWNTs [29], while ther-

mogravimetric analysis can reliably estimate the metal content based on the resi-

due remaining after pyrolysis of the carbon content of the sample.

The quality of CNTs can be improved by progress in the synthesis or purification

techniques, and significant achievements in both areas have been reported. Re-

cently, very high purity, metal-free SWNTs (carbonaceous purity of 99.98%) have

been synthesized [30]. The purification processes are based on a combination of

several steps, which usually include gas or vapor-phase oxidation, wet chemical

oxidation, centrifugation, filtration or chromatography (see Refs. [31–35] and refer-

ences therein).

Fig. 2.3. (a) Patterned MWNTs grown by CVD.

(b)–(g) Patterned carbon nanotube films. (b)

Wine glass-like structures obtained by the

evaporation of liquids from cylindrical MWNT

arrays. (c)–(f ) Cellular structures of aligned

MWNTs formed after immersion of the

nanotube sample in acetone and drying under

ambient conditions. (g) Carbon nanotube

structure of a patterned MWNT array. The

consolidation of the rims during the drying of

the patterned CNT array affords a structure

with mainly square and octagonal cells. The

inset represents schematics of this process.

Arrows indicate the direction of the CNT

collapse due to surface tension [19].

(Reproduced by permission of the National

Academy of Sciences U.S.A.)

H————————————————————————————————————————
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Fig. 2.4. SEM micrographs of MWNT

structures used as scaffold for fibroblast

growth. Left-hand column, low magnifications;

right-hand column, high magnifications. (a)

Perpendicularly aligned CNTs. (b) Pyramid-like

structures. (c) Network of crosslinked CNT

walls forming cavities [12]. (Reproduced by

permission of the American Chemical Society.)

46 2 Biofunctionalization of Carbon Nanotubes



2.4

Approaches to Aqueous Solubilization of Carbon Nanotubes

2.4.1

Chemical Modifications

As-prepared SWNTs self-assemble in hexagonally packed bundles, in which the

nanotubes are held together by van der Walls forces. The strength of these attrac-

tive forces makes the exfoliation of individual CNTs from the bundle and their sta-

bilization in solution difficult. An additional complication arises from the chemical

inertness of the CNTs due to the absence of functional groups in their graphitic

structure, making their dissolution in a solvent a complex issue. Consequently,

chemical functionalization has been used as a valuable route to the solubilization

and exfoliation of individual CNTs from the bundles.

One of the most widely used chemical approaches to introduce functionalities

onto CNTs involves treatment with strong oxidizing agents such as nitric and sul-

furic acids. These strong acids preferentially disrupt the aromatic ring structure at

the caps of CNTs and lead to the introduction of carboxylic acid groups at the open

ends [21, 31, 34, 36, 37]; this functionality can undergo further reactions to pro-

duce a large family of tailored materials. Numerous amidation and esterification

reactions of oxidized SWNTs have been reported [36, 38]. Typically, carboxylic acid

functionalized SWNTs (SWNT-COOH) are treated with thionyl chloride (SOCl2) to

form the acyl chloride intermediate (SWNT-COCl) [31], which is then reacted with

an amino derivative. This approach has been used to covalently attach octadecyl-

amine to the open ends of the SWNTs, affording SWNT-CONH(CH2)17CH3, a

form of the carbon nanotubes that proved to be soluble in various organic solvents

(Fig. 2.5) [21]. This approach has proved to be applicable to various functionalities.

However, the solubilization of CNTs in aqueous solutions – a prerequisite for use

in many biological applications – is a more challenging task because of the hydro-

phobic nature of CNTs. Although stable aqueous solutions of SWNTs have been

obtained by ultrasonication in a mixture of sulfuric acid and hydrogen peroxide

[39], the more common methods of dispersing CNTs in aqueous solutions involve:

(a) coating CNTs with surfactants, (b) functionalization of CNTs with water-soluble

polymers, and (c) interaction of CNTs with biological molecules. These methods

are detailed below.

2.4.2

Use of Water-compatible Surfactants

Surfactant-induced dispersion of CNTs depends on the presence of hydrophilic and

hydrophobic regions in the surfactant molecule. Adsorption of the surfactant on

the side walls of the nanotubes occurs through the hydrophobic tail of the surfac-

tant molecule, which can adopt a wide range of orientations with respect to the

tube, leaving the hydrophilic moiety oriented towards the aqueous phase. This

can induce stable dispersions of surfactant-coated SWNTs in water. SWNTs were
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successfully dispersed in water with various surfactants [40–42]. This surfactant

detached tubes from the bundles during vigorous sonication and stabilized individ-

ual SWNTs in solution [41]. Since the individual nanotube encased in a close-

packed SDS micelle had a lower specific gravity than SDS-coated bundles, centrifu-

gation led to their separation. This made it possible to use spectroscopy to study

individual SWNTs, which displayed a bright photoluminescence in the NIR [41].

Since then, surfactant-assisted dispersion of nanotubes has been widely used by

several research groups for fundamental studies of the electronic properties of in-

dividual SWNTs, as these properties give rise to distinctive features in the optical

spectra [43–47].

Various anionic, nonionic, and cationic surfactants have been studied for their

ability to disperse SWNTs in water [46]. Typically, a solution of a specific surfactant

concentration is mixed with the nanotubes using high shear homogenization, fol-

lowed by ultrasonication, and ultracentrifugation.

Among ionic surfactants, sodium dodecylbenzene sulfonate (SDBS) and SDS are

the most efficient dispersing agents. For nonionic systems, surfactants with higher

molecular weight suspend higher amounts of SWNTmaterial [46].

2.4.3

Functionalization with Water-soluble Polymers

The covalent attachment of water-soluble polymers is an efficient approach to the

dispersion of CNTs in water. By applying the functionalization scheme of Fig. 2.5,

poly-m-aminobenzene sulfonic acid (PABS) [48, 49] and polyethylene glycol (PEG)

[49] have been covalently linked to SWNTs to form water-soluble nanotube-graft

copolymers (Fig. 2.6) [48, 49]. Several other types of functionalized SWNTs bearing

water-soluble moieties have been synthesized (Scheme 2.1), including the attach-

ment of water-soluble linear polymers, such as monoamine-terminated polyethyl-

ene oxide (PEO) [50], diamine terminated polyethylene glycol (PEG1500N) [51],

Fig. 2.5. (a) A solution of SWNTs chemically functionalized

with octadecylamine [21] by the general functionalization

scheme illustrated in (b).
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poly(propionylethylenimine-co-ethylenimine) (PPEI-EI) [51], poly(vinyl alcohol)

(PVA) [51], and glucosamine (GA) [52] to CNTs. Since these functionalized nano-

tubes have high solubility in water (8–89 mg mL�1) [51], this is clearly an efficient

route for the aqueous dissolution of carbon nanotubes.

2.4.4

Interaction and Functionalization with Biological Molecules

Interactions of CNTs with biological molecules, such as lipids, DNA and proteins,

efficiently disperse the CNTs in water. Noncovalent modification is the preferred

method if the electronic characteristics of the nanotubes need to be preserved. Co-

Fig. 2.6. SEM images of (a) SWNT-PABS and (b) SWNT-PEG [49].
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valent chemistry, which takes place via modifications of the CNT side walls, dis-

turbs the extended p-network, leading to a localization of electrons at the defect

sites that are generated at the point of attachment. However, covalent chemistry

at the ends of the SWNTs retains the SWNT electronic properties and provides a

robust linkage to the biological molecule, although with some variability in the

endogenous properties and functions of these molecules.

2.4.4.1 Noncovalent Biofunctionalization

Various lipids and proteins, including enzymes, peptides and nucleic acids, adsorb

strongly to CNTs [53–59]. These interactions between CNTs and biological mole-

cules provide a more efficient means to solubilize the nanotubes in water than the

use of surfactants and polymers. In a similar manner to surfactants, amphiphilic

biological molecules, which possess hydrophobic and hydrophilic moieties, solubi-

lize CNTs in aqueous media. For example, MWNTs form stable dispersions in

water upon interaction with specific lipid derivatives composed of a lipidic chain

of 12 and 18 carbon atoms and a polar head group [56]. Single-chain lipidic re-

agents self-organize on the nanotube walls, forming supramolecular assemblies.

Similar highly ordered heterogeneous structures have been found upon adsorption

of other biological molecules. For example, HupR, a DNA binding protein from

the nitrogen-regulatory protein subfamily, and streptavidin interacted strongly

with MWNT to form highly ordered helical structures, but the exact solubility in

water was not reported [53]. However, an efficient protocol for dispersion of CNTs

Scheme 2.1. Structures of SWNTs functionalized with

polymers: PABS – poly(m-aminobenzene sulfonic acid), PEG –

poly(ethylene glycol), GA – glucosamine, PPEI-EI –

poly(propionylethylenimine-co-ethylenimine), PEO –

poly(ethylene oxide) and PVA – poly(vinyl alcohol).
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in water using a specifically designed amphiphilic a-helical peptide, which func-

tioned by wrapping individual CNTs, has been reported and this led to a stable dis-

persion of CNTs at a concentration of 0.7 mg mL�1 [60].

Single-stranded DNA (ssDNA) interacts strongly with CNTs to form stable CNT-

DNA hybrids, which efficiently disperse CNTs in aqueous solution [57, 61]. A con-

centration of CNTs of 0.2–0.4 mg mL�1 was readily achieved upon dispersion with

DNA, and it was possible to further concentrate the CNTs solution to 4 mg mL�1

[61]. It has been suggested that this highly efficient mechanism for dispersion of

individual SWNTs in solution involves p-stacking interactions between the nano-

tube walls and the DNA bases, resulting in helical wrapping of the nanotubes. In

addition, the hydrophilic interactions between the sugar-phosphate groups in the

backbone of DNA and surrounding water molecules render the hybrid structure

soluble in water. The phosphate groups on the SWNT-DNA hybrid provide a nega-

tive charge density on the surface of the CNT, enabling the debundling and disper-

sion of individual SWNTs [57, 61, 62]. The wrapping of the nanotubes with ssDNA

was found to be sequence dependent, and the interaction between certain DNA se-

quences and individual SWNTs allowed ion-exchange chromatography separation

based on the electronic characteristics of SWNTs. The separation procedure takes

advantage of the different electrostatic charges on the hybrid macromolecules,

which are composed of metallic and semiconducting SWNTs [57, 61]. Since the

separation of metallic and semiconducting SWNTs is the most important obstacle

to the application of carbon nanotubes in nanoelectronics, this DNA-assisted sepa-

ration demonstrates the power of hybrid CNT-biological molecules for solving

problems in nanotechnology.

A combination of surfactants and polymers has also been used for noncovalent

attachment of proteins to CNTs, in which the successive adsorption of surfactants

(Triton X-100 or Triton X-405) and biotin-functionalized polymer (PEG) provides an

interface for binding with streptavidin [63].

Biomolecules can be attached to noncovalently functionalized CNTs. In this

approach 1-pyrenebutanoic acid succinimidyl ester (1-PBA) is irreversibly adsorbed

on the hydrophobic graphene surface of the CNTs via p-stacking interactions [64].

The protein is then covalently attached to the succinimidyl functionality of 1-PBA

through a nucleophilic substitution reaction by an amine group of the protein (Fig.

2.7). This approach for immobilization of proteins onto CNTs has been utilized in

development of biosensors based on glucose oxidase-functionalized SWNTs (Sec-

tion 2.5.2) [55].

An important question that arises is whether the immobilized biological mole-

cules retain their biological activity. Studies regarding this issue are limited. In

one study on the structure and functions of proteins adsorbed on SWNTs, it was

shown that the proteins undergo conformational changes upon interaction with

the carbon walls [59]. The authors used enzymes as highly sensitive probes of the

protein functions and found that, depending on the nature of the protein, SWNTs

can differentially affect the biological activity of the adsorbed proteins; soybean

peroxidase retained 30% of its native activity, while a-chymotrypsin retained only

1% of its native activity, and was denatured when attached to SWNTs [59].
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2.4.4.2 Covalent Biofunctionalization

Carbodiimide chemistry can be readily applied to covalently link CNTs to various

biological molecules. Carbodiimide activates the carboxylic acid groups, which are

easily introduced into the CNTs by the oxidative treatments discussed earlier, and

it facilitates their reaction with the amino groups present in the biological mole-

cules. Carbodiimide coupling agents commonly utilized for these reactions are the

water-soluble derivatives 1-ethyl-3-(3-dimethylaminopropyl)-t-carbodiimide (EDC)

(Scheme 2.2, paths a, b) and N,N 0-dicyclohexylcarbodiimide (DCC) (Scheme 2.2,

path c), which are often used with dimethylformamide (DMF) as a solvent. N-
Hydroxysuccinimine (NHS), which reacts with the carboxylic groups to form an

active intermediate ester, is often used to assist amide bond formation in the pres-

ence of EDC (Scheme 2.2, path b). These general reactions have been utilized to

functionalize CNTs with proteins [65] and amine-terminated DNA [66, 67].

Alternatively, CNTs can be chemically modified by introducing amine moieties

[68], which can be further reacted with the biological molecules (Scheme 2.3). In

the first step, the carboxylic acid groups of the SWNTs, introduced by oxidation

with nitric acid, are reacted with thionyl chloride to form an acyl chloride interme-

diate, which is then crosslinked with ethylenediamine to produce amine-terminated

SWNTs (SWNT-NH2). These SWNT-NH2 have been used for covalent attachment

of DNA [68]. This was achieved by introducing maleimide groups to SWNT-NH2

Fig. 2.7. 1-Pyrenebutanoic acid succinimidyl ester (1-PBA),

adsorbed on the side-wall of a SWNT via p-stacking, has been

used to immobilize protein due to interactions with the

protein’s amino groups. (Modified from Ref. [64].)
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by crosslinking with succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxy-

late (SMCC) and further reacted with thiol-terminated DNA [68]. The resulting

DNA-CNT hybridized selectively with complementary DNA sequences, while

showing little interaction with non-complementary DNA sequences, indicating

that the procedure preserves DNA specificity.

In addition to the chemistry that occurs at the oxidized open ends of CNTs, the

side walls undergo 1,3-cycloaddition reactions (Scheme 2.4) [69, 70], and both

SWNTs and MWNTs have been covalently linked to N-protected amino acids by

this technique, which can be used to prepare water-soluble CNTs [70]. In such

functionalization schemes the amino acid is condensed with paraformaldehyde in

Scheme 2.2. Schematic illustration of carbodiimide procedures

for covalent functionalization of SWNTs with biological

molecules. (Modified from Ref. [1].)

Scheme 2.3. Schematic of the maleimide procedure for

covalent functionalization of SWNTs with biological molecules.
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the presence of CNTs dispersed in DMF (Scheme 2.4; 1); the protecting group, N-

tetrabutoxycarbonyl (Boc), in the derivative (Scheme 2.4; 2) is cleaved by reaction

with HCl. The resulting amino acid functionalized CNTs (Scheme 2.4; 3) have a

remarkable solubility in water (20 mg mL�1). Additionally, amino acid function-

alized CNTs can be reacted easily with N-terminal protected amino acid (Fmoc-

Gly-OH) via a coupling reaction activated with N-hydroxybenzotriazole (HOBt) and

diisopropylcarbodiimide (DIC) (Scheme 2.4; 4).

2.5

Applications of Biofunctionalized Carbon Nanotubes

2.5.1

Assembly of Electronic Devices

Biofunctionalization of CNTs can potentially facilitate the use of these materials in

functional structures and for the bottom-up design of nanodevices if it is possible

to make use of the powerful self-assembly properties of natural substances. Be-

cause CNTs are promising building blocks for molecular electronics, the nanofab-

rication of electronic devices utilizing CNTs based on the self-assembly principles

of biology has been attempted. For example, the bottom-up fabrication of field-

effect transistors (FETs) based on individual SWNTs has been attempted by using

DNA-mediated self-assembly and homologous genetic recombination [71]. A long

Scheme 2.4. Covalent functionalization of

carbon nanotubes with amino acids. Boc –

butoxycarbonyl protecting group, DMF –

dimethylformamide, DCM –dichloromethane,

DIEA – diisopropylethylamine, DIC –

diisopropylcarbodiimide, HOBt – N-hydroxy-

benzotriazole, Fmoc – 9-fluorenylmethoxy-

carbonyl, Gly – glycolic acid [70]. (Reproduced

by permission of the Royal Society of

Chemistry.)
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DNA molecule was used as a scaffold onto which streptavidin-functionalized

SWNTs were assembled, utilizing primary antibodies against RecA, a protein

from Escherichia coli, and biotinylated secondary antibodies. This allowed a con-

trolled localization of a semiconducting SWNT at a desired address on the DNA

scaffold molecule. Electrical contact to the nanotubes may be obtained by metalli-

zation of the scaffold DNA molecule. Because the nanotubes are usually a mixture

of metallic and semiconducting constituents, the fabrication of devices with repro-

ducible characteristics represents a challenge, although the emerging methods for

separating CNTs based on their electronic properties will assist this endeavor [57,

61]. However, the approach involves a complex multi-step process, and thus would

lead to a low production yield of devices.

A suggested alternative approach for fabrication of an FET, with a reduced num-

ber of reaction steps, could enable the production of devices in high yield. This

approach utilized the hybridization between short complementary DNA sequences

located on metal contacts and SWNTs (Fig. 2.8) [72]. The thiol-terminated oligonu-

cleotides were deposited on gold contacts, and the devices were immersed in a

solution of SWNTs functionalized with complementary oligonucleotides. This al-

lowed the hybridization of the complementary oligonucleotides, with one strand

on the electrodes and the other attached to the SWNTs; the success of this opera-

tion led to the placement of individual SWNTs or small bundles between the elec-

trodes, with efficient electrical contacts to the SWNTs at both electrodes in about

12% of the devices [72]. Those devices that exhibited efficient electrical contacts

had stable electrical characteristics over hundreds of measurements. Indeed, this

technique was also implemented to assemble SWNT-FET devices [73]. Although

both approaches described above are far from a general technology, they highlight

the potential use of biofunctionalized CNTs and self-assembly approach for

bottom-up construction of CNT-based electronics.

Fig. 2.8. DNA-templated deposition of SWNT

between gold electrodes. (a) DNA-bearing gold

electrodes immersed in a solution of

oligonucleotide-functionalized SWNT. (b)

Bridging the two electrodes with a SWNT by

hybridization between the complementary

strands [72]. (Reproduced by permission of

Elsevier.)
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Controlled assembly of multifunctional SWNT structures is of interest for devel-

opment of devices for biosensing. The functionalization of CNTs with biological

molecules facilitates the formation of such functional structures and it also in-

creases their versatility. Nanoparticle–CNT structures have been prepared using

a DNA-directed self-assembly [74, 75]. In one approach DNA-graft gold nano-

particles have been attached to SWNTs grafted with complementary DNA chains,

using the carboxylic group of the SWNT-COOH and amine-terminated DNA [75].

This approach has been used to assemble CNTs into various multicomponent

structures, containing interconnected MWNTs and SWNTs, (Scheme 2.5) [75],

and multifunctional structures could be obtained by varying the base sequence

and the number of complementary DNA chains grafted to the gold nanoparticle.

Besides the assembly of functionalized CNTs (above), it is possible to function-

alize pre-formed films of CNTs and prepare CNT film-based devices. Such prepara-

tions are readily achieved by spraying [8] or filtration [76, 77]. Additionally, the

versatile chemistry at the open ends of the CNTs forming the film [36, 37] affords

the opportunity to interconnect the nanotubes and to form patterned multi-layered

SWNT films [78, 79]. Thus, carboxylic acid terminated CNTs have been intercon-

nected using 4,4 0-oxydianiline as a linker molecule [78]. The functionalized CNTs

can be stacked on aminated glass substrates, which allows a diverse patterning of

the CNT films and the introduction of various functional groups for further conju-

gation with biological molecules [78]. For example, DNA oligonucleotides have

been attached, using carbodiimide chemistry (Scheme 2.2), to pre-patterned CNT

multilayer films to give interfaces that exhibit a high sensitivity in subsequent hy-

bridization (Scheme 2.6) [78]. Although their performance is inferior to individual

Scheme 2.5. Schematic of procedures for DNA directed self-

assembling of multiple carbon nanotubes and gold

nanoparticles [75]. (Reproduced by permission of the American

Chemical Society Publications.)
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CNT devices, film-based devices made of CNTs provide convenient manufacture

and have led to a powerful sensor platform [8]. Since this approach can lead to pat-

terning at a specific location on a substrate, it could advance the development of

sensors requiring site specificity.

SWNTs functionalized with poly-l-lysine (PLL) have been reported to assemble

in functional structures, which have been used as a platform for electrodes with

enhanced biosensing properties [80]. Assembly was achieved by reacting carboxylic

acid bearing SWNTs with some of the amino groups of PLL (Scheme 2.7). The

unreacted amino groups were available for subsequent attachment of the SWNT-

PLL graft copolymer to the carboxylic acid bearing gold electrodes and also for con-

jugation to horseradish peroxidase. Attachment of this enzyme led to the construc-

tion of electrodes for amplified sensing of hydrogen peroxide [80]. Indeed, various

enzymes could be attached using this method to the PLL-functionalized CNTs for

the development of sensor devices. Because PLL is a permissive substrate for cellu-

lar adhesion and growth, this methodology could be exploited for development of

composite substrates that would serve a dual role; they would support cellular

growth and also serve as sensors.

2.5.2

Biosensing

Among the potential usage of CNTs in biology and medicine, the development of

advanced biosensor devices has emerged as the most promising short-term appli-

cation. CNTs offer a unique combination of quasi-1D structure and excellent elec-

tronic properties, which can dramatically improve the miniaturization prospects

for electronic biosensor devices. Additionally, CNTs offer new opportunities for

rapid, sensitive and label-free detection of biological agents, with the selectivity of

detection provided by biofunctionalization of the CNTs. Furthermore, the nano-

tubes can clearly serve both as the transducer and as the platform where the bio-

recognition event occurs. Taken together, these prospects make CNTs one of the

most promising materials for advanced biosensors.

Several groups have already demonstrated the use of SWNTs in biosensors [55,

81–92]. Research on CNT-based biosensors is currently focused on exploiting two

major fundamental approaches: the development of CNT electrodes for the electro-

chemical detection of biological agents and fabrication of transistor devices for

electronic detection of binding events.

Electronic detection of biological species is very attractive because it offers a fast

and direct, label-free detection, while sampling data in real time. Additionally, it

does not require preparation steps and multiple reagents, making the use of these

sensors quite simple. Electronic detection is possible because a semiconducting

SWNT exhibits a significant conductance change in response to interaction with

gas molecules, which can change the electron density on the nanotube [93, 94].

Similar electronic changes in the behavior of SWNTs have been found upon inter-

action with small biological molecules and proteins [55, 89, 95, 96]. The in situ
electronic detection of proteins using CNTs has proved to be very sensitive. Adsorp-
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Scheme 2.7. Illustration of the assembling of

SWNTs, poly-l-lysine (PLL), and horseradish

peroxidase and the fabrication of chemically

modified electrodes (CME) [80]. DCC – N,N 0-

dicyclohexylcarbodiimide, EDC – 1-ethyl-3-

(3-dimethylaminopropyl)-t-carbodiimide.

(Reproduced with permission from the

American Chemical Society Publications.)

2.5 Applications of Biofunctionalized Carbon Nanotubes 59



tion of cytochrome c, a redox catalyst in the respiratory chain of mitochondria, on

an individual SWNT in a transistor configuration induced a sufficient decrease in

the conductance of the device to allow the detection of a few tens of molecules [96].

An FET composed of an individual pristine SWNT (Fig. 2.9) has been shown to

change its resistance upon exposure to proteins [89]. For example, adsorption of

streptavidin on the SWNT shifted the transconductance towards negative gate

voltages with little change in the current. Taking into account that the nanotubes

before the adsorption exhibited p-type electronic behavior, presumably due to dop-

ing from environmental oxygen [94], these changes indicate an electron transfer

from the streptavidin molecule to the nanotube. This hybrid, streptavidin-SWNT

has been shown to be sensitive to the presence of biotin, which specifically binds

to streptavidin, resulting in a decrease of the current. Because the interaction be-

tween streptavidin and SWNTs is non-specific it is necessary to impart selectivity

to the device and to prevent non-specific interactions; this can be accomplished by

coating the SWNTs with hydrophilic polymers, PEG and polyethyleneimine (PEI),

containing biotin. The polymer coated/biotin functionalized SWNTs devices are

very sensitive in the detection of streptavidin – down to as few as 10 protein mole-

cules [89].

Although the mechanism of chemical sensing exhibited by SWNTs has not been

unambiguously identified, as discussed above it seems probable that the resistance

change in the devices originates from doping of the CNTs as a result of charge-

transfer processes that are associated with interactions between the SWNTs and

the analyte [8]. In some cases the conductance change originates from electronic

effects occurring at the metal–nanotube contacts during adsorption [97].

In addition to direct sensing with SWNTs, biologically functionalized SWNTs

also show promise as sensors. For example, glucose oxidase (GO) has been cova-

lently attached to a semiconducting SWNT and used as the conducting channel in

an FET [55]; the attached GO retained its enzymatic activity and imparted sensitiv-

Fig. 2.9. Schematic of a nanotube field-effect transistor (FET).

The nanotube (SWNT) is functionalized with biotin using a

polymeric functional layer, which coats the nanotubes.

(Modified from Ref. [89]; by permission of the American

Chemical Society Publications.)
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ity to the nanotubes towards glucose. Importantly, the increase in conductance

measured with such devices in the presence of glucose was rapid, which has impli-

cations for real time studies of enzymatic activity at molecular level. The GO-coated

SWNT devices were very sensitive to pH, whereas the conductance of pristine

SWNT was pH independent in the range 4–5.5; after modification of the nanotube

with GO, a strong increase in conductance with decreasing pH was observed [55].

On changing the pH from 4 to 5.5, the effective gate voltage changed by 20 mV,

which corresponded to a 30 mS change in the conductance of the nanotube. These

measurements show that it is possible to detect the doping induced by the binding

of about 50 protein molecules to a@600 nm long semiconducting SWNT.

Several research groups have explored the electrochemical detection of biological

molecules with electrodes consisting of CNTs in their pristine or modified forms;

details of the achievements in electrochemical biosensing using CNTs have been

outlined in a recent review [98]. Since their introduction into electrochemistry,

CNT electrodes have demonstrated an enhanced sensitivity compared with conven-

tional carbon electrodes. For example, detection of transmitter dopamine exhibited

characteristic cyclic voltammograms at conventional electrodes such as glassy car-

bon and pyrolytic carbon fibers, as well as at CNT electrodes [81]. However, the

conventional electrodes suffered from poor reversibility, while CNT electrodes ex-

hibited excellent reversibility and were also very sensitive in the analysis of goat

brain tissue. This illustrates the potential to use CNT electrodes for in vivo and in
vitro neurotransmitter investigations involving dopamine, and possibly with other

oxidizable transmitters. Similarly, the ultrasensitivity of CNT electrodes in electro-

chemical detection of proteins and DNA has been reported [91]. Covalent coupling

of the alkaline phosphatase (ALP) enzyme to CNTs has led to the highest sensitiv-

ity (detection limit 1 pg L�1) reported thus far for electrical detection of DNA. This

CNT-ALP-linked assay can be modified for antigen detection by using specific

antibody–antigen recognition, which could provide a fast, simple solution for

molecular diagnosis in pathologies where molecular markers exist, such as DNA

or protein.

Ultrasensitive DNA detection has been also achieved with a nanoelectrode array

composed of aligned MWNTs embedded in silicon dioxide. The nanoelectrodes

have been fabricated by a bottom-up approach, which resulted in precisely posi-

tioned and well-aligned MWNTs embedded in the silicon dioxide matrix. This con-

figuration provided structural integrity to the electrodes and allowed the sensitivity

of the array to be tailored by controlling the nanotube density [83]. The sensitivity

was increased dramatically upon lowering the nanotube density in the array, allow-

ing for the detection of less than a few attomoles of oligonucleotide.

A similar approach has been used to develop a MWNT-based nanoelectrode array

for selective detection of glucose [85]. Nanotubes in the array were embedded in an

epoxy matrix. The exposed nanotube tips were functionalized with glucose oxidase

using carbodiimide chemistry. The devices showed a linear response to glucose up

to a concentration of about 30 mm with the detection limit down to 0.08 mm,

achieving a much wider range than necessary for sampling glucose in human

blood and urine.
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Alternative approaches for the development of glucose biosensors involve con-

ducting polymer coated CNT arrays [86, 87]. In this approach GO was incorporated

into a layer of conducting polymer, such as polypyrrole [87] or polyaniline [86],

which coated aligned nanotubes. The amperometric response from these aligned

nanotube–polymer nanowires was much higher than that of conventional elec-

trodes using conducting polymers.

An additional advantage of CNT-based biosensors is the possibility of the favor-

able improvement of screen-printed graphite sensors by their modification with

CNTs [92]. MWNTs have been used for modification of working graphite ink elec-

trodes; the nanotubes were deposited on the graphite surface by evaporation of

a solution of MWNTs in DMF, and the electrodes were further modified by adsorp-

tion of organophosphorus hydrolase, which allowed detection of the pesticide para-

oxon with greater sensitivity than for previous detection methods [92].

Atomic force microscopy (AFM) is a CNTs biosensing application that also im-

pacts structural biology; due to their high aspect ratio, strength and chemical versa-

tility, CNTs can be used to improve upon standard AFM tips in several ways. The

most obvious is to enhance the image resolution as the tip size is significantly

reduced when SWNTs are utilized. Standard commercial silicon-based tips have

radial curvatures of about 5–10 nm, while SWNT AFM tips with a diameter in the

range of 1–3 nm have already been fabricated [99, 100]. The improved resolution

of the CNT tips has been demonstrated clearly in an AFM study of isolated pro-

teins at room temperature in which a MWNT tip reproducibly resolved the distinct

Y-shape of an isolated immunoglobulin G (IgG) [101], while previous images ob-

tained with conventional tips yielded only a heart-shaped structure. Similarly,

SWNT tips were used for high-resolution imaging of isolated DNA molecules

[102]. This method has been implemented for determination of haplotypes on

UGT1A7 [101], a gene suggested to be a cancer risk factor. Using SWNTs as a tip

gives a resolution of approximately 10 bases, which enables direct reading of DNA

sequences, and the utilization of SWNT tips in haplotyping clearly could be applied

to the understanding and diagnosis of genetic diseases.

AFM probes with functionalized SWNTs as tips have been proposed as the ideal

high-resolution probe for mapping chemical domains by using chemical force mi-

croscopy [103]. SWNT tips are extremely sensitive to surface polarity, pH and many

other chemical characteristics of the sample, as demonstrated by tapping mode

AFM studies using a tip of CNTs with terminal carboxylic groups [104], where it

was possible to chemically map the patterned substrate containing areas of methyl

and carboxylic groups (Fig. 2.10). The ability of AFM tips to detect biological mole-

cules has also been demonstrated, and biotin-modified SWNT AFM tips have been

used to study biotin interaction with streptavidin immobilized on a mica surface

[104]. This method offers the opportunity to detect the spatio-temporal location of

a specific molecule; in this approach the temporal resolution would be limited by

the scanning speed and biosensor properties, while the spatial resolution would

be limited by the diameter of the nanotube. For example, nanotubes capable of

sensing glucose [105, 106] or neurotransmitters could be used to scan for the up-

take and release of these compounds from specific cells under various stimuli.
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2.5.3

Substrates for Neuronal Growth

The first use of CNTs in contact with living cells made use of carbon nanotubes as

a substrate for neuronal growth [107]. In this work, cultured hippocampal neurons

were grown on MWNTs deposited on PEI-coated coverslips. Scanning electron mi-

croscopy was used to visualize the morphological parameters of neuronal growth.

The neuronal bodies adhered to the surface of the MWNTs, showing outgrowth of

neurites that elaborated into many small branches. The neurons remained alive on

the MWNTs for at least 11 days.

Fig. 2.10. (a) Schematic of a SWNT tip with

attached carboxylic acid groups. (b)–(d)

Chemical mapping with functionalized SWNT

tip. (b) Schematic of a patterned substrate

consisting of a self-assembled monolayer

(SAM) region terminated with methyl groups

and surrounded by carboxylic acid-terminated

SAM. (c) Tapping mode phase image of the

patterned SAM in (b) imaged with a carboxylic

acid-terminated SWNT tip, and (d) phase

image of a similar substrate imaged with a

C6H5-terminated SWNT tip. (Courtesy of

Charles M. Lieber, Harvard University, USA.)
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More recently, this work was extended by characterizing the morphological fea-

tures of live neurons labeled with the fluorescent dye calcein, and visualized with a

fluorescence microscope (Fig. 2.11) [108]. Neuronal growth was systematically con-

trolled by modified MWNTs, prepared by covalently conjugating CNTs with func-

tionalities designed to carry negative, neutral or positive charges at physiological

extracellular pH. By using these CNTs as the scaffold for neuronal growth, it was

found that the neurons grown on positively charged MWNTs showed more numer-

ous growth cones, longer neurite outgrowth and more successful neurite branch-

ing than neurons grown on negatively charged CNTs (Fig. 2.11). Thus, by varying

the electrostatic charge on the MWNTs it was possible to manipulate the growth

pattern of the neurons. Similarly, neuronal growth was also modulated by using

a SWNT-PEI graft copolymer as a scaffold or substrate for cultured neurons [109].

SWNT-PEI promoted neurite outgrowth and branching; neurons grown on SWNT-

PEI showed more extensive neurite branching than neurons grown on as-prepared

(AP-) MWNT, but having quantitatively similar neurite branching to those of neu-

rons grown on PEI. The number of their growth cones was comparable to those on

neurons grown on AP-MWNTs; the neurite lengths were intermediate and fell be-

tween those of neurons grown on AP-MWNTs and PEI (Fig. 2.11). Where PEI was

combined with SWNTs, the positive charge on the PEI was reduced, perhaps by

@20%, in proportion to the SWNT loading in the copolymer. The surface charge

Fig. 2.11. (A) SEM image of a neuron grown

on as-prepared MWNTs (AP-MWNTs). (b)

Fluorescence image showing a live neuron on

AP-MWNTs, which accumulated the vital stain,

calcein. Arrow indicates a growth cone. Scale

bar, 20 mm. (c) Drawing summarizing the

effects of MWNT charges and (d) the effects of

graft copolymer SWNT-PEI on growth cones,

neurite outgrowth and branching. PEI,

polyethyleneimine. (Modified from Refs. [108,

109].)
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reduction could be the basis for the effect of the copolymer on neuronal growth

characteristics. Besides giving new information on the sensitivity of neuron growth

parameters to substrate quality and charge, the data gathered may provide the

basis for the development of materials where the ratio of SWNT/PEI in the copoly-

mer could control neurite outgrowth and branching.

Taken together these studies demonstrate that CNTs can be used as a scaffold

or substrate for neuronal growth and that modifications of CNTs, including graft

copolymers with PEI, can be employed to modulate the arborization of neuronal

processes and their outgrowth. This suggests that it may become possible to em-

ploy suitably functionalized CNTs as neural prostheses in neurite regeneration.

2.6

Concluding Remarks

It is apparent from the body of work detailed in this chapter that there is already an

impressive array of currently available methods for biofunctionalization of CNTs

and of CNT applications in biology and nanotechnology. As a result of their unique

properties and the sophistication of the chemistries available for their modification,

CNTs have immense potential in biotechnology and biomedicine that are only now

starting to be realized – although their toxicity remains a concern [110, 111]. Pres-

ently, CNTs are mainly under investigation in research laboratories, but if there is

widespread commercialization of CNTs, the exposure of the general populace to

this material must not occur without adequate testing. At this point there is no in-

dication that CNTs will be any more hazardous than other forms of carbon, and

their enormous potential in nanomedicine mandates the continued investigation

of this unique nanomaterial from the biological standpoint.
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3

Biofunctionalization of Magnetic Nanoparticles

Yong Gao

3.1

Introduction

Advances in information storage technologies since the 1950s have led to tremen-

dous progress in the preparation of magnetic particles of nanometer dimensions

with defined properties [1, 2]. Since then, magnetic nanoparticles have found

applications in biomedicine [3]. Magnetic particles with a grain size down to the

nanometer scales have been used for in vitro cell/protein bio-separation, and

chem-/bio-syntheses of pharmaceutical drug molecules. They have also been em-

ployed for in vivo magnetic drug targeting, magnetic resonance imaging (MRI)

and magnetic hyperthermia tumor therapy [4–12]. More recently, due to rapid

advances in nanotechnology, novel synthetic routes for fabricating magnetic nano-

particles with the ability to rigorously control the microstructures of magnetic

nanoparticles, for example, coating, crystallinity and size uniformity, have been re-

ported [13–38]. The development of these new types of magnetic nanomaterials

has led to renewed research efforts on the functionalization of magnetic nanopar-

ticles for their expanded biomedical applications.

In vitro and in vivo applications of magnetic nanoparticles in biomedicine are

due to numerous beneficial factors associated with the unique nanometer-scale

magnetic and physiological properties of magnetic nanospheres. Below a critical

size, magnetic nanoparticles become single-domain and exhibit phenomena that

differ from those of micrometer-sized counterparts, such as superparamagnetism,

quantum tunneling of the magnetization, and unusually large coercivities, [1, 39–

41]. Superparamagnetic iron oxide nanoparticles have been used as MRI contrast

agents because of their very large magnetic moments – typically three orders of

magnitude greater than those of other paramagnetic materials [4–6]. In addition

to endowing them with unique magnetic properties, the small dimensions of mag-

netic nanoparticles, which range from several nanometers to hundreds of nano-

meters, typically smaller than those of proteins, cells and viruses, allow magnetic

nanoparticles to have ‘‘close’’ contacts with a biological entity of interest. Thereby,

magnetic nanoparticles can be utilized as a support for immobilization of bio-

active molecules for bio-separation and bio-labeling applications since these nano-
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particular supports present minimal steric hindrance to the surface-loaded proteins

and cells. Magnetic nanoparticles also have advantages over their micrometer

counterparts in in vivo bioapplications due to their small sizes. For example, in
vivo applications of magnetic particles usually prefer a particle dimension below

20 nm for high tissue penetration [42]. The small sizes can also help magnetic

nanoparticles evade hepatic clearance from the bloodstream by the mononuclear

phagocyte system (MPS). This will increase the plasma half-life of nanoparticles

and, thus, increase the probability of attaining the desired target inside the body

with magnetic nanoclusters [43].

A core/shell structure is usually required in many biomedical applications of

magnetic nanoparticles. Such nanoclusters have an inorganic core, e.g., iron oxide,

surrounded by an outer layer of shell wall that consists of long-chain organic

ligands or inorganic/organic polymers. For many biomedical applications, the

inorganic cores need to be superparamagnetic. For instance, the Food and Drug

Administration (FDA) approved iron oxide MRI contrast agents have a superpara-

magnetic nano-core coated with dextran polymers. Superparamagnetism is also

preferred for bio-separation and bio-labeling applications of magnetic nanopar-

ticles. This is because (1) superparamagnetic cores will respond to an external

magnetic field, but retain no magnetic properties once the field is removed [7].

The lack of magnetic remanence will allow magnetic materials to be repeatedly dis-

persed and concentrated in solution without forming magnetized clusters; and (2)

superparamagnetic materials have large magnetic moments, permitting the use of

low-field magnets for efficiently concentrating nanoparticles. Recently, progress

has been made on the synthesis of monodisperse and structurally well defined

iron oxide and other types of magnetic nanoparticles [13–33]. These new materials

can be employed for constructing the interior cores of the core/shell magnetic

nanoparticles – potentially endowing them with improved magnetic properties.

Hyeon has recently reviewed developments in the chemical synthesis of magnetic

nanoparticles [44].

The shell wall of core/shell magnetic nanoparticles is of particular importance to

the bioapplications, stability and magnetic properties of nanoparticular complexes.

Due to anisotropic dipolar attraction, nanoparticles tend to aggregate into large

clusters that cause the loss of specific properties associated with single-domain

nanostructures. Consequently, long-chain organic ligands or a layer of polymers

are usually introduced to coat the inorganic cores to prevent core aggregations. In

addition to improving the stability of nanoparticles, the shells also determine the

solubility of nanocomplexes in aqueous buffer media and provide a platform for

the functionalization of nanoclusters. Bio-active molecules, e.g., antibodies and

proteins, can be immobilized onto the surface of shell walls and interact with a

biological entity in surrounding solutions. However, as the size of nanoparticles

decreases, the influence of surface interactions upon the magnetic properties of

magnetic nanoparticles becomes more significant due to the increased volume

fraction of surface atoms. The symmetry is reduced for the chemical surroundings

of magnetic metal cations at the surface due to the incomplete coordination

sphere. As a consequence, the magnetic properties of the nanoparticle surfaces
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usually differ from those in the body of the nanoparticle, and surface effects could

become increasingly important to the overall magnetic properties of magnetic

nanoparticle as its size decreases [45–50].

The present chapter focuses on recent developments in the synthesis and bio-

functionalization of core/shell magnetic nanoparticles as well as their applications

in biological and medical sciences. Although widely used in bio-separation applica-

tions, micrometer-sized magnetic particles are outside the scope of this review.

This chapter is divided into three sections: functionalization of magnetic nanopar-

ticles for (a) in vitro protein/cell separation (Section 3.2); (b) in vitro biochemical/

chemical synthesis of therapeutic drugs and their intermediates (Section 3.3);

and (c) in vivo bio-imaging, drug targeting and tumor hyperthermia treatments

(Section 3.4), which includes some recent work on molecular imaging and gene

therapy using functionalized magnetic nanoparticles. Although most reported

molecular imaging and gene therapy experiments were carried out under in vitro
environments, the ultimate goal in these two areas is to develop novel techniques

using magnetic nanoclusters for in situ cellular visualization and gene therapy in

living animals. Therefore, functionalization of magnetic nanoparticles for cellular

imaging and gene therapy is listed under the in vivo applications of magnetic

nanoparticles.

3.2

Functionalization of Magnetic Nanoparticles for In Vitro Protein/Cell Separation

The synthesis of core/shell magnetic nanoclusters and the attachment of bio-active

ligands to the surface of the outer shells are key to bioapplications of magnetic

nanoparticles. Several strategies have been developed recently for coating magnetic

cores. The most common method is to use long-chain organic ligands to wrap up

the inorganic cores. Hydrophobic interactions between ligands from neighboring

nanoparticles will prevent adjacent inorganic cores agglomerating into a larger

cluster. However, biological applications usually require magnetic nanoparticles to

have good solubility in aqueous media. Hydrophobic long-chain alkanes will lower

the solubility of magnetic nanoparticles in aqueous buffers. To solve this problem,

our group has investigated the employment of charged bipyridinium carboxylic

acids for coating iron oxide cores to make these nanoparticles water-soluble (Fig.

3.1) [51]. The positive charges on the surface of nanoparticles not only stabilize

nanoparticles, by repelling neighboring clusters from forming aggregation, but

also improve the solubility of nanoparticles in aqueous media. This is particularly

important with biotin-functionalized maghemite nanoparticles since biotin is

practically insoluble in distilled water. Both biotin and bipyridinium ligands were

anchored to the surface of inorganic cores, having an average dimension of about

13 nm due to interactions between carboxyl groups and iron oxide. Such biotin-

functionalized maghemite nanocomposites have been utilized for affinity isolation

of fluorescein-labeled protein avidin.

A similar strategy using a bidentate enediol dopamine as a stable anchor of mag-
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netite nanoparticles for protein separation has been reported by Xu (Fig. 3.2A)

[52]. Two types of superparamagnetic nanoparticles were synthesized and tested

as supports for immobilization of nitrilotriacetic acid: one has a cobalt core with

a Fe2O3 shell, and the other has a SmCo5:2 core surrounded by an Fe2O3 shell.

Dopamine was anchored to magnetic nanoparticles via interactions between its

bidentate enediol functional group and surface iron oxide. Nitrilotriacetic acid was

linked to dopamine through a long tether. Upon chelation to Ni2þ, dopamine-

functionalized magnetic nanoparticles separated histidine-tagged proteins from a

cell lysate with high efficiency and capacity. Histidine-tagged proteins were segre-

gated from the solution due to interactions between a histidine tag and Ni2þ com-

plexed with nitrilotriacetic acid. The separation process was readily achieved by

applying an external small magnet. A similar bidentate enediol functional group,

C-undecylcalix[4]resorcinaren, has also been reported for coating cobalt magnetic

nanoparticles that self-assemble into bracelet-like rings [53].

Interactions between a sulfur group and FePt have been utilized to immobilize

nitrilotriacetic acid for the separation of histidine-tagged proteins from a cell lysate

Fig. 3.1. Structure of maghemite nanoparticles coated with

biotin and bipyridinium carboxylic acids. (Adapted from Fan

et al. [51].)

Fig. 3.2. Structures of magnetic nanocomposites using

dopamine (A) and sulfur (B) to anchor nitrilotriacetic acid for

separating histidine-tagged proteins. (Adapted from Xu [52,

54].)
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(Fig. 3.2B) [54]. Many other functional groups, such as aOH, aSH and aNH2, have

also been tested for their interactions with metals and metal oxides as capping

agents of magnetic metal and metal oxide cores. For instance, the amino groups

of vancomycin have been employed for immobilizing the antibiotic to the surface

of FePt nanoparticles [55]. Such complexes could capture and detect vancomycin-

resistant enterococci and other Gram-positive bacteria at concentrations of 101

cfu mL�1 within an hour. Additional examples of using amino groups for the func-

tionalization of magnetic nanoparticles have also been reported [56, 57]. A similar

nanocomposite of IgG and magnetite has also been employed by Chen’s group as

an effective affinity probe to concentrate target bacteria selectively [58]. IgG was

immobilized onto the surface of a magnetite core via an ester bond. Other than

antibodies, DNA/RNA-functionalized magnetic nanoparticles have also been used

for the isolation and extraction of DNA/RNA targets [59]. The surfaces of these

nanoparticles were usually coated with molecular beacon DNA probes for specific

recognition of DNA/RNA targets in solution.

The aOH, aSH and aNH2 functional groups are usually introduced through

a surface exchange reaction with pre-synthesized magnetic nanoparticles coated

with a different functional group [31, 60, 61], or by co-precipitation of an aqueous

solution of metal ion salts such as Fe2þ/Fe3þ in the presence of these organic cap-

ping groups [42]. For example, iron oxide nanoparticles coated with a-cyclodextrin

(CD) were obtained by a surface exchange reaction from iron oxide nanoparticles

protected by oleate [62]. a-CD was added to the surface of nanoparticles by vigo-

rously stirring, at room temperature, mixtures of hexane suspensions of iron oxide

nanoparticles coated with oleate and an equal volume of a-CD aqueous solution.

Oleate-stabilized nanoparticles were transferred from organic into aqueous phase

by surface modification using a-CD. CD molecules have aOH groups that can

bind to the surface of iron oxide cores.

An interesting way of capping magnetic iron oxide cores is to use phospho-

lipids to form nanometer-sized magnetoliposomes. An example [63] of such

phospholipid-coated magnetite nanoparticles, employing 1,2-myristoyl-sn-glycero-
3-phosphoglycerol, sodium salt and 1,2-dimyristoyl-sn-glycerol-3-phosphocholine,
had an iron oxide core dimension of 8 nm and a phospholipids/surfactant shell of

4 nm. These particles were effective ion exchange media for the recovery and sepa-

ration of proteins from protein mixtures. These nanocomposites demonstrated

high adsorptive capacities of proteins and exhibited none of the diffusion resis-

tances offered by conventional porous ion exchange media.

Due to strong interactions with metal oxide, organosilane groups have also been

explored for anchoring bioactive molecules onto the surface of iron oxide nano-

cores. Zhang has reported a novel approach using bifunctional trifluoroethylester

polyethylene glycol (PEG) silane for the functionalization of iron oxide nanopar-

ticles (Fig. 3.3) [64]. Folate acid, a widely used targeting agent for cancer therapies

[65], was attached to the outer terminus of the PEG chain to demonstrate the effec-

tiveness of bio-active ligand immobilization by this strategy. Silylation of magnetite

is key to the functionalization of magnetic nanoparticles in this route. Introduction

of PEG molecules as a linker will potentially benefit in vivo applications of these
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nanoparticles since PEG molecules are nonimmunogenic, nonantigenic and pro-

tein resistant and can increase particulate circulation time in the blood. Willner

has used the silylation of magnetic metal oxide surfaces for the immobilization of

redox functions to magnetite particles. Such complexes were used in constructing

a magneto-switchable bioelectrocatalysis sensor [66].

Sol–gel approaches have been examined for coating magnetic metal oxide cores

to form a core/shell structure having an inorganic metal oxide core wrapped with a

layer of silica [67–76]. Two different strategies have been investigated to generate

silica coatings on the surface of iron oxide particles. The first method relies on

the well-known Stöber process [77], in which silica is formed in situ through the

hydrolysis and condensation of a sol–gel precursor. For example, Xia has reported

the use of tetraethyl orthosilicate (TEOS) for coating mixed-crystalline iron oxide

nanoparticles (water-soluble ferrofluid) [74]. Because the iron oxide surface has a

strong affinity towards silica, no primer was required to promote the deposition

and adhesion of silica, allowing magnetic nanoparticles directly coated with amor-

phous silica to be formed via the hydrolysis of TEOS. A second sol–gel approach is

based on a microemulsion strategy, in which micelles or inverse micelles are used

to confine and control the coating of silica on core nanoparticles. The microemul-

sion approach can control the thickness of the silica shell wall coating so that the

stability and solubility of the formed magnetic nanoparticles in aqueous media

can, presumably, be tuned for different bio-applications. An example is discussed

Fig. 3.3. Structure of magnetite nanoparticles coated with PEG

and folic acid. (Adapted from Kohler et al. [64].)
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in Section 3.3 (Fig. 3.7 below) [75]. Core/shell magnetite/silica nanoparticles

were synthesized by a microemulsion approach and functionalized with protein

b-lactamase to promote hydrolysis.

Natural polymers and their derivatives have been widely utilized for coating

magnetic metal and metal oxide nanocore surfaces. In particular, natural bio-

polymers such as dextrans, proteins/peptides and PEG are usually the materials of

choice for the synthesis of core/shell magnetic nanoparticles designated for in vivo
applications. This is because such natural polymers are inexpensive and are known

to be nonimmunogenic and nonantigenic in the body. Natural polymers are

usually anchored onto the surfaces of magnetic metal oxide cores through carboxy-

late groups on their side chains. Section 3.4 includes detailed discussions and

examples of using these natural polymer-functionalized magnetic nanoparticles

for in vivo applications.

Tremendous research efforts have focused on the employment of synthetic poly-

mers for coating the surfaces of magnetic inorganic cores to generate core/shell

magnetic nanoparticles. For example, layer-by-layer deposition of charged polymers

onto the surfaces of magnetic inorganic cores in sequence has been reported [78].

Although progress has been made, the layer-by-layer assembly strategy has yet to

become the method of choice for coating very small, sub-20 nm magnetic nanopar-

ticle cores because of the curvature of nanoparticle surfaces and the mechanical

strength of the polymeric chains. Unfortunately, magnetic nanoparticles with an

overall dimension below 20 nm are usually preferred for some in vivo applications

due to their high tissue penetration capability and long blood circulation time [42,

43]. Here we focus on two alternative strategies that can potentially be utilized and

expanded for synthesizing magnetic nanoparticles of various sizes and shapes.

The first approach is to utilize surface-initiated polymerization to grow polymer

chains on the surface of inorganic cores. Free radical initiators are first immobi-

lized onto the surfaces of metal and metal oxide cores followed by polymer growth

outwards to give rise to a radius structure. Among many polymerization routes,

living free radical polymerization, especially atom transfer radical polymerization

(ATRP), has become the method of choice for the surface-initiated polymerization

synthesis of core/shell magnetic nanoparticles (Fig. 3.4) [79]. ATRP is a versatile

technique that offers several advantages over other polymerization routes, includ-

ing control over molecular weight and molecular weight distribution for the

synthesis of well-defined and complex macromolecular architectures of magnetic

nanoparticles [80]. For example, by manipulating reaction time and the concentra-

tion of polymerizable ligands in solution one can control the shell wall polymer

molecular weight and, thus, the thickness of the polymeric shell wall of core/shell

magnetic nanoparticles. ATRP also allows the polymers to be end-functionalized

or block copolymerized upon the addition of other monomers. Not only does this

feature offer tailorability of the polymer coating with various compositions and

functionalities, but also provides the platform for functionalization of the poly-

meric shell wall with bio-active functional groups. As a consequence, extensive

research has been carried out by many groups using ATRP for the synthesis of

core/shell polymer magnetic nanoparticles [79, 81, 82]. Our group has examined
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recently an ATRP method for the preparation of core/shell maghemite/polystyrene

nanocrystals (Fig. 3.4) [79]. Our inorganic cores have an average size of about

11 nm while the thickness of the crosslinked polystyrene shells were maintained

to only about 4.7 nm (Fig. 3.5). However, further work is needed to adapt ATRP

techniques for the synthesis of hydrophilic and water-soluble magnetic nano-

particles for biomedical applications. A recent paper from Armes [83] on the syn-

thesis of hydrophilic polymer-grafted ultrafine inorganic oxide particles suggested

that such water-soluble polymeric magnetic nanoparticles can potentially be

achieved through a different ATRP method.

Fig. 3.4. Surface-initiated ATRP synthesis of polymeric core/

shell nanoparticles using divinylbenzene (DVB) as a

crosslinking agent. (Reproduced by permission of the American

Chemical Society.)

Fig. 3.5. TEM micrograph of 10% DVB-

crosslinked Fe2O3/polystyrene core/shell

nanoparticles on a lacey carbon film coated

copper grid (300 mesh) consisting of woven-

mesh-like holes. The polystyrene shells are

visible at the edge of a hole. Dark spots on the

carbon film are Fe2O3 cores. (Reproduced by

permission of the American Chemical Society.)
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A second, extensively researched, approach to synthesizing polymeric core/shell

magnetic nanoparticles is to use pre-formed synthetic polymers as a matrix to con-

fine and control the formation of magnetic cores. For example, core/shell magnetic

nanoparticles have been produced by chemical co-precipitation of iron salts in an

aqueous solution of the poly(ethylene oxide) (PEO)/poly(propylene oxide) (PPO)–

poly(acrylic acid) (PAA) graft copolymers [84]. After magnetite nucleation begins,

carboxylic acid groups on the PAA backbone bind to the particle surface, limiting

the magnetic core growth. The bifunctional polymer shell is formed from the

hydrophilic PEO and hydrophobic PPO side chains in the graft copolymer. These

nanoparticles are stable and soluble in organic solutions. Similar magnetite nano-

particles coated with long poly(vinyl-N-alkylpyridinium) chains have also been syn-

thesized by this strategy [85]. Alkylated polyethylenamines made these materials

highly bactericidal toward both Gram-positive and Gram-negative pathogenic

bacteria. Other types of polymers such as poly(vinylpyrrolidone) [86, 87], poly-

lactide [88], poly(isopropylacrylamide) [89], polyacrylate [90], poly(methacrylate)

[91], poly(vinyl alcohol) [92] and polysiloxane block copolymers [93] have also been

reported as matrices for the synthesis of core/shell magnetic nanoparticles.

3.3

Functionalization of Magnetic Nanoparticles for Biochemical/Chemical Synthesis

of Therapeutic Drugs and Their Intermediates

Catalysts are widely used in pharmaceutical and chemical industries in producing

therapeutical drug molecules and their intermediates. Catalysts such as biocata-

lysts (enzymes) and metal catalysts (homogeneous and heterogeneous catalysts)

can promote organic and biological reactions that are otherwise too slow for indus-

trial standards. Recycling and reuse of industrial catalysts is particularly important

for cutting industrial operation costs and minimizing environmental pollutions,

especially when expensive and toxic heavy metals are used [94].

Recently, efforts have been directed towards the use of magnetic nanoparticles as

supports for immobilization of biocatalysts [75, 95, 96]. Core/shell magnetic nano-

particles are usually covalently attached with biocatalyst enzymes on their shell sur-

faces. Due to the small sizes of particles, nanoparticle-immobilized proteins are

usually soluble in aqueous buffers, which differs from other supports such as poly-

styrene beads, in which proteins are usually suspended in solution. The magnetic,

usually superparamagnetic cores will allow these biofunctionalized particles to be

magnetically concentrated with the assistance of an external magnetic field. This

could allow immobilized enzymes to be used repeatedly or continuously in various

reactors. Enzymes can be easily separated from soluble reaction products and un-

reacted substrates, thus simplifying work-up and preventing protein contamination

of the final products. This will also simplify the control of microbial contamination

in immobilized proteins.

Candida rugosa lipase (E.C.3.1.1.3) has been immobilized on maghemite nano-

particles with an average size of about 20G 10 nm (Fig. 3.6) [95]. A carboxylate
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group was used to anchor a 2-thiophene thiolate linker and the enzyme was chem-

ically bonded to the nanoparticle surface through a CbN bond using glutaralde-

hyde. The amount of immobilized enzyme was determined by standard BCA pro-

tein assays of the original lipase solution, the supernatants and washing solutions

after immobilization, respectively. The presence of protein on the surface of nano-

particles was also confirmed by AFM measurements of a small amount of the

enzyme-functionalized magnetic nanoparticles on a thin layer of glue deposited

on a steel disk. Enzymatic activity of the immobilized lipase was determined by fol-

lowing the ester cleavage of p-nitrophenol butyrate aqueous solution with UV spec-

troscopy. The enzymatic activity for Candida rugosa lipase immobilized on maghe-

mite nanoparticles was lower than that of the free enzymes, but the loss in activity

on nanoparticles was significantly lower than that reported for enzyme immobi-

lized on micrometer-sized polymeric beads using physisorption. The most signifi-

cant advantage of the nanoparticle-immobilized enzyme is its long-term stability.

The hybrid enzyme–nanoparticle composites showed only a @2% decrease in

activity over 14 days due to desorption or denaturation. This long-term stability

illustrates the advantages of attaching enzymes chemically to the nanoparticles.

A similar investigation was also reported recently using magnetic nanoparticles

for immobilization of b-lactamase I (Fig. 3.7) [75]. Here, a layer of silica coating

was placed on the surface of an iron oxide core. TEM images determined the aver-

age size inorganic core to be about 9.1 nm, with a silica shell of about 3.5 nm.

b-Lactamase I was immobilized onto the surface through glutaraldehyde and CbN

bonds. An assay evaluation, using a UV spectrometer, of active b-lactamase I on

nanoparticle composites was carried out at room temperature using phenoxyme-

thylpenicillin as the substrate in a buffer. The nanoparticle-immobilized enzyme

showed an activity of about 53.76% of that of the free enzyme in solution. How-

ever, a kinetic study has shown that the KM of the immobilized enzyme matches

well that of the parent free enzyme. This suggests that nanoparticle-immobilized

enzymes do not suffer from the mass-transfer problems frequently encountered

with insoluble supports used for immobilizing enzymes.

Fig. 3.6. Representative structure of magnetic nanoparticles

immobilized with Candida rugosa lipase. (Adapted from Dayal

[95].)

Fig. 3.7. Immobilization of enzyme b-lactamase I to core/shell

iron oxide/silica nanoparticles. (Adapted from Gao [75].)
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Other than biocatalysts, metal catalysts, especially homogeneous metal catalysts,

have also been immobilized onto the surfaces of core/shell magnetic nanoparticles.

Due to their small sizes, the solubility of magnetic nanoparticles in organic media

can be tuned by controlling the structure of organic and polymer coatings of nano-

particles. Such soluble supports could be magnetically concentrated and isolated

from reaction media by applying an external magnetic field. Magnetic nanopar-

ticles are an ideal soluble support, providing a unique solution to the problem of

recycling homogeneous catalysts in pharmaceutical and chemical industries. The

reader is referred to two recent papers in this emerging field [97, 98].

3.4

Functionalization of Magnetic Nanoparticles for In Vivo Bio-imaging, Drug Targeting

and Tumor Hyperthermia Treatments

Magnetic nanoparticles have been explored extensively as contrast agents for in
vivo magnetic resonance imaging (MRI), magnetic guides for drug targeting and

mediators for magnetic hyperthermia treatments of a large variety of diseases.

With proper coatings, superparamagnetic nanoparticles can interact with an exter-

nal magnetic field and deliver radiotherapeutic and chemotherapeutic agents to a

target area – minimizing the cytotoxicity of tumor therapeutic agents to healthy

body compartments. This is important in the treatment and diagnosis of certain

types of cancers due to, for example, their lack of specific tumor markers and the

presence of the blood–brain barrier (BBB). A further medical use of magnetic

nanoparticles is to utilize superparamagnetic nanoclusters as MRI contrast agents

for cancer diagnosis and detection. A third major in vivo application of magnetic

nanoparticles is magnetic hyperthermia therapy. Magnetic nanoparticles can be

made to resonantly respond to a time-varying magnetic field, with advantageous

results related to the transfer of energy from the exciting field to the nanoparticles.

This is utilized to make magnetic nanoparticles heat up, which leads to their use

as hyperthermia mediators, delivering toxic amounts of thermal energy to targeted

tumor cells.

Typical magnetic nanoparticles used in in vivo studies consist of a magnetic core

surrounded by a biocompatible polymeric coating. Iron oxide particles such as

magnetite or its oxidized form maghemite are by far the most commonly em-

ployed for in vivo applications. Highly magnetic materials such as cobalt and nickel

are toxic and susceptible to oxidation and hence are often overlooked for in vivo
biomedical applications. Iron oxide nanoparticles are physiologically well tolerated.

For example, dextran-magnetite has no measurable toxicity index LD50 [99–101].

This is partially because the body is designed to process excess iron. In the human

body iron is stored primarily in the core of the iron storage protein ferritin. Iron

contained in endosomes and lysosomes is metabolized into elemental iron and

oxygen by hydrolytic enzymes, where the iron joins normal body stores [101]. Iron

homeostasis is well controlled by adsorption, excretion and storage. As a conse-

quence, iron from iron nanoparticles in the body can be processed and iron oxide
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can be tolerated by the body. However, notably, iron has a rather limited bioavail-

ability, and in some situations it can also be toxic to cells [102].

In vivo applications require that these magnetic nanoparticles have a long-

circulating time in the body in order to reach the target sites [43] before being

eliminated from the blood circulation through clearance by the mononuclear

phagocyte system (MPS) [103]. The MPS, also known as the reticuloendothelial

system, is defined as the cell family consisting of bone marrow progenitors, blood

monocytes and tissue macrophages such as Kupffer cells in the liver. These macro-

phages are widely distributed and strategically placed in many tissues of the body

to recognize and clear senescent cells, invading microorganisms and particles

[104]. The first step of the clearance mechanism is the opsonization process. Opso-

nins, circulating plasma proteins, adsorb themselves spontaneously onto the sur-

face of an invading entity. Particles of different surface characteristics, size and

morphology attract different arrays of opsonins, which can interact with the spe-

cialized plasma membrane receptors on monocytes and macrophages [105]. Then,

endocytosis/phagocytosis of the particles by the circulating monocytes or the fixed

macrophages leads to the elimination of particles from circulation.

Previous studies of liposomes and polymeric nanoparticle systems have

shown that, among many surface factors, the size, surface charge density and

hydrophilicity/hydrophobicity have a profound effect on opsonization [43]. There-

fore, significant efforts have been directed at exploring various biocompatible coat-

ing materials to increase plasma half-life as long as possible in order to increase

the probability of reaching the desired targets in the body [106]. Neutral and hydro-

philic natural and synthetic polymers have become the materials of choice. For ex-

ample, dextrans have been frequently used for coating iron oxide nanocrystals [43].

Other biological macromolecules such as heparin and polysaccharides that comple-

ment regular proteins have also been investigated [107, 108]. Among synthetic

polymers, poloxamers, poloxamines and their block-copolymers increase their cir-

culation time [109, 110], and can potentially be utilized for coating iron oxide nano-

particle cores for this purpose. An alternative approach is to covalently anchor PEG

macromolecules onto the nanoparticle surfaces. PEG is an effective polymer for

suppressing the protein adsorption-opsonization process [65]. Immobilization of

PEG to drug carrier surface is well known in liposome drug delivery where PEG

macromolecules are conjugated to the surfaces of liposomes to improve their circu-

lation lifetime, bioavailability and decrease their immunogenicity [111]. Recent

successes using this PEG strategy in a quantum dots biodistribution study [112]

has offered the possibility of extending this method to other nanomaterials, includ-

ing iron oxide nanoparticles.

3.4.1

MR Imaging

Superparamagnetic nanoparticles represent a class of MRI contrast agents that are

usually referred to as T2 (transversal relaxation time) or T2
� contrast agents [113]

as opposed to T1 (longitudinal relaxation time) agents such as paramagnetic gado-
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linium chelates [114]. MRI is based on the NMR (nuclear magnetic resonance) sig-

nal of protons from water in tissues and organs through the combined effects of a

strong static magnetic field (B0) and a transverse radiofrequency field (rf field)

[115]. After rf excitation, hydrogen nuclei attempt to return to their ground states

through two independent relaxation processes: (1) longitudinal relaxation, which

is also called T1-recovery or ‘‘spin–lattice’’ relaxation; hydrogen atoms release the

previously absorbed energy to the surrounding tissue (lattice) in their attempt to

re-align with B0. (2) Transverse relaxation, also called T2 decay or ‘‘spin–spin’’ re-

laxation, which is due to the exchange of energy between spinning hydrogens in

tissues. MR images of biological tissues are constructed from relaxation data col-

lected by a computer applying a two-dimensional Fourier transformation to give

the amplitudes of NMR signals [116–118]. While, in many clinical situations, the

intrinsic differences in relaxivity (1=T) between tissues are small, exogenous

contrast agents can be utilized to improve greatly the diagnostic value of MRI for

a better delineation of tissues [100]. Gadolinium complexes are the most com-

monly used T1 contrast agents while superparamagnetic iron oxide nanoparticles

are FDA-approved T2 agents.

Depending on their size, colloidal iron oxide nanoparticles of magnetite (Fe3O4)

to maghemite (g-Fe2O3) are often called SPIO (superparamagnetic iron oxide) with

a particle size typically larger than 50 nm, and USPIO (ultra-small superparamag-

netic nanoparticles), with a dimension < 50 nm [6, 119]. Hydrophilic polymers

such as heparin [107], dextran [120], chitosan [121], starch [122], DNA [123], and

cyclodextrian [124] have been employed for coating the iron oxide cores. These

water-soluble macromolecules are employed to stabilize nanoclusters by preventing

aggregation of their inorganic cores and reduce opsonization process. However, the

structure of surface coating materials greatly influences the magnetic properties of

magnetic nanoparticles [45–50]. Adoption of different polymers for coating iron

oxide cores could significantly alter MR relaxation properties of the overall nano-

particle contrast agents [124].

Due to their size, SPIOs usually can be cleared out of the blood circulation and

accumulated in MPS organs very quickly, especially in liver and spleen [113, 125].

For example, about 80% of the injected SPIO doses were found in liver and 5–10%

in the spleen with a plasma half-life of less than 10 min [4]. As a consequence,

SPIOs can decrease the liver and spleen signals within several minutes after i.v.

administration, and this type of agent is usually used for liver and spleen imaging

[126–129]. USPIOs, however, are smaller than SPIOs. They usually have longer

plasma life, higher than 2 hours, and therefore remain in the blood long enough

to act as blood-pool agents for MR angiography [113]. Also because of their small

sizes, USPIOs can leak into the interstitium, where they can be accumulated in the

lymph nodes and thereby used for imaging lymphatic systems [130–135].

Progress has been made on the functionalization of core/shell magnetic nano-

particles for tissue/organ-specific in vivo imaging. Antibodies such as human poly-

clonal IgG and L6 antibodies have been physically adsorbed or covalently attached

to iron oxide nanoparticles [136–138]. Investigations in rodents revealed that
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antibodies led to a high concentration of magnetic nanoparticles at specific sites.

Recently, Moore has reported using a peptide [139] for the functionalization of

iron oxide nanoparticles for tissue-specific in vivo imaging. The synthetic peptide

EPPT1(YCAREPPTRTFAYWG) – a short fragment of the CDR3 Vh region of a

monoclonal antibody ASM2 – was covalently linked to the surface of aminated

crosslinked superparamagnetic iron oxide nanocomplexes (CLIO-NH2). CLIO-

NH2 consists of a core of superparamagnetic iron oxide and a crosslinked coating

of dextran with amino groups [140, 141]. EPPT1 peptide has significant affinity

towards under-glycosylated mucin-1 antigen (uMUC-1), which is overexpressed on

many cancer cell lines. A Cy5.5 dye was also immobilized onto the surface of

CLIO-NH2 as a near-infrared fluorescence optical probe. In vivo MRI and near-

infrared-imaging experiments on tumor-bearing mice showed specific accumula-

tion of the probe in uMUC-1-positive tumors and no signal in control tumors.

The high specific concentration of magnetic nanoparticles at the target sites was

due to the presence of EPPT1 peptide on the surface of dextran–iron oxide nano-

particles. Similar experiments using folate-labeled magnetic nanoparticles for in
vivo imaging of tumors with overexpressed folate receptors have also been reported

recently [142].

Cellular imaging has long attracted a great deal of research interest [143].

Studies using unfunctionalized iron oxide nanoparticles for labeling various types

of cell lines such as leukocytes, lymphocytes and monocytes for MR imaging of

cells have been reported [124, 144–146]. If a cell can be sufficiently loaded with

magnetic materials, then MRI can be adopted for use in cell tracking with a reso-

lution of 20–25 mm or higher, approaching the size of single cells [6]. However, cel-

lular uptake of dextran-coated iron oxide nanoparticles was low. Improvements are

still needed to increase the cellular uptake of magnetic nanoparticles. Recently,

progress has been made towards this goal for high-efficiency internal labeling of

large numbers of cells. Iron oxide nanoparticles with a HIV-1 tat peptide fragment

attached at the outer surface of their dextran coating (CLIO-NH2) increase the

cellular uptake of nanoparticles over 100-fold into lymphocytes when compared

to untagged particles [147, 148]. HIV-1 tat peptide carries a transmembrane and a

nuclear localization signal within its sequence and is, therefore, capable of translo-

cating exogenous nanoparticles into cells [149]. Folic acid has also been immobi-

lized onto iron oxide nanoparticles for targeting the folate receptor-bearing cells

[150, 151]. Folate-mediation internalized folate-labeled nanoparticles and increased

the cellular uptake of iron oxide nanoparticles that were used as contrast agents for

cellular imaging. Iron oxide nanoparticles functionalized with the C2 domain of

synaptotagmin I [152] and dendrimers [153] have also been synthesized and uti-

lized for MRI studies of cells. A further goal in this area is to exploit the use of

MRI techniques to image transgene expression. Research in this area has focused

on depicting the activity of endocytotic receptors for cellular uptake of functional-

ized iron oxide nanoparticles [154, 155]. A growing number of cell biologists, mo-

lecular biologists and experts in MRI are working together to develop techniques

for the in situ visualization of gene expression in living animals [143].
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3.4.2

Targeted Drug Delivery

Magnetic drug targeting has attracted a great deal of attention. This approach is an

alternative to antibody-directed drug targeting, offering additional advantages for

the treatment and diagnosis of certain types of cancers due to, for example, their

lack of specific tumor markers and presence of the BBB [156]. In vivo experiments

of magnetic drug targeting have usually been performed in rodents [157], but in-

vestigations using swine [158] and rabbits [159] have also been reported. Generally,

iron oxide cores are coated with silica, and polymers such as PVA and dextran. The

first clinical trials in humans with a magnetic drug targeting were reported by

Lübbe et al. [160, 161]. They used a ferrofluid (size about 100 nm) coated with

starch polymers and anionic phosphate groups for loading the drug epirubicin.

The shell phosphate group forms strong anionic interactions with the positively

charged amino sugars of epirubicin. During infusion and for 45 min afterwards, a

magnetic field was applied about less than 0.5 cm from the tumor site. It took

about only 30 min in half of the patients before the ferrofluids could be success-

fully directed to the tumors. Similar investigations using liposomes containing

magnetic nanoparticles and drugs have also been reported [162]. Magnetic drug

targeting has been employed to deliver cytotoxic drugs to brain tumors, which are

difficult to treat due to the BBB. Pulfer and Gallo demonstrated that particles

as large as 1–2 mm could be concentrated at the site of intracerebral rat glioma-2

tumors [156].

Despite early success, magnetic drug targeting still needs to be improved to

make it more effective. Limitations [161] include (1) difficulties in scaling up

from small rodent models to humans or large animals due to the requirement of

much stronger external magnetic fields; (2) the possibility of embolization of the

blood vessels in the target region due to accumulation of the magnetic carriers;

and (3) difficulties in controlling the release of drug molecules from carriers and

the molecular uptake of these therapeutic agents by tumor cells.

Some of the aforementioned limitations can be overcome if magnetic nano-

particle carriers are utilized for delivering radiotherapeutic agents for tumor radio-

therapy. In contrast to chemotherapeutical drugs, radioisotopes can be delivered

close to the tumor sites and exert their cytotoxicity over a defined, radioisotope-

dependent distance – the chelated metals do not need to be released from the

carriers so that they can bind to or enter the cells to be cytotoxic. The effectiveness

of this technique has been confirmed by several investigations using yttrium-90

[163] and rhenium-188 [164] in both animal and cell culture studies.

Arbab et al. have recently demonstrated the possibility of using iron oxide nano-

particles for delivering mesenchymal stem cells (MSCs) to a targeted area in an

animal model by applying an external magnet [165]. MSCs were labeled with iron

oxide nanoparticles and the resulting magnetic cell complexes were intravenously

injected into two groups of rats with or without a magnet placed over the livers.

Experiments showed that the external magnets influenced the movement of

labeled MSCs as higher iron concentration and increased labeled cell numbers
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were detected in rat livers with external magnets. These results demonstrated that

cells could be retained in the region of interest inside the body using magnetic

forces, and magnetic drug targeting can be utilized for in vivo delivery of stem

cells or genetically altered cells to the target sites.

A further area of interest in the use of targeted magnetic nanoparticles is in

the field of gene therapy. One of the impediments to successful gene therapy is

the inefficient delivery of genes because of low transfection efficiencies. This

can be addressed by using a viral vector carrying the therapeutic gene loaded on

magnetic carrier surface. An external magnetic field was applied to allow the viral

vector a longer of period of time in contact with the tissues, thereby increasing

the efficiency of gene transfection and expression [166–168]. Research in this area

has recently attracted a great deal of interest – a review article is listed here [169]

for interested readers.

3.4.3

Magnetic Hyperthermia

Magnetic hyperthermia is a promising form of cancer therapy aside from the well-

known methods of surgery, chemotherapy and radiotherapy [170, 171]. Magnetic

nanoparticles are used as mediators for magnetic hyperthermia. In broad terms,

magnetic hyperthermia involves dispersing magnetic particles through the tar-

geted tissue, and then applying an AC magnetic field of sufficient strength and

frequency to cause the particle to heat. This heat conducts into the immediately

surrounding diseased tissue. Hyperthermia treatment of cancers is based on obser-

vations that some cancer cells are more sensitive to temperatures in excess of 41 �C

than their normal healthy counterparts. Two kinds of heat treatment are currently

distinguished: mild hyperthermia is performed between 41 and 46 �C to stimulate

the immune response for non-specific immunotherapy of cancers, and thermo-

ablation between 46 and 56 �C for thermal destruction of tumors by direct cell

necrosis, coagulation or carbonization [170, 171].

Generally, two types of magnetic nanoparticles have been used for magnetic hy-

perthermia, via two different mechanisms: (a) heating of ferromagnetic nanopar-

ticles when exposed to a time varying magnetic field, which is essentially due to

hysteresis losses and Brownian relaxation losses of the particles; and (b) Brown

and Néel heating mechanisms that contribute to the heating of superparamagnetic

nanoparticles. The heating power of the particles is quantified as the specific ab-

sorption rate (SAR) and describes the energy amount converted into heat per time

and mass. Superparamagnetic nanoparticles usually give higher SAR than ferro-

magnetic nanoparticles because the hysteresis loop of ferromagnetic nanoparticles

can rarely be fully used because of physiological and technical restrictions on the

external field amplitude [4]. Consequently, dispersions of superparamagnetic

nanoparticles appear to be the most promising since they are used as ferrofluids.

This technique is termed magnetic fluid hyperthermia (MFH) [170]. However,

ferromagnetic nanoparticles remain potentially useful due to their Curie tempera-
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ture – providing one of the more powerful methods for controlling the maximal

temperature in vivo.
Maghemite nanoparticles encapsulated in polymer matrix beads have been

tested successfully for the treatment of macroscopic liver tumors [172, 173], which

were introduced through the arterial embolization method, taking advantage of the

fact that liver tumors take their blood supply from the hepatic arterial system. Such

beads appear to be safe and well-tolerated as there was no significant hepatic clear-

ance 28 days after injection [174]. Under inductive applicator conditions of 53 kHz

and 30 kA�1, an intratumoral temperature of 48 �C was reached after 5 min.

Smaller magnetic nanoparticles have also been investigated for magnetic hyper-

thermia. Magnetite nanoparticles from ferrofluids coated with dextran can be taken

up by carcinoma cells. However, cellular uptake of these dextran-iron oxide nano-

particles was low. To solve this problem, magnetic nanoparticles were coated with

aminosilane groups; in vitro cellular uptake of such nanoparticles in globlastoma

cells was found to be 1000� higher than for their dextran-magnetite counterparts

[175]. To further improve mediator uptake by cancer cells for better intracellular

hyperthermia treatment efficacy, monoclonal IgG antibody was immobilized onto

the surface of PEG-coated magnetite nanoparticles [176]. These particles exhibited

an improved in vitro specificity for cancer cells and, thus, higher cellular uptake

by tumor cells than non-functionalized PEG-magnetite nanoparticles. Similar

investigations using various antibodies and their fragments for labeling magneto-

liposomes have also been tested for improving the cellular uptake of magnetic

liposomes during hyperthermia experiments [177–179]. In vivo experiments were

performed by injecting these magnetic liposomes into the tumor-harboring mice.

Most of the mediators accumulated in the tumor tissue while the rest were distrib-

uted in liver and spleen. After these mice were exposed to an AC magnetic field,

the temperature of the tumor tissue increased and the growth of tumor usually

ceased over a period of time [177–179]. However, few studies have been reported

on the administration of mediators through i.v. injections. Functionalization of

magnetic nanoparticles for in vivo hyperthermia is still in its early stages. Collabo-

ration between materials scientists and hyperthermia experts is needed to further

develop this promising therapy.

3.5

Conclusions

This chapter has summarized recent advances in the synthesis of functional

biomolecule–magnetic nanoparticle hybrid systems. The uses of such biofunction-

alized nanoparticles for in vitro protein/cell isolation and immobilization of bio-

catalysts for drug synthesis as well as in vivo applications such as drug targeting,

MR imaging and hyperthermia therapies have been discussed. Nanometer-sized

magnetic particles have many advantages over their micrometer counterparts in

biomedical applications due to the unique physical, chemical and physiological

properties associated with their small dimensions. A combination of the unusual
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properties of nanomaterials and biomaterials provides a unique opportunity for

physicists, chemists, biologists, material scientists and experts from many other

fields to mold this new area of nanobiotechnology. Based on recent advances in

the field, exciting new science and novel systems can be anticipated from such an

interdisciplinary effort.
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W., Teller, J., Zborowski, M. (Eds.),

Plenum: New York, 1996, pp. 457–

480.

162 Müller-Schulte, D., Füssl, F.,
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4

Biofunctionalization of Gold Nanoparticles

Ming Zheng and Xueying Huang

4.1

Introduction

Gold (Au) as a precious material was first extracted in the 5th millennium bc [1].

The ‘‘soluble’’ gold, which we now call colloid gold, was developed around the 5th

or 4th century bc [1]. Even though several scientists studied the formation and syn-

thesis of colloid Au, such as using phosphorous in CS2 to reduce chloroaurate

(AuCl4
�) [2], colloid Au did not gain wide attention or became a subject of broad

interest in the scientific community until very recently, especially in the last de-

cade. The interest in such tiny Au particles partially arises from the commercial

and industrial needs for new, advanced materials. These particles are nanometer

size materials with unique optic, electronic, and magnetic properties. Macro-

biological molecules, also in the nanometer size range, possess functionalities

that enable recognition and self-assembly. The integration of nanoparticles and bi-

ological molecules is very attractive and has gained tremendous attention from aca-

demics and industry, because such a combination could create new materials for

electronics and optics, and lead to new applications in genomics, proteomics, and

biomedical and bioanalytical areas [3–8]. To be integrated with biological mole-

cules or be used in biological systems, Au nanoparticles (NPs) have to be soluble

in aqueous solution. This chapter, therefore, is mainly focused on the synthesis of

water-soluble Au NPs, their surface functionality and modification, and biologi-

cal applications. Section 4.2 reviews two general synthetic routes for obtaining

monolayer-protected Au nanoparticles. Examples of programmable assembly of

these particles using biomolecules, i.e. DNA and proteins, are covered in Section

4.3. The problem of nonspecific binding between nanoparticles and biomolecules

is discussed in Section 4.5. Finally, Section 4.6 reviews biological and biomedical

applications of Au nanoparticles.

4.2

General Synthetic Routes

Generally, Au nanoparticles are synthesized by reduction of aurate salts, usually

chloroaurate (AuCl4
�) with reducing agents, such as sodium borohydride (NaBH4),
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thiocyanate, phosphorus, citrate, ascorbic acid, and even ethyl alcohol [9]. The syn-

thesized Au NPs have particle sizes ranging from sub-nanometer, e.g. 0.8 to 80 nm

with their color changing from yellow-orange to red-purple to blue-green. The size

of Au NPs determines their unique optical and electronic properties. Au NPs syn-

thesized by the reduction of aurate salts are composed of an internal core of pure

Au that is surrounded by a surface layer of adsorbed AuCl2� ions [9]. These nega-

tively charged surfaces prevent Au NPs aggregating. However, these Au NPs are

very sensitive to their environmental factors such as pH, temperature, electrolytes,

and solvent. For these Au NPs to be utilized, a key issue is their surface chemistry

and functionalization that determine their stability, functionality and applications.

To solve this issue, various ligand-protected Au NPs have been synthesized re-

cently, mainly by direct synthesis and ligand exchange reaction.

4.2.1

Direct Synthesis of Ligand-protected Au NPs

In the past three decades, two major classes of ligand-protected Au NPs have been

developed. The first is phosphine-protected Au NPs, which were originally reported

by McPartlin et al. in 1969 [10] and then modified by Cariati et al. in 1971 [11].

Synthesis was achieved through reduction by NaBH4 of either an aurate salt, such

as HAuCl4 in the presence of triarylphosphine in a two-phase system of toluene

and water, or Au(L)X (here L is triarylphosphine and X is an anion, such as I�,

SCN�, or CN�) in an organic solvent such as ethanol. As AuaP bonding is very

weak the phosphine ligand could be easily replaced by other ligands. Apart from

being used as the starting materials for other functionalized Au NPs, phosphine

ligand-protected Au NPs have very limited use. The second class is thiol- or

amine-ended ligand-protected Au NPs, first developed by Brust et al. in 1994

[12]. In their initial report, Brust et al. synthesized toluene-stable dodecanethiol-

protected Au NP by using NaBH4 to reduce HAuCl4 in a two-phase system with

tetraoctylammonium bromide as the phase-transfer, [Fig. 4.1(route a)]. Subse-

quently, they developed a one-phase synthesis by using methanol as the reaction

solvent [13] [Fig. 4.1(route b)]. These Au NPs are mainly organic-soluble. Since

Fig. 4.1. Au NPs synthesized through a two-phase route (a) and a one-phase route (b).
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1998, this synthetic strategy has been extended, initially by Schaaff et al. [14] and

Murray et al. [15] and then by many other researchers, to the synthesis of various

water-soluble Au NPs. Compared with phosphine ligand-protected Au NPs, thio-

protected Au NPs have a much more stable AuaS bond, giving the nanoparticles

higher stability and wider utility.

A few authors have proposed a mechanism for the formation of the thiol mono-

layer on protected Au NP [12, 16, 17]. As shown in Eqs. (1) and (2), the electron-

rich thiol group (HSa) in RaSH reacts with AuCl4
� to form a polymer intermedi-

ate. The polymer is then reduced by BH4
� to form the nanoparticle.

AuCl4
� þHSR ! ðaAuISRaÞn ðpolymerÞ ð1Þ

ðaAuISRaÞn þ BH4
� ! AupðSRÞq ð2Þ

Although the synthetic methods developed by Brust et al. and Murray et al. provide

guidelines for preparing ligand-protected Au NPs, the details for NP formation,

such as solvent selection, control of nucleation and aggregation, are still not well

understood. There is still an element of art in the synthesis of a new ligand-

protected Au NP. Among various reaction conditions to be optimized, solvent

selection for the synthesis is especially important. This is demonstrated by the syn-

thesis of tetra(ethylene glycol) protected Au NP (AuaEG4) (Fig. 4.2). Foos et al. first

reported the synthesis of short ethylene oxide chain protected gold nanoparticles by

ligand exchange reaction [18]. The procedure involved synthesis of hexanethiol

(C6) protected gold nanoparticles followed by two steps of replacing C6 with ethyl-

ene glycol thiol molecules. Direct synthesis of ethylene glycol protected nanopar-

ticle was, unsuccessfully, also attempted by Foos et al. using published methods.

Bartz et al. synthesized AuaEG4 NP directly in aqueous phase with a very low mo-

lar ratio of reducing agent (NaBH4) and tetrachloroauric acid, resulting in partial

reduction [19]. With increasing amount of NaBH4, the reaction increased aggre-

gation. The yield was very low. We also synthesized AuaEGn (n ¼ 2–4) using

methanol as the solvent. The reagents HAuCl4 and EG4aSH, for example, were

dissolved in a mixture of methanol and acetic acid; a freshly prepared NaBH4

solution in methanol was then added with rapid stirring. AuaEG4 nanoparticles

formed as soon as the NaBH4 methanol solution was added. After purifying

and drying, the nanoparticle is readily redissolved in water to form a clear red/

purple solution. However, the yield is very low (>10%). No precipitation was ob-

Fig. 4.2. Schematic structures of tetra(ethylene glycol) and

thioalkylated oligo(ethylene glycol) protected Au NPs.
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served in the reaction mixture, meaning that the reduction reaction of HAuCl4
was not complete. The mechanism of partial reduction in methanol was not in-

vestigated. After many trials, we established a direct synthesis of ethylene glycol

[HSa(CH2CH2O)naCH3, n ¼ 2–4] protected gold nanoparticles in a mixed solvent

of methanol and water by utilizing the NaBH4 reduction method, with much im-

proved yield [20, 21]. The key for this synthesis is the control of water content

in the reaction mixture. A water content of 9–18% (v/v) is the optimum for the

formation of stable, water-soluble nanoparticles. Instead of AuaEG4, Brust et al.

successfully synthesized a thioalkylated oligo(ethylene glycol) ligand-protected Au

NP by using a mixed solvent of 2-propanol and methanol (Fig. 4.2) [22].

Even though the solvent effect on the synthesis of water-soluble nanoparticles

was not systematically investigated in our original work, the polarity and solubility

of the ligand are relevant to solvent selection for the synthesis. The solubility of

Au NPs is determined by the capping ligand. Capping ligands for preparing

water-soluble Au NPs can be classified into three categories: cationic, anionic, and

neutral based on the charge on the molecules. In view of synthetic conditions for

preparing Au NPs, we divide the capping ligands into different categories: strongly

ionic, weakly ionic, and neutral. Here we briefly review solvent selection in each

category of Au NP synthesis. Such a review should be beneficial as a reference for

synthesizing new ligand-protected Au NPs.

4.2.1.1 Strongly Ionic Ligand-protected Au NPs

For strongly ionic ligands, including strong cationic and strong anionic, water as

the single solvent is sufficient for synthesizing water-soluble nanoparticles. Exam-

ples include the synthesis of gold nanoparticles capped with coenzyme A [23],

N,N-trimethyl(undecylmercapto)ammonium [24], 5-mercapto-2-benzimidazole sul-

fonic acid sodium salt [25], and the zwitterionic ligand cysteine [26].

4.2.1.2 Weakly Ionic Ligand-protected Au NPs

For weakly ionic ligands, a mixture of water and a water-miscible organic solvent,

such as methanol, is usually used for the synthesis. Examples include the synthesis

of gold nanoparticles protected with tiopronin [14], glutathione (GSH) [15], and

mercaptosuccinic acid [27, 28]. In the synthesis of tiopronin-protected gold nano-

particles, using water as the only solvent leads to a water-insoluble product [14].

For the synthesis of GSH protected gold nanoparticle, a 2:3 water–methanol me-

dium is used to prevent uncontrolled reduction reaction [15]. Presumably, the ratio

of water to organic solvent in the mixed solvent system is related to the structure

and polarity of the ligand. When a weak anionic ligand is highly polar and water

soluble, water as the sole solvent could be sufficient for the synthesis of NPs. Ex-

amples include synthesis of Au NPs protected with meso-2,3-dimercaptosuccinic

acid [29], and l-cysteine [30].

4.2.1.3 Au NPs Protected with Neutral Ligands

A mixed solvent of water and a water-miscible organic, such as methanol or etha-

nol, is usually a good start to synthesize neutral ligand protected Au NPs. Neutral
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ligands for coating nanoparticles include ethylene glycol small molecules, as de-

scribed above, and poly(ethylene glycol) (PEG) molecules. With increasing units

of ethylene glycol from 2 to 4 to 70 [31], or aldehyde derivatized PEG (Mn ¼ 3090)

[32], the solvent used in the synthesis of nanoparticles changes from a mixture of

water and methanol to simply water. Sugar molecules and oligosaccharides are an-

other important type of water-soluble ligand. Glyco-Au NPs have been synthesized

in a mixed solvent of water and methanol [33–37]. Apparently, the solubility of the

ligand molecules plays a major role in choosing the right solvent for the synthesis.

Although the mechanistic reasons for this correlation are not clear, this summary

should nevertheless provide a useful guidance for the synthesis of new types of

water-soluble Au NPs.

4.2.2

Ligand Exchange Reaction

AuaX (X ¼ P, S, or N) is quite labile. This unique character can be utilized to syn-

thesize versatile surface functionality. One of the earliest examples, demonstrated

by Schmid et al., replaced the triarylphosphine ligand on Au NP with a sulfonated

triarylphosphine ligand [38]. Murray et al. pioneered the thiol ligand exchange re-

action [39], a general route for the preparation of ligand-protected Au NPs. Since

then, ligand exchange or SN2 reactions have been widely used for preparing nano-

particles protected with either a homogeneous monolayer or a heterogeneous

monolayer (also called mixed monolayer). Mixed monolayer protected Au NPs are

especially important because they are used most in applications in electrochemis-

try [40, 41], conductivity [42, 43], fluorescence [44, 45], biological bindings [46, 47],

and coatings [48]. Synthetically, the ligand replacement reaction has both advan-

tages and disadvantages compared with direct synthesis. Versatility is its biggest

advantage. By using ligand replacement reaction, various different mixed mono-

layer protected Au NPs can be synthesized that do not heavily depend on the na-

ture of the ligands and the reaction conditions. However, the ligand replacement

reaction certainly has several disadvantages. First, unlike direct synthesis, it is a

multi-step process. Secondly, for the preparation of mixed monolayer protected

Au NPs, it is difficult to control the number of ligands on a nanoparticle. The

composition of the mixed monolayer is essential and directly responsible for the

surface properties and interactions with the target molecules.

4.3

Preparative-scale Synthesis and Solution-phase Characterization of DNA-directed

Nanoparticle Assemblies

In the previous section, we reviewed synthetic strategies for preparing ligand-

protected Au NPs. These materials serve as building blocks for the assembly of

higher order nanoparticle structures that could be used for applications as well as

for fundamental studies. One assembly strategy involves using DNA molecules.
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DNA has the unique self-assembly capability, i.e. hybridization. In addition, DNA

is very hydrophilic and negatively charged. Unless the nanoparticles are positively

charged, there is not much nonspecific binding between DNA and nanoparticles.

Those two unique features have allowed many successful routes for the controlled

assembly of nanoparticles using DNA functionalized Au NPs. These include nano-

particle assemblies through either specific hybridization of a single strand DNA

attached on the nanoparticle [49, 50] or by electrostatic interaction of positively

charged nanoparticles with DNA molecules [51, 52]. In addition, Niemeyer et al.

have prepared nanoscale networks and aggregates using biotinylated DNA and

streptavidin [53, 54]. DNA functionalized nanoparticles have been used success-

fully for DNA detection and as biosensors [55, 56].

Bio-based assembly of nano-scale materials into higher order structures is an

active area of research. Previous studies by Alivisatos et al. [50, 57] and Mirkin

et al. [49, 58] have demonstrated the power of using DNA hybridization to assem-

ble nanoparticles into higher order structures. Work from Alivisatos et al. in partic-

ular has demonstrated the possibility of using DNA-directed assembly to make

small-scale finite nanoparticle complexes that resemble artificial molecules. These

structures may serve as model systems for studying nano-scale phenomena, and

have potential applications in nanoelectronic circuits, optoelectronics and bio-

sensors. One critical issue that needs to be addressed is the scale of the synthesis

of these nanoparticle-based artificial molecules. Also lacking is the direct solution

characterization of such assemblies, so that structure–function relationships can

be established for these artificial molecules. We describe here our methods for

solving the scaling-up problem, and the solution characterization of some simple

nanoparticle assemblies we have made.

For this study, we first developed ligand-protected Au NPs with high stability and

relatively uniform-size distributions. Following known synthetic routes, we have

made glutathione and tiopronin [N-(2-mercaptopropionyl)glycine] monolayer-

protected Au NPs [14, 59]. However, these particles, as synthesized, still have a

size distribution that is too broad for our subsequent assembly studies. We have,

thus, developed a non-solvent precipitation method as a very efficient way to frac-

tionate particles of different sizes to obtain highly monodispersed nanoparticles

[60]. By adding increasing amounts of either methanol or ethanol, particles of

larger to smaller sizes are precipitated out of solution. After centrifugation, par-

ticles of a particular size can be selected for further assembly. A typical example

for fractionation of Au-Tp NPs is given here. Au-Tp NPs (0.3 g) were dissolved in

50 mL of a 100 mm sodium chloride solution. The first fraction of the nanopar-

ticles was precipitated out by adding methanol to the nanoparticle solution to a

final content of 10% by volume. Nanoparticles were collected by centrifugation

at 4000 rpm for 1 min in a Sorvall2 RT7 PLUS centrifuge (Kendro Laboratory

Products, Newtown, CT). More methanol was then added to the supernatant to a

final content of 20% by volume and the precipitated nanoparticles were col-

lected as described above, as the second fraction, which was used for the following

experiments.

To label nanoparticles with single-stranded DNA (ssDNA), we chose the ligand
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replacement reaction described in Section 4.2. A typical example is as follows.

Single-stranded DNA (ssDNA) oligo nucleotides were purchased from Integrated

DNA Technologies, Inc. (Coralville, IA), with 5 0 C6 SH modification. Materials

were used as-received without further treatment. For this example, a ssDNA with

sequence AAA AAA GCG TGG GCG TGG GCG TGG GCG TGG GCG was used.

The gold particles had a concentration of 60 mm in H2O. To determine the optimal

ratio of Au-Tp vs. ssDNA for labeling reaction, a titration experiment was set up by

mixing appropriate amounts of Au-Tp, ssDNA, NaCl, and H2O (Table 4.1). Each

reaction was carried out in a 1.5 mL volume test tube. The reaction mixture was

incubated at 60 �C for 15 min and allowed to slowly cool to room temperature

over 30 min. Products were analyzed by gel electrophoresis using a 4% agarose/

Tris-Borate-EDTA (TBE) gel (BioWhittaker, Rockland, ME). The gel was immersed

in 1X TBE running buffer (89 mm Tris, 89 mm boric acid, 2 mm EDTA, pH 8.3),

and electrophoresis was carried out at a constant voltage of 90 V for 80 min in an

Horizon 58 gel box (Life Technologies, Rockville, MD). The gel image (Fig. 4.3A)

was recorded using a HP ScanJet 6300C scanner (Agilent Technologies, Wilming-

ton, DE). Lanes 1–6 correspond to reactions 1–6, respectively, in Table 4.1.

This experiment showed that Au particles with different numbers of ssDNAs

labels can be clearly resolved by a 4% agarose gel (Fig. 4.3A). As the ratio of ssDNA

vs. Au-Tp increases, more ssDNAs can be found on a particle. Thus, the stoichiom-

etry of ssDNA and Au-Tp can be used to control the average number of ssDNAs on

the surface of Au particles.

Due to the narrow size distribution of our nanoparticles, we were able to use

liquid chromatography to obtain Au particles with an exact number of ssDNAs

attached. After the labeling reaction, we separated reaction mixture with a size

exclusion gel filtration column. A typical example of the separation of Au NPs

with different numbers of single-stranded DNAs is given here. Here, the labeling

reaction was performed as follows: 400 mm ssDNA (986-ZF) (8 mL) and 1 m NaCl

(12 mL) were added to 100 mL of Au-Tp (60 mm). The reaction mixture was incu-

bated at 60 �C for 15 min and allowed to slowly cool to room temperature over

30 min. This mixture was then injected into a Superdex 200 gel filtration column

(Amersham Biosciences, Piscataway, NJ) mounted on a BioCAD/SPRINT HPLC

system (PerSeptive Biosystems, Framingham, MA), and eluted with 0.05 NaCl/

0.15 m NaHPO4 buffer (pH 7) at 0.5 mL min�1. The elution profile is shown in

Tab. 4.1. Stoichiometry for attaching ssDNA to Au NPs by using ligand replacement reaction

(volume unit ¼ mL).

Rxn 1 Rxn 2 Rxn 3 Rxn 4 Rxn 5 Rxn 6

Au-Tp (60 mm) 3 3 3 3 3 3

SsDNA (40 mm) 0 1 2 4 8 1.6 (400 mm)

NaCl (1 m) 1.5 1.5 1.5 1.5 1.5 1.5

H2O 10.5 9.5 8.5 6.5 2.5 8.9

Total (mL) 15 15 15 15 15 15

4.3 Preparative-scale Synthesis and Solution-phase Characterization 105



Fig. 4.3. (A) Gel electrophoresis (4% agarose

gel) of gold nanoparticles reacted with

increasing amounts of ssDNA molecules

(Table 4.1). (B) Gel filtration separation and

subsequent gel electrophoresis of gold

nanoparticles labeled with different numbers of

ssDNA molecules. A Superdex 200 gel filtration

column (Amersham Biosciences, Piscataway,

NJ) mounted on a BioCAD/SPRINT HPLC

system (PerSeptive Biosystems, Framingham,

MA) was used. Elution was performed with

0.05 m NaCl/0.15 m NaHPO4 buffer (pH 7) at

0.5 mL min�1. Peaks 1–3 correspond to

nanoparticles labeled with 0, 1 and 2 ssDNA,

respectively. The gel image compares Au-Tp

(lane1), Au-Tp/ssDNA reaction mix (lane 2),

and the column fraction corresponding to peak

2 (lane 3).
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Fig. 4.3(B). Peaks 1–3 correspond to nanoparticles labeled with 0–2 ssDNA, respec-

tively. The gel image at the bottom of Fig. 4.3(B) compares Au-Tp (lane1), Au-Tp/

ssDNA reaction mix (lane 2), and the column fraction corresponding to peak 2

(lane 3). The gel mobility of the peak 2 fraction is consistent with the material

being a one-particle/one-ssDNA species. By following the above procedure, we have

labeled Au particles with two different ssDNA sequences that are complementary.

The hybridization reaction was then carried out by mixing these two types of

particles. The hybridization mixture was separated again by size exclusion gel fil-

tration. A typical elution profile is shown in Fig. 4.4(A). In addition to the major

product eluted in peak 2, side-products represented by peaks 1 and 3 are notice-

able. These arise from impurities in the starting materials, which contain a small

fraction of particles with 0, 2 and more ssDNA attached. Figure 4.4(B) shows a gel

image, comparing the Au-Tp/ssDNA reaction mix (lane 1), the hybridization reac-

tion mix (lane 2), and the column fraction corresponding to peak 2 in Fig. 4.4(A)

(lane 3). The gel mobility of the peak 2 fraction is consistent with it being a dimer

species. This material was analyzed by transmission electron microscopy (TEM)

[Fig. 4.5(A)]. Quantitatively, over 90% of the purified species is dimeric Au NPs.

Figure 4.5(B) provides an enlarged view of some dimer structures.

The synthetic procedure we have developed could be used to construct more

complex structures. As a demonstration, we have synthesized a triatomic structure

Fig. 4.4. (A) Gel filtration separation of a hybridization

reaction of ssDNA-labeled gold particles, with conditions

similar to those described in Fig. 4.3. (B) Gel electrophoresis of

the separated fractions from (A).
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involving hybridization of three ssDNAs, each of which contain two segments that

are complementary to part of the other two sequences (Fig. 4.6). Using the ligand

exchange reaction and size exclusion separation techniques described above, we

first obtained Au particles labeled with each of the three ssDNAs (lane 2 in Fig.

4.6). Hybridization between two types of Au particles labeled with two different

ssDNA yielded a two-particle assembly (lane 3 of Fig. 4.6). The complete trimer

structure (lane 4) was obtained by mixing the purified two-particle assembly with

third-type ssDNA labeled Au particles. TEM images of the purified final hybridiza-

tion mixture confirmed formation of the designed product.

Large-scale preparation has allowed us to measure directly solution structures of

nanoparticle assemblies by small angle X-ray scattering (SAXS). Previous studies

of nanoparticle assemblies have relied on TEM, which has the advantage of requir-

ing small samples. However, TEM is performed under vacuum conditions and the

projection nature of the TEM image prevents a direct measure of the geometric pa-

rameters of particle assembles. Large-scale synthesis allows us for the first time to

use solution methods to measure directly the geometry of nanoparticle assemblies

we have made. SAXS spectroscopy proved to be ideal for our Au nanoparticle com-

plexes, because of the large electron density on Au particles. We have measured

two dimer structures of different bond lengths (Fig. 4.7). Dimer A was constructed

with a 24 base pair long dsDNA with a C6 spacer on each side. Dimer B was sim-

ilarly constructed with a 33 base pair long DNA. The measured AuaAu separation

is 11.5 and 13.7 nm for dimers A and B, respectively. In both cases, the monomer

diameter, as measured by the position of the first peak, is 3.6 nm. Assuming

Fig. 4.5. TEM images of gold nanoparticle dimer structures prepared according to Fig. 4.4.
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the C6 spacer is 1 nm long and the diameter of Au particles is 3.6 nm, then from

the measured length of either dimer one obtains 0.246 nm bp�1 (dimer A) or

0.245 nm bp�1 (dimer B). However, C6 might be flexible, and the estimated 1 nm

might be a source of error. Thus, the base-separation parameter was also calcu-

lated by the length difference between the two dimers: the length difference of

2.2 nm between two dimers can be attributed to the 9 base pair difference. This

gives 0.244 nm bp�1, which is consistent with the previous estimation. Table 4.2

lists the derived structure parameters. To our surprise, the particle–particle separa-

tions in these dimer structures are consistent with the A- instead of the B-form

DNA structure (the latter is expected under normal physiological conditions).

Fig. 4.6. Gel electrophoresis and TEM image of gold particle

trimer structures prepared by the DNA hybridization process.

Lane 1 is from a DNA labeling reaction mixture. Lanes 2–4 are

monomeric, dimeric and trimeric Au particle complexes,

respectively.
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Fig. 4.7. SAXS measurements of two gold particle dimer

structures linked with different lengths of DNA. In the two data

plots, open circles are the experimental data, and the solid

lines are simulations using the parameters shown.
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In summary, we have established a simple yet effective way to make large quan-

tities of nanoparticle-based diatomic and triatomic artificial molecules. Monodis-

persed Au-Tp NPs are obtained through direct synthesis, followed by fractionation

using an alcohol precipitation procedure. Au-Tp particles with one DNA oligonu-

cleotide molecule per particle are obtained in large quantity by size exclusion chro-

matography. From these particles, simple diatomic and triatomic artificial mole-

cules are self-assembled through DNA hybridization reactions. Relatively large

quantities of pure diatomic and triatomic structure are obtained after fractionation

and purification by size exclusion chromatography, allowing for the first time

characterization of these structures in solution. SAXS data revealed that double-

stranded DNA bridging two gold nanoparticles adopts, unexpectedly, the A-type

conformation, illustrating the dramatic effect of environmental conditions on DNA

structures.

4.4

Bifunctional Proteins for Programmable Assembly of Nanoparticles

DNA hybridization is only one of many possible ways to assemble nanoparticles.

We have explored the possibility of using DNA as a template to define spatial loca-

tions for the assembly of nanoparticles. As one such way of using DNA, we sought

to create a protein that has bifunctionality: it would bind with high affinity and spe-

cificity to DNA as well as nanoparticles. Our approach is to create a fusion protein

composed of a DNA binding domain and a nanoparticle binding domain (Fig. 4.8).

There are many proteins that recognize a specific sequence of DNA. Transcrip-

tion factors involved in gene regulation possess such a property. We decided to

use the class of DNA binding proteins called Zn fingers, owing to their high bind-

ing affinity and specificity, and because many such proteins are available. Compar-

ison of the human genome sequence with a few other sequenced mammalian

species showed that the Zn finger domain is the most frequently observed protein

domain in mammalian cells [61, 62]. One can even evolve Zn finger proteins

to bind DNA sequences of one’s choice. A well-characterized Zn-finger protein

Zif268 [63, 64] was chosen here for demonstration. For the nanoparticle binding

domain, we chose well-characterized ligand binding protein domains to bind to

Tab. 4.2. Geometrical parameters of two Au particle dimers obtained by SAXS measurement.

Dimer Number of

base pairs

Expected AuxAu

separation (assuming

A-form DNA, 0.25 nm

per bp) (nm)

Expected AuxAu separation

(assuming B-form DNA,

0.34 nm per bp) (nm)

Measured

AuxAu separation

(nm)

A 24 11.6 13.8 11.5

B 33 13.9 16.8 13.7
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nanoparticles that are surface coated with the cognate ligands. The GST (gluta-

thione S-transferase)-GSH (glutathione) pair was chosen for demonstration (Fig.

4.8). We constructed the bifunctional protein following conventional molecular

biology protocol, overexpressed it in E. coli cells, and purified the protein using

GST affinity purification.

We performed a set of protein functional assays to demonstrate that, indeed, the

designed protein has bifunctional binding capabilities. The Zif268 DNA binding

site was defined by sequence 5 0-GCGTGGGCG-3 0. When the purified protein was

incubated with a DNA construct that contains multiple Zif268 binding sites, we

observed a clear band shift in a gel electrophoresis assay, indicating that the puri-

fied GST-Zif268 fusion protein binds to the target DNA sequence. Similarly, we

showed that the protein binds to GSH-modified Au NPs (Fig. 4.9).

Fig. 4.8. Design of bifunctional proteins to assemble nanoparticles onto DNA.

Fig. 4.9. Gel electrophoresis analysis of protein binding to Au-GSH particles.
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Evidence for the bifunctional binding activity was provided by an experiment

shown in Fig. 4.10(A) and 10(B). This is a gel shift assay on the purified GST-

Zif268 protein binding to both Au-GSH nanoparticles and DNA. Figure 4.10(A) is

a direct gel image, whereas Fig. 4.10(B) is the gel image under UV illumination,

indicating where the DNA band is located. As can be seen in Fig. 4.10, addition

of a piece of DNA that contains protein recognition sequence caused the protein–

particle complex to migrate at a different speed, and DNA co-migrated with Au

particles. These results indicate that the bifunctional protein can indeed direct par-

ticles onto DNA. However, we also noticed a problem in this system that limits the

efficiency of assembly by the bifunctional protein: the positively charged Zif268 has

a tendency to nonspecifically bind to the negatively charged Au-GSH nanoparticles.

Effectively, the Au-GSH particles compete with the DNA for the Zif268 binding

site, and reduce the efficiency of the intended assembly. Such a problem triggered

us to look into the general issue of nonspecific binding, which will be discussed in

detail in the next section.

4.5

Strategies for Eliminating Nonspecific Interactions and Enabling Specific Binding

with Biomolecules

It is very attractive to integrate nanoparticles with biological molecules such

as DNA, and proteins to create new materials for potential new applications in

Fig. 4.10. Gel electrophoresis analysis of GST-Zif268 and DNA

binding to Au-GSH particles. (A) Is a direct gel image, whereas

(B) is the gel image under UV illumination.
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electronics, optics, genomics, proteomics, and biomedical and bioanalytical areas.

However, for proteins, nonspecific binding could be a serious issue. Proteins are

much more complicated than DNA. They can be either hydrophobic or hydro-

philic, with either positive or negative charge, making it extremely challenging

to avoid nonspecific binding with nanoparticles. To fully utilize the potential of

protein–nanoparticle hybrids, we synthesized ethylene glycol monolayer protected

gold nanoparticles that are very stable in aqueous media and have complete resis-

tance to nonspecific bindings with proteins, DNA and RNA [20]. However, these

biologically inert nanoparticles do not provide functionality. To allow specific inter-

actions or bindings with biological entities, a specific binding functionality has to

be introduced onto the nanoparticles. For this purpose, we designed nanoparticles

protected with a mixed monolayer of an ethylene glycol molecule and a ligand. The

ethylene glycol short chains with well-defined lengths function as a shielding com-

ponent to minimize nonspecific interaction between nanoparticles and biological

molecules, whereas the ligand acts as a capture agent to engage biological mole-

cules specifically. To demonstrate this method, we prepared a Au NP protected

with a mixed monolayer of tri(ethylene glycol) and glutathione [Aua(SaEG3)nGSH]

by adding a reducing agent (NaBH4) to a mixture of HAuCl4, EG3aSH, GSH,

methanol and acetic acid in a one-step direct synthesis (Fig. 4.11). We discovered

Fig. 4.11. Reaction scheme for making (EG3aSa)/GSH mixed

monolayer protected nanoparticles.
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that in a one-step direct synthesis the water content in the reaction mixture was

critical for synthesizing Au NPs in high yield. The optimum water concentration

is 9–18%. This method also applies to the synthesis of other Au NPs protected

with a mixed monolayer in which ethylene glycol is the major component. The

synthesis utilized the optimum condition such that water for dissolving NaBH4

was added into the mixture of reagents to a final concentration of 12.5% (v/v).

Under this condition, the reaction went well and no precipitation was seen. The

yield was about 40%. The purified nanoparticles were very stable in pure water as

well as concentrated electrolyte solutions, such as 1.0 m aqueous NaCl. These

nanoparticles did not degrade after one-year storage in water.

In such a mixed monolayer protected Au NP system, GSH as a ligand molecule

enables specific binding to a target. However, GSH might also contribute to the

nonspecific binding. Thus, quantitative control of the ligand number or percentage

is crucial to achieve specific interaction. The feeding ratio of EG3aSH and GSH

is easily controlled in the direct synthesis approach, but the essential information

is the relative amount of EG3aSa and GSH on the nanoparticle surface, which is

directly responsible for the surface properties and interactions with the target mol-

ecules. To control the relative amount of the shielding component (EG3aSa) and

the capture component (SGH), we envisage two approaches. The first is to study

the relative reactivities of EG3aSH and GSH by synthesizing a series of Au NPs

with controlled feeding molar ratios of the shielding and capture components, fol-

lowed analysis of the surface composition. The measured surface composition can

be plotted against the feeding ratio to determine the relative reactivity of the shield-

ing and capture components, which could be used to control the surface composi-

tion. For example, we have used 1H NMR spectroscopy as an analytical tool for

measuring the surface composition of EG3aSa/tiopronin on Au NPs and deter-

mined that the EG3aSH is three times more reactive than tiopronin [59]. However,

in many cases of mixed monolayer protected Au NPs, it is not easy to determine an

accurate surface composition. In addition, NMR analysis is very tedious and needs

sophisticated equipment.

For most applications, accurate understanding of the surface composition might

not be necessary. The correlation of the feeding ratio of EG3aSH and the ligand

with the nanoparticle binding performance should be sufficient information to

design the synthesis of nanoparticle with only specific interactions. Based on this

consideration, we developed the second approach by using gel electrophoresis anal-

ysis to identify a critical feeding ratio for the nanoparticle to avoid nonspecific in-

teractions and in the meantime to provide maximum binding to a specific target.

We used Au(aSaEG3)nGSH as an example. With a constant ratio of HAuCl4 and

capping agents (EG3aSH and GSH) at 2.0, a series of nanoparticles were syn-

thesized with the feeding ratio of [EG3aSH]/[GSH] at 1, 4, 14, and 19, respec-

tively. Au(aSaEG3)4frGSH represents the nanoparticle synthesized when the feed-

ing ratio of [EG3aSH]/[GSH] ¼ 4. The charge density of Au(aSaEG3)nfrGSH

nanoparticles representing the surface density of GSH was characterized qualita-

tively with their migration speed in the gel electrophoresis [Fig. 4.12(a)]. Lane 1

is Au(aSaEG3)1frGSH nanoparticles with an EG3aSH/GSH feeding ratio of 1:1.
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Lanes 2–5 are the same amount of Au(aSaEG3)nfrGSH nanoparticles with

n ¼ 4, 14, 19, and pure AuaSaEG3, respectively. The migration speed of

Au(aSaEG3)nfrGSH nanoparticles decreased with decreasing percentage of GSH

on the nanoparticle surface. In the mixed monolayer of (EG3aSa)/GSH protected

gold nanoparticles, the major contribution for nonspecific binding is from the elec-

trostatic interaction introduced by GSH molecules. Therefore, a positively charged

protein lysozyme is a very good indicator for testing the nonspecific binding. Bind-

ing results for Aua(SaEG3)nGSH nanoparticles are shown in Fig. 4.12(b). Lanes 1,

3, and 5 are Au(aSaEG3)nfrGSH nanoparticles with n ¼ 1, 4, and 14, respectively.

Lanes 2, 4, and 6 are the same amount of Au(aSaEG3)nfrGSH nanoparticles with

n ¼ 1, 4, and 14, respectively, mixed with lysozyme. When the molar feeding per-

centage of GSH is less than 20%, (EG3aSa)/GSH mixed monolayer protected

nanoparticles have negligible binding with lysozyme. In this example, the ratio of

(EG3aSa)/GSH on the nanoparticle surface was not measured and is unknown.

The GSH molecule on the Au(aSaEG3)nGSH particle is a natural substrate for

the enzyme glutathione-S-transferase (GST). The GST–GSH binding pair thus pro-

vides an opportunity to demonstrate the specific binding between nanoparticles

Fig. 4.12. (a) Gel electrophoresis image

illustrating the migration of (EG3aSa)/GSH

mixed monolayer protected nanoparticles as a

function of feeding ratio of [EG3aSH]/[GSH]. A

4% agarose gel was used and run at 90 V for

40 min. Lanes 1–4 are Au(aSaEG3)nfrGSH with

n ¼ 1, 4, 14, and 19, respectively. Lane 5 is

the pure AuaSaEG3 nanoparticle. In all cases,

10 mL of Au particles at concentration of

50 mm were loaded onto the gel. (b) Gel

electrophoresis image of the nanoparticles

from Fig. 4.12(a) bonded with lysozyme. A 1%

agarose gel was used and run at 90 V for 20

min. Lanes 1, 3 and 5 are Au(aSaEG3)nfrGSH

with n ¼ 1, 4, and 14, respectively. Lanes 2, 4,

and 6 are the mixture of lysozyme and

Au(aSaEG3)nfrGSH with n ¼ 1, 4, and 14,

respectively. Protein binding reactions were

carried out by mixing 7 mL of 50 mm Au

nanoparticles with 7 mL of 1 mg mL�1

lysozyme solution for 10 min incubation time

at room temperature. (Reprinted with the

permission from Ref. [59], M. Zheng, X.

Huang, J. Am. Chem. Soc. 2004, 126, 12047–

12054. 8 2004 American Chemical Society.)
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and proteins under more common biological conditions (Fig. 4.13). From the

nonspecific binding tests for Au(aSaEG3)nfrGSH (Fig. 4.12) we saw negligible

binding with lysozyme when the nanoparticle [EG3aSH]/[GSH] feeding ratio is

at 4. Nanoparticles with feeding ratios of 9 and 14 were chosen for specific interac-

tion with GST protein. Figure 4.14 demonstrates that neither Au(aSaEG3)9frGSH

nor Au(aSaEG3)14frGSH bound to lysozyme (lanes 2 and 5, respectively), while

both particles migrated faster (lanes 3 and 6) after incubation with GST pro-

tein, indicating their specific interaction with GST. The faster migration of the

Au(aSaEG3)nfrGSH/GST complex is, presumably, due to the negative charge of

the GST protein (pI 6.2) in the pH 8 gel running buffer (TBE).

In summary, gel electrophoresis of the nanoparticles has been used to identify

the optimum feeding ratio of a capture ligand and EG3aSH at which the nanopar-

ticle enables maximum specific binding with a biological target without the inter-

ference of nonspecific interactions. This approach could be easily applied to other

nanoparticles protected with a mixed monolayer of an ethylene glycol molecule

and a ligand.

Fig. 4.13. Schematic of specific binding of GST protein to Au(aSaEG3)nGSH particles.

Fig. 4.14. Gel electrophoresis image

illustrating specific binding of

Au(aSaEG3)nfrGSH (n ¼ 9 and 14) with GST

protein. A 0.8% agarose gel was used and run

at 90 V for 20 min. Gold particles were

suspended in H2O with a concentration of

@50 mm. Lane 1 is 10 mL of Au(aSaEG3)9frGSH;

lanes 2 and 3 are the same amount of Au

particles incubated with 1 mL of lysozyme

(10 mg mL�1 in water) and 5 mL of GST

(0.5 mg mL�1 in water), respectively. Lanes 4–

6 are identical to lanes 1–3, except that

Au(aSaEG3)14frGSH was used. (Reprinted with

the permission from Ref. [59], M. Zheng, X.

Huang, J. Am. Chem. Soc. 2004, 126, 12047–
12054. 8 2004 American Chemical Society.)
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4.6

Biological Applications

Water-soluble Au NPs have numerous applications in biology, medicine, catalysis,

electronics, and optics. Here, we briefly review current efforts towards biological

applications, which can be divided into subjects relating to nucleic acids, proteins,

and cells and viruses.

4.6.1

Nucleic Acids

Mirkin et al. first demonstrated the Au NP color change from red to blue when two

complementary strands of DNA on two different Au NPs hybridize to form a NP

aggregate [49]. Mirkin et al. further discovered that the Au NP aggregate could be

converted back into individual Au NPs by heating the NP aggregate to dehybridize

DNA, and that this was a reversible process in solution [65]. When a multilayer of

Au NPs was formed on a glass substrate by hybridization of DNA attached on the

NPs, a sharp response of plasma resonance intensity to temperature was observed

[66]. Based on these fundamental discoveries, Reichert et al. developed a chip-

based optical detection of DNA through hybridization of the surface-immobilized

capture probe oligonucleotide and the target probe attached on Au NPs [67]. Storh-

off et al. developed an easy ‘‘spot-and-read’’ colorimetric detection method for

highly sensitive DNA detection [68]. Mirkin et al., furthermore, developed a multi-

plexed detection of DNA targets in a microchip format with the detection limit as

low as 20 femtomolar [56]. Such a high detection sensitivity was achieved by apply-

ing a thin Ag coating to the surface of DNA hybridized Au NPs and then using

surface-enhanced Raman spectroscopy (SERS) as the detection tool. By developing

a magnetically-induced solid-state electrochemical detection method instead of

SERS, Wang et al. achieved a DNA detection limit at the level of @1.2 fmol [69].

Another DNA detection method utilizes the ability of Au NP to quench fluores-

cence, which happens when a Au NP (2–3 nm) is in relatively close contact with a

fluorophore (1–2 nm range), due to non-radioactive energy transfer from the ex-

cited fluorophore to Au NP [70]. This method employs a single stranded DNA

with one end attached to an Au NP and the other end to a fluorophore to form a

constrained loop DNA structure. When the DNA molecule on the Au NP hybrid-

izes with a target ssDNA, the probe DNA loop on the Au NP opens and the fluo-

rophore lights up. Based on this method, researchers have developed single-

mismatch detection for oligonucleotides [70, 71]. Using DNA hybridization, Au

NPs have also been assembled on the surface of carbon nanotubes [72].

4.6.2

Proteins

Unlike DNA, which is very hydrophilic and negatively charged, proteins are much

more complicated. They can be either hydrophobic or hydrophilic, with either pos-
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itive or negative charge. In addition, nonspecific binding can be a serious issue.

Unsurprisingly, therefore, applications of Au NPs with proteins have been far less

developed than with DNA. However, several published papers deal with the inter-

actions between nanoparticles and proteins, and applications in protein detection

[73, 74], enzyme inhibition [75, 76], biosensor [77–79], nano-domain structure

control [80, 81], and control of the nonspecific interaction of nanoparticles with

proteins [59]. The interaction between Au NPs and proteins has been studied ex-

tensively. Examples include controlling the orientation of cytochrome c on Au NPs

[82] and maintaining the enzymatic activity of fungal protease on Au NPs [83]. For

protein detection, Thanh et al. [74] used antigen-coated Au NPs to detect anti-

bodies by measuring the Au NP plasmon resonance shift induced by the aggrega-

tion of Au NPs. The detection limit could reach 1 mg mL�1. Mirkin et al. [77] used

DNA hybridization to attach antigens to Au NPs and to then detect antibodies by

a colorimetric scanner with a detection limit of @20 nm. This group also capped

oligonucleotide-Raman dye conjugated molecules on Au NPs, attached antigens

through hybridization, and then detected antibodies by using SERS [78]. Mirkin’s

methods are suited for the detection of multiple proteins. In a different approach,

Willner et al. [79] developed an amplified optical detection of thrombin by using

the binding between aptamer attached Au NPs and adsorbed thrombin on aptamer

functionalized surface (detection limit at 2 nm). In the area of enzyme inhibition,

Rotello et al. have developed anionically functionalized, amphiphilic Au NPs to

efficiently inhibit chymotrypsin through electrostatic interaction [75, 76]. They

further demonstrated that Au NPs functionalized with alkanethiol-tetra(ethylene

glycol) acetic acid bind to chymotrypsin, and the enzyme on the Au NP surface re-

tains its activity and exhibits pronounced substrate chemoselectivity [84]. To build

controlled Au NP structured materials, functionalized double stranded DNA has

been used as a template to assemble protein attached Au NPs through the interac-

tion between biotin bound on DNA and streptavidin on Au NP [80]. Enzymes,

such as bacterial DNA methyltransferases could be used to manipulate the struc-

ture of DNA molecules linked with Au NPs, thus resulting in control of the dis-

tance between Au NPs [81]. In a biosensor application, Lu et al. demonstrated a

colorimetric lead biosensor by using DNAzyme-directed assembly of Au NPs [85,

86]. The unique features of this method are its high speed (@10 min) and high

sensitivity (@100 nm for Pbþ2).

4.6.3

Cells and Virus

Functionalized Au NPs have many attractive properties. They are nanometer in

size, and may have various functional ligands on the surface. These special proper-

ties provide them with many possible modes of interaction with biological cells,

such as specific binding to the cell membrane and penetration through the mem-

brane to interact with biological molecules inside a cell or virus. For example,

carbohydrate-functionalized Au NPs have been developed to explore their multiva-

lent interactions with cell membrane surfaces, such as lectins [87]. These studies
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could have potential applications in lectin detection, control of cell fertilization,

proliferation, viral infection, and inflammatory response. Dragnea et al. incorpo-

rated citrate-protected Au NPs inside brome mosaic virus and used them as a spec-

troscopic marker that could open up new opportunities for in vivo monitoring of

viral capsid transitions [88].
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Biofunctionalization of Phospholipid Polymer

Nanoparticles

Junji Watanabe, Jongwon Park, Tomomi Ito, Madoka Takai, and

Kazuhiko Ishihara

5.1

Introduction

Recently, our interest in biomaterials has shifted to nanobiomaterials, which is

integrated with nanofabrication. Nano-scaled fabrication is based on molecular as-

semblies such as micelles, self-assembled monolayers, and supramolecular com-

pounds [1–8]. Also, many kinds of nano-scaled devices, such as bio-chips and

nanoparticles, have been proposed and designed [9–17]. Nano-scaled chemistry

and nanofabrication focus on chemical reactions and sensing. The most fascinat-

ing phenomena, chemical reactions, are created in a nano-scaled world, but are

never carried out on an ordinary scale. In these nano-scaled devices, the bio-

interface property is the dominant factor in providing excellent performance. To

enhance biofunctionalization it is most important for the nano-scaled device to

suppress non-specific protein adsorption since the surface is exposed to many bio-

logical components; blood, serum, and cells. Few researchers have understood the

importance of materials in the design of biointerfaces and bioconjugations on the

nanoscale [18–21]. This chapter summarizes newly engineered materials using

bioinspired phospholipid polymer chemistry for biofunctionalization, with particu-

lar focus on phospholipid polymer nanoparticles for molecular diagnosis. Phos-

pholipid polymers are available in numerous situations for specific biomaterials

[22–25], and could function as a molecular machine [26–28]. Ishihara et al. pro-

posed a fundamental concept for the synthesis of phospholipid polymers in the

early 1990s [29, 30]. Now, we easily purchase many kinds of products containing

phospholipid polymer – cosmetics, eye care products, textile goods, and fine chem-

icals for advanced bioreactions – which were designed through collaborations be-

tween Professor Ishihara and industrial companies. This is typical process and

development – from laboratory materials to commercial products. The developed

phospholipid polymer synthesis has been recognized world-wide, and much work

has been reported subsequently (see Ref. [31] for an excellent review). Further

research into nanofabrication may well provide us with a better ‘‘quality of life’’ –
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perhaps especially when the design of biomaterials is based on phospholipid

polymers.

5.2

Nanofabrication for Biomedical Applications

Nanoparticles are a good substrate for bioconjugation. They have (a) a relatively

high specific surface area, (b) good dispersivity in aqueous media, and (c) can be

combined with nano-processed bio-chips. These characteristics can be used in a

wide variety of applications, e.g. medical diagnosis, drug delivery carriers for target-

ing, micro-total analysis systems, and biosensors [32–35]. The most important fac-

tor in improving the nanoparticles is the enhancement of specificity to the target

biomolecule such as antigen, substrate, and DNA (i.e. selectivity), and the suppres-

sion of non-specific interactions (sensitivity). Thus, bioinspired phospholipid poly-

mers are key materials in the research on and development of nanoparticles.

5.2.1

Nano-scaled Processing

Nanoparticles are a promising architecture for analyzing chemical species and pro-

viding a dynamic response. Many kinds of nanoparticles with unique structures

have been prepared; Mori et al. have reported hybrid nanoparticles composed of a

polymer shell with a silica core [36–38]. The polymer shell was carefully designed

by the use of atom transfer radical polymerization, forming a hyperbranched struc-

ture. The nanoparticles showed reversible pH-induced complexations in a polyelec-

trolyte. Nanoparticles based on silica can be designed with unique structures, for

easy dissolution by hydrogen fluoride. Kamata et al. have fabricated a core-shell

spherical colloid with a hollow interior [39]. The hollow colloid provides a small

container, in which a gold particle was trapped. The colloid particle, with its mov-

able core, resembles a bell. The nanoparticles reported above could not be applied

as advanced biomedical materials in their present form. However, suitable prepara-

tive techniques for biofunctionalization should soon be available.

Vertegel et al. have examined the size effect on the stabilization of immobilized

enzyme by using silica nanoparticles (particle size 4–100 nm) [40]. Their report

is impressive and important in terms of expressing biofunctions effectively. For

enzyme immobilization, stronger protein–particle interactions exist on larger

nanoparticles, resulting in multipoint immobilizations. The immobilized enzymes

show less enzymatic activity. Akashi et al. have synthesized directly core-corona

nanoparticles (one-pot preparation), which consist of a hydrophobic core and hy-

drophilic corona, by using water-soluble macromonomers [41, 42]. The key item

is the water-soluble macromonomer; a typical example was reported using a meth-

acrylate monomer containing a methoxy-terminated poly(ethylene glycol) side

chain. The water-soluble segment was enriched spontaneously at the interface be-

tween the hydrophobic core and water, thus stabilizing the interfacial energy. The
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preparative conditions are easily changeable to prepare many kinds of nanopar-

ticles with core-corona morphology. Recently, lectin-conjugated nanoparticles have

been prepared for the purpose of detecting the HIV virus [42]. From human se-

rum, the virus is easily captured, and the nanoparticles formed in a precipitation.

Caldwell et al. evaluated surface coverage by the immobilization of biomolecules;

in particular, oligonucleotides were attached to polystyrene-based nanoparticles

[43]. A number of the attached oligonucleotides were evaluated using the sedimen-

tation field flow fractionation technique (a type of chromatography). This character-

ization technique is a powerful tool for estimating surface conditions: a number of

functional groups, active linkage for bioconjugation, immobilized proteins, and

binding target molecules in each step.

5.2.2

Key Materials for Nanofabrication

We have proposed recently the assembly of phospholipids polar group on nanopar-

ticles. Nanoparticles are generally unstable as colloid particles in aqueous media. A

hydrophilic moiety and ionic groups are incorporated onto the surface to prepare

the interface. One unusual interface is the cell membrane, which is composed of

phospholipid molecules, glycoproteins, and channel-forming proteins. It provides

not only division between the cytoplasm and the outer environment but also allows

communication via antenna molecules and channels. Ishihara et al. have designed

and synthesized a novel functional monomer with a phospholipid polar group, 2-

methacryloyloxyethyl phosphorylcholine (MPC, Fig. 5.1), in order to fabricate the

cell membrane structure as a biointerface [29–31]. MPC (methacrylate derivative)

easily polymerized with any kind of acrylate and methacrylate monomers by con-

ventional radical, living radical, and atom transfer radical polymerizations [44–

47]. Finely designed polymers with phospholipid polar groups were easily prepared

by these polymerization techniques. The phospholipid polymer could form the cell

membrane-like interface using coating, polymer blending, and polymer graft tech-

niques [48–53]. A typical phospholipid polymer is copolymerized with n-butyl
methacrylate (BMA); the phospholipid polymer-coated surface is illustrated in Fig.

5.2. The phospholipid polymer provided a very bio-inert interface; in particular, a

non-specific interactive biointerface was obtained on diverse materials, and many

biomedical devices have been developed using phospholipid polymer technology

[22–25]. The stability of the phospholipid polymer-modified enzyme was also sig-

nificantly prolonged in comparison with the native enzyme [26–28]. Furthermore,

Fig. 5.1. Chemical structure of 2-methacryloyloxyethyl phosphorylcholine (MPC).
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the phospholipid polymer spontaneously formed nano-structured aggregations, in-

dicating amphiphilic and surfactant-like properties [54]. Employment of a polymer-

based biomimetic surface is a promising approach to prepare nano-scaled devices

for biofunctionalization.

5.3

Design of Bioconjugate Nanoparticles

Bioconjugate nanoparticles have contributed to the development of advanced bio-

medical research. Nano-scaled materials are both available and very interesting.

The most favorable characteristics of the nanoparticles are their ability to form

fine, stable dispersions in aqueous media, the ease in which immobilized biomole-

cules can be located, and their relatively large surface area.

5.3.1

Bioconjugate Phospholipid Polymer

The phospholipid polymer was designed for bioconjugation with biomolecules

such as proteins, peptides, and DNA. We have synthesized a functional monomer

– a p-nitrophenyloxycarbonyl poly(oxyethylene) methacrylate (MEONP) – having

an active ester linkage for bioconjugation [55]. MPC, MEONP, n-butyl methacry-

late (BMA) were copolymerized to prepare the bioconjugate phospholipid poly-

mer (PMBN, Fig. 5.3) by a conventional radical polymerization technique with

2,2 0-azobisisobutyronitrile as an initiator. This polymer serves two functions –

suppression of non-specific adsorption from the human body and the connection

of biomolecules via an active ester group. Table 5.1 shows typical synthetic results.

Two kinds of the phospholipid polymers were prepared with regards to solubility

in water. The MPC unit is highly hydrophilic, so the solubility was changeable by

MPC unit composition. Below 30 mol% of MPC unit, the phospholipid polymer

could not dissolve in water but did so in ethanol. The water-insoluble polymer pro-

vided a stable biointerface for capillary electrophoresis [56]. A bioconjugate phos-

pholipid polymer having 40 mol% of MPC could easily dissolve in water; 2 mol%

of active ester groups were incorporated.

5.3.2

Solution Properties by Fluorescence Probe

The fluorescence probe sodium 1-anilinonaphthalene-8-sulfonate (ANS) is used as

an indicator for the estimation of polarity in hydrophobic environments, showing a

maximum fluorescence at 515 nm (lEM) in water and 475 nm (lEM) in n-butyl alco-
hol [excitation at 370 nm (lEX)]. The maximum fluorescence wavelength depended

on various environmental conditions. For example, it is possible to estimate micro-

environment factors such as change in higher-ordered conformation in proteins.

Generally, amphiphilic polymers spontaneously aggregate in an aqueous media.
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We evaluated the change in the maximum fluorescence wavelength by ANS. Fig-

ure 5.4 indicates that the maximum wavelength shifted upon increasing the poly-

mer concentration. Above 0.1 mg mL�1 of polymer, the wavelength was below

480 nm, indicating that the ANS molecule is trapped in lower polarity. The change

in maximum wavelength showed that the phospholipid polymer spontaneously

formed aggregates, indicating that it could form hydrophobic domains in a water

Fig. 5.3. Chemical structure of active ester monomer

(MEONP) formed using p-nitrophenyl chloroformate (a) and

the bioconjugate phospholipid polymer (PMBN) (b) derived

from the copolymerization of MPC, BMA and MEONP. The

average number of oxyethylene units was 4.5.

Tab. 5.1. Synthetic results of bioconjugate phospholipid polymers.

Monomer unit composition (mol%)

In feed In copolymer [a]

MPC/BMA/MEONP MPC/BMA/MEONP

Time

(h)

Yield

(%)

MW
[b] Solubility

in water [c]

PMBN30 30/65/5 27/61/12 6 – 3:8� 104 �
PMBN40 40/55/5 36/62/2 3 77 6:2� 104 þþ

[Monomer] ¼ 1:0 mol L�1, [AIBN] ¼ 10 mmol L�1

Reaction temperature 60 �C.

Precipitated by Diethyl ether/chloroform (8:2).
aDetermined by 1H NMR.
bDetermined by GPC in water/methanol (3:7), PEO standard.
cSolubility described as soluble (þþ) and insoluble (�).
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environment. Therefore, phase-separated organic solvent containing polymer as

core materials of the nanoparticles was stably dispersed in the phospholipid poly-

mer aqueous solution as an emulsion, and the interface on the emulsion covered

with the phospholipid polymer was then prepared. The ANS test confirmed

that the phospholipid polymer aggregated in water above a concentration of

0.1 mg mL�1, and could therefore be employed as an emulsifier and a surface

modifier for nanoparticles.

5.3.3

Bioconjugate Nanoparticles

Bioconjugate nanoparticles have been prepared by solvent evaporation methods for

the systematic design of core materials – polystyrene (PS) as a conventional poly-

mer and poly(l-lactic acid) (PLA) as a biodegradable polymer. According to the mo-

lecular design of the bioconjugate phospholipid polymer, the hydrophobic chains,

n-butyl groups, were considered to penetrate on the surface of nanoparticles. The

phospholipid polar groups and active ester groups, which formed domains, were

concentrated at the nanoparticle surface to stabilize the interface, and the p-
nitrophenyl ester groups can freely conjugate with biomolecules (Fig. 5.5). In this

section, we examine whether the characteristics of nanoparticles would alter by

changing the core materials. As core polymer materials, PLA and PS were used to

prepare PMBN/PLA or PMBN/PS nanoparticles by a solvent evaporation technique

in aqueous medium [55, 57, 58]. In this process, the PMBN was utilized as

an emulsifier, and the polymer concentration regulated the average diameter of

the nanoparticles. The diameter decreased with increasing initial concentration of

PMBN. Typical preparative concentrations of PMBN, PLA, and PS were 1.0, 10

Fig. 5.4. Change in maximum fluorescence wavelength caused

by phospholipid polymer aggregation (lEX ¼ 370 nm).
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and 10 mg mL�1, respectively. The surface of the nanoparticles was characterized

by X-ray photoelectron spectroscopy (XPS), surface z-potential, dynamic light

scattering (DLS), scanning electron microscopy (SEM), and determination of active

ester groups.

5.3.4

Surface Elemental Analysis by X-ray Photoelectron Spectroscopy

Surface analysis of the PMBN/PLA nanoparticles was carried out with XPS to

estimate the phospholipid polar groups on the surface. Figure 5.6 shows the XPS

spectra of C1s, O1s, N1s, and P2p on the surface of the PMBN nanoparticles. From

the XPS analysis, OaCaO and CbO peaks from the phospholipid polymer were

observed at 287.0 and 289.0 eV, respectively. Furthermore, a small broad peak

attributed to an aromatic group based on the p-nitrophenyl ester group was also

observed at 291.5 eV. Additionally, N1s and P2p peaks attributed to choline methyl

(403.0 eV) and phosphate ester (134.0 eV) were observed. Moreover, the PMBN/PS

nanoparticle was also characterized (Fig. 5.6). These results strongly indicated that

the interface on the PMBN/PLA and PMBN/PS nanoparticles was covered with

phospholipid polar groups and p-nitrophenyl ester groups.

5.3.5

Surface z-Potential on Nanoparticles

As an alternative characterization, surface z-potential was measured to estimate the

coverage of the bioconjugate phospholipid polymer. The phospholipid polar group

contains a quaternary choline methyl group (cation) and a phosphate ester group

(anion). Their ions form an intramolecular ion pair; therefore, their charge is neu-

tralized [59]. If the nanoparticles were covered with phospholipid polymers, the

z-potential on the surface would be roughly 0 mV. That is why the z-potential was

Fig. 5.5. Schematic illustration of bioconjugate phospholipid polymer nanoparticles.
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measured for the phospholipid polymer coverage. The z-potential of the PMBN/

PLA and PMBN/PS nanoparticles were �2:1G 3 mV and �2:3G 2 mV, respec-

tively. The obtained z-potential is almost the same ratio and roughly 0 mV, as we

expected. Farokhzad et al. reported a bioconjugate polymer nanoparticle composed

Fig. 5.6. X-ray photoelectron spectra of PMBN/PLA

nanoparticles (a) and PMBN/PS nanoparticles (b).
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of aptamers for targeting drug delivery to prostate cancer cells. The polymer used

was PLA-block-poly(ethylene glycol) (PEG) with a terminal carboxylic group (PLA-

PEG-COOH) [60]. According to the report, the z-potential of the PLA-PEG-COOH

was �50G 3 mV, and of the PLA bare particle was �24G 5 mV. This indicates

that the surface potential was significantly shifted to a more negative charge than

the unmodified PLA nanoparticles, as a result of surface modification. Veronesi

et al. reported that vanilloid (VR1) receptors on the cell membrane were activated

by membrane depolarization, which is induced by charged polystyrene nanopar-

ticles [61]. The acid-sensitive ionic channels could be activated by the electrostatic

charge carried on chemically modified particles: neutral polystyrene nanoparticles

(particle size: 750 nm), negative polystyrene nanoparticles (having carboxyl groups)

(particle size: 860 nm), and positive polystyrene nanoparticles (having diamino

groups) (particle size: 850 nm). The z-potential of each nanoparticle was �55

(neutral), �88 (carboxyl), and �23 (diamino) mV, respectively. From their reports,

the nanoparticles showed a negative charge to maintain stability by electrostatic

repulsion. For nanoparticles covered with the phospholipid polymer, the surface

charge was nearly neutral, because it formed intramolecular ion pairs in phosphor-

ylcholine groups. From the z-potential results, the phosphorylcholine groups were

assembled on the nanoparticles.

5.3.6

Particle Size by Dynamic Light Scattering and Morphology by Scanning Electron

Microscope

The particle size and size distribution of phospholipid polymer nanoparticles have

been determined by dynamic light scattering measurements (DLS). The concentra-

tion of PMBN/PLA and PMBN/PS nanoparticles was 2.5 mg mL�1. The size distri-

bution of the nanoparticles is shown in Fig. 5.7. The particle size of PMBN/PLA

was 270G 100 nm, and that of PMBN/PS was 320G 100 nm. It is considered

that these two particles have almost the same diameter with monodispersity. The

miscibility between the phospholipid polymer and core polymer materials was

slightly different; the PLA core is a little superior to the PS core material. Monodis-

persed nanoparticles were easily, and in large quantities, prepared by an emulsion

technique.

The particle size of the phospholipid polymer nanoparticles was observed using

a scanning electron microscope (SEM). Figure 5.7 shows SEM pictures of the

nanoparticles. From this result, the size of the PMBN/PLA and PMBN/PS nano-

particle were seen to be approximately similar, showing good agreement with the

DLS measurement. Particle morphology was quite good, with a spherical form.

Generally, the nanoparticle was utilized up to 100 mg mL�1. Bioreactions were

carried out in a 96-well multiplate, providing a maximum volume of 300 mL. To

prepare nanoparticles in large quantities (mg scale), several kinds of bioreaction

and biofunctionalizations can be fully designed at a laboratory level. With our

emulsion technique, preparative conditions can easily be scaled-up, and the nano-

particles can then be produced on an industrial scale.
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5.3.7

Determination of Active Ester Groups on Nanoparticles

Biomolecules can be quite easily immobilized on phospholipid polymer nanopar-

ticles. A protein-bound amino group could, for example, couple to the ester groups

on the polymer under physiological conditions, producing p-nitrophenol as a leav-

ing group (Fig. 5.8). The bioconjugate reaction is accelerated under weak alkaline

conditions. The conversion is easily estimated by the released p-nitrophenol.
To quantify the active ester groups on the phospholipid polymer nanoparticles,

NaOH aqueous solution (0.1 mol L�1) was added to each suspension of PMBN/

PLA and PMBN/PS for complete hydrolysis of the active ester groups. The released

p-nitrophenol was detected by UV measurement at 400 nm. The molar extinction

coefficient of the p-nitrophenol was calculated as e400 ¼ 1:8� 104 L mol�1 cm�1.

Figure 5.9 shows the change in UV spectra of PMBN/PLA nanoparticles after and

before hydrolysis. From this result, the active ester groups on the PMBN/PLA

nanoparticles were estimated as 1:0� 10�9 mol (mg-nanoparticle)�1. Thus, an

active ester group exists on the PMBN/PLA nanoparticles, and the amount of

such groups on PMBN/PS nanoparticles was roughly the same as on PMBN/PLA

nanoparticles. The p-nitrophenyl ester groups, which could connect with the amino

Fig. 5.7. Size distribution by dynamic light scattering of

PMBN/PLA (a) and PMBN/PS (b) nanoparticles, and scanning

electron microscope pictures of PMBN/PLA (c) and PMBN/PS

(d) nanoparticles.
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groups on the proteins, were at the surface of the nanoparticles. Therefore, the

interface of the PMBN/PLA and PMBN/PS nanoparticles was covered with active

ester groups as well as phospholipid polar groups.

5.4

Biofunction on Nanoparticles

One biofunctional enzyme reaction has been evaluated on phospholipid polymer

nanoparticles. In addition, a sequential enzymatic reaction has also been designed.

The most favorable characteristic is the local concentration of enzyme on the nano-

particles. An increase in this local concentration is effective for valuable and rare

biomolecules.

5.4.1

Design of Sequential Enzymatic Reaction

We have recently proposed a novel signal amplified diagnosis system using a se-

quential enzymatic reaction on nanoparticles. The nanoparticles are composed of

a phospholipid polymer with active ester groups and polystyrene core. The ampli-

fied signal was evaluated by using choline oxidase and peroxidase, which were co-

immobilized onto the nanoparticles. The choline oxidase reacts with choline chlo-

ride, producing hydrogen peroxide that is used as a substrate in the next enzymatic

reaction by peroxidase. In this sequential reaction, the amount of tetramethylben-

zidine is evaluated by change in absorbance, for the single enzymatic reaction

(peroxidase) and/or sequential enzymatic reaction (choline oxidase and peroxidase)

(see below for more details).

Fig. 5.9. UV spectra of p-nitrophenol (abs. 400 nm) before

(dashed line) and after (solid line) hydrolysis of PMBN/PLA or

PMBN/PS nanoparticles in 0.1 m NaOH aqueous solution.
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5.4.2

Amplified Signal on Nanoparticles

The active ester group on the nanoparticles is labile to the primary amino group,

affording a carbamate linkage for bioconjugation. We have already estimated the

conversion of the active ester linkage; 40% of the active ester linkage was converted

by a reaction with proteins [58]. Two kinds of enzymes, choline oxidase and perox-

idase, were co-immobilized onto the surface, and the sequential enzymatic reaction

was then evaluated. The combination of the enzymes displayed communication via

the degradation product (hydrogen peroxide) (Fig. 5.10). As a substrate, choline

chloride (Cho), tetramethylbenzidine (TMBZ), and hydrogen peroxide (H2O2)

were used. The Cho was oxidized by the choline oxidase, and H2O2 was newly

produced as a degradation product. The produced H2O2 was used for the next

enzymatic reaction; the oxidation of TMBZ by peroxidase. The H2O2, which was

originally added to the media, could also be used as substrate.

Two kinds of protocol regarding the enzymatic reaction were examined: (a)

TMBZ and H2O2 were added to the suspension and (b) Cho was added to the sus-

pension with TMBZ and H2O2 (TMBZ/Cho). With protocol (a), only the enzymatic

activity of the peroxidase was evaluated. However, newly produced H2O2 would en-

hance the sequential enzymatic reaction [protocol (b)]. The result of the enzymatic

reaction was evaluated by the change in absorbance at 450 nm (Fig. 5.11). Enzy-

matic reaction on the nanoparticles was significantly greater than that of a simple

enzyme solution, when TMBZ was added as the substrate. The total amount of en-

zymes in the enzyme solution was larger than that of the immobilized enzyme on

the nanoparticles, because the concentration of the enzymes in the solution was

the same as the feed concentration for the preparation of the enzyme-immobilized

nanoparticles. Taking the total amount of the enzyme concentration into account,

choline oxidase and peroxidase were considered to be locally concentrated on the

particle surface in comparison with the solution.

Fig. 5.10. Scheme of sequential enzymatic reactions via degradation product.
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The sequential enzymatic reaction was also compared. The change in absorb-

ance increased with addition of TMBZ/Cho, which was twice as large as that of

the addition of only TMBZ. The increased enzymatic activity was considered to be

based on choline oxidase, and the produced H2O2 was effectively free to move to its

binding site at the substrate. Initially, sufficient H2O2 was added to the media to

promote the enzymatic reaction; therefore, the increased enzymatic reaction was

caused by H2O2 newly produced by choline oxidase. With nanoparticles, the en-

zymes, choline oxidase and peroxidase, were closely immobilized onto the nano-

particles; therefore, the diffusion pathway of the produced H2O2 was significantly

shorter than that in solution. Thus, the produced H2O2 was differed from the orig-

inally added H2O2, which needed a long pathway to react with the peroxidase. Con-

versely, no significant difference in the enzyme solution was observed between the

single reaction (TMBZ) and the sequential reaction (TMBZ/Cho). This indicated

that the reaction with peroxidase proceeded through a single reaction, even if Cho

was added to the media.

5.5

Application for Molecular Diagnosis

Recently, molecular diagnosis using bioconjugate nanoparticles has focused on the

biomedical field. The obtained S/N ratio (signal/noise) generally decreased due to

non-specific protein adsorption under physiological conditions. In this section we

introduce a hyper-sensitive C-reactive protein detection system using the phospho-

lipid polymer nanoparticles.

5.5.1

Example of C-reactive Protein Detection Using Nanoparticles

The C-reactive protein (CRP) is synthesized by the liver in response to interleukin-

6 and is well known as one of the classical acute-phase reactants and as a marker of

Fig. 5.11. Characterization of enzymatic reaction by changing substrate addition.
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inflammation. For some time, the measurement of CRP concentration has been

used as a clinical bio-marker for monitoring autoimmune diseases and infectious

processes, such as rheumatoid arthritis. It has recently been suggested that a

marker of inflammation, along with serum cholesterol, are critical components in

the development and progression of atherosclerosis [62, 63]. However, the prospect

of using CRP as a predictor of future vascular risks faced a large obstacle because

existing conventional assay methods were neither sensitive enough to detect very

low-levels of CRP in serum nor concerned about problems of non-specific protein

adsorption and denaturation of conjugated biomolecules [64, 65]. Among con-

ventional analytical methods, immunoassay, which uses the specific affinity of

antigen–antibody, has been considered as a useful technique for clinical analyses

and medical diagnostics [66]. Major progress in the use of immunoassay principles

occurred with the development of several fundamental techniques [67]. Among

several methods, immunoagglutination using colloidal particles has been widely

used because of its rapid, simple, and inexpensive properties [68, 69]. There have

been many innovations in diagnostics since microsphere agglutination was first

used in medical diagnosis as agglutination-based tests in the late 1950s [70]. Al-

though various types of colloidal particles (e.g., latex, gold, sol, and polymeric par-

ticles) have been introduced to immobilize the biorecognition element (e.g., anti-

body, DNA, etc.) for immunoagglutination, the latex particle, prepared by emulsion

polymerizations, has been widely used in the diagnostics of various infections and

to detect biomarkers or some chemical compounds in biological fluids [71]. How-

ever, several problems need to be addressed to produce a sensitive and reliable

immunoassay. For example, for medical diagnostics such as CRP detection, latex

particles suffered from non-specific binding, which originated from plasma pro-

teins in serum, because of its highly hydrophobic surface. Also, the immobilized

biomolecule became denatured and inactivated when it was physically adsorbed

on the latex particle surface despite several advantages of immunoagglutination.

These findings reduced the sensitivity, and thus the reliability, of the diagnostics.

To address these challenges, we prepared novel nanoparticles as immunoagglutina-

tion substrates based on our phospholipid polymer that had already solved existing

problems.

The nanoparticles were prepared by the solvent evaporation technique under the

systematic design of PMBN/PLA. According to the molecular design of PMBN, the

PMBN chains, particularly n-butyl group, were considered to miscibly interpene-

trate on the surface of PLA particle. The MPC domains were arranged at the sur-

face owing to hydrophilicity, and then the p-nitrophenyl ester groups, which can be

conjugated with biomolecules, were also freely arranged toward the outside. Mono-

dispersion of the PMBN/PLA (d ¼ 205G 43 nm) measured by DLS was confirmed

by field emission scanning electron microscopy (FE-SEM) [Fig. 5.12(a)]. Addition-

ally, the z-potential of PMBN/PLA (�5.6 mV by electrophoresis light scattering

measurement) indicated a slightly negatively charged surface. Biocomponents,

including the plasma proteins, commonly have a slightly negative charge. There-

fore, PMBN/PLA with a large negative z-potential must suffer from non-specific

protein binding when it is used as an immunosensing tool. MPC-PNP was ex-
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pected to show biocompatibility against non-specific binding of the plasma pro-

teins with a slightly negatively charged surface, caused by arrangement of phos-

phorylcholine groups that were regarded as important to reduce protein adsorp-

tion, on PMBN/PLA.

PMBN/PLA can bind with biomolecules such as antibodies because it has p-
nitrophenyl ester groups on its surface. Through a condensation reaction between

amino groups of the antibody and p-nitrophenyl ester groups, the anti-CRP mono-

clonal antibody was immobilized on the MPC-PNP. For optimization, a fluorescent

probe (Alexa Fluor 488, Molecular Probes, USA) labeled anti-CRP antibody

was used to determine accurately the amount of antibody on PMBN/PLA. The im-

mobilized amount of antibody was measured directly and calculated from the

fluorescence intensity after immobilization. On the basis of experimental results,

100 mg mL�1 of anti-CRP antibody was regarded as the optimal concentration

for immobilization on PMBN/PLA. The remaining p-nitrophenyl ester groups

Fig. 5.12. SEM observations of anti-CRP antibody-immobilized

PMBN/PLA nanoparticles: magnified view (a), normal view (b)

and agglutination by antigen (c).
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on the surface were thoroughly blocked by 20 mm glycine. The z-potential of the

PMBN/PLA (�25.3 mV) was further decreased after antibody immobilization

because the antibody has a negative charge.

After preparation of the anti-CRP antibody immobilized PMBN/PLA, it was ap-

plied to detect serum-free CRP by the immunoagglutination method. Figure 5.12

also indicates FE-SEM photographs of the immunoagglutination at an initial state

(b) and after aggregation (c). The immunoagglutination of PMBN/PLA was clearly

successfully achieved by specific antigen–antibody binding. Following the confir-

mation of immunoagglutination, the dependency for serum-free CRP concentra-

tion was investigated with the anti-CRP antibody immobilized PMBN/PLA and

commercially available polystyrene nanoparticles. The increase in optical density

was investigated to evaluate the degree of immunoagglutination when agglutina-

tion occurred among particles. To avoid interference of light absorbance into anti-

body molecules, the optical density was measured at 570 nm when immunoagglu-

tination was thoroughly performed for 90 min at 37 �C.

Figure 5.13 shows the calibration curves for serum-free CRP by PMBN/PLA and

polystyrene nanoparticles. For PMBN/PLA, the calibration curve clearly had a lin-

ear correlation for serum-free CRP concentrations (from 0.01 to 10 mg dL�1); poly-

styrene nanoparticles, however, had a limited linearity (from 0.1 to 10 mg dL�1).

The difference between the two calibration curves might be related to the resis-

tance of protein adsorption on the surface of particles. With polystyrene nanopar-

ticles, it could be that antigen–antibody binding did not occur and, instead, non-

specific adsorption of CRP took place that affected the detection results. Overall,

for polystyrene nanoparticles it was difficult to detect CRP at low concentrations al-

though non-specific adsorption could be ignored at high concentrations because of

the high response from antigen–antibody binding. Conversely, low concentrations

Fig. 5.13. Standard calibration curve for

serum-free CRP obtained from the change

in optical density at 570 nm when the

immunoagglutination among anti-CRP

antibody conjugated PMBN/PLA nanoparticles

(i) and conventional polystyrene nanoparticles

(a) was completed following each serum-free

CRP injected.
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of CRP could be detected by PMBN/PLA because there were no problems with

non-specific binding of CRP. From successfully obtained calibration curves, CRP

detection was investigated with CRP in serum; the previous calibration curves in

Fig. 5.13 were considered as standard calibration curves for CRP.

5.5.2

High-performance Diagnosis in Serum

Figure 5.14 indicates the change in optical density of serum-containing particles

with CRP concentrations in serum. These were compared with standard calibra-

tion curves to consider non-specific binding from plasma proteins in serum. Ad-

sorption of plasma proteins, such as BSA and g-globulin, in serum on the particles

might induce the agglutination of particles, and this non-specific agglutination

would be a major problem for reliable CRP detection. As shown in Fig. 5.14, poly-

styrene nanoparticles gave a quite different standard curve because non-specific

agglutination occurred, resulting in plasma protein adsorption. This phenomenon

could also be explained by particle preparation parameters such as ionic strength

and hydrophobicity. However, the calibration curve was almost identical when

PMBN/PLA was used to detect the CRP in serum. Thus, non-specific binding of

plasma proteins rarely occurred on the MPC-PNP, and highly sensitive and reliable

CRP diagnostics could be obtained. Normally, the detection limit for CRP was

below 0.06 mg dL�1 for medical diagnostics. Furthermore, with infants, much

lower detection limits are required to detect CRP. The MPC-PNP fully satisfied

the requirement for CRP detection.

To determine their thermal stability, anti-CRP antibody immobilized PMBN/PLA

Fig. 5.14. Consideration of the regulating effect of non-specific

binding from plasma proteins in human serum by comparing

the calibration curves for serum-free CRP and CRP in serum;

PMBN/PLA nanoparticles (i) and conventional polystyrene

nanoparticles (a).
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and polystyrene nanoparticles were stored at 55 �C for 2 h, and were then used to

detect serum-free CRP under the same conditions as for the determination of the

standard calibration curves. Figure 5.15 shows the calibration curve for serum-free

CRP obtained after this treatment. From the figure, the calibration curve of the

PMBN/PLA was almost the same as the standard curve. However, the polystyrene

nanoparticles gave a very different curve, indicating that anti-CRP antibody immo-

bilized on polystyrene nanoparticles was denatured by the high temperature treat-

ment and almost lost its selectivity for CRP. However, for PMBN/PLA, the immo-

bilized antibody was clearly not influenced by the increase in temperature.

The resistance of protein adsorption and suppression of antibody denaturation

on PMBN/PLA might be related to the hydration state of the phosphorylcholine

groups. The following concept is generally accepted when considering protein ad-

sorption on a polymer substrate [72]. Water molecules bind to the hydrophobic

part of the polymer through van der Waals forces. These bound water molecules

cause protein adsorption by hydrophobic interaction. When a protein molecule is

adsorbed on a polymer surface, the water molecules between proteins and the poly-

mer need to be replaced. This phenomenon induces a much stronger interaction

with a change in the denaturation of the proteins. If the water at the surface is in

a similar state to bulk water, the protein does not need to release bound water mol-

ecules even if the protein molecules are in contact with the surface. Under the hy-

pothesis concerning the effect of water states, our group has previously analyzed

the water state of hydrated MPC polymers, and recognized that the water state on

the MPC polymer surface is naturally maintained [73, 74]. For PMBN/PLA, this

hypothesis can also be used to explain several experimental results because its sur-

Fig. 5.15. Remaining immunologic activities of conjugated

anti-CRP antibody on PMBN/PLA nanoparticles and

conventional polystyrene NP; the calibration curves for

serum-free CRP were obtained after 2 h storage 55 �C;
PMBN/PLA nanoparticles (i) and conventional polystyrene

nanoparticles (a).
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face was successfully covered with MPC units. Furthermore, as additional proof of

the hypothesis, the colloidal stability of the PMBN/PLA was also explained. Gener-

ally, colloidal stability can be achieved in two ways: (a) the particles can be given an

electric charge (either positive or negative) and if all have the same charge they will

repel one another more or less strongly when they approach; (b) the particles can

be coated with an adsorbed layer of some material (say a polymer), which itself pre-

vents their close approach. Although the PMBN/PLA did not correspond to either

situation it has good colloidal stability – as indicated in the FE-SEM picture for ini-

tial colloidal states [Fig. 5.12(a)]. On the basis of our hypothesis, it was strongly

solvated with water molecules, and polar groups like bound water molecules resist

coagulation among the PMBN/PLA nanoparticles.

5.6

Conclusions

Nanofabrication is a promising technique that opens up a new scientific field,

integrating biochemistry, bioscience, material science, polymer chemistry, and

nano-scaled processing. Under the nano-scale environment, surface properties

(biointerface) are dominant factors and, thereby, regulate biofunctions. In partic-

ular, non-specific protein adsorption is a typical phenomenon in nanofabrication.

A series of phospholipid polymers are good candidates for nanofabrication involv-

ing biofunctionalization.
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Biofunctionalization of Metallic Nanoparticles

and Microarrays for Biomolecular Detection

Grit Festag, Uwe Klenz, Thomas Henkel, Andrea Csáki, and

Wolfgang Fritzsche

6.1

Introduction

Characterization of molecular interactions represents a core technology for today’s

biomedical research. The specific binding of bioactive compounds to certain patho-

gens, the discovery of novel pathways in the cell, or the early detection of low num-

bers of disease-related molecules are examples of the wide application of biomolec-

ular detection. With the ongoing elucidation of the molecular bases for life

processes, a further demand for testing the presence and, eventually, the quantity

of molecules of interest is expected. One interesting development is the field of

point-of-care (POC) diagnostics that describes the application of biomolecular de-

tection outside the dedicated laboratory and near the patient, such as in the medi-

cal practice. Other applications with similar technical requirements are, for exam-

ple, the testing for toxic organisms in food processing factories or the detection of

pathogens in air conditioning systems. This set of applications requires a highly

robust technology, both regarding a minimized maintenance and stability against

users not trained as laboratory personnel. It includes a signal that is easily trans-

formed into results, without the need for user input or extended processing. The

decentralized character of this approach asks for cost-efficiency of detection equip-

ment that has to be provided in large quantity. The resulting need for miniaturiza-

tion is matched by the general development towards minimal sample liquid

volume. Although sample holders with several thousands of detection sites have

been described already for gene expression chips, typical analytical questions for

POC diagnostics will be limited to a handful of parallel tests. Moreover, the

highly-developed fluorescence readers needed for the readout of expression chips

are hardly suitable for POC applications due to their high costs and complicated

detection setup.

What measurement principles are best suited for this novel field in bioanalytics?

The demonstration of DNA-conjugated metal nanoparticles [1, 2] was the starting

point for a novel family of detection techniques based on these particles. These par-

ticles allowed for various elegant detection schemes with sensitivities comparable

or even better than for fluorescence-based assays. Surprisingly, the – in comparison
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to fluorescent dyes – large mass of the particles does not interfere with the specif-

icity of the binding of the conjugated molecules. In certain applications they even

enhance the specificity compared with fluorescence assays [3].

This chapter describes the application of biofunctionalized nanoparticles for

biomolecular detections. The first section describes application aspects, including

typical assay formats, array fabrication, and the numerous detection schemes es-

tablished. The most important types of nanoparticles (regarding their composition)

are introduced in Section 6.2.1. The following section describes the synthesis of

metal particles. Particle biofunctionalization represents the key step for an inte-

gration of the nanoparticles into biological assays. The various bioconjugation

approaches regarding gold nanoparticles are introduced in Section 6.2.3.1 for

DNA and Section 6.2.3.2 for proteins. Other metal nanoparticles follow in Section

6.2.3.3. Section 6.2.4 gives the outlook for further applications of bioconjugated

particles.

Although biofunctionalized particles are important for assays, substrates modi-

fied with capture molecules are often required to realize chip-based detection with

its potential for miniaturization as well as parallelization. Such substrates usually

exhibit self-assembled monolayers to bind the capture molecules (Section 6.3.1.1).

For a typical system, optimization, regarding blocking of undesired unspecific in-

teractions, is required (Section 6.3.1.2). Beside molecular layers, nanoporous gels

provide another interesting option for efficient binding of capture molecules

(Section 6.3.2). This chapter concludes with an outlook (Section 6.4) that forecasts

future developments.

6.1.1

Applications

Nanotechnologies extend the limits of molecular diagnostics to the nanoscale and

offer a broad spectrum of potential applications in molecular diagnostics, as sum-

marized by Jain [4]. Beside technologies such as nanowires or nanopores, we will

focus on nanoparticle technologies using, especially, gold nanoparticles as labels

for biomolecule probes.

A typical assay in biomolecular detection probes the presence of target molecules

by using capture molecules that are complementary to the targets. These capture

molecules bind the target, and this binding is detected using labels that are either

attached to the targets (e.g. by PCR in the case of DNA or RNA) or added by

another binding molecule in a kind of sandwich assay (Fig. 6.1). Capture probes

attached to solid substrates are easily incubated and washed. Moreover, by using

separate binding spots for various capture probes, the assay can be multiplexed

with only minimal sample volume requirement.

6.1.2

Array Fabrication

The need for analytical methods that can deal with many probes, and, ideally, ana-

lyze all of them together, led to the development of so-called microarrays or bio-
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chips, which enable massive parallel mining of biological data, multiplexing, and

automation in a miniaturized format [5]. The particular strength of array analysis

results from the highly redundant measurement of many parallel biomolecular

hybridization or recognition events, which leads to an extraordinary level of assay

validation [6, 7].

DNA microarrays can be fabricated by two strategies. In the first approach, the

on-chip (in situ) synthesis of capture oligonucleotides at defined places provides

high yields of capture probes that are consistent over the surface of the support. It

permits combinatorial strategies for the fabrication of large oligonucleotide arrays.

In the second strategy, an off-line approach in which pre-synthesized oligonucleo-

tides have been deposited onto the substrate (ex situ), available in most biology

laboratories, enables assessment of the capture probes before they are attached

to the surface. Deposition is also the method of choice for long sequences as PCR

products. When many arrays are needed with the same probes, deposition may be

more economical than in situ synthesis.

Fig. 6.1. Microarray-based, sequence-specific

DNA detection with gold nanoparticle labels.

(A) Solid substrate, functionalized for binding

of capture probes. (B) Covalent attachment

of capture-oligonucleotides. (C)–(E) For the

direct detection scheme, the target probes have

to be labeled prior to hybridization. (C)

Hybridization of DNA target strands labeled

with gold nanoparticles or (D) biotin

molecules. (E) Labeling of the biotin-tagged

targets with streptavidin-modified

nanoparticles. (F) In the indirect approach

(sandwich), the unlabeled target strands are

hybridized to the capture strands first, (G)

followed by an additional hybridization with

labeled DNA probes.
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6.1.3

Detection Methods

Different applications of metal nanoparticles for biomolecular detection are favored

by their multi-purpose possibility of signal development.

The most common characterization techniques of metal nanoparticles are

high-resolution transmission electron microscopy (HRTEM) as well as scanning

tunneling microscopy (STM), atomic force microscopy (AFM), small-angle X-ray

scattering, and X-ray diffraction [8]. For paralleled assays in microarray format,

electrical/electrochemical and optical methods are preferred, such as optical ab-

sorbance as well as optical scattering, surface plasmon resonance (SPR) imaging,

and surface-enhanced Raman spectroscopy (SERS).

6.1.3.1 Optical Absorbance

Imaging the optical absorbance of surface-bound particles is probably the simplest

method for analyzing nanoparticle-labeled DNA at surfaces. The extinction coeffi-

cient of metal nanoparticles can exceed those of organic dyes by many orders of

magnitude, which has been explained by the collective resonance of conduction

electrons in the metal (surface plasmon resonance, SPR, [9–11]). An important en-

abling step for DNA labeling by nanoparticles was the development of a method

in 1996 that allowed the direct oligonucleotide modification of gold nanoparticles

[1, 2]. This enabled a simple optical characterization by monitoring a color change

during hybridization events of two complementary DNA–nanoparticle complexes

in solution. Solutions of gold nanoparticle aggregates with interparticle distances

larger than the average particle size appear red. But when biomolecular recognition

events lead to significantly decreased interparticle spacings the solution turns blue,

which is detectable in a spectral shift. The dependency on interparticle spacing was

also used in colorimetric, heterogeneous biomolecule detection schemes on thin-

layer chromatography plates [12]. By using solid supports the color differentiation

was enhanced; this is attributable to increased aggregation of the pre-organized

DNA-linked nanoparticles upon drying the solution on the support, which also

prevented samples (heated above the DNA dissociation temperature) from re-

hybridizing. Thus, a permanent record of the test could be obtained. Further-

more, gold nanoparticle-labeled probes exhibited characteristic, exceptionally sharp

‘‘melting transitions’’ compared with those of fluorophore-labeled targets, which

allows the discrimination of even small DNA sequence defects. By aligning the

oligonucleotides in a ‘‘tail-to-tail’’ [13] rather than ‘‘head-to-tail’’ fashion on the

nanoparticles the sensitivity could be further improved, and it was even possible

to distinguish target sequences with single nucleotide polymorphisms from the

fully complementary target. The altered melting profiles yielded a selectivity that

was over three times higher than that observed for fluorophore-labeled targets [3].

The absorbance signal of the surface-bound gold nanoparticles could be further

amplified by autocatalytic deposition of silver metal [14]. Such silver enhancement

leads to a growth of the gold nanoparticles (Fig. 6.2) and makes the nanoparticle-

based assays readable by simple flatbed scanners. The sensitivity of this scanomet-
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ric array detection exceeds that of analogous fluorophore systems by two orders of

magnitude (50 fm vs. 5 pm, respectively) [3].

Microstructured biochips were introduced in this field to monitor the binding of

nanoparticle-labeled target DNA to arrayed capture DNA probes by both reflected

and transmitted light [15]. Moreover, the authors found that the intensity of re-

flected light directly relates to the number of bound particles and to the concentra-

tion of hybridizable targets in solution.

Beside the large extinction coefficient there is a just as huge scattering coefficient

that enables extremely sensitive imaging and quantification of nanoparticle-tagged

biomolecules by scattered light. This was shown for selenium nanoparticle–

antibody conjugates that – bound to biotinylated target DNA – could be imaged by

Fig. 6.2. Metal enhancement of gold

nanoparticles by a stepwise electroless

deposition of silver. Atomic force microscopy

(AFM) images and their corresponding section

analyses show the growth of single 30 nm-

sized gold nanoparticles after 0, 2 and 10 min

enhancement time, as examples. For

orientation, selected particles are marked by

arrows through the experiments. (A) Slowly

growing particles by a homemade silver

acetate/hydroquinone silver enhancement

solution (average height of 31, 38 and 48 nm,

respectively). (B) Fast growing particles by

means of a commercial silver enhancement kit

(Silver Enhancement SolutionTM, British

Biocell) (31, 130, and 442 nm, respectively).

154 6 Biofunctionalization of Metallic Nanoparticles and Microarrays for Biomolecular Detection



scattering light in an evanescent field [16]. The use of an internally reflecting wave-

guide allows for measurement of real-time binding or melting of a light-scattering

label of a DNA array.

As well as for the optical absorbance, the spectrum and intensity strongly de-

pends on the size, shape, and material composition of the nanoparticles. Thus,

the use of different-sized gold nanoparticles as scattering labels results in different

colors of scattered light, e.g. green-scattering 50 nm and orange-scattering 100 nm

particles [17].

Li and Rothberg introduced a completely different approach by designing – in

combination with gold nanoparticles – a novel fluorescent assay for DNA hybrid-

ization based on the electrostatic properties of DNA without the need for probe

or surface modification [18]. The fluorescence of single-stranded dye-tagged DNA

was efficiently quenched when the DNA probes had bound to gold nanoparticles,

whereas double stranded DNA refused to adsorb to the particles (Section 6.2.3.1).

Hence, these hybridization events could be measured indirectly as fluorescence

signals.

6.1.3.2 SPR Imaging

In the past decade, SPR methods have contributed significantly to the sensing and

quantification of biomolecule interactions; four emerging application areas have

been identified: food analysis, proteomics, immunogenicity, and drug discovery

[19]. SPR biosensors enable the measurement of analyte binding to immobilized

biomolecules without using labels. The first SPR biosensor, introduced by Biocore

AB in 1990, can detect protein–protein interactions and, moreover, was combined

with miniaturized flow systems for efficient sample delivery to the sensor surface.

Since it was possible to reproducibly self-assemble gold nanoparticles from solu-

tion onto glass surfaces – functionalized with amine or thiol groups – new SPR

biosensors were developed that enable label-free optical detection in a chip-based

format [20]. In a typical SPR spectroscopy setup a laser beam is aimed at the back

of a substrate. Although even subtle changes in the refractive index at the surface

of the substrate result in changes of its resonant reflection angle, nanoparticles

bound to the sensed analytes increase the shifts in deflection angles, leading to a

considerably elevated detection sensitivity [21].

6.1.3.3 Raman Scattering

The enhancement of optical signals by metal nanoparticles is also exploited at de-

tection by Raman scattering [22, 23]. Especially, silver and gold nanoparticles are

extremely effective at enhancing the scattering signal from adsorbed, Raman-active

molecules. Thus, it was possible to detect different DNA target molecules by the

use of DNA probes simultaneously labeled with both Raman-active ligands and

nanoparticles by Raman spectroscopy [24]. The microarray format included cap-

ture DNA strands immobilized on a chip and, thereafter, incubated with target

probes. Gold nanoparticles modified with Cy3-labeled, alkylthiol-capped oligo-

nucleotides were used to monitor the presence of specific target DNA strands.
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Initially, the nanoparticle probes were not visible to the naked eye, and no Raman

signal was detectable. The authors assumed a lack of electromagnetic-field en-

hancement for the nanoparticles due to the large nanoparticle spacings compared

with closely spaced gold nanoparticles that were shown to give a surface-enhanced

Raman scattering (SERS) enhancement [25]. But, in contrast to the undeveloped

particles, silver enhancement of the bound DNA-nanoparticle probes resulted in

the growth of an Ag layer around each Cy3-labeld nanoparticle probe, thereby lead-

ing to large Raman scattering enhancements with an unoptimized detection limit

of 20 fm target concentration.

6.1.3.4 Electrical Detection

In addition to these versatile optical detection schemes metal nanoparticles offer

the possibility for an electrical readout. Owing to their conductivity, it seems self-

evident to use them as a conductive bridge between two electrical leads. This can

be used in DNA detection schemes by immobilizing capture oligonucleotides in a

gap between two electrodes and a subsequent labeling with gold nanoparticles.

Möller et al. were able to hybridize complementary, gold-nanoparticle-tagged oligo-

nucleotides to the surface-bound capture DNA between two microstructured elec-

trodes [26]. An additional silver enhancement step makes the bound nanoparticles

grow and come into contact, thereby bridging the gap. The resulting drop of resis-

tance was measured by an integrated measurement system consisting of a ‘DNA

chip reader’ with an embedded PC [27] (Fig. 6.3). The microstructured chip had

42 1 mm-wide electrode gaps, each independently accessible and simultaneously

read out. The system is transportable, autonomously working and therefore also

suitable for readout outside the laboratory. It could detect 5 pm of target DNA con-

centration. Park et al. have described a similar resistive system with which they

could detect target DNA down to 500 fm as well as single-nucleotide polymor-

phisms with a selectivity of up to 105:1 without a thermal-stringency wash [28].

By depositing biofunctionalized nanoparticles on electrode arrays Campas et al.

were recently able to measure the hybridization efficiency by amperometry [29].

They achieved significant differences in current density between complementary

and mutated oligonucleotide sequences. Similarly, electrodeposition of enzyme-

modified colloidal gold on electrodes provided a proof-of-principle concept for en-

zymatic multisensors.

6.1.3.5 Electrochemical Detection

Other approaches used colloidal gold labels in novel, sensitive electrochemical

sensors [30]. After oxidative gold metal dissolution under acidic conditions the re-

sulting aqueous metal ions were detected by anodic stripping voltammetry (ASV).

Dequaire et al. used disposable carbon-based electrodes and evaluated the method

for a noncompetitive heterogeneous immunoassay of an immunoglobulin G with a

detection limit of 3 pm [30]. In addition, ASV has been assigned to an electrochem-

ical DNA detection method [31]. The combination of sensitive gold(iii) determina-

tion at screen-printed microband electrodes with the large number of gold(iii) ions

released from each gold particle allowed detection of as low as 5 pm amplified
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DNA fragment. Both an advanced magnetic processing technique and a deposition

of gold onto the immobilized gold labels increased the sensitivity of the system by

forcing DNA duplex isolation and increasing the number of gold atoms for the

oxidation, respectively [32]. The use of different nanoparticles (PbS, CdS, ZnS)

with different redox potentials enabled Wang et al. to establish a multilabel system,

where every nanoparticle species encodes a different DNA sequence and can be

selectively identified by ASV [33]. Using voltammetry makes the integration of a

higher number of probes on one substrate problematic. Although Ozsoz et al. did

not address the question of microarray formats, their use of differential pulse vol-

tammetry would be appropriate for direct simultaneous detection of many nano-

particle probes at arrayed microelectrodes [34].

Fig. 6.3. Electrical detection of gold

nanoparticle-labeled DNA. DNA strands

(‘captures’) that bind the molecules of interest

(‘targets’) are immobilized between micro-

structured electrode gaps on a chip. If any

complementary target DNA is present, the

target molecules, labeled with gold nano-

particles, will bind and form the starting

point of subsequent metal enhancement steps.

The resulting metal layer is detected by a

significant drop in electrical resistivity between

the electrodes. (A) Gold electrodes 10 mm wide

were used to create gaps. (B) The zoom

visualizes the details of one of the 1 mm gaps

on the silicon oxide substrate. (C) Overview

showing the half-inch chip. (D) DNA chip

socket of the paralleled readout system. (E)

The portable DNA chip reader. (Modified after

Ref. [27].)

6.1 Introduction 157



6.1.3.6 Gravimetric

Beside their advantageous optical and electrical properties, metal nanoparticles

have a high specific mass that can be exploited in detection schemes based on

gravimetric principles, as has been shown for both quartz-crystal-microbalances

(QCMs) and oscillating microcantilevers. Extremely small mass changes at the

oscillating surface cause characteristic changes in the frequency of nanomechani-

cal resonator detectors.

Okahata et al. even reported binding kinetics of a protein to double stranded

DNA immobilized on a QCM [35]. Metallic nanoparticles also enhance the sensi-

tivity of gravimetric DNA sensors, up to a picomolar range, when using them as

DNA labels [36]. A further increase, up to femtomolar sensitivities, was obtained

either by hybridizing a second layer of nanoparticles to the first one [37] or by

additional gold deposition on the nanoparticle labels [38].

Conversely, cantilever-based optical deflection assays were able to discriminate

DNA single-nucleotide mismatches even without the need for external labeling.

In these approaches the microcantilevers were functionalized with capture mole-

cules. A subsequent biomolecule recognition reaction could be detected due to the

induced deflection of the cantilever [39]. While hybridization of complementary

target oligonucleotides resulted in net positive deflection, targets containing one

or two internal mismatches caused net negative deflection. According to Thundat

and colleagues, this cantilever approach can be adapted to high-throughput array

formats providing distinct positive/negative signals for an easy interpretation of

DNA hybridization. Moreover, Gimzewski and co-workers extended these oligonu-

cleotide hybridization assays on individual cantilevers to cantilevers in an array

[40]. The differential deflection of the cantilevers provided true molecular recogni-

tion signals despite the nonspecific responses of individual cantilevers. Beside the

detection of oligonucleotide hybridization, the general applicability to biomolecular

processes was demonstrated by monitoring molecular recognition between pro-

teins as well.

6.2

Nanoparticles and their Biofunctionalization

Colloidal nanoparticles differ from bulk material due to their large surface-to-

volume ratio. Since inorganic nanoparticles show interesting – strongly size-

dependent – optical, electrical, magnetic, and/or electrochemical properties, they

offer many opportunities in biological applications. Some of these will be described

subsequently. Reference [41] reviews the different physical characteristics of metal

nanoparticles and their implementation in assays.

The intense optical absorption of metal colloids is due to the collective electronic

(or plasmon) resonance and is defined by the nanoparticle material, size, and

geometry. Consequently, not only the size but also their shape plays an important

role.
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6.2.1

Types of Nanoparticles used for Biomolecular Detection

6.2.1.1 Metal Nanoparticles

Metal nanoparticles are dispersions of a solid phase in a liquid phase, mostly as

metal colloids with dimensions of nm to mm (Au [42], Ag [43], [44], Pt [45], Pa

[46], Cu, Fe, and Hg [47]). The most important metal particles are gold and silver

sols synthesized from metal salts. Gold particles are composed of a starting atom

surrounded by a defined quantity of gold-atoms, magic numbers corresponding to

the formula ½10n2 þ 2� [8, 48], where n is the number of layers in the particle. The

minimum size of these colloid particles is 13 atoms. Such particles are close to

icosahedrons or dodecahedrons [49], approximating to spheres with increasing

diameter.

6.2.1.2 Core/Shell Particles

Metal core/shell nanoparticles also have interesting optical properties. Heterogenic

bimetallic nanoparticles exhibit two plasmon resonances, appropriate to the elec-

tronic bands of the pure elements (of both the core and the shell metal phases)

[49]. The optical properties of such nanoparticles are explained by the Mie theory

for cladded particles [50, 51]. Compared with heterogeneous species, homogenous

bimetallic nanoparticles, synthesized, for example, by alloying under laser irradia-

tion, exhibit only one surface plasmon peak, which lies between the absorption

bands of the pure metals [49]. Bimetallic (mostly heterogeneous) nanoparticles

also play an important role in biomolecular detection when Raman-active ligands

are used [24].

Furthermore, pure metal nanoparticles have some disadvantages concerning

their chemical stability or when used in different solvents. To prevent particle

coalescence, colloids can be coated with a dielectric shell, e.g. a silica shell. Liz-

Marzán et al. have used silane coupling agents as surface primers to make the par-

ticle surface vitreophilic, followed by self-assembly of a hydrated silica monolayer

[43]. Thus, the resulting silica surface enables the same bioconjugation strategies

as for silica nanoparticles. This has been summarized recently by Drake et al. [52].

After surface modification the inert metal core/dielectric shell nanoparticles

could be transferred into practically any solvent. The thickness of the optically

transparent silica layer could be determined in a controlled way. Varying the silica

shell thickness and the refractive index of the surrounding solvent allowed control

over the dispersions’ optical properties. For example, the intensity of the plasmon

bands of such nanoparticles depends on the shell thickness. With increasing silica

shell thickness, up to a defined size, the intensity of the plasmon band increased

and, simultaneously, the absorption peak shifted to longer wavelengths (redshift)

due to the increased local refractive index around the particles. However, above

the defined layer thickness of 80 nm scattering becomes significant, resulting in a

strong increase in absorbance at shorter wavelengths (blue-shift), which is similar

to the properties of gold-free silica particles. The same results were caused by

(bio-)polymeric adsorption onto the metal particle surface. The polymeric shell
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also changed the geometric and dielectric parameters of the particles [53]. More-

over, the dependence of variations in extinction and light scattering spectra on the

gold core diameter, the shell refractive index and thickness could adequately be de-

scribed by the dipole approximation of the Mie theory.

Another type of nanoparticle composite consists of a metal shell encapsulating a

dielectric core [54]. The optical properties of such monodisperse silica nanopar-

ticles (so-called Stöber particles [55]) can be influenced by covering the particles

with a thin, uniform metallic shell. Keeping the size of the dielectric core constant,

the optical absorption shift is relatively sensitive to the shell thickness. Assuming a

constant core/shell size ratio it depends on the absolute size whether the particles

absorb or scatter light [56]. Implementation of such nanoshells in living tissue and

application of near-infrared light can photothermally destroy the labeled cells [57].

6.2.1.3 Magnetic Nanoparticles

Magnetic nanoparticles are mostly compounds with iron oxides (Fe3O4/magnetite

and g-Fe2O3/maghemite) and are, therefore, not pure metal particles. However,

they are mentioned here because they are also powerful, versatile nanoscaled

tools in biology and medicine. There are two types of magnetic particles: (1) so-

called magnetic beads containing nm-sized iron oxide particles surrounded by

a polymer-silica matrix and (2) pure metal oxide particles in the nm-range

(real nanoparticles, strictly speaking). Suspensions of small ferrimagnetic single-

domain iron oxide particles are called ferrofluids and can be used for medical

applications if biocompatible. Functionalization of these magnetic beads or nano-

particles, respectively, enables the binding of protein or DNA and, therefore, their

application in biomolecular detection and their potential use in medical diagnos-

tics and therapies, e.g. in thermal tumor treatment (magnetic hyperthermia [58])

where only biocompatible magnetic nanoparticles are usable. For many diagnostic

applications both magnetic beads and nanoparticles are usable. Thus, they are

employed as contrast agents in magnetic resonance imaging (MRI) as well as in

detecting biomolecular binding events by means of magnetic sensors. Magneto-

resistive detection methods exploit the fact that an applied magnetic field, e.g.

due to magnetic particles attached to the sensor, causes a shift in electric resis-

tivity [59–62]. Additionally, the magnetic separation of biomolecules attached

to magnetic beads is a standard laboratory method. Thus, Ho et al. employed

antibody-presenting magnetic nanoparticles as effective affinity probes for selec-

tively concentrating traces of target bacteria from sample solutions [63].

6.2.1.4 Quantum Dots

Quantum dots are nanocrystals of cadmium chalcogenides (CdS, CdSe, CdTe), in

the range of 200–10 000 atoms, that exhibit strongly size-dependent optical and

electrical properties [64]. Irradiated with low-energy light of a broad, continuous

excitation spectrum, semiconductor nanocrystals have a narrow, tunable emission

spectrum, and, moreover, they are photochemically stable and therefore comple-

mentary, and in some cases perhaps even superior, to conventional fluorophores

[65]. But, dependent on their size, the photoluminescence signal can consist of
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the entire spectrum of visible light. This enables the excitation of different sizes of

quantum dots at the same time and makes them suitable as luminescent probes

for labeling of biological systems [4, 66, 67].

6.2.2

Synthesis of Gold (Silver) Nanoparticles

The method used most for the synthesis of gold (as well as other metal) nanopar-

ticles is the reduction of metal salts by different reducing agents (organic acids

[68], substituted ammonias [68, 69], formaldehyde [70], hydrogen peroxide, phos-

phorus [71], gases, protecting agents [72, 73], and electrical fields [74]. Gold col-

loids are mostly synthesized by the reduction of gold(iii) salts, and, among these,

the citrate reduction of HAuCl4 is the most common procedure [68], where so-

dium citrate acts both as a nucleating and reducing agent [47]. Initially, the citrate

is oxidized to acetone dicarboxylic acid [49]. In the following step, gold ions be-

come atoms by forming an intermediate complex and, thereafter, nucleation is-

lands. The smallest island is composed of 13 gold atoms [75]. Further metal ions

are reduced on the surface of such nucleation centers to give larger particles. The

particle size (12–147 nm) is determined by the quantity of citrate ions [76]. The

resulting polycrystalline, nearly spherical particles are polydispersed, showing a

relatively uniform shape and homogeneous size distribution (standard deviations

of 10–15%, depending on the particle diameter).

The stability of the citrate-reduced colloids is determined by the concentration of

salt ions in the solution. A dielectric shell of charged ions keeps the particles apart,

therefore stabilizing the solution against aggregation. Small changes in reaction

conditions can make this shell partially unprotected, resulting in an irreversible

coagulation of the colloid solution. By using different ligands during or after the

synthesis the particles can be sterically stabilized (Section 6.2.3).

Another approach to synthesizing metal (gold) nanoparticles is the Brust–

Schiffrin method, involving the phase transfer of a tetrachloroaurate complex

from aqueous to organic solution, followed by reduction with sodium borohydride

in the presence of a thiol-stabilizing ligand [72, 73, 77]. The resulting particles are

smaller (1–3.5 nm) and more monodispersed than the citrate colloids.

Size control of gold nanoparticles by the use of different stabilizing agents de-

pends on the ligand type and its properties [78]. For alkane thiol ligands the molar

ratio of aurate to thiol influences the average particle size [79]. By using a multi-

valent alkane thiol stabilizer Yonezawa et al. obtained smaller, more monodisperse

gold nanoparticles than with conventional monoalkanethiols, thereby enabling sys-

tematic size control with atomic precision [80].

6.2.3

Biofunctionalization

Colloidal metal particles can be modified either during or after particle synthesis.

Similar to the formation of self-assembled monolayers (SAMs) on planar surfaces
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(Section 6.3.1.1) the post-synthetic coupling of biomolecules to the particle surface

occurs in various steps. First, the biomolecules bind through electrostatic interac-

tions by displacing the surrounding citrate ions. Thereafter, a chemical bond be-

tween the ligand and the particle follows, e.g. a thiol-gold coupling.

6.2.3.1 Modification of Gold Nanoparticles with Oligonucleotides/DNA

Oligonucleotides can be attached to metal nanoparticles in different ways. Since

the resulting DNA-nanoparticle conjugates differ in oligonucleotide surface den-

sities, the availability for hybridization to targets, and in the tendency to nonspecifi-

cally bind to surfaces, the attachment chemistry impacts significantly on their use

in heterogeneous detection schemes [81]. Bioconjugate chemistry has been studied

most intensively for gold nanoparticles. As they provide the simplest, most stable

conjugation chemistry for oligonucleotides, we will focus on the biofunctionaliza-

tion of colloidal gold (Fig. 6.4).

Thiol, Di-, Trisulfide Nuzzo et al. have shown that gold surfaces can be easily func-

tionalized by free thiols and disulfides [82, 83]. Their adsorption studies of methane-

thiol and dimethyl disulfide showed a strong binding of both adsorbates to

gold surfaces, with the bonding of disulfide being greatly favored, probably due to

dissociation of the disulfide bond to give a stable surface thiolate. However, these

oligonucleotide–gold conjugates lose activity as hybridization probes when soaked

in solutions containing thiols, which displace the derivatized oligonucleotide from

the gold surface. To overcome this drawback Letsinger et al. described a new

steroid-cyclic disulfide anchoring group for binding oligonucleotides to gold sur-

faces [84]. The resulting nanoparticle conjugates kept their hybridization activity

and were much more resistant to attack by a thiol than conventional gold conju-

gates that contain alkyl mono-thiol or acyclic disulfide linkers. The same authors

subsequently reported that oligonucleotides connected to gold through three sulfur

groups were even more stable than these dithiane conjugates, stabilizing gold par-

ticles even larger than 30 nm in diameter [85].

Gold nanoparticles are usually linked to oligonucleotides by a thiol at the 5 0 or 3 0

end of the oligonucleotide, leaving the nucleotides unobstructed for hybridization

to their complements. However, dependent on oligonucleotide content, length, and

coverage, DNA tends to adsorb nonspecifically to gold surfaces through the nucleo-

tides, inhibiting hybridization [86, 87]. To prevent DNA surface adsorption, mixed

monolayers of the thiol-derivatized probe and a spacer-thiol have been explored.

On planar surfaces, mercaptohexanol (MCH) can orient the DNA perpendicularly

and facilitate hybridization by displacing the non-covalent and nonspecific adsorp-

tion of thiolated DNA [88–90]. Park et al. considered MCH concentration and reac-

tion time as a key to controlling the conformation changes of oligonucleotides

attached to gold nanoparticles [91]. With increasing MCH concentration (1 mm–

1 mm) the electrophoresis mobility of the Au-DNA conjugates slightly decreased

towards those of gold nanoparticles without DNA attached, but stabilized by BPS

[bis(p-sulfonatophenyl)phenylphosphine dihydrate, dipotassium salt]. This result

points to a stepwise loss of surface-bound oligonucleotides, which suggests that
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reaction with concentrated MCH displaces the DNA molecules from the nanopar-

ticle surface. Changes in effective size (Deff ) of the Au-DNA conjugates were quan-

tified by the Ferguson plot method. The obtained drop in Deff confirmed the loss of

surface-bound oligonucleotides with higher MCH concentrations (>0.1 mm). How-

ever, MCH led to an increased hybridization capacity, presumably due to better

availability of the oligonucleotides to base pairing. In addition, Rant et al. charac-

terized the conformation of oligonucleotide layers on Au surfaces by fluorescence

investigation [92] (Fig. 6.5).

Although thiols and mercaptoalkyl residues can be incorporated into DNA sim-

ply by adding the suitable phosphoramidite modifier through solid-phase DNA

synthesis [93], thiol- or disulfide-modified DNA is commercially available.

Other Coupling Strategies (Phosphine, Maleimide, Amine/Succinimide, Lysine) In

1969, McPartlin et al. were the first to describe very small gold clusters that were

passivated by organic groups (phosphines). This undecagold contains a gold core

of 11 atoms, with the gold atoms on the surface attached covalently to phos-

phine groups [94]. By altering the organic groups the clusters were made water

soluble [95] and derivatized to link to proteins [96–98]. Larger gold clusters

were subsequently developed, showing better visibility at high magnification by

transmission electron microscopy (TEM) and increased enhancement with silver

[98]. These 1.4 nm-sized gold nanoparticles (Au55) are commercially available

bearing a single activated functional group (NanogoldTM, Nanoprobes Inc.). They

have been reacted with proteins or appropriately modified oligonucleotides to

form 1:1 nanoparticle:biomolecule conjugates. Using a maleimide group or an N-
hydroxysuccinimide, the gold clusters can react specifically with thiols or amino

groups, respectively [100]. Thus, Au55 clusters passivated with a phosphine ligand

shell, which is functionalized with a single reactive maleimide group, were used to

prepare DNA–gold conjugates from disulfide-modified and thiolated oligonucleoti-

des [101, 102].

As well as thiolated oligonucleotides, Ozsoz et al. used amino-modified oligonu-

cleotide probes to covalently attach to gold nanoparticles bearing carboxy-groups

[34]. After modifying the gold colloids with l-cysteine, standard activation methods

Fig. 6.5. Formation of oligonucleotide

layers on gold nanoparticle surfaces. The

conformation depends on the DNA molecule

density on the surface. (A) At very low surface

coverage, no steric interactions occur between

strands on the surface. (B) For higher molecule

densities, collisions will occur between the

ends of neighboring oligonucleotides,

restricting the possible strand orientations

and forcing the DNA strands to ‘‘stand up’’.

(C) As surface coverage increases, the

oligonucleotides approach their theoretical

limit of a densely packed monolayer of

‘‘standing up’’ DNA strands. (Modified after

Ref. [92].)
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converted the carboxylic acids into succinimide esters, which allow the formation

of a peptide bond with amino-modified DNA.

DNA–nanoparticle conjugates are also an interesting alternative ‘‘bottom-up’’

fabrication technology to produce nanowires using long DNA molecules as tem-

plates. Due to the relatively poor intrinsic electric conductivity of DNA, metalliza-

tion is required and can be achieved by nanoparticles. An ex situ approach uses the

electrostatic interaction between positively charged particles and the negatively

charged DNA phosphate backbone to attach lysine-capped gold colloidal particles

to DNA double-helices [103, 104]. However, Harnack et al. discovered that nega-

tively charged tris(hydroxymethyl)phosphine (THP)-capped gold nanoparticles

also bind densely to DNA [105]. Although the binding mechanisms of THP-gold

nanoparticles to DNA, and the factors controlling the binding efficiency, were still

unclear, the authors expected hydrogen-bonding interactions to be important since

each THP ligand provides three hydroxyl groups that can serve as either OH do-

nors or O acceptors. Cooperative, THP-gold conjugates preferably adsorb to hydro-

philic areas such as DNA molecules.

Supporting these observations, but in contrast to conventional wisdom, Li and

Rothberg also showed that single stranded DNA (ss-DNA) adsorbed on negatively

charged gold nanoparticles whereas double stranded oligonucleotides (ds-DNA)

did not [106]. They attributed these different electrostatic propensities to the flexi-

ble structure of ss-DNA. Single strands can uncoil sufficiently to expose their bases

so that attractive Van der Waals forces cause sticking to the gold. However, the

duplex structure of ds-DNA does not permit the uncoiling needed to expose the

bases. Hence, repulsion between the negatively charged phosphate backbone and

the adsorbed citrate ions dominates so that ds-DNA will not adsorb. Moreover,

they demonstrated that the adsorption rate of ss-DNA to gold nanoparticles is

length and temperature dependent [107] and, additionally, can effectively stabilize

the gold colloid against salt-induced aggregation. Exploiting these observations,

they designed a simple, fast colorimetric hybridization assay that does not require

functionalization of the gold, the probe or the target DNA, but was able to easily

detect single base mismatches.

6.2.3.2 Modification of Gold Nanoparticles with Proteins

Proteins bind to gold colloids for three main reasons: sulfur bonding (cysteine and

methionine), charge (lysine), and hydrophobic attraction (tryptophan) (Fig. 6.6).

Generally, this conjugation is irreversible, but long-term storage at high pH or in

a buffer containing surfactant may cause some proteins to dissociate.

Initially, the coupling of gold nanoparticles to proteins was used to visualize cel-

lular structures by electron microscopy because of the high electric densities [108],

as shown for antibodies and lectin [109, 110]. More recently, Ho et al. reported a

method for fabricating biofunctionalized nanoparticles by attaching human immu-

noglobulin (IgG) on their surfaces through either electrostatic or covalent binding

[63]. By selective binding of these IgG-presenting gold nanoparticles to bacterial

cell walls they were able to study the interactions between IgG and pathogens by

transmission electron microscopy.
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The first nanoparticle labeling of genomic nucleic acids was applied using the

biotin/streptavidin biorecognition reaction [111].

Studying the association of proteins onto gold particles at various protein con-

centrations yield typical saturation curves [14]. The number of bound molecules

depends on the molar concentration of the protein free in solution, the number of

possible adsorption sites and inversely correlates with the equilibrium constant for

dissociation of protein from particles. The applicability of Scatchard analysis to the

formation of protein–gold complexes indicates a finite number of adsorption sites,

leading to saturation, which is best explained by assuming a monomolecular shell

of protein around the particles.

In the past, colloidal gold–protein complexes were used extensively in immuno-

cytochemistry as secondary reagents for the localization of antigens. Horisberger

et al. examined the adsorption of protein A onto 11.2 nm-sized gold nanoparticles,

regarding the process and extent of the adsorption, the optimal conditions of prep-

aration, and the stability of such gold–protein complexes [112]. The adsorption iso-

therm was independent of pH at low protein coverage. However, in the presence of

a large excess of protein A, the highest coverage was obtained at pH 5.1, the iso-

electric point of the protein. Furthermore, the extent of protein association onto

gold particles also varied with the different protein coverage and decreased with in-

creasing coverage. The obtained complexes were stable under storage at low but

not at high protein coverage (up to 12 and 26 molecules adsorbed per particle,

respectively). Beside use in immunoassays by coupling antibodies to colloidal

gold, the streptavidin–biotin system [113] offers further possible applications (for

a review see Ref. [114]). The tetravalent protein streptavidin can bind the small bio-

molecule biotin with high sensitivity and affinity. Thus, streptavidin-functionalized

nanoparticles can be coupled easily to other molecules modified by biotin. By at-

taching biotinylated oligonucleotides to streptavidin-functionalized particles, DNA–

nanoparticle conjugates have been formed [115], enlarging the recognition capac-

ity of streptavidin by a highly specific binding site for the complementary DNA

sequence. This offers the opportunity to detect DNA-DNA hybridization events

Fig. 6.6. Schematic summary of

functionalization approaches of proteins to

gold nanoparticles. Proteins bind to the

particle surface by (A) sulfur bonding, (B)

charge interactions, and/or (C) hydrophobic

attractions (white: hydrophilic, black:

hydrophobic regions), dependent on the amino

acids exposed to the particle surface.
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by gold nanoparticles. Furthermore, Niemeyer and Ceyhan have described a

DNA-directed functionalization of colloidal gold with protein [116]. Thereby,

oligonucleotide-modified gold nanoparticles were coupled to complementary

DNA–streptavidin conjugates, which also have been functionalized with biotiny-

lated antibodies. The bioactivity of the resulting protein–gold conjugates was

proved in an immunoassay.

Recently, Levy et al. have demonstrated a general approach to the synthesis of ex-

tremely stable gold nanoparticles using a pentapeptide ligand [117]. Based on pro-

tein folding considerations, the basic design principle aimed at a ligand that can

readily attach to the surface of the gold particle and form a well-packed passivation

layer with a hydrophilic terminus. The resulting pentapeptide thiol capping ligand

was able to convert citrate-stabilized gold nanoparticles into stable, water-soluble

nanoparticles with chemical properties comparable to those of proteins. The stabil-

ity of different particle preparations conferred by ligands of various peptide se-

quences has been evaluated by exposing the particles to increasing salt concentra-

tions until precipitation occurred. This stability depended on the ligand length,

hydrophobicity, and charge.

In contrast to bioconjugation after nanoparticle synthesis, direct conjugation

methods eliminate the need for intermediate stabilizing agents or dense passiva-

tion that minimizes the free surface area for interactions with the desired adsor-

bates and often tends to aggregation with even mild processing. Burt et al. were

able to produce water-soluble gold nanoparticles less than 2 nm in diameter

directly conjugated to bovine serum albumin (BSA) protein without application

of high temperature or high pressure. They obtained a near-quantitative yield of

well-dispersed, protein-conjugated gold nanoparticles that remain stable indefi-

nitely in solution under ambient conditions [118].

6.2.3.3 Biofunctionalization of other Metal Nanoparticles

Oligonucleotides have been less successfully attached to nanoparticles made from

materials other than gold (such as Ag, Cu, Pd, Pt), probably because of the weaker

bond energies between sulfur and the other metals. Thiols possibly bound to these

surfaces are readily displaced by oxidants or other competing ligands (including

the DNA bases). A thin gold shell grown around metal cores of different materials

and shapes can improve biomolecule attachment, retaining the characteristics of

the core material, as shown for core-shell Ag/Au nanoparticles by Mirkin’s group

[115].

6.2.4

Biological Applications of Gold Nanoparticles

Due to their binding specificity as well as their large variety of functional groups,

biomolecules (nucleic acids, proteins) are able to offer new opportunities for the

functionalization of nanoparticles. Furthermore, efforts have been made to com-

bine the intrinsic opportunities of proteins, e.g. optical, catalytic, mechanical or

switchable properties, with the specific features of nanoparticles.
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Gold nanoparticle-oligonucleotide-conjugates are of great interest since com-

plementary DNA base pairing makes them specifically addressable. This can be

used for biomolecular detection schemes as well as for organizing supramolecular

nanostructures. It also offers versatile applications in the field of biosensors, dis-

ease diagnosis, gene expression, and molecular nanotechnology [8]. There are two

pioneering strategies for the functionalization of gold nanoparticles with oligonu-

cleotides. In 1996, Mirkin et al. used short DNA molecules as a linker between 13

nm-sized particles, resulting in macroscopic assemblies. The DNA attached to the

gold nanoparticles remained accessible to hybridization with complementary DNA

in a sequence-specific but reversible manner [1]. Conversely, DNA can be used as a

template to bind small gold nanoparticles on a single oligonucleotide strand [2].

Furthermore, there are other strategies for forming supramolecular aggregates,

e.g. semi-synthetic conjugates by self-assembly of nucleic acids, inorganic nanopar-

ticles, and proteins such as streptavidin [119].

6.3

Substrates and their Biofunctionalization

Oligonucleotides and other biomolecules cannot be coupled directly to the surface

silanol groups of silicon oxide or glass substrates. Therefore, the surface must be

functionalized with a group that can be used either to initiate oligonucleotide syn-

thesis or to which the pre-synthesized capture oligonucleotides can be attached. In

principle, there are two means of obtaining substrates that can bind biomolecular

capture probes: (1) nearly monomolecular thin films and (2) nanoporous gels (Fig.

6.7). The first method provides binding sites two-dimensionally, whereas the latter

ones form 3D arrangements. The advantage of impermeable, monomolecular

binding layers over nanoporous membranes/gels is that there is no need for

diffusion into pores, i.e. capture and target molecules can access the probes

immediately. This enhances the rate of capture probe immobilization as well as

hybridization/binding rates, especially for extended molecules and/or labels that

would be influenced by steric hindrance. However, 3D nanoporous gels yield a

Fig. 6.7. Strategies of substrate biofunctionalization: (A)

functional planar interfaces and (B) microscaled reaction

volumes (nanoporous hydrogels). Inset: nanoparticle-labeled

oligonucleotide strands immobilized in the gel.
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largely enhanced surface area and, therefore, a higher capacity for binding of cap-

ture and target probes, leading to enhanced signal levels.

6.3.1

Molecular Thin Films

6.3.1.1 Self-assembly Monolayers

Adsorption of organic thin-films enables the biofunctionalization of planar sur-

faces. Typical approaches are either Langmuir–Blodgett (LB) techniques or a

spontaneous organization of molecules into stable, well-defined structures (self-

assembly). Self-assembled monolayers (SAMs) are widely used, highly ordered

monomolecular films that spontaneously form on surfaces by chemisorption.

These 2D monolayers consist of oriented molecules containing a head group that

is reactive towards the surface. The alkyl chain usually influences the physico-

chemical properties and stabilizes the SAM by intermolecular interactions, where-

as the tail groups define the binding properties of the layer to further possible li-

gands. Compared with the similar LB films, in SAMs the ligand covalently binds

to the surface, resulting in a very strong bonding. Several systems give SAMs, e.g.

organosulfur compounds on metal surfaces or carboxy groups on metal oxides

[120, 121].

Exposure of gold surfaces to alkane-thiol solutions leads to the self-assembly of

these molecules. The resulting organic ultrathin film can be monitored by surface

plasmon resonance spectroscopy (SPRS). Peterlinz and Georgiadis introduced a

novel two-color SPR method, with which they obtained both film thickness and

film dielectric constant and studied the chain length- and concentration-dependent

kinetics of film formation in different solvents. Self-assembly in ethanol consists of

three distinct kinetics steps, whereas the formation in heptane can be described

with a single-step Langmuir adsorption model [122]. In ethanol, the results were

most consistent with a film formation mechanism involving adsorption of both

chemisorbed and physisorbed molecules. Expanding their SPRS studies the au-

thors examined the formation kinetics for a two-component monolayer film con-

taining thiol-modified single strand DNA (ssDNA including a hexamethylene

linker) as well as mercaptohexanol [123]. After adsorbing HS-C6-ssDNA, exposure

to an aqueous solution of mercaptohexanol results in a very rapid mercaptohexanol

adsorption followed by a slow desorption of HS-C6-ssDNA. The final coverage of

thiol-tethered DNA with mercaptohexanol diluent was estimated as 5.2� 1012

HS-C6-ssDNA cm�2. This corresponds to coverage densities described elsewhere

[124–126]. Coverage versus time data calculated from the two-color SPR best fitted

those of a model that accounts for adsorption, desorption, and diffusion (ADD) of

the adsorbate, although this model predicts a saturation coverage of 1� 1014 mol-

ecules cm�2. The adsorption and hybridization kinetics of surface-bound thiolated

ssDNA hybridized to fully complementary ssDNA were remarkably similar for

these two different interfacial binding processes. The occurrence of sequence-

specific hybridization was confirmed by SPRS melting studies. The amount of

surface-immobilized duplexes differed only slightly from that for the same du-
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plexes in free solution. A hybridization coverage of about one-third of that for the

adsorption accounts for a loss of some adsorbed HS-C6-ssDNA during rinsing and

mercaptohexanol-mediated desorption as well as for the hybridization efficiency.

The effect of DNA length and the presence of a thiol anchoring group on the as-

sembly of oligonucleotides at gold surfaces was investigated by Steel et al. [127].

The thiol-anchoring group strongly enhanced oligonucleotide immobilization. Ad-

sorbed thiol-ssDNA oligonucleotides shorter than 24 bases tended to organize in

an end-tethered configuration, for which the surface coverage is largely indepen-

dent of oligonucleotide length. However, for strands longer than 24 bases, the sur-

face coverage starts to decrease considerably with probe length, presumably corre-

sponding to a less ordered arrangement of DNA chains. Furthermore, Shchepinov

et al. investigated the influence of steric factors on the hybridization of nucleic

acids to oligonucleotide arrays [128]. They used spacer molecules to reduce steric

interference of the support on the hybridization behavior of immobilized oligonu-

cleotides. The optimal spacer length was determined to be at least 40 atoms, result-

ing in up to a 150-fold increased hybridization yields. Beyond this, steric hindrance

can also be a problem if the surface-bound oligonucleotides are too close to each

other. The highest hybridization yields were given for surfaces containing about

50% of the maximum oligonucleotide concentration. A further important factor

influencing the hybridization efficiency is the base composition of the reacting oli-

gonucleotides, owing to the lower stability of A:T versus G:C pairs. Southern et al.

described the mechanism of duplex formation as a process that starts with the

formation of a transient nucleation complex from the interaction of very few base

pairs [129]. Mismatches close to the centre of an oligonucleotide have a strongly

destabilizing effect on the duplex, whereas mismatches at the end are less destabi-

lizing and thus more difficult to discriminate.

However, organosilicon derivatives on silicon oxide and glass are the most im-

portant for biological applications – and therefore we will focus on these.

Since all the standard surface modifications require silanol groups, the absolute

number and relative distribution of surface hydroxyl (silanol) groups is important

[130]. By varying the concentration of silanol groups it is possible to substantially

change the properties of such a surface. Zhuravlev has studied the surface concen-

tration of hydroxyl groups (silanol number aOH) for a large variety of amorphous

silicas [131]. By using the deuterio-exchange method with mass spectrometric

analysis he estimated a silanol number of about 5.0 OH groups per nm�2 (cor-

responding to 5� 1014 cm�2), independent of the origin and structural charac-

teristics of the fully hydroxylated surfaces, and considered the value as a physi-

cochemical constant. However, preliminary vacuum treatment within the range

from 200 to 1100 �C significantly decreased the concentration of hydroxyl groups

ðaOH < 0:15Þ, pointing to strong dehydroxylation of the surface.

Furthermore, the coating morphology, including silane layer thickness, density,

and the orientation of the surface molecules, strongly depends on the amount of

water the solvent contains [130]. Once the surface offers functional groups for sub-

sequent biomolecule coupling, there are different strategies for covalent attach-

ment of DNA (or proteins) to glass surfaces to build microarrays, as described in

Ref. [132]. To enable molecular interactions with other biomolecules (e.g. hybrid-
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ization) the immobilized capture probes should be fixed at their extremities.

Therefore amino- or carboxy-modified DNA molecules are normally used, requir-

ing adequate functionalized substrate surfaces. Consolandi et al. have described

two robust procedures for oligonucleotide microarray preparation, including glass

functionalization with appropriate silanes (Fig. 6.8), a coating step using polymers,

and a surface activation step to allow for the attachment of amino-modified oligo-

nucleotides [133]. These chemical platforms showed an overall high loading capac-

ity and availability to hybridization against targets, a good uniformity, resistance to

consecutive probing/stripping cycles, and the possibility of performing enzymatic

reactions.

Recently, Martin-Palma et al. have presented a novel biofunctionalization tech-

nique for the deposition of amine groups on different surfaces [134]. The proposed

activation method induced amino-group fixation on the surface of materials rang-

ing from semiconductors to metals and insulating materials. The reactivity of the

functionalized surfaces could be determined by using a fluorescent reagent that

specifically reacts with amine groups.

6.3.1.2 Optimization of Gold Nanoparticle-based Microarrays for DNA Detection

However, substrate modification with silanes (as a prerequisite for capture DNA

binding) often leads to inhomogeneous surfaces and/or non-specific binding of

the labeled DNA. For that reason, Fritzsche and co-workers examined different

cleaning strategies as a prerequisite for substrate functionalization, characterizing

Fig. 6.8. Surface modification with silanes

for DNA attachment. (A) Direct binding of

amino-modified DNA by epoxy-groups of

3-glycidoxypropyltrimethoxysilane (GOPS).

(B) Amino-attachment chemistry of 3-

aminopropyltriethoxysilane (APTES). The

binding of amino-modified oligonucleotides

works indirectly by the bifunctional crosslinker

1,4-phenylenediisothiocyanate (PDC) [135].
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two different surface modification methods with silanes so as to provide functional

groups for covalent attachment of amino-modified DNA [135]. To reduce non-

specific binding of gold-tagged DNA molecules, different blocking strategies were

examined, especially those for nanoparticle labeling. The two examined silanes dif-

fered in their DNA binding homogeneity, maximum signal intensities, and sensi-

tivity. Non-specific gold binding could be blocked by treatment in 3% bovine serum

albumin (BSA). Another approach to characterizing surface modification methods

by silanes employed atomic force microscopy (AFM) [136]. After silanization of the

silicon oxide substrate, parts of the surface were covered by an elastomeric mask

and then treated with oxygen plasma, leading to damage of the silane layer. AFM

characterization of the surface (Fig. 6.9) revealed a height difference of@1.8 nm,

which can be attributed to the thickness of the silane layer.

6.3.2

Nanoporous Gels

As well as glass or silicon surfaces, organic polymers offer another interesting

option for the immobilization of nanoparticles. A higher loading capacity can be

obtained by using thick layers consisting of a 3D network.

Fig. 6.9. DNA immobilization using APTES

surfaces. A step in an APTES surface to

measure the layer thickness was fabricated as

follows: (A) parts of the silanized surface were

covered by an elastomeric mask and thereby

protected against damage by subsequent

oxygen plasma. (B) The resulting step of about

1.8 nm is visible in the scanning force

micrograph and represents the height of the

silane layer. (Modified after Ref. [136] with

permission of Oxford University Press.)
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Since the first introduction of solid-phase synthesis on an organic polymer

support (2% crosslinked polystyrene [137]), new biomaterials with polyethylene

backbone structures have been developed. These materials are characterized by im-

proved hydrophilic/hydrophobic properties as well as a good biocompatibility. An-

other important feature of these polymers is the resistance to standard solvents

and their good swelling properties [138].

In addition to other applications the polymers can be used as beads for com-

binatorial synthesis resins such as TentagelTM [139, 140], polyethylene glycol–

polystyrol (PEG-PS) [139] and polyethylene glycol–polyacrylamide copolymers

(PEGA) [141]. Furthermore, polymers suitable for solid-phase synthesis have been

micropatterned by spinning-on the pure monomers without functionalization,

followed by light-induced polymerization [142]. More recently, Amirgoulova et al.

described polymer coatings based on PEG for the study of immobilized biomole-

cules [143]. The crosslinked, star-polymer derived surfaces not only allowed revers-

ible protein unfolding and refolding but also interacted negligibly with the immo-

bilized proteins.

While preparing the polymer, bacteria cells [144] as well as proteins [145, 146]

can be enclosed for different microfluidic reactors and for biochemical reac-

tions, respectively. Although in these processes the enzymes and cells were non-

covalently bound at the matrix of the polymer, they were restrained/prevented

sterically from leaving the gel.

Bieber and co-workers were able to immobilize Salmonella antibodies in a 3D

polymer network based on acrylamide derivates and polyethylene linkers [147]. To

extend this strategy the applied polyethylene glycol diacrylates and bisacrylated bis-

diamino polyethylene glycols (Mr ¼ 4000; 6000, and 8000) were functionalized by

using hydroxy acrylate. Thus it was possible to bind biomolecules covalently in-

stead of simply enclosing them in the polymer. Additionally, both the network

structure (e.g. width of the meshes) and the functionality of the synthesized poly-

mer could be adapted by an adjustable crosslinking reaction and the specific load-

ing with functional groups, respectively. The resulting loading capacity of these

spaces of biorecognition reactions were up to 1000� higher than those of plain

2D surfaces.

Before their immobilization by covalent binding in the nanoporous gel the

biomolecules should be tested for their ability to penetrate coats of different hydro-

gels. A simple possibility is to use gel electrophoresis primarily employed for the

separation and purification of DNA and proteins [148] (Fig. 6.10).

The investigated gels were loaded with a protein standard mixture and treated

with sodium dodecyl sulfate (SDS), which binds to the amide groups in the pro-

tein. Thus, the protein becomes negatively charged, in dependency of the length

of its amino acid chain. Application of an electric field forces the molecules

through the gel with different electrophoretic mobility due to their different elec-

tric charge, which is proportional to the size of the molecule. Higher polymer con-

centrations and smaller monomers yield a 3D network with tighter meshes. Larger

molecules are, therefore, unable to penetrate into the gel.

In addition to the immobilization of biomolecules on functionalized surfaces,

10 mm-thin coats of functionalized spots of polyethylene glycol-based polymers
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(0.5–2 mm in diameter) have been prepared on glass substrates. These functional-

ized arrays are easy to use and suitable for commercial spotting systems. After acti-

vation of the glass supports and their modification with acrylsilane the monomer

solution, containing a photo-initiator, was coated. To generate the spots ultraviolet

radiation was applied through a mask, leading to polymerization at the exposed

areas. At the non-exposed areas, unreacted monomer solution was rinsed off after

polymerization had finished. Thereby, the loading of the hydrogel is influenced by

the ratio of the different functional groups in the monomer solution. In sub-

sequent steps the prepared hydroxy-functionalized spots were transformed into car-

boxylic acids and active esters, which can react with amino-modified, fluorescence-

labeled DNA. Finally, the oligonucleotides are bound covalently at the polymer

matrix and are then qualitatively and quantitatively detectible by the fluorescent

group (Fig. 6.11).

Fig. 6.10. (A) Electrophoresis is a rapid

method for separating biomolecules according

to their charge and molecular size/weight.

When exposed to an electric field,

biomolecules in the electrophoresis gel move

towards one of the electrodes in a manner

that depends on the molecule’s charge and

molecular size and on the size of the gel

pores/meshes. Thereby, sodium dodecyl

sulfate (SDS) gel electrophoresis is a rapid

qualifying and quantifying method for proteins

that can be separated only by their molecular

weights. SDS binds to hydrophobic domains

of proteins, masking their individual charge

differences. SDS–protein complexes have a

negative charge and can be size-separated

since the resulting charge of the complex is

proportional to the molecular weight of the

protein. During separation, SDS–protein

complexes are attracted to the anode and

separated by enforcement through the porous

gel structure, which allows small proteins to

move very fast, whereas larger molecules show

a significant decelerated mobility. (B) This

principle can be utilized to characterize the

pore size of nanoporous gels. A mixture of

proteins of known size and mass (116.0, 66.2,

45.0, 35.0, 25.0, 18.0, and 14.4 kDa) was driven

by an applied electric field into two different

gels. A standard 12% polyacryl amide gel (A)

leads to certain mobility and a complete

separation of the mixture. (C) Under similar

conditions regarding voltage and time, a 12%

poly (bisacryl polyethylenglycol4000) gel shows

significantly different results: The proteins

move much more slowly, and fewer bands are

observed. This is because molecules above a

certain threshold size become stuck in the gel,

resulting in a band consisting of the remaining

larger molecules.
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6.4

Outlook

The detection and characterization of bioactive molecules represents a field of great

importance for various aspects of our daily life, such as health management, food

quality control, forensic, or environmental protection. Further development aims

to increase the sensitivity and specificity of the assays; other important parameters

are the robustness of the methods and their mobility to enable measurements out-

side dedicated laboratories and at the point of application. Thin molecular layers

on solid substrates with nanometer dimensions are a key component of promis-

ing approaches in this field. Further developments aim for even simpler read-

out schemes (as demonstrated by metal nanoparticle-based assays), label-free

assays, and handheld instrumentation to realize visions such as point-of-care

diagnostics.

Fig. 6.11. Binding of fluorescence-labeled

DNA molecules in a nanoporous hydrogel

demonstrated by fluorescence microscopy. The

gels were prepared with different hydroxy

acrylate concentrations, (a) 0, (b) 1 and

(c) 10 mm, leading to different concentrations

of hydroxy groups in the gel network and,

therefore, different binding capacity of the

biomolecule/DNA loading. The area-related

loading capacity of these reaction spaces is up

to 1000� higher than for plain 2D surfaces.
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7

Conjugation of Nanomaterials with Proteins

Mohammed J. Meziani, Yi Lin, and Ya-Ping Sun

7.1

Introduction

The coupling of biomolecular entities and materials at the nanoscale has the poten-

tial to revolutionize many fields of science and technology, potentially having a sig-

nificant impact on current biomedical technologies, nanoelectronics, and related

areas [1–9]. Because nanoparticles and biomolecules typically have the same nano-

meter length scale, they are natural companions in hybrid systems. The availability

of various nanostructures, such as semiconductor and metal particles and carbon

nanotubes, with controlled properties at the nanoscale makes them extremely at-

tractive candidates for use in biotechnological systems. These nanostructures pos-

sess strongly size-dependent optical, electrical, magnetic, and electrochemical

properties [1–9]. In addition, simple modifications of these nanostructures, e.g. to

their surface layer for enhanced aqueous solubility, biocompatibility or biorecogni-

tion, make them better suited for integration.

In the early stages, nucleic acids were preferentially investigated in the function-

alization of nanostructures because they are more readily available by synthetic

chemical means and more adaptable than proteins [10, 11]. Recently, significant

progress has been made in extending the adaptability of nanostructures with pro-

teins [1, 2, 12–22]. Proteins are involved in almost all biological processes and are

employed in a wide range of forms because of their excellent functional specificity.

Protein-based nanostructures are expected to offer some additional advantages and

play a key role in the development of multifunctional materials and devices for bio-

nanotechnological applications [1, 2, 12–22]. For example, nanostructures provide

numerous complementary systems with a wide range of free energies of associa-

tion. Also, methods for working with these systems are known from standard pro-

cedures in biochemistry and molecular immunology. Indeed, protein recognition

chemistry has been widely applied in diagnostic testing. Future investigations are

predicted to focus on the generation of altered protein building blocks for the self-

assembly of novel biological reaction compartments using today’s powerful tech-

niques of molecular biology. Mutagenesis and protein engineering will allow the

design of recombinant proteins that have optimized recognition capabilities for
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the assembly of distinctively shaped superstructures and have appropriate amino

acid residues for the effective nucleation of organic and inorganic nanomaterials

[1].

The conjugation of nanomaterials with proteins is a very broad field, especially

in the light of recent advances in the development of various nanomaterials. In

this chapter, we focus on nanomaterials based on nanoscale semiconductors and

metals and on carbon nanotubes. Other significant classes of nanomaterials not

covered here include polymeric nanoparticles and related nanostructures [23–27],

fullerenes and derivatives [28–33] etc., which are by no means less important. De-

spite our interest in these other classes [34–39], it is probably better to cover them

elsewhere. In the present chapter, we first provide an overview of current and

emerging approaches in the coupling of metal and semiconductor nanostructures

with proteins and their assemblies in different architectures. We then report recent

achievements in the use of supercritical fluid processing technology as an alterna-

tive process. We also highlight recent successes in the conjugation of carbon nano-

tubes with proteins and the mechanistic issues involved with nanotube–protein

interactions. Finally, we brief summarize the challenges and perspectives in this

interdisciplinary field.

7.2

Coupling of Inorganic Nanoparticles with Proteins

7.2.1

Chemical Functionalization Methods

Wet-chemical preparation of conjugated nanoparticles involves mixing a protein

with modified nanoparticles in solution. The modification of nanoparticles prior

to mixing is usually by chemical functionalization with a linker. Here, the linker

serves three functions: (1) it converts the hydrophobic nanoparticles into hydro-

philic species to enable them to be transferred into aqueous solution, (2) to stabi-

lize the nanoparticles to avoid their uncontrolled particle growth or agglomeration

and (3) it has to recognize the protein (Fig. 7.1). The linker has to be chosen care-

fully for every nanoparticle material. The functional coupling groups in proteins

are either available in the native form or incorporated by chemical means or by

genetic engineering.

Figure 7.1 shows examples of chemical interactions used for the coupling of

nanoparticles with protein molecules. Coupling to the particle surface is frequently

preformed through citrate, thiol, and phosphane groups [1, 2]. With a labile cap-

ping layer, such as citrate, proteins can be linked directly with a metal particle by

exchange reactions with stronger binding ligand. This method has been applied in

the coating of colloidal gold with thiol-containing proteins, such as immunoglobu-

lins (IgG) and serum albumins, which have cysteine residues that are accessible

for heterogeneous interphase coupling [40, 41]. Gold and silver nanoparticles sta-

bilized by citrate ligand have been functionalized with IgG molecules at a high pH,
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slightly above the isoelectric point of the citrate ligand [40]. Coupling was carried

out by an effective binding between the negatively charged citrate groups of the col-

loids and the positively charged amino acid side chains of the protein. Other kinds

of proteins were similarly coupled through electrostatic interactions [42–47], e.g.,

the directed adsorption of heme-containing redox enzymes at citrate-stabilized sil-

ver nanoparticles [42–44]. In a different approach, nanoparticles were also coupled

to proteins by using linkers based on thiols or disulfides and phosphane ligands,

which possess terminal carboxy, amino, and maleimide groups [48, 49]. Here the

coupling is achieved by means of carbodiimide-mediated esterification and amida-

tion or reaction with thiol groups. This strategy was routinely used for histological

purposes by coupling proteins with well-defined 0.8 nm undecagold nanoclusters

stabilized with arylphosphanes [48]. Cyclic disulfide linkers for coupling showed a

better affinity to nanoparticles, and these conjugates are more stable towards li-

gand exchange than those prepared with a single thiol group or acyclic disulfide

units. The high stability is probably a result of attaching the ligands to the nano-

particles through two sulfur atoms. These disulfide linkers have been used in gen-

erating gold nanoparticle–oligonucleotide conjugates as probes for recognizing

specific sequences in DNA segments and as building blocks for assembling novel

structures and materials [50].

The above-mentioned ligands have also been exploited to impart biocompatibility

and bioactive functionalities to semiconductor nanoparticles through surface mod-

ification with biomolecules [10, 11, 16, 51–58]. There has been significant progress

in the understanding of specificity and binding capabilities of proteins toward

nanoscale semiconductor particles. [10, 11, 16, 51–64]. Globular protein bovine se-

rum albumin (BSA) has been one of the widely used proteins. For example, BSA

was used to form a bioconjugate with luminescent CdTe, CdS and CdSe nanopar-

ticles, often referred to as quantum dots (QDs) [56, 61]. Such QDs are character-

Fig. 7.1. Schematic representation of functional groups used

to couple nanoparticles with protein species.
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ized by broad excitation and size-tunable photoluminescence spectra with narrow

emission bandwidths that span the visible spectrum, allowing simultaneous excita-

tion of several particle sizes at a single wavelength. They also have exceptional pho-

tochemical stability and relatively high quantum yields when used as luminescent

probes in biological labeling [17–22]. Mamedova et al. [56] generated bioconjugates

of BSA protein with cysteine-capped 2 nm-sized CdTe nanoparticles by using glu-

taric dialdehyde as a crosslinking agent. Such conjugation was reported to increase

the luminescence intensities of the CdTe nanoparticles, which was attributed to the

possible presence of resonance energy transfer from the tryptophan moieties in

BSA to the CdTe nanoparticles. In a different study by Willard et al. [61] CdSe-

ZnS core/shell particles of @3 nm were coated by chemisorption to biotinylated

BSA, which was specifically attached to tetramethylrhodamine-labeled streptavidin

(Sav-TMR) (Fig. 7.2). In this conjugate, the TMR fluorescence caused by fluores-

cence resonance energy transfer (FRET) from the QD donors to the TMR acceptors

was enhanced. In separate work, the same CdSe-ZnS core/shell nanoparticles,

stabilized by dihydrolipoic acid ligands, were also coated with a recombinant vari-

ant of maltose-binding protein (MBP) containing a pentahistidine segment at its C-

terminus and a single Cy3 fluorophore covalently attached to a distinct cysteine

residue [62]. The binding sites of the approximately 10 MBP molecules per QD

were occupied by b-cyclodextrin-Cy3.5 (b-CD-Cy3.5) conjugates. Also within these

defined conjugates, the protein-bound Cy3 served as a bridging acceptor/donor for

energy transfer from the QD to the maltose-displaceable b-CD-Cy3.5.

In many other cases, however, a simple thiol bond to the particle surface was not

sufficient to accomplish a permanent linkage. Instead, an equilibrium is estab-

lished, with dynamic ligand exchange. To avoid this, a shell of silica is often grown

on the particle by means of a sol–gel technique, and the linkage groups pointing

outward are added as functionalized alkoxysilanes during the polycondensation

process [17]. Recently, thiolated DNA has been linked to the surface of silanized

CdSe/ZnS particles through a heterofunctional linker. On an ideally shaped sur-

face, the number of linkage groups should be adjustable, and inert functional

groups that determine the solubility and the surface potential of the particles

should be added. The linkage groups of the ligands should adhere to the crystallite

surface as much as possible, and the ligands should be covalently linked together

to avoid exchange completely.

Two fascinating examples of coupling biomolecules with inorganic nanoparticles

have been reported recently. One, by Ishii et al. [58], used a wrapping approach to

encapsulate 2–4 nm-sized CdS particles within chaperonin proteins. The chapero-

nin proteins GroEL and T.th encapsulate denatured proteins inside a cylindrical

cavity. After refolding, the encapsulated proteins are released by the action of

ATP, which induces a conformational change in the chaperonin’s cavity. These pro-

teins are characterized by a cylindrical cavity with a diameter of 4.5 nm and a wall

thickness of 4.6 nm. For complexation, a solution of 2–4 nm-sized CdS particles in

dimethylformamide was mixed with an aqueous solution of the chaperonin pro-

teins in Tris–HCl buffer. The characteristic photoluminescence of the CdS par-

ticles within the chaperonin–CdS nanoparticle complex lasted for an unusually
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long time (more than 400 days) in the presence of GroEL complexes; in the ab-

sence of GroEL, photoluminescence disappeared within 2 hours. The second exam-

ple, reported by Willner and et al. [64], consisted of nanowiring redox enzymes

with gold nanoparticles to enhance the routing of electrons from the enzymes to

electrodes. An ‘‘electrical nanoplug’’ was obtained by assembling an Au nanopar-

ticles (1.4 nm)–glucose oxidase (GOx) conjugate at the macroscopic Au electrode.

The bridge between the macroscopic electrode and the gold nanoparticles con-

sisted of dithiol spacer units. Investigation of the catalytic properties of the assem-

bly by cyclic voltammetry revealed that glucose oxidation occurred with a unimolec-

ular electron-transfer seven times higher than the electron-transfer rate constant of

native GOx with O2.

Fig. 7.2. (a) Scheme of a FRET system

assembled by chemisorption of thiol-modified

biotinylated BSA to CdSe (QD) and subsequent

coupling of TMR-STV. (b) Fluorescence emis-

sion spectra from solutions containing@15 nm

QD-bBSA and 0 (–), 16 (–y–), 40 (–yy–),

80 (– – –), 120 (– – –), and 160 nm (yyy)

SAv-TMR. The lower solid curve is from a

160 nm SAv-TMR control. An excitation wave-

length of 400 nm was used for all samples.

Inset: enhanced TMR fluorescence intensity

at 585 nm from QD-bBSA/SAv-TMR solutions

as a function of SAv-TMR concentration.

(From Ref. [61].)
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While the use of surface-modified nanoparticles has been a typical route in pre-

paring conjugates, the linker and chemical functionalization for the modification

are added complications to an already sophisticated conjugate system. However,

despite some obvious advantages, direct conjugation of biological species to inor-

ganic nanoparticles has not been a common practice. This is probably a result of

the generally incompatible experimental conditions required for biological species

and for the formation and stabilization of nanoparticles. Some recent examples of

direct coupling are highlighted below.

7.2.2

Protein-assisted Assemblies of Inorganic Nanoparticles

Self-assembly processes represent the state-of-the-art for organizing nanoscale ob-

jects into periodically ordered macroscopic materials. While this biomimetic pro-

cess is not new, scientists have only recently begun to realize its potential for the

artificial control of matter. This interesting class of nanomaterials provides excep-

tional potential for a wide variety of applications, including photonic and memory

devices, two-dimensional (2D) arrays of magnetic nanoparticles [65–70]. Methods

developed to produce these bulk-like hierarchical structures include biomimetic

methods and amphiphile and colloidal templating, among others. In this section,

we review only those approaches related to the use of proteins as crosslinkers, or as

templates (assemblies and systems), in the organization and patterning of inor-

ganic nanoparticles into two- and three-dimensional functional structures.

7.2.2.1 Crosslinking Route through Protein Recognition

Protein molecules can serve as crosslinkers because of their tremendous recogni-

tion capabilities. Their coupling to nanoparticles has generally been performed in

three ways (Fig. 7.3): (a) nanoparticles are functionalized with individual recogni-

tion groups that are complementary; (b) particle-bound recognition groups are

bridged through a bispecific linker molecule; and (c) a bispecific linker that directly

recognizes the surfaces of the nanoparticles is used.

One protein system with highly specific recognition properties consists of anti-

bodies and antigens, which are excellent candidate molecules for the programmed

assembly of a wide range of nanoparticles in solution. Shenton et al. [40] first re-

ported a strategy based on the surface attachment of either IgE or IgG antibodies

followed by interparticle conjugation of gold and silver in the presence of bivalent

antigens with appropriate double-headed functionalities (Fig. 7.3). The resulting

structures were in the form of macroscopic filaments that consisted of a network

of spatially separated Au and Ag nanoparticles. Similarly, streptavidin (STV)–biotin

binding has been used to assemble nanocrystals in solution or onto a substrate.

The STV–biotin interaction is considered the strongest ligand–receptor interaction

currently known [12, 13]. Another great advantage of STV is its extreme chemical

and thermal stability. Connolly and Fitzmaurice [13] used this approach to

functionalize gold nanocrystals by chemisorption of a disulfide biotin analogue

(DSBA), and then crosslinked by multi-site binding on subsequent addition of the
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protein, streptavidin. The applicability of the STV–biotin system for generating

supramolecular aggregates is also enhanced by the availability of various biotin

analogues [71, 72] and recombinant STV mutants [73–77].

Today, with the power of biotechnological innovations, it is also possible to gen-

erate new proteins that can specifically recognize and grow inorganic ‘‘building

blocks’’ (Fig. 7.4). This is a promising approach for selecting peptides that can rec-

ognize specific inorganic crystals and crystallographic orientations of nonbiological

origin, including InP, GaAs, and Si [52], and can control II–VI (ZnS, CdS, CdSe,

ZnSe, and PbS) semiconductor nanocrystal size, crystal structure, shape, and opti-

cal properties.

To identify the appropriate compatibilities and combinations of biological-

inorganic materials, a combinatorial library of genetically engineered M13 bacterio-

phage was used to rapidly select peptides that could not only recognize but also

control the growth of specific inorganic materials (Fig. 7.4). The phage display

library is based on a combinatorial library of random peptides of a given length

(e.g., 7 or 12 mers) that are fused to the pIII minor coat protein of the filamentous

coliphage M13. Five copies of the fused random pIII coat protein are located on

one end of the phage particle and account for 10–16 nm of the particle. Belcher

and co-workers [52] used phage display to select peptide sequences with binding

specificity for III–V semiconductor materials based on pIII minor coat protein ex-

pression. Brown [78] used repeating polypeptides displayed on the surface of the

Fig. 7.3. (a) Scheme showing the approaches

based on protein recognition systems for

the assembly of nanoparticles in solution.

(b) Example of TEM images showing colloidal

Au/anti-dinetrophenyl DNP antibody conjugate

before (left) and after (right) addition of

DNP-DNP double-headed antigen. Scale bars

150 and 60 nm, respectively. (From Ref. [40].)
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bacterium Escherichia coli to bind selectively to metal particles. Selected viral-bound

pIII peptides can also be used to nucleate II–VI materials for which they were se-

lected [79]. Highly ordered composite material from genetically engineered M13

bacteriophage and ZnS nanocrystals has been generated by using a liquid crystal

system (Fig. 7.4) [80–82]. The nucleating peptides have also been expressed in

higher copy number along the protein VIII (pVIII) major protein coat of the virus,

facilitating the organization of II–VI nanocrystals into highly ordered nanowires

[83]. Recently, a virus-based scaffold produced through the self-assembly motifs

employed by the M13 bacteriophage was used as a template for the synthesis of

single-crystal ZnS, CdS, and freestanding chemically ordered CoPt and FePt nano-

wires, with the means of modifying substrate specificity through standard biologi-

cal methods [84].

7.2.2.2 Template-directed Approach

An alternative approach to establish nanoparticle organization in supramolecular

architectures involves the in situ formation of nanoparticles within preformed

biological or biomimetic templates; in particular, those based on regular 2D lattices

of bacterial cell surface proteins and hollow biomolecular compartments such as

virus particles.

Crystalline bacterial cell surface layers (S-layers) are one of the most common

outermost cell envelope components of a broad spectrum of bacteria and archaea.

These S-layers are monomolecular arrays composed of a single protein or glycopro-

tein species and represent the simplest biological membranes developed during

evolution. S-layer lattices exhibit either oblique, square or hexagonal lattice sym-

metry with unit cell dimensions in the range of 3–30 nm, and they are generally

H————————————————————————————————————————

Fig. 7.4. Left-hand side: scheme of the

process used to generate nanocrystal

alignment by the phage display method. Right-

hand side: (a) Characterization of the liquid

crystalline suspensions of A7 phage-ZnS

nanocrystals (A7-ZnS) and cast film. (A)

Characteristic fingerprint texture of the

cholesteric phase of an A7-ZnS suspension

(76 mg mL�1). (B) AFM image of a cast film

from an A7-ZnS suspension showing close-

packed structures of the A7 phage particles.

(b) (A) Scheme of the individual A7 phage

and ZnS nanocrystals. (B) TEM image of an

individual A7 phage and ZnS nanocrystals,

stained with 2% uranyl acetate. (C) Schematic

of the micelle-like structures, in which ZnS

nanocrystal aggregates are surrounded by A7

phage. (D) The sample shows that 100 to 150

nanocrystals formed aggregates. (E) High-

resolution TEM image of A7-ZnS suspension,

showing lattice fringe images of wurtzite ZnS

nanocrystals. (From Ref. [80].) (c) Phage

recognition of semiconductor heterostructures;

fluorescence images related to GaAs

recognition by phage. (From Ref. [52].)

(d) Visualization of the M13 bacteriophage

and subsequent nanowire synthesis. (A) The

nanowire synthesis scheme is visualized for

the nucleation, ordering, and annealing of

virus-particle assemblies. (B) Bright-field TEM

image of an individual ZnS single-crystal

nanowire formed after annealing. Inset, upper

left: ED pattern along the [001] zone axis,

showing a single-crystal wurtzite structure

of the annealed ZnS nanowire. Inset, lower

right: Low-magnification TEM image showing

the monodisperse, isolated single-crystal

nanowires. (C) TEM image of the unannealed

CoPt nanoparticle-virus system. Inset: STEM

image of the unannealed CoPt wires. (From

Ref. [84].)
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5–10 nm thick and show pores of identical size (diameter, 2–8 nm) and morphol-

ogy. The availability of these regular pores within the 2D protein crystal S-layers

has allowed controlled nucleation of inorganic nanoparticles into ordered arrays

(Fig. 7.5) [85].

Recently, it was demonstrated that S-layer proteins recrystallized on solid sup-

ports, or S-layer self-assembly products deposited on such supports, may be used

to induce the formation of CdS particles [86] or gold nanoparticles [87, 88]. Inor-

ganic superlattices of CdS with either oblique or square lattice symmetries were

prepared by exposing self-assembled S-layer lattices to CdCl2 solutions followed by

slow reaction with H2S. Precipitation of the inorganic phase was confined to the

pores of the S-layers, with the result that CdS superlattices with prescribed symme-

tries were prepared. In a similar procedure, a square superlattice of uniform 4 to

5 nm-size gold particles with a 12.8 nm repeat distance was generated [87]. In

this procedure, a square S-layer lattice chemically modified with thiol groups was

exposed to tetrachloroauric(iii) acid and then electronically irradiated through TEM.

Fig. 7.5. (a) Different S-layer lattice types with

oblique (p1, p2), square (p4), or hexagonal

(p3, p6) symmetry. (b) Isolation of S-layer

proteins from bacterial cells and their reassem-

bly into crystalline arrays in suspension.

(c) TEM image of gold nanoparticles

prepared by using a square S-layer lattice.

(From Ref. [85].)
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The shape of the gold particles resembled the morphology of the pore region of the

square S-layer lattice. Electron-diffraction patterns revealed that the gold nanopar-

ticles failed to form a perfect lattice. These experiments were repeated with a broad

range of metal salts, such as PdCl2, NiSO4, KPtCl6, Pb(NO3)2, and K3Fe(CN)6 [89].

In general, the inner cavities of the protein layer serve as localized reservoirs of

cations that are reduced in situ to metal clusters under the electron beam. These

experiments clearly demonstrated that nanocrystal superlattices can be induced by

S-layers as templates with a broad range of particle sizes (5–15 nm in diameter),

interparticle spacings (up to 30 nm), and lattice symmetries (oblique, square or

hexagonal).

Other processes dealing with the hollow protein compartments have also yielded

fascinating results in the generation and assembly of nanoparticles (Fig. 7.6). For

instance, the ferritin-like protein of the bacteria Listeria innocua [90] and the cow-

pea chlorotic mottle virus (CCMV) [91] furnished a suitable constrained reaction

environment for the synthesis of monodisperse inorganic nanoparticles since they

have hollow spherical supramolecular structures with internal cavity diameters of 5

and 18–24 nm, respectively. In both systems, the interior surfaces have regions of

high charge density, which act as sites for synthetic mineral nucleation. Iron oxide

particles of about 5 and 27 nm, respectively, were generated through incubation of

these protein templates with iron(ii) solutions at controlled pH and temperature

followed by oxidation [90, 91]. The organization of these bioinorganic nanopar-

ticles into network structures was also explored, e.g., through the coupling of

biotin recognition groups to the ferritin and then conjugation in solution with

streptavidin [14]. In other work, iron oxide nanoparticles of about 8 nm were also

synthesized within the cavity of lumazine synthase protein [92].

Similarly, wild-type and recombinant tobacco mosaic virus (TMV) hollow cylin-

ders have been used as templates to generate inorganic-organic nanotube compo-

sites by means of template mineralization [93–96]. The highly polar exterior sur-

face of TMV has been used for surface mineralization of iron oxyhydroxides, CdS,

PbS, and silica [95]. These materials form a thin coating over the virus nanorod,

affording inorganic nanofibrils 20–30 nm in diameter and as long as 1 mm. Dujar-

din et al. [96] recently used TMV as a template for the alignment and controlled

deposition of Pt, Au, and Ag nanoparticles. By varying the deposition conditions,

they demonstrated that one can either specifically decorate the external surface

with metallic nanoparticles via the chemical reduction of [PtCl6]2 – or [AuCl4]2 –

or obtain constrained growth of Ag nanoparticles within the 4 nm internal channel

present in the virus through the photochemical reduction of Ag salts. In principle,

as suggested by these investigators, 1D arrays of a wide range of quantum dots

should become accessible by engineering and templated mineralization of the in-

ternal and external surfaces of TMV tubules. Microtubules prepared by polymeriza-

tion of the protein tubulin have also been utilized as templates for the synthesis of

inorganic nanomaterials [97].

The above examples demonstrate that sophisticated nanostructured architectures

can be designed when protein molecules and nanoparticles are combined. Future
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development in this field will benefit from the rapid advances being made in

chemistry and protein technology. However, there is still a great demand for alter-

native methods to resolve typical problems that arise in the biofunctionalization of

inorganic nanoparticles. In particular, harsh reaction conditions often lead to the

degradation and inactivation of sensitive biological compounds, and to the forma-

tion of unstable bioconjugates because of ligand-exchange reactions that occur at

the colloid surface. Among other limitations associated with these processes are ex-

cessive solvent use, disposal and trace residues, and multi-step operations.

Fig. 7.6. (a) (left): Hollow protein cages used

for the growth of inorganic nanoparticles;

(right) schematic and TEM images showing

biotin–streptavidin crosslinking of inorganic

magnetic nanoparticles encapsulated within

ferritin. (From Ref. [14].) (b) (left): Image

reconstructions of spherical viruses with dif-

ferent diameters: equine herpes (100 nm), cauli-

flower mosaic (50 nm), and CCMV (26 nm).

(right) TEM images of (A) assembled

CCMV virions mineralized with cores of

(NH4)10H2W12O42 showing electron dense

mineral particles and (B) negatively stained

samples of mineralized CCMV, showing the

presence of the protein coat surrounding each

mineral particle. (From Ref. [54].) (c) (left):

Synthesis of nanotube composites using TMV

templates. (right) Example TEM image of CdS-

mineralized TMV particles, scale bar 50 nm.

(From Ref. [95].)
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7.2.3

Supercritical Fluid Methods

Supercritical fluid (SCF) technology in nanomaterial preparation and processing is

one alternative method in the biofunctionalization of inorganic nanoparticles that

shows great promise in addressing many of the challenges highlighted above.

SCFs are solvents operating above their critical temperature and pressure. Among

the most important properties of SCFs are their low and tunable densities, which

can be easily varied from gas-like to liquid-like via a simple change in pressure

at constant temperature. Numerous investigations have been conducted on SCFs

[98–103]. Results have demonstrated their unique advantages as alternative media

for both chemical reactions and materials processing. Example applications and re-

lated advantages are their use as environmentally benign solvents [98], the ability

to selectively tune chemical reactions or processes [104–110], enhancement of re-

action rates due to the low viscosities or high diffusivities in the fluids [109–110],

the ability to solvate or precipitate solutes selectively [111], and the production of

fine particles and fibers via rapidly expanding SCF solutions [112, 113].

Among the most widely investigated techniques for the processing of fine par-

ticles are SAS (Supercritical Anti-Solvent) [114–117] and RESS (Rapid Expansion

of Supercritical Solutions) [118–123]. These techniques have comprehensively re-

viewed [102, 103]. Briefly, in RESS the solute is dissolved in a SCF, and then the

solution is rapidly expanded through a small nozzle or orifice into a region of

lower pressure [114, 118, 124, 125]. The rapid reduction in pressure (and thus,

density) results in rapid precipitation of the solute. Experimentally, the supercriti-

cal solution can be generated either by heating and pressurizing a solution from

room temperature or by continuously extracting the solute using an extraction col-

umn [125]. The RESS process is driven by a decrease in pressure, which can prop-

agate at up to the speed of sound in the expansion nozzle. Because solubilities in

SCFs can be up to a million times higher than those under ideal gas conditions,

rapid expansion from supercritical pressure to ambient pressure results in ex-

tremely high supersaturation (and, consequently, homogeneous nucleation of the

solute), leading to narrow size distributions in the products. Cosolvents, such as

methanol or acetone, can be mixed with carbon dioxide (CO2) to increase the sol-

vating power in RESS.

Because some compounds in commonly used SCFs have low solubility, the SAS

process was developed. In SAS precipitation, one or more solutes immiscible with

SCF are dissolved in a conventional solvent that is miscible with SCF. The solution

is then ‘‘mixed’’ with the SCF to precipitate the solute particles. This can be

achieved by introducing the SCF into a batch of solution in a chamber or by spray-

ing solution through a nozzle into an SCF-filled chamber. A variation of this pro-

cess is to mix solution and SCF continuously in a co-current or a counter-current

fashion. Other minor variations of this mode of operation of antisolvent process

are the bases for several techniques now in use, including Precipitation with Com-

pressed Antisolvent (PCA), Solution Enhanced-dispersion by Supercritical fluids

(SEDS), and Aerosol Supercritical Extraction System (ASES) [126–128]. All these
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processes have been used to produce micron and submicron particles from various

materials, including inorganics (metal, semiconductor), polymers, proteins, and

other small organic molecules such as drugs [102, 103]. For example, several phar-

maceutical compounds, such as lovastatin, stigmasterol, salicylic acid and theo-

phylline, have been processed via RESS into micron- and sub-micron-sized par-

ticles [102]. Several reports have also considered using the RESS process for the

direct formulation of drug:polymer systems by a co-precipitation strategy. The

SAS process also produced micron-sized particles of proteins such as insulin, lyso-

zyme and trypsin. Adding a polymer to the system as a carrier may furnish active

protein-loaded microparticles.

Results from these experiments and others suggest that these processes gener-

ally produce micron- or submicron-sized particles [113, 129–132]. For nano-sized

particles, Sun and co-workers [102, 103] made a simple but significant modifica-

tion to the traditional RESS by using a liquid solvent or solution at the receiving

end of the supercritical solution expansion, or the Rapid Expansion of a Supercrit-

ical Solution into a Liquid SOLVent (RESOLV). The RESOLV process produces ex-

clusively nanoparticles from various materials [59, 60, 102, 103, 133–140]. For ex-

ample, cadmium sulfide (CdS) nanoparticles of @3 nm in average diameter have

been prepared using RESOLV by rapidly expanding a supercritical ammonia solu-

tion of Cd(NO3)2 into a room-temperature aqueous or ethanol solution of Na2S

[133]. The nanoparticles so-produced could be prevented from aggregating by the

presence of a polymeric or other protection agent in the receiving solution [133].

The same RESOLV process with a similar reaction scheme has been applied to

the production of many other metal and semiconductor nanoparticles. These nano-

particles are all small, on average less than 10 nm in diameter, and are protected to

form stable suspensions [59, 60, 102, 103, 133–138]. As recognized by Sun and co-

workers [59, 60, 138], a unique feature of the RESOLV process for nanoparticle

production is that it requires no nanoscale templating agents for nanoparticle

formation because the templating effect is provided by the supercritical fluid rapid

expansion process, thus offering a clean way to directly couple nanoparticles with

biological species. For example, Sun and co-workers have demonstrated recently

that the metal and semiconductor nanoparticles coated directly with natural pro-

tein species could be prepared in the RESOLV process [59, 60, 138]. Figure 7.7

shows a typical RESOLV apparatus for preparing protein-conjugated nanoparticles.

7.2.3.1 BSA-conjugated Silver Nanoparticles

An example use of RESOLV in the direct conjugation of nanoparticles with pro-

teins is the coupling of nanoscale Ag with bovine serum albumin (BSA) [138]. Typ-

ically, a methanol solution of AgNO3 was added to the syringe pump, followed by

evaporation of the solvent methanol. The syringe pump was then filled with liquid

ammonia. When pumped through the heating unit, the ammonia solution of

AgNO3 was heated and equilibrated at 160 �C before reaching the expansion noz-

zle. The supercritical solution was rapidly expanded via a 50 mm fused silica capil-

lary nozzle into a room-temperature aqueous solution of N2H4 or NaBH4. The sys-

tem pressure was kept constant during the rapid expansion. BSA protein was in
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the aqueous receiving solution for direct conjugation with the Ag nanoparticles as

they form in the rapid expansion process.

The BSA-conjugated Ag nanoparticles form a stable aqueous suspension that re-

sembles a homogeneous solution. As shown in Fig. 7.8(a), the surface plasmon ab-

sorption band (@420 nm) of the Ag nanoparticles broadens upon protein conjuga-

tion, reflecting changes in nanoparticle surface properties due to interactions with

the protein species. X-Ray powder diffraction analyses of the solid-state samples

(Fig. 7.8a) confirmed the expected presence of nanoscale Ag (fcc) particles. Figure

7.8(b) shows the low and high-resolution TEM images of BSA-protected Ag nano-

particles with hydrazine reductions. The average particle size and size distribution

standard deviation are 43 and 10 nm, respectively. These nanoparticles appear to be

polycrystalline with multiple misaligned lattice fringes, suggesting that the BSA-

protected Ag nanoparticles are probably agglomerated smaller nanoparticles. Gel

electrophoresis, used to analyze the conformation of BSA protein conjugated to

Ag nanoparticles, showed two bands corresponding to BSA monomer and dimer

that were much weaker in the nanoparticle sample than in the blank BSA sample;

most of the nanoparticle sample becomes stationary, appearing at the gel onset.

These low mobility species are probably BSA-protected Ag nanoparticles.

The assembly of smaller Ag nanoparticles produced initially in RESOLV with

chemical reduction is likely driven by protein aggregation to form larger, but rela-

tively well-organized, structures of Ag nanoparticles (Fig. 7.8c).

7.2.3.2 BSA-conjugated Semiconductor Nanoparticles

BSA-conjugated Ag2S and CdS nanoparticles have also been prepared via the RE-

SOLV procedure [59, 60]. Similar experimental parameters were used to produce

Ag2S and luminescent CdS nanoparticles. Here, a supercritical ammonia solution

of AgNO3 or Cd(NO3)2 was used in the rapid expansion and a room-temperature

aqueous solution of Na2S (10 mg mL�1) was at the receiving end. After rapid ex-

Fig. 7.7. Experimental setup for preparing protein-conjugated

Ag2S nanoparticles via RESOLV [60].
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pansion was complete, the ambient suspension of nanoparticles was transferred to

membrane tubing with large pore sizes for dialysis to remove free BSA and other

salts and reagents.

BSA-conjugated Ag2S nanoparticles thus produced in RESOLV form a yellowish

suspension without precipitation under ambient conditions. The UV/Vis absorp-

tion spectrum of the nanoparticle suspension is a structureless curve with gradu-

Fig. 7.8. (a) UV/Vis absorption spectrum

(left) and X-ray powder diffraction pattern

(right) of the BSA-conjugated Ag nanoparticles

prepared via RESOLV. (b) TEM images of BSA-

conjugated Ag nanoparticles. (c) Scheme

illustrating the assembly of smaller protein-

conjugated Ag nanoparticles into larger and

organized structures, driven by protein

aggregation. (From Ref. [138].)
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ally increasing absorbance towards shorter wavelengths, indicating that these

nanoparticles are quantum confined. According to TEM analyses (Fig. 7.9), the

BSA-conjugated Ag2S nanoparticles are well-dispersed, mostly single crystals, with

an average particle size of 6.3 nm and a size distribution standard deviation of

1.6 nm.

Atomic force microscopy (AFM) results (Fig. 7.10) provide strong evidence for

well-dispersed Ag2S nanoparticles uniformly coated with BSA in a core/shell-like

Fig. 7.9. TEM images of BSA-conjugated Ag2S nanoparticles

prepared via RESOLV and then dialysis. (From Ref. [60].)
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arrangement, with overall circular features of 20–30 nm (the larger apparent

particle size is due to the tip convolution effect [141]).

Similarly, a yellowish homogeneous suspension of BSA-conjugated CdS nano-

particles was obtained after dialysis. Apparently, interactions between BSA protein

species and CdS nanoparticles are relatively strong to sustain the conjugation [59].

The UV/Vis absorption spectrum of the suspension exhibits a well-defined peak at

320 nm (Fig. 7.11a), indicating that the BSA-conjugated CdS nanoparticles are

around 2–3 nm in diameter [142]. According to powder X-ray diffraction analysis,

the nanoparticle sample is probably a mixture of cubic and hexagonal CdS. TEM

results (Fig. 7.11b) show that the CdS nanoparticles are mostly single crystals

with an average particle size of 2.9 nm and a size distribution standard deviation

of 0.7 nm.

BSA protein species conjugated to the CdS nanoparticle surface have been vi-

sualized via AFM imaging (Fig. 7.12a). These images are dominated by circular

features of around 20 nm in size, which are consistent with well-dispersed individ-

ual CdS nanoparticles that are each coated with BSA protein species in a core/

shell-like arrangement [59]. The presence of BSA on the CdS nanoparticle surface

is also made evident by the well-known affinity of the conjugate to the surface of

nanoscale gold (Fig. 7.12b) [16, 143].

BSA-conjugated CdS nanoparticles produced via RESOLV have interesting lumi-

nescence properties (Fig. 7.13). The luminescence spectrum has a relatively narrow

bandwidth close to the absorption onset with no surface defect emissions at long

wavelengths. This is primarily the exciton emission associated with band-gap

excitation [142]. The observed luminescence quantum yield is high, @20% with

Fig. 7.10. Height (left) and phase (right) images from the

AFM analysis of BSA-conjugated Ag2S nanoparticles prepared

via RESOLV and then dialysis. (From Ref. [60].)
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reference to the fluorescence standard 9,10-diphenylanthracene, which is also con-

sistent with substantial contributions from exciton emission [142]. The rapid ex-

pansion of supercritical ammonia solution may have a special passivation effect

on the nanoparticle surface [133], suppressing the surface defect luminescence

and enhancing the exciton emission from the CdS nanoparticle [133, 142, 144].

Conversely, the broad emission seen for CdS nanoparticles generated by other

methods, such as those encapsulated in the micelles of sodium dioctyl sulfosucci-

nate (AOT) [145], is due primarily to energy trapping states associated with surface

defects [142, 144, 145].

BSA protein species conjugated to the Ag2S and CdS nanoparticles through the

RESOLV process remain intact, according to the modified Lowry assay for total pro-

tein analysis [146–148]. BSA conjugation serves the dual purposes of stabilizing

these nanoparticles to prevent agglomeration in aqueous suspension and introduc-

ing biocompatible functionalities into these nanoparticles for further biological in-

teractions or couplings (e.g., antibody attachment).

Fig. 7.11. (a) UV/Vis absorption spectrum (left) and X-ray

powder diffraction pattern (right) of the BSA-conjugated CdS

nanoparticles. (b) TEM images of the BSA-conjugated CdS

nanoparticles. (From Ref. [59].)
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Mechanistically, the relatively strong interactions between BSA and these semi-

conductor nanoparticles (strong enough to remain stable in dialysis) are worth

noting. BSA protein contains 60 amino moieties in lysine residues, 26 arginine

moieties in guanidino side chains, and also 17 disulfide bonds with one free

thiol in cysteine residues [149]. These functionalities are probably responsible for

the conjugation to these nanoparticles through thiolate linkages and/or weak

covalent bonds with alkylamines [150–152].

7.2.3.3 Assembly and Disassembly of Nanoparticles through Protein Isomeric

Conversion

Protein-conjugated semiconductor nanoparticles produced through the supercriti-

cal fluid processing method RESOLV can also be organized into supramolecular

architectures by simply using isomeric conformations of proteins. For example,

Fig. 7.12. (a) Height (left) and phase (right) images from the

AFM analysis of BSA-conjugated CdS nanoparticles. (b)

Scanning TEM (Z-contrast mode) image for the coating of

colloidal gold by BSA-conjugated CdS nanoparticles. (From Ref.

[59].)
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Meziani et al. [60] have demonstrated the possibility of assembling and disassem-

bling BSA-conjugated Ag2S and CdS nanoparticles by adjusting solution pH.

Under high pH conditions (pH@ 12), BSA is expected to be in the aged form, in

which the protein drastically expands and forms soluble aggregates through inter-

molecular disulfide exchanges [60]. Aggregation is reflected by the clustering of

these nanoparticles, as observed in AFM images of the Ag2S sample (Fig. 7.14).

In these clusters, individual Ag2S nanoparticles are still separated by protein spe-

cies and protected from agglomeration into larger Ag2S nanoparticles. At neutral

Fig. 7.13. Luminescence spectrum of BSA-conjugated CdS

nanoparticles in a stable aqueous suspension (—) compared

with that of the similarly sized CdS nanoparticles prepared and

encapsulated in AOTmicelles (– –). (From Ref. [59].)

Fig. 7.14. AFM height (left) and phase (right) images of

BSA-conjugated Ag2S nanoparticles at high pH@ 12. (From

Ref. [60].)
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pH, the BSA protein coating the well-dispersed Ag2S nanoparticles (Fig. 7.10) is

predominantly in the native form. This pH-dependent assembly and disassembly

of BSA-conjugated Ag2S nanoparticles, driven by the isomeric conversion of the

protein, is qualitatively reversible [60]. In the isomeric conversion, BSA protein is

relatively unharmed at high pH and, for the most part, can return to its native con-

figuration, thus making it possible to maintain the reversibility (Fig. 7.15).

In summary, the supercritical fluid processing method RESOLV can be used

effectively as an alternative and unique way of producing clean, active protein-

conjugated nanoparticles. Since the nanoparticle formation involves no templating

agents in an aqueous environment, the method can enable direct conjugation of

nanoparticles to proteins. These protein-conjugated nanoparticles are stable (with-

out agglomeration and precipitation) in an aqueous suspension, and the protein

species associated with the nanoparticles remain intact, and are amenable to

further biofunctionalizations. The produced semiconductor nanoparticles, such as

CdS, can have strongly luminescent features, which are particularly valuable in

biosensor-related applications.

7.3

Coupling of Carbon Nanotubes and Proteins

Among various large-aspect-ratio nanomaterials, carbon nanotubes possess unique

and rich physical and chemical properties because of the one-dimensional struc-

tural arrangement of a chemically versatile element [153–156]. Conceptually, car-

bon nanotubes may be formed by rolling graphene sheets into tubular structures

– single-walled carbon nanotubes (SWNTs) from a single graphene layer and

multiple-walled carbon nanotubes (MWNTs) from multiple layers [153]. The chiral

vector for rolling-up ðCh ¼ na1 þma2Þ, often referred as the chiral index ðn;mÞ,
uniquely defines the diameter ðdÞ and the chiral angle ðyÞ of the SWNT (Fig.

Fig. 7.15. Scheme illustrating the assembly and disassembly of

BSA-conjugated semiconductor nanoparticles due to changes

in BSA conformations at different solution pHs. (From Ref.

[60].)
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7.16) [Eqs. (1) and (2), where ac�c (@0.142 nm) is the nearest neighbor CaC

distance].

d ¼
ffiffiffi
3

p
ac�c

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 þ nm þm2

p
ð1Þ

y ¼ tan�1½
ffiffiffi
3

p
m=ð2nþmÞ� ð2Þ

The chiral index also directly determines the electronic structure of the nanotube:

metallic when ðn�mÞ=3 is integer (‘‘semi-metallic’’ if n0m) and otherwise semi-

conducting [154].

Biological applications of carbon nanotubes through their integration with bio-

active molecules in particular have been investigated both in solution phase and

in solid state [157–163]. For solution-phase applications, such as substance delivery

[163–168], pathogen detection [169, 170], and other biomedical applications, the

nanotubes should be dispersible or soluble in physiological environments. Thus,

the aqueous solubilization of carbon nanotubes is essential [158, 159, 161–163],

and has benefited enormously from recent developments in the chemical function-

alization of nanotubes [171–175]. Examples of solid-state bioapplications of carbon

nanotubes include scaffolds for cell growth [162, 176–178], biosensors and biocata-

lytic electrochemical devices [157, 160, 179], electromechanical devices [180], sharp

scanning microscopy probes [181], etc.

Protein–carbon nanotube conjugates were among the earliest and most popular

topics in multidisciplinary research efforts on the bioapplications of nanotubes.

These conjugates may be formed either non-specifically or specifically (see below).

Examples in various related applications are also reviewed below.

Fig. 7.16. Conceptual formation of carbon nanotubes by rolling up a graphene sheet.
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7.3.1

Non-specific Adsorption

Like other nanomaterials, carbon nanotubes have a high surface area, but with a

surface of quantum-confined conjugated carbon networks. However, it was the

nanometer-sized hollow interior of these tubular species that drew most initial at-

tention, stimulating the imagination that they could be used as carriers to encapsu-

late and deliver bioactive species to selected targets [182–185]. As supportive evi-

dence, some enzymes encapsulated in MWNTs seemed to retain their biocatalytic

properties [183]. However, the encapsulate-and-deliver idea is still a matter of

theory since there has been no report of the controlled release of these encapsu-

lated species from nanotubes at any targeted site. Furthermore, problems with

such encapsulation are far from resolved.

The early experiments on encapsulating proteins into nanotubes revealed that

proteins were adsorbed on the MWNTexterior surface [185]. This phenomenon be-

came widely known when Balavoine et al. [186] found that streptavidin and HupR

readily adsorbed onto the MWNT surface, with the adsorbed proteins sometimes

even forming helical array structures along the nanotube sidewall. Although the

reproducibility for the ordered arrays was poor, these results suggested strongly

that there are indeed competent noncovalent and non-specific interactions between

carbon nanotubes and protein species.

Despite efforts to ensure the specific conjugation of carbon nanotubes and pro-

teins (Section 7.3.2), several groups realized that non-specific interactions between

these two entities are almost inevitable. Dai and co-workers [179, 187] reported that

streptavidin, avidin, BSA, a-glucosidase, and staphylococcal A are adsorbable to

SWNTs. Similarly, Azamian et al. [188] found that proteins with different isoelec-

tric points, such as cytochrome c (pI@ 10.8) and ferritin (pI@ 4.6), exhibit similar

affinity toward SWNTs (Fig. 7.17).

Since ferritin contains an iron core, Lin et al. [189] used it as a model protein to

study protein–nanotube interactions in aqueous media via TEM. It was qualita-

tively but unambiguously demonstrated that non-specific interactions between

ferritin and SWNTs were so significant that the nanotubes were solubilized in

water as a result. In agreement with reports by Azamian et al. [188], the ferritin–

nanotube conjugation via such non-specific interactions was quite similar to that in

the presence of special reagents for covalent coupling during reaction. Despite the

visual similarity, the non-specific conjugates were much less stable than covalent

ones (Section 7.3.2) [189].

Fig. 7.17. AFM image of a cytochrome c–SWNT conjugate

from non-specific adsorption. Scale bar ¼ 90 nm. (From Ref.

[188].)
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Rege et al. [190] reported enhanced retention of the enzymatic activity of a-

chymotrypsin (CT) embedded in polymer–SWNT composite films compared with

those without nanotube fillers. They speculated that this could be a consequence

of enzyme–nanotube hydrophobic interactions that slowed the leaching of en-

zymes from the films. However, other reported results contradict this conclusion.

As recently reported by Karajanagi et al. [191], CT almost completely lost its enzy-

matic activity upon non-specific conjugation with SWNTs (Fig. 7.18), possibly due

to its structure unfolding. These authors showed by AFM that the tertiary struc-

tures of CT molecules, upon adsorption onto SWNTs, changed significantly from

those in solution phase. However, another enzyme, soybean peroxidase (SBP), re-

tained its structure when adsorbed, which is consistent with the observed retention

of a reasonable fraction of activity. Also consistent are quantitative FT-IR investiga-

tions, which demonstrated much more significant secondary structural changes of

CT than SBP in both a-helix and b-sheet contents upon the enzyme–nanotube con-

jugation [191].

Microscopy techniques are widely used to visualize both aqueous soluble

protein–nanotube conjugates and those on substrates. For the latter, other instru-

mental techniques are also used to obtain additional information. For example,

quartz crystal microbalance (QCM) has been used to trace the protein adsorption

event on a SWNT film that was evenly formed on a gold-coated QCM quartz crystal

substrate [179]. The signal change marked the adsorption events on the film and

scaled with the concentration of the protein solution for adsorption. The results ob-

tained for adsorptions of various proteins on SWNTs are in reasonable agreement

with microscopy observations. However, protein adsorption on the substrates could

interfere in such evaluations unless the substrates are fully covered by a monolayer

of nanotubes.

Fig. 7.18. Enzymatic activity retained as a

function of surface coverage of enzymes on

SWNTs: adsorbed SBP (E) and adsorbed CT

(e). Each point represents an average of a

minimum of three separate experiments, with

some points showing errors smaller than the

symbol. Specific activities above half-maximal

coverage could not be obtained because of

leaching of the adsorbed enzyme during

activity measurement. (From Ref. [191].)
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Protein adsorption on carbon nanotubes can also be detected electrochemically.

In particular, solid-state field-effect transistor (FET) devices from semiconducting

SWNTs have been envisioned for use as biosensors [160, 179, 192]. In principle,

some small perturbation on the electronic structure of the semiconducting SWNT

from the adsorption of even a trace amount of guest molecules may induce a de-

tectable electrical response in the device characteristics [192–195]. Metallic SWNTs,

however, are much less sensitive to changes in chemical environments. For exam-

ple, the adsorption of cytochrome c (pI@ 10.8) in a buffer solution onto a SWNT

FET device was detected by measuring the device conductance change [196]. Con-

sistent with microscopy results, the change in conductance was quantified to be

from the adsorption of@20 protein molecules per mm length of a semiconducting

SWNTunder the given experimental conditions. In fact, the detection limit of such

FET devices is of the order of 100 pm of cytochrome c.
A consistent observation by different groups is that the conductance of the nano-

tubes decreases upon protein adsorption, regardless of the charge of the proteins at

physiological pH. This is obviously not solely due to the electrostatic gating effect

from charge injection from protein molecules to the p-type semiconducting SWNT

[179, 196, 197]. Besteman et al. [197] proposed that such a conductance decrease

(as a function of the liquid-gate voltage) could originate from the nanotube capaci-

tance change upon the adsorption event, during which ion proximity to the nano-

tube is limited. However, vigorous debates continue on whether the device

response is from the non-specific adsorption of proteins on nanotubes at all

[198]. It has been argued that the adsorption of proteins with rather small charge

(pI@ 5–7) at the electrode–nanotube contacts contributes more to the detected

conductance change than that along the nanotube sidewall [198]. Poly(ethylene gly-

col) (PEG) is a well-known protein-resistant material that is often used to protect

surfaces from protein adsorption [199, 200]. By selectively applying a PEG layer

onto the metal electrodes, these researchers showed that there was no detectable

electronic response of the nanotube FET device to the adsorption events at protein

concentrations of 100 nm [198] (Fig. 7.19). There was an exception, avidin, which is

highly positively charged at neutral pH (pI@ 10–11). This protein was capable of

inducing a response even when the electrodes were protected, although the signals

were much weaker than those from non-protected devices. As expected, when the

nanotube surface was also protected via protein-resistant species, no device re-

sponse could be detected with any of the proteins investigated.

Whatever the sensing mechanism might be in the FET devices upon protein–

nanotube conjugation, the evidence is already overwhelming for non-specific ad-

sorption of proteins onto carbon nanotubes. The mechanism for such conjugation,

however, is complicated and subject to further investigation. The nanotube surface

has been widely considered as being hydrophobic [201]. Thus, it has been sug-

gested intuitively that the hydrophobic interactions between nanotubes and certain

protein structural units play a significant role in the observed adsorption. For ex-

ample, Karajanagi et al. [191] attributed the differences in changes in the struc-

tures and enzymatic activities of two enzymes (SBP and CT, vide supra) upon their

adsorption on SWNTs to hydrophobic interactions. For SBP, there is a hydrophobic
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‘‘pocket’’ with 19 amino acid residues on the surface, distant from the enzymatic

active sites in its tertiary structure, which may help the enzyme to retain a signifi-

cant fraction of its activity. Conversely, CT does not contain a large hydrophobic

cluster, which was speculated to be the cause for the loss of activity upon its ad-

sorption onto SWNTs with significant secondary and tertiary structural changes

[191]. Also consistent with the hydrophobic interaction scheme is the finding that

the amphiphilicity of the large peptide species favors their binding with nanotubes

in aqueous solution, similar to the surfactant effects [202]. Dieckmann and co-

workers [203, 204] took advantage of a similar concept and designed an amphi-

philic peptide with an a-helix secondary structure for the noncovalent aqueous sol-

ubilization of SWNTs (Fig. 7.20). However, one example is clearly inconsistent with

the hydrophobic scheme. Fibrinogen, a well-known soluble plasma glycoprotein

that is affinitive to many hydrophobic surfaces, was found to be inert to SWNTs.

This might be due to the protein’s large size (molecular weight@ 340 kDa) [187].

Among other possible mechanisms for non-specific protein–nanotube conjuga-

tion are electrostatic interactions and hydrogen bonding, especially when carbon

nanotubes are pre-treated with oxidative acids. After such treatment, the nanotube

surface usually becomes defective, with many oxygen-containing groups, such as

carboxylic acids, hydroxyls, ketones, etc., at the defect sites [205–207]. These or-

ganic groups make electrostatic interactions and hydrogen bonding between nano-

tubes and certain surface residues of proteins quite plausible. Electrostatic interac-

tions obviously do not dominate as several groups have shown that SWNTs are

Fig. 7.19. (a) Configuration sketches of SWNT

FET devices type I (unprotected Pd/Au

electrodes) and type II (electrodes coated with

a PEG self-assembled monolayer). (b) AFM

image of a SWNT type II device after exposure

to human chorionic gonadotropin (hCG). (c)

Electrical data of type I device during exposure

to hCG. (d) Electrical data of type II device

during exposure to hCG. (From Ref. [198].)
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attractive to both positively and negatively charged protein species in aqueous solu-

tions [188] and at device level [179, 198] at physiological pH.

The increasing evidence for amino-affinity of semiconducting SWNT surfaces

[194, 208–210] might also help to explain the above phenomenon, since most pro-

teins under consideration contain lysine and/or arginine units that provide pri-

mary amino groups. For example, previous studies show that there is@0.04 elec-

tron donation to a semiconducting SWNT per adsorbed amine [211]. From such a

unit quantity of charge transfer, Bradley et al. [212] estimated that a significant

portion of the threshold shift of the gate voltage in a nanotube FET device upon

streptavidin adsorption is due to charge transfer from amino groups to the semi-

Fig. 7.20. Design of a-helix peptide (top) and a model sketch

of the peptide–SWNT conjugate by noncovalent interaction

(bottom). (From Ref. [203].)
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conducting SWNT. However, they also suspected that other residues, such as tryp-

tophan and tyrosine, may play a secondary role in the charge transfer because they

contain aromatic structures. Indeed, investigations conducted with a peptide li-

brary have found that the tryptophan residue, in particular, was affinitive towards

the SWNT surface [202].

7.3.2

Specific Conjugation and Biorecognition

Specific conjugation of proteins and carbon nanotubes is opposite to non-specific

conjugation. In the former, selected chemical reagents are used with known chem-

istry to link proteins to nanotubes in a more controllable fashion. Protein surface

amino groups from residues, such as lysine, are widely involved in some of these

specific conjugations. For example, nanotube-bound carboxylic acids, often gener-

ated from oxidative acid treatments, can be coupled with protein amines to form

amide linkages (Scheme 7.1), which was extrapolated from chemistry developed

previously for functionalizing carbon nanotubes with other polymeric and oligo-

meric molecules [171–175, 181, 213]. Various types of proteins, such as BSA, ferri-

tin, and cytochrome c, have been conjugated to carbon nanotubes via this route

[188, 189, 214, 215]. The reactions were often carried out in the presence of

carbodiimide reagents, such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

(EDAC), which are specific for the formation of amide linkages by converting car-

boxylic acids into more reactive intermediates toward coupling with amines. The

carbodiimide-nanotube reaction has been referred to as the activation step and is

sometimes assisted by sonication [213]. Many proteins also contain carboxylic

acids, which may compete with those from nanotubes in the amidation reactions,

resulting in possible protein self-aggregation. Thus, the activation step is better car-

ried out in the absence of proteins so that excess carbodiimide molecules can be

removed before the conjugation reaction. The addition of N-hydroxysuccinimide

(NHS) after carbodiimide activation may further enhance the stability of the

reactive intermediate, and thus be beneficial to the yields of the covalent protein–

nanotube conjugates [215]. This and similar strategies have been used to function-

alize carbon nanotubes with other biomolecules (such as nucleic acids and their

analogs [216, 217]) under physiologically benign conditions.

Amide linkages between proteins and carbon nanotubes have also been reported

to be formed in room-temperature ester-to-amide transformation reactions in

aqueous solution (Scheme 7.1) – an even milder approach [218]. In the reaction, a

water-soluble nanotube sample with ester-attached oligomeric PEG functionalities

was placed in small-pore-size dialysis tubing with a protein (e.g. BSA). Although

the PEG functionalities on the nanotubes might have resisted approaching pro-

teins in aqueous solution, the final protein–nanotube conjugation obtained this

way was in fact quite similar to that obtained by carbodiimide-activated coupling

reactions [214]. The driving force for such a mild transformation, which overcomes

the initial protein-resistivity of nanotube-bound PEG groups, likely comes from

both the thermodynamic stability of the amide linkages (compared with ester
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ones) and the in situ removal of relatively small PEG molecules via dialysis. In ad-

dition, hardly any NMR signals from PEG moieties could be detected from the con-

jugates after the reaction, indicating the effectiveness of the method.

Covalent functionalization seems to facilitate the aqueous solubilization of

SWNTs, resulting in enhanced yields of solubilized nanotubes compared with

non-specific interactions under similar conditions [189]. Aqueous-soluble covalent

protein–nanotube conjugates are also much more stable than non-specific conju-

gates. For example, as discussed in Section 7.3.1, water-soluble covalent ferritin-

SWNT conjugates are much more stable in solution when subjected to long-period

standing or vigorous dialysis conditions than non-specific ones. After dialysis, al-

though there seemed to be some protein loss in the covalent conjugates, the

protein–nanotube association was still much more pronounced than that in non-

specific conjugates similarly dialyzed [189]. Probably, the non-specific adsorption

contributes significantly to the initial approaching of proteins toward nanotubes

during covalent conjugation. The formation of amide linkages then ‘‘locks’’ the

proteins on the nanotube surface defect sites where carbodiimide-activated inter-

mediates are present (Scheme 7.2) [159, 189].

Covalent water-soluble protein–nanotube conjugates have found some applica-

tions in bacterial detection. Elkin et al. [169] adsorbed anti-Escherichia coli polyclo-
nal antibodies onto BSA-functionalized SWNTs in physiological solutions. The

nanotube-bound antibodies efficiently captured E. coli O157:H7 in solution, which

was demonstrated by both SEM (Fig. 7.21) and confocal microscopy. Because of the

high surface area and one-dimensional flexible structure of SWNTs, such multi-

copy antibody displays might be of enhanced pathogen detection sensitivity and

could also potentially be used for decontamination of bacterial cells in complex

matrices.

Another form of interaction of carbon nanotubes with cells is the translocation

of nanotubes through the cell membranes – internalization. In a recent example,

SWNTs were functionalized with biotin using a similar carbodiimide coupling

Scheme 7.2
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method, and then conjugated to streptavidin via selective biotin–streptavidin inter-

actions [167]. While streptavidin proteins cannot enter cells by themselves, the

water-soluble SWNT–biotin–streptavidin conjugates were able to internalize into

many types of cells, such as human promyelocytic leukemia (HL60), Chinese ham-

ster ovary, and 3T3 fibroblast cells (Fig. 7.22). Streptavidin alone did not show ap-

preciable cytotoxicity to HL60 cells. However, the cytotoxicity of SWNT–biotin–

streptavidin conjugates toward the same cell line was dose-dependent, which is

consistent with protein internalization via nanotube carriers. SWNT–biotin–

streptavidin internalization is probably accomplished through endocytosis, which

could be blocked at 4 �C. Co-localization of SWNTs and endosomes formed during

such endocytosis is direct evidence for internalization.

SWNTs functionalized by a peptide that mimics the function of Gs protein were

able not only to penetrate human and murine fibroblast and keratinocytes cells

membranes but also to translocate into the cell nucleus [161, 165]. The nanotube

functionalization was covalent, but based on 1,3-dipolar addition of azomethine

ylides onto the nanotube sidewalls [161, 164]. The functional group end-capped

with amine was then modified with peptide sequences to obtain peptide–SWNT

conjugates. Murine 3T3 fibroblast cells were still largely viable when the soluble

Fig. 7.21. (a) AFM image of a covalent BSA-SWNT conjugate

sample. (b) and (c) SEM images showing the strong

interactions of immuno-SWNTs (SWNT-BSA-antibody goat

anti-Escherichia coli O157 conjugate) with pathogenic E. coli

O157:H7 cells. (From Ref. [169].)
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functionalized SWNT concentration was as high as 5 mm, but the nanotube solu-

tion quickly became toxic to these cells upon increasing the concentration by only

twice as much. The uptake mechanism, however, is not due to endocytosis, since

the internalization is temperature independent (the same at both 4 and 37 �C)

[165]. Nevertheless, there are several other reports on the cell internalization of

both non-functionalized carbon nanotubes and those functionalized with other

bioactive species (such as nucleic acids) [166, 219, 220]. These reports discuss the

cytotoxicity of carbon nanotubes [219] and their potential in bioimaging (via

nanotube near-IR fluorescence) [220] and drug, vaccine, and gene delivery systems

[164–168].

In addition to direct covalent methods, specific protein–nanotube conjugation

can also be achieved through the use of a bifunctional molecule, with one end at-

taching to the protein and the other end to the nanotube. Chen et al. [221] reported

Fig. 7.22. Confocal images of HL60 cells after

incubation in solutions of (a) a fluorescein-

labeled SWNT sample; (b) a mixture of SWNT-

biotin-fluoresceinated streptavidin conjugate

(green) and the red endocytosis marker FM

4-64 at 37 �C (image showing fluorescence in

the green region only); (c) same as (b) but

with additional red fluorescence shown due

to FM 4-64 stained endosomes; (d) same as

(c) after incubation at 4 �C. (From Ref. [167].)
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the use of 1-pyrenebutanoic acid succinimidyl ester as a linker for indirect protein–

SWNT conjugation. The pyrene moieties of the bifunctional molecules are pro-

posed to interact noncovalently with the nanotube surface via ‘‘p–p’’ stacking,

while the succinimides react with pendant amino groups on the protein to form

amide linkages. This method was successfully applied to SWNTs at device level

[197]. However, the necessity of using this linker molecule has never been seri-

ously determined, especially considering the competitive non-specific interaction

bindings from proteins themselves. In Chen et al.’s original control experiment

[221], it was claimed that no binding was found between ferritin and SWNTs

grown on a TEM grid without the presence of the linker molecule. This contradicts

later observations by other workers, who consistently found that ferritins are actu-

ally very affinitive to SWNTs, even in aqueous solution [188, 189].

Although considered to be specific conjugation modes, neither direct covalent

functionalization nor the usage of pyrene-succinimide bifunctional molecule could

provide the selectivity for carbon nanotubes to bind one protein but repel another.

One general prerequisite to obtaining such selectivity or biorecognition is efficient

elimination of non-specific adsorption. Thus, the application of a protein-resistant

layer (such as PEG) on the nanotubes prior to protein conjugation is essential.

Shim et al. [187] first demonstrated such a possibility by adsorbing surfactant

Triton X-100 and then PEG to SWNTs on silica surface. They proposed that the

hydrophobic part of Triton molecule adsorbs onto SWNTs, while its hydrophilic

tail facilitates subsequent adsorption of PEG, which alone hardly interacts with

the nanotube surface. SWNT devices protected this way were resistant to streptavi-

din and other protein molecules. With biotin modification on adsorbed PEG, how-

ever, streptavidin efficiently coated the nanotube surface, which still repelled other

proteins [187]. The well-known biotin–streptavidin interaction obviously accounts

for such observed selectivity or biorecognition.

Although each Triton molecule contains an oligomeric ethylene glycol chain as

its hydrophilic tail, a simple Triton coating is not sufficient to prevent non-specific

adsorption of proteins on nanotubes [187]. Some other surfactants, such as Tween-

20, which has dendritic PEG tails, protect the nanotubes much better, even without

additional PEG adsorption. Such surfactant coating is quite useful for SWNTs on

substrates in devices [179], but not so impressive in aqueous solutions [188]. In a

report by Erlanger et al. [222], an anti-fullerene IgG monoclonal antibody was

claimed to be specifically conjugated to SWNTs in the presence of Tween-20 in an

aqueous environment. Although this antibody is known to be specific to fullerene

C60, the observed binding might simply be another example of non-specific adsorp-

tion. Further evidence is definitely required to prove whether the anti-fullerene an-

tibody is truly selective toward SWNTs.

Nevertheless, biorecognition sites can be created similarly at the PEG end of

Tween-20 surfactant molecules. For example, with biotin attachment to the den-

dritic PEG tails of Tween-20 prior to its adsorption on SWNT FET devices, no

protein except streptavidin could be conjugated [179]. In another report, PEG was

co-adsorbed onto SWNT devices with another functional polymer, polyethylene
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imine (PEI), instead of surfactant molecules [223]. The pendant primary amine

groups on PEI were available for subsequent biotin derivatization and, thus, strep-

tavidin recognition (Fig. 7.23).

The protein-resistivity of PEG-coated SWNTs on substrates may be interfered

with by the same PEG coating on substrates themselves [Fig. 7.24(a, b)]. The avail-

ability of highly water-soluble SWNTs with PEG functionalities [224, 225] provides

an excellent opportunity to demonstrate unambiguously the protein-resistant

function of the PEG layer on the nanotubes in aqueous solution. As Lin et al.

[189] reported, PEG-functionalized SWNTs can totally repel ferritins in aqueous so-

lution. As shown in the TEM image (Fig. 7.24c), ferritins surround the nanotubes,

but obviously at a distance, which is due to the PEG functionalities. Other water-

soluble SWNTs, such as those functionalized by poly(propionyl ethylenimine-co-
ethylenimine) (PPEI-EI) [213, 226] or poly(vinyl alcohol) (PVA) [227], similarly

repel proteins in aqueous solution [189]. The protein-resistance coupled with the

water-solubility of these functionalized SWNTs could be important in their bio-

medical applications. Data from other PEG-containing materials suggest that such

protein-resistant nanotubes may have reduced cytotoxicity and increased retention

time in the circulatory system [228]. All of these hypotheses, however, remain to be

verified.

In addition to the well-known biotin–streptavidin interaction, biorecognition

may also be achieved through other biologically known supramolecular pairwise

selective interactions, such as the antibody–antigen interaction, carbohydrate–

lectin interaction, and others. For this purpose, the indirect but selective attach-

ment of different types of proteins to carbon nanotubes can be achieved via initial

nanotube functionalization with the corresponding counterpart species. For in-

Fig. 7.23. (a) Schematic diagram illustrating a biotinylated

SWNT-FET for streptavidin recognition. (b) Biotinylation of PEI

on the nanotube surface, with co-adsorbed PEG. (From Ref.

[223].)
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stance, an antigen named U1A was attached to Tween-20 molecules and adsorbed

onto a SWNT FET device, which was then only responsive to the U1A’s antibody

counterpart, 10E3 [179]. SWNTs were also co-functionalized in a carbodiimide-

activated reaction with an antibody and an enzyme, alkaline phosphatase (ALP),

with the latter serving as the electrochemical tag [229]. Such conjugates have been

used in combination with immunological magnetic beads for ultrasensitive immu-

nosensing or antigen detection. The antigen was attached in a sandwich-like con-

figuration to nanotube-bound and magnetic-bead-bound antibodies. The captured

antigens were then separated magnetically. The electrochemical detection signals

were enhanced by comparing multiple copies of enzymatic species on the nano-

tube surface to single enzyme tags. DNA sensing was achieved via a similar strat-

egy, with selectivity coming from the complementary DNA sequence hybridization

instead of antibody–antigen interactions [229].

A natural b-1,3-glucan, schizophyllan (SPG), was found to be able to noncova-

lently wrap around and solubilize SWNTs in water [230]. Using SPG with lactoside

appendages, the carbohydrate-functionalized SWNTs can be conjugated to Ricinus
communis agglutinin, a lactoside-specific lectin that is inert to other carbohydrates

Fig. 7.24. (a) AFM image showing the non-

specific binding of streptavidin on SWNTs as-

grown on substrate. (b) AFM image showing

that the non-specific binding was largely

prevented by coating SWNTs with surfactant

Triton X-100 followed by PEG. (From Ref.

[187].) (c) TEM image showing that the non-

specific binding of ferritin species to water-

soluble SWNTs was completely prevented by

the covalent PEG functionalities on SWNTs.
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such as a-mannose and some other monosaccharides. In another example taking

advantage of carbohydrate–lectin specific interactions, b-d-galactose-functionalized

SWNTs could be crosslinked by a galactoside-specific lectin from the peanut

Arachis hypogaera, forming interconnected networks [231].

Very recently, noncovalent functionalization of SWNTs by a mucin-mimic with a-

N-acetylgalactosamine (a-GalNAc) moieties has been reported [232]. These sugar

moieties could be recognized by Helix pomatia agglutinin (HPA), a-GalNAc’s spe-

cific counterpart (Fig. 7.25). When HPA was plugged with free GalNAc, no binding

occurred between the deactivated agglutinin and the a-mucin mimic-SWNT conju-

gate. Specificity was further demonstrated by a noncovalent conjugate sample of

SWNTs with a similar mucin mimic but bearing sugar moieties of b-configuration.

Again, no binding was found between HPA and the b-mucin mimic–SWNT

conjugate.

In a similar strategy, Gu et al. [170] reported recently multivalent carbohydrate

display on SWNTs for the detection of E. coli O157:H7, which took advantage of

the selective interactions of the nanotube-bound sugar moieties (b-d-galactose)

with the periplasmic galactose-binding proteins on the pathogen surface. The

pathogen cells could be agglutinated by the b-d-galactose-functionalized SWNTs,

while inert to those functionalized by either a-d-mannose or BSA protein

[170].

Reconstitution of flavoenzymes was also used for enzyme–nanotube conjugation

for the purpose of subsequent electronic sensing of a catalytic event via nanotube

conductor arrays. As reported by Patolsky et al. [233], the glucose oxidase (GOx)

cofactor, flavin adenine dinucleotide (FAD), was first functionalized covalently

onto the SWNT array, which was formed by self-assembly on an Au substrate as

the electrode. With the protection of SWNTs with PEG, apo-GOx proteins were

then immobilized onto the SWNTs via apoenzyme-FAD reconstitution. The conver-

sion of glucose into gluconic acid by the redox enzyme was found to be efficiently

transferred to the Au electrode and was highly dependent upon the lengths of the

nanotubes, which apparently serve as the pathway for electron transfer [233].

Since these supramolecular but selective interactions are well-known in biology,

scientists in the bio-nano field are more inclined to use these interactions to conju-

gate proteins and nanomaterials, including carbon nanotubes, for biologically and

biomedically significant purposes. Proteins conjugated this way probably retain

their bioactive structures and functions. However, when proteins are conjugated

to carbon nanotubes via other covalent or noncovalent pathways, their secondary

and other advanced structures are largely unknown because of their close proxim-

ity to the nanotubes. This should be investigated, especially in the light of a recent

valuable attempt by Karajanagi et al. [191] on the advanced structures of two

enzymes (SBP vs. CT) upon adsorption on SWNTs. From that work, it seems

that the secondary and tertiary structures of proteins could easily be affected when

adsorbed onto carbon nanotubes. However, the structural and biofunctional altera-

tions to each protein induced in the conjugation events will need to be carefully

evaluated on a case-by-case basis before mechanistic details of the interactions
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Fig. 7.25. Specific binding of HPA to a-mucin mimic-coated

nanotubes: (a) specific binding of HPA to the surface of a-

mucin mimic-SWNTs; (b) lack of binding of HPA to b-mucin

mimic-SWNTs; and (c) inhibition of HPA binding by soluble

GalNAc. (From Ref. [232].)
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and any potential regulations for the changes in protein structures and biological

functions are understood.

7.4

Conclusions and Perspectives

As described in this chapter, exciting progress has been made over the past few

years in the coupling and assembly of proteins and nanostructured materials

(metal, semiconductor and nanotubes). A typical route for preparing these conju-

gates involves mixing proteins with chemically modified nanomaterials. Protein

molecules can also act as crosslinkers or as templates to build nanometer-sized

supramolecular structures by self-assembly. The field continues to grow and con-

tribute to new interdisciplinary areas concerned with the synthesis, self-assembly,

and processing of organized matter. Despite the progress made, this field is still

in its infancy, with many challenges ahead. For example, there is still great de-

mand for alternative and selective coupling methods that allow the preparation of

stable, clean, and stoichiometrically well-defined bioconjugate nanomaterials. In

this regard, an interesting recent development is the use of supercritical fluid pro-

cessing, wherein a protein can be attached directly to inorganic nanoparticles in an

effective and clean fashion. Other areas where there is much to be learnt are the

surface interaction and the interface between nanomaterials and proteins and the

control of shape and physico-chemical properties of proteins by means of genetic

engineering and bioconjugate chemistry.

Among the enormous challenges are how to design well-ordered structures and

how to adapt them efficiently in the macroscopic world. Here, the electrostatic and

topographic properties of biological macromolecules, such as bacterial superstruc-

tures and hollow protein compartments, still must be understood. Research effort

on the discovery, selection and development of peptides from combinatorial pep-

tide and protein libraries will also benefit this field. It will allow the production of

even more suitable biological structures, since they can provide recombinant pro-

tein units that have optimized recognition capabilities for inorganic materials and

their assemblies in distinctively shaped superstructures.

Further future investigations should also address the issues of the applications of

these bioconjugate materials. Interdisciplinary research in this filed has great po-

tential for discovering and producing advanced materials, which can then lead to

novel devices for sensing, signal transduction, catalysis, and new biocompatible

materials and interfaces desired for biomedical sciences and tissue engineering.
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8

Stabilization and Functionalization of Metallic

Nanoparticles: the Peptide Route

Raphaël Lévy and R. Christopher Doty

8.1

Introduction

Gold and silver nanoparticles have attracted a great deal of recent attention due to

their potential use in a numerous applications such as biosensing, bottom-up as-

sembly of nanodevices, and catalysis. The advantages of these particles include

easy, non-toxic synthesis and chemical modification protocols, and outstanding op-

tical properties that enable single-particle detection with no blinking or bleaching.

Many of these applications depend crucially on the stabilization and functionaliza-

tion of metal nanoparticles with adequate capping ligands.

This chapter begins with a discussion of aqueous synthesis protocols for differ-

ent shapes and sizes of gold and silver nanoparticles, and various strategies to

transfer nanoparticles synthesized in organic solvents into water. As the nanopar-

ticle size increases, the dominant optical characteristic changes from fluorescence

to absorbance to scattering. For each regime there is an optical technique capable

of achieving single-particle detection. The role of Au nanoparticles in DNA sensing

is discussed along with the use of DNA and proteins to assemble Au nanopar-

ticles into discrete structures. Long-range ordering of Au nanoparticles on two-

dimensional (2D) protein crystal templates is presented as an alternative assembly

method. The chapter continues with a description of stabilization and functionali-

zation of metallic nanoparticles using peptides. The concept of a peptide toolbox

for bionanotechnology containing capping ligands, recognition and self-assembly

motifs is introduced. The interaction of amino acids, peptides and proteins with

gold and silver is briefly reviewed. Rational and combinatorial designs of peptides

provide capping ligands to convert nanoparticles into protein-like materials. A ma-

jor advantage of the peptide route is that stabilization and functionalization are

achieved in a single step. A wide variety of functions can be easily transferred to

the nanoparticles using peptides with extensions. Furthermore, their protein-like

properties open up new possibilities to purify and handle nanoparticles and pre-

pare conjugates with a defined number of recognition groups per particle. Finally,

some remarkable properties of peptides that have not yet been used in the context

of nanoparticles are presented.
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8.2

Metallic Nanoparticles – An Overview

8.2.1

Metallic Nanoparticles – Preparation

While fluorescence from semiconductor nanocrystals ranging from the UV to the

near-IR is best achieved with particles less than 10 nm in diameter, sizes easily ob-

tained by syntheses in organic solvents, metal nanocrystals need to be greater than

30 or 40 nm in diameter to take advantage of their light-scattering properties. This

is too large for synthesis in organic solvents, but an aqueous synthesis utilizing

sodium citrate as both reducing agent and electrostatic stabilizer can produce

Au nanocrystals between 10 and 150 nm in diameter [1]. For reproducible, quanti-

tative results, nanocrystals need to be monodisperse in both size and shape.

Unfortunately, the citrate-reduction synthesis gives highly polydisperse results for

nanocrystals greater than ca. 30 nm in diameter. Recent work using 12 nm citrate-

stabilized Au nanocrystals as seeds for the growth of larger nanocrystals has

allowed the synthesis of monodisperse, spherical nanocrystals, with diameters be-

tween 30 and 110 nm, and monodisperse, ellipsoidal nanorods of similar size [2, 3]

(Fig. 8.1A).

Gold nanoparticles in the shape of rods, rectangles, cubes, triangles, hexagons,

and branched structures can be synthesized in very high yield by varying the ratios

of an interdependent mixture of small Au nanoparticle seeds, cetyltrimethylammo-

nium bromide (CTAB), HAuCl4, AgNO3, and ascorbic acid [4–6] (Fig. 8.1B–D).

For some shapes, especially rods, the presence of Agþ was essential for their syn-

thesis in high yield. The precise role of the Ag ions is unknown, but it is believed

that an interaction with the Br ions of CTAB affects either the surface of the Au

nanoparticle or the shape of the CTAB template.

Although tremendous advances have been made in the synthesis of large, water-

soluble Au nanocrystals, the same cannot be said for Ag nanocrystals. Silver oxi-

dizes much more readily than Au, and the larger van der Waal’s attraction between

Ag spheres compared with Au spheres reduces the effectiveness of electrostatic re-

pulsion as a method of stabilization. Thus far, this problem has been solved by de-

positing Au around the Ag nanocrystal, much like the seeded growth syntheses

mentioned above, to reduce oxidation of the Ag surface. In monolayer and bilayer

quantities, this does not affect the absorption or light-scattering properties of the

original Ag core [7].

Silver nanoparticles have also been synthesized as rods, wires, and triangular

prisms – the first two shapes by a very similar procedure to that used to obtain Au

nanorods [8]. Silver nanoparticle seeds (4 nm diameter) were added to a growth

solution containing AgNO3, CTAB, and ascorbic acid. The pH was then increased

with NaOH to enable the ascorbic acid to reduce the Ag ions. The ratio of nanopar-

ticle seeds to Ag ions and the pH are key factors in determining whether rods or

wires are produced. Nanorods can be synthesized reproducibly with aspect ratios

between 2.5 and 15 for widths of 10 to 15 nm. Nanowires of similar width and up
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Fig. 8.1. Transmission electron microscope

(TEM) images of (A) 37 nm Au spheres,

(B) 70 nm Au hexagons, (C) 90 nm Au cubes,

(D) 50� 15 nm Au rods, and (E) and (F) 100 nm

Ag prisms. The inset to (C) is a scanning

electron microscope image showing the three-

dimensional nature of the Au cubes. Inset to

(E) is an electron energy loss spectroscopy

scan, showing that the Ag prisms are flat on

top and not shaped like pyramids. This is also

displayed in (F), where several Ag prisms are

stacked together. (A) reprinted with permission

from [3]. Copyright (2001) by the American

Chemical Society (ACS). (B) and (C) reprinted

with permission from [6]. Copyright (2004) by

the ACS. (D) reprinted with permission from

[5]. Copyright (2004) by the ACS. (D) and (E)

reprinted with permission from [9]. Copyright

(2001) by the AAAS.
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to 4 mm long have been produced. The many spherical Ag nanoparticles produced

along with the nanorods and nanowires must be removed by centrifugation. Trian-

gular prisms have been synthesized in very high yield by the photoinduced conver-

sion of spherical Ag nanoparticles [9]. A solution containing 8 nm citrate-stabilized

Ag nanoparticles and a particle stabilizing agent were irradiated with a 40 W fluo-

rescent light for 3 days. The spherical nanoparticles were gradually converted into

nanoprisms with an edge length of 100 nm [Fig. 8.1(E) and 8.1(F)].

In addition to synthesis in aqueous solutions, nanoparticles can be synthesized

in organic solvents and transferred into the aqueous phase via ligand-exchange.

Solubilization via ligand-exchange requires displacement of the hydrophobic mole-

cule attached to the nanoparticle surface by a hydrophilic one, usually a carboxylic

acid-terminated molecule [10, 11]. A particularly good example of this technique is

the use of a thioalkylated monohydroxy tetraethylene glycol (PEG-OH) to transfer

tetraoctylammonium bromide-stabilized Au nanoparticles from toluene to water

[12]. These 5 to 8 nm particles displayed excellent stability between pH 0 and 14

and in 3.5 m NaCl. They also did not aggregate in the presence of proteins. The

particles’ extraordinary stability is due to the bifunctional nature of the PEG-OH

capping ligand. The alkanethiol end forms a strong bond with the Au surface and

a tight hydrophobic shell around the particle while the ethylene glycol end imparts

water solubility and presents an uncharged surface to the aqueous environment.

Gold nanoparticles have also been synthesized in the presence of PEG-OH [12].

These particles had diameters between 2 and 4 nm and displayed the same excel-

lent stability as the larger nanoparticles produced by ligand-exchange. The effi-

ciency of ligand exchange depends upon the relative bond strengths between the

two molecules and the nanoparticle surface, and usually requires a large excess of

the hydrophilic molecule in solution during the ligand exchange. Unfortunately,

this requirement precludes direct attachment of some biological molecules that

are not available, or are prohibitively expensive, in such large quantities, e.g.

many peptides and proteins.

Another approach to making nanocrystals water-soluble is to encapsulate them

in a layer of silica/siloxane via a surface silanization procedure [13, 14]. In subse-

quent crosslinking reactions, charged molecules can be incorporated into the shell

to provide electrostatic stabilization to the water-soluble nanocrystals, or long-

chained, hydrophilic molecules, such as polyethylene glycol, can be used to provide

steric stabilization. The resulting silica shell has exposed amino, mercapto, and

phosphate groups that can be used to further functionalize the nanocrystal surface.

While the silica-encapsulated nanocrystals are very stable and do not aggregate in

aqueous solution, gradual decomposition of the silica layer eventually leads to

nanocrystal precipitation and limits the length of time they can be left in water.

8.2.2

Metallic Nanoparticles – Optical Properties

Almost every application of metallic nanoparticles takes advantage of their ability

to strongly absorb and scatter light. This is because they possess a distinctive opti-
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cal property known as surface plasmon resonance, which is effectively due to the

collective oscillation of free electrons. For Ag and Au nanocrystals the wavelength

at which this occurs is in the vicinity of 400 and 500 nm, respectively, and is a

function of the nanocrystal size and composition, the molecules attached to the

surface of the nanocrystal, and the surrounding medium. Many biological applica-

tions of metal nanocrystals will rely on their light scattering properties because

scattered light can be detected thousands of times more sensitively than transmit-

ted light [15, 16]. A solution of nanocrystals will scatter an incident beam of mono-

chromatic light without changing its frequency, but when illuminated with an

incident beam of white light, the wavelength at which the scattered light is a max-

imum is a function of particle size, shape, and composition (Fig. 8.2A and 8.2B).

Through a combination of Ag and Au nanocrystals of different sizes, one can view

scattered light of every color in the visible light spectrum (Fig. 8.2C). The particle

size dependence of the wavelength of scattered light was predicted by Mie using

classical electromagnetic theory [1, 17]. In the Rayleigh limit (R < l=20, where R
is the radius of the nanocrystal and l is the wavelength of incident light) the wave-

length of scattered light remains unchanged, while the intensity increases as R6.

For nanocrystals outside the Rayleigh limit, an increase in particle size broadens

the scattering spectrum and shifts it to longer wavelengths. In general, the maxi-

mum intensity of light scattered from an Ag nanocrystal is at least 10� that of an

Au nanocrystal of the same size, and the spectral shifts with regard to particle size

are more pronounced. The scattering spectra are also affected by the refractive

index of the medium containing the nanocrystals. Increasing the refractive index

increases the intensity of scattered light and shifts it to longer wavelengths. The

intensity of scattered light for Au nanocrystals is enhanced by an increase in the

medium refractive index more so than Ag, but the spectra of Ag shift more than

those of Au [15]. These effects are important experimentally, because raising the

refractive index of the medium increases the signal-to-noise ratio of a particular

measurement, by both increasing the scattering from the metal nanocrystals and

decreasing the background scattering from dielectric materials. Light scattering

from metal nanocrystals cannot be quenched, and the nanocrystals do not de-

grade under optical excitation like many molecular fluorophores, permitting time-

dependent studies. In fact, the scattered light intensity of a 60 nm diameter

Au nanocrystal is approximately equivalent to the fluorescent light intensity of

270 000 fluorescein molecules [15]. This allows the detection of a single particle

using a simple optical microscope in dark-field mode. The main drawback of this

detection strategy is the background scattering from the biological sample and from

defects in microscope slides. This background cannot be removed by an emission

filter in an experiment where the illumination and detection have to be at the same

wavelength, but, as mentioned above, refractive index matching can be effective. To

ensure that the detected light comes from a metallic particle, more sophisticated

instrumentation is needed in which the scattered light is analyzed using a spec-

trometer coupled to the microscope or a tunable filter to recognize the characteris-

tic scattering spectrum of the metallic nanoparticles.

While light absorption and scattering are practical detection methods for large
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metal nanoparticles, small (diameter < 5 nm) nanoparticles can be detected by

light emission. Previous work has shown blue, red, and near-IR emission from

water-soluble Au nanoparticles [18, 19]. The exact mechanism is unknown, but it

is thought that relaxation of excited conduction electrons into sp- and d-band holes,

intraband and interband, respectively, combined with surface effects from the li-

gand shell can explain the different light emission peaks. Although these nanopar-

ticles show a million-fold enhancement in fluorescence quantum yield compared

with bulk gold, the quantum yields (10�3–10�5) are still much lower than for or-

ganic fluorophores and semiconductor quantum dots. Recent work on nanodots,

however, has further increased the quantum yield of Au one hundred-fold [20,

21]. An eight-atom cluster of Au stabilized by a poly(amidoamine) (PAMAM) den-

drimer emits blue light (lmax ¼ 450 nm) with a quantum yield of 41G 5% [20].

Additional work on 5-, 13-, 23-, and 31-atom clusters extended the emission into

the UV and the near-IR (Fig. 8.3), with a quantum yield of 70% for the five-atom,

UV-emitting cluster [21]. The quantum yield decreases to 10% as the emission en-

ergy decreases from the UV to the near-IR, as a result of increased competition

Fig. 8.2. Normalized scattering cross-sections

as a function of wavelength for (A) gold and

(B) silver nanoparticles of various sizes.

(C) Light scattering from aqueous solutions

of (from left to right) 40 nm Ag nanoparticles;

40, 78, 118, and 140 nm Au nanoparticles; and

fluorescein illuminated by a single beam of

white light. (Reprinted with permission from

[15]. Copyright (1998) by Academic Press.)
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from nonradiative pathways. The emission energy scales with the number of

atoms, as predicted by a jellium model, indicating that the fluorescence is ‘‘proto-

plasmonic’’ and arises from intraband transitions of the free electrons. The clusters

are stable over long periods in water, can be stored as dry powders, and, unlike

semiconductor quantum dots, their synthesis is easy and non-toxic. Their discrete

excitation spectra, however, excludes their use in the single-excitation, multiplexed

bioassays for which semiconductor quantum dots show so much promise. How-

ever, it does allow them to function as energy transfer pairs and long lifetime fluo-

rescent labels for in vivo imaging.

In addition to Au nanodots, Dickson and co-workers have also produced fluores-

cent Ag nanodots [22, 23]. Silver ions were photoreduced in the presence of

PAMAM dendrimers to produce two- to eight-atom clusters [22]. Single nanodot

fluorescence was detected at between 530 and 650 nm. Photoluminescence beyond

600 nm was also seen from Ag nanodots formed by the chemical reduction of

Ag ions in the presence of oligonucleotides [23]. Mass spectral analysis showed

that the cluster size was between one and four Ag atoms. Chemical shifts in the

NMR spectra of the cytosine bases suggest that base-specific interactions may play

an important role in nanodot formation and that oligonucleotides with specific

sequences may be able to control cluster stoichiometry. Unlike the Au nanodots

discussed above, the photoluminescence of different-sized Ag nanodots can be

excited by a single source, making them available for applications that require a

degree of multiplexing.

Particles that are too small to be detected by light scattering and too big to fluo-

resce with any efficiency can be detected using a recently developed photothermal

Fig. 8.3. Photoluminescence excitation

(dashed lines) and emission (solid lines)

spectra for Au nanodots with cluster sizes of 5,

8, 13, 23, and 31 atoms. The emission spectra

redshift as cluster size increases. (Reprinted

with permission from [21]. Copyright (2004)

by American Physical Society (APS).)
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technique [24]. Called photothermal interference contrast, it relies on the increase

in temperature around a metal nanoparticle when it absorbs laser light at the same

frequency as its plasmon resonance. Changes in the temperature-dependent local

index of refraction can be detected optically using a second laser beam. One benefit

of this technique is that it does not detect non-absorbing scatterers. For instance,

10 and 80 nm Au particles were mixed with 300 nm latex spheres and spin-coated

onto a substrate. As shown in Fig. 8.4(A), the 80 nm Au particles and 300 nm latex

spheres were detected using differential interference contrast. Using the photother-

mal technique, only the 80 and 10 nm Au nanoparticles were detected (Fig. 8.4B

and 8.4C). Nanoparticles as small as 2.5 nm have been optically detected using

the photothermal detection system [24]. Another benefit of this technique is that

organic and biological samples have a negligible photothermal background. This

was shown in the visualization of individual 10 nm Au particles attached to mem-

brane proteins of COS7 cells. By tilting the sample, 3D images of the Au nanopar-

ticles were obtained [25]. Because absorption is used, there is no photobleaching,

blinking, or saturation of the metal nanoparticles. One concern with this technique

is that the temperature rise around the nanoparticles could interfere with the func-

tion of live biological samples. For a 10 nm particle, the temperature increase on

the surface of the particle is estimated to be 15 K. This can be lowered by changing

the laser power and the location of the laser beams in relation to the particles.

8.2.3

Metallic Nanoparticles – Applications

The uniformity of citrate-stabilized Au nanocrystals, the ease with which the citrate

molecules can be displaced from the Au surface, and the unique optical properties

of both individual and aggregated clusters of Au nanocrystals are all critical to suc-

cessful utilization in biological applications. An area of early success was the at-

tachment of thiol-terminated DNA oligonucleotides to Au nanocrystals, in which

complementary strands of DNA were used to assemble both dimers and trimers

and large, aggregated structures of nanocrystals [26, 27]. The nucleotide-induced

aggregation caused a red to blue color change in the aqueous nanocrystal solution.

This aggregation is reversible upon heating the solution above the melting temper-

ature of the DNA [28]. In this way the absorbance of Au nanocrystals is used to

detect DNA hybridization [29, 30]. A more solid-state approach to the detection of

DNA hybridization is to immobilize a strand of DNA on a substrate and flow a

solution of nanocrystals containing the complementary strand of DNA over the

substrate [31, 32] (Fig. 8.5). The attachment of nanocrystals on the surface can be

detected by light scattering. This technique offers greater sensitivity and can detect

DNA in the femtomolar concentration range [31, 33].

Complementary strands of DNA can be attached to nanocrystals of different size,

shape, and/or composition. In this way, large nanocrystals can be surrounded by

small ones [34], metal nanocrystals can be surrounded by semiconductor ones

[35], and vice-versa [36]. The challenge with this technique is to control the degree

of nanocrystal ordering (Fig. 8.6). Ideally, one would form dimers, trimers, and
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Fig. 8.4. (A) Differential interference contrast

image of 10 and 80 nm Au particles with

300 nm latex particles. Only the 80 nm Au

and 300 nm latex particles can be detected.

(B) Photothermal image at low heating laser

power shows the 80 nm Au particles but not

the 300 nm latex particles. (C) Increasing the

laser power brings the 10 nm Au particles into

view. (Reprinted with permission from [24].

Copyright (2002) by AAAS.)
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other well-defined structures, such as monolayers and multilayers [37]. However,

this requires precise control of the number of DNA molecules attached to the

nanocrystal surface, and it is not currently possible to generate a solution of nano-

crystals with only, and exactly, one (or two, or three, etc.) DNA molecule per nano-

crystal. In a given solution there is a statistical distribution of desired capping

ligands per nanocrystal. The challenge then is to separate the nanocrystals with

one oligonucleotide from those with two, three, four, etc., which at present has

only been consistently achieved by gel electrophoresis [36, 38, 39]. To achieve maxi-

mum resolution the nanocrystals should be size-monodisperse and homoge-

neous in charge, and the DNA molecules should have a mobility similar to that

of the nanocrystals so that the attachment of only one or two oligonucleotides has

a significant effect on the overall mobility through the gel. Besides being time-

consuming and relatively inefficient, the pore size of the gel presents a serious lim-

itation to the size of nanocrystals that can be separated.

In addition to using nanoparticles to detect biological molecules, biological mol-

Fig. 8.5. Two different types of three

component sandwich assays for

oligonucleotide detection. (A) A two-color

detection method taking advantage of the light

scattering properties of different sized Au

nanoparticles. (B) An extremely sensitive

detection method in which silver atoms are

reduced onto 13 nm Au particles to amplify the

signal for detection by a flatbed scanner. (A)

reprinted with permission from [32]. Copyright

(2001) by ACS. (B) reprinted with permission

from [31]. Copyright (2000) by AAAS.
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ecules can be used to self-assemble nanoparticles into patterns that are not other-

wise thermodynamically or kinetically favorable. As discussed in the previous sec-

tion, DNA has been used to assemble dimers, trimers and much larger aggregated

structures. Another potentially powerful, high-yield method for creating dimers,

trimers, or chains of nanoparticles involves the use of solid-phase reactions on PS

Fig. 8.6. TEM images of dimers and trimers of 5 and 10 nm

Au nanoparticles linked by DNA. A schematic of the particular

DNA-based assembly method is shown to the left of the TEM

images. (Reprinted with permission from Ref. [37].)
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Wang or HMPA-PEGA resins and Fmoc protecting groups [40]. This technique

takes advantage of the low-density packing of functional groups, in this case lysine,

on the resins. Thus, a 2.2 nm Au nanoparticle with a ligand shell consisting of

equal parts octanethiolate and mercaptoundecanoic acid will react with only one

lysine. Protection of the remaining carboxyl groups in the ligand shell with methyl-

amine followed by cleavage of the resin bead leaves a single carboxylic acid on the

nanoparticle available for further functionalization. Monofunctionalization was

tested by dimerizing nanoparticles with ethylenediamine. The overall efficiency

of this process is extremely low, however; only 3% and 15% of the nanoparticles

remained after cleavage of the PS Wang and HMPA-PEGA resins, respectively.

Of those remaining particles, around 60% formed dimers, with some forming

higher-order clusters. To form chains of nanoparticles using this method, the effi-

ciency needs to be much higher, but it is nonetheless a powerful method for mono-

functionalizing nanoparticles.

A single biotinylated dextran molecule has been conjugated to 15 nm Au par-

ticles through careful consideration of the molecular weight of the aminodextran

molecules and the surface area of the nanoparticles [41]. A 2000 kDa aminodextran

was functionalized with pyridyldithio propionate to create the disulfide bonds, and

biofunctionality was imparted by conjugation with biotin. The benefit of this tech-

nique is the stability imparted to the nanoparticle by coating it with one molecule

capable of forming hundreds of thiol bonds rather than with hundreds of individ-

ual thiol-containing molecules. As proof of this the particles were run through a

typical polymerase chain reaction protocol without loss of biological activity. This

technique can be expanded beyond biotin to include haptens, antibodies, and oligo-

nucleotides. The number and type of functional molecules per dextran can be

altered as required for use in sensitive bioassays or programmed self-assembly.

In addition to the well-known biotin–streptavidin system, antibodies and anti-

gens can be used to link nanoparticles together. Mann and co-workers have shown

that Au nanoparticles stabilized by IgE and IgG antibodies assemble into 3D net-

works in the presence of bivalent antigens [42]. Macroscopic filaments with aspect

ratios greater than 100 precipitated from solution when the conformational free-

dom of the bivalent hetero-antigen was increased by doubling the size of the spacer

between its functional ends. They were also able to form bimetallic aggregates by

mixing IgE-stabilized Au nanoparticles and IgG-stabilized Ag nanoparticles with a

bivalent hetero-antigen. The feasibility of aggregation-based immunoassays has

been demonstrated by Thanh and Rosenzweig [43]. At a comparable sensitivity to

ELISA, the concentration of anti-protein A in serum samples was determined by

following the aggregation of protein-A coated Au nanoparticles with a UV/Visible

spectrophotometer.

Thus far, the aggregation-based techniques intended for the long-range assembly

of ordered nanoparticle structures have resulted in large, disordered 3D clusters. A

template-based method for precise positioning of nanoparticles using S-layer pro-

teins is an interesting alternative [44, 45]. S-layer proteins are found on the surface

of prokaryotic (e.g., bacteria) cells and can self-assemble into 2D structures on solid

supports. Interestingly, for nanotechnology, the symmetry and lattice constants of
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the self-assembled structure can be tailored, and the protein units contain identical

central pores with diameters that can range between 2 and 6 nm. An S-layer pro-

tein investigated recently for long-range ordering of nanoparticles has hexagonal

symmetry, a central pore size of 2 nm, and a lattice constant of 18 nm (Fig. 8.7A).

Mann and co-workers found that negatively charged citrate-stabilized Au nanopar-

ticles with a diameter of 5 nm formed long-range, ordered assemblies with hexag-

onal symmetry and a center-to-center distance of 18 nm [44]. The same was true of

a solution of 10 nm citrate-stabilized Au particles, except that the particles that

bound to the S-layer template were 8.0 nm. They also found that the 5 nm particles

bound preferentially to the 9.7 nm particles when a solution containing a mixture

of the two was placed on the protein template. Particles larger than the lattice con-

stant of the template only bound randomly to the structure, as did smaller Au

nanoparticles with a positive surface charge. While Mann and co-workers were un-

able to determine if the nanoparticles were located in the central pore of the S-layer

protein units, Bergkvist et al. showed that the nanoparticles were in fact located at

the vertex point of three protein units [45]. The center-to-center distance of 18 nm

was maintained by nanoparticle adsorption to every other vertex point. Adding

25 mm NaCl during nanoparticle adsorption resulted in the occupation of every

vertex point and a center-to-center distance of 10 nm [Fig. 8.7(B)]. Nanoparticle

adsorption to the protein template is a result of electrostatic interactions between

the negatively charged Au nanoparticles and positively charged residues of the

S-layer protein, while interparticle separation is controlled by electrostatic repul-

sions between Au nanoparticles.

Metal nanoparticles could also be used as scaffolds for the self-assembly of

Fig. 8.7. (A) Schematic representation of the

hexagonal ordering of S-layer proteins. Protein

monomers arrange to form a central pore 2

nm in diameter and 18 nm apart. Vertex points

are 10.4 nm apart. (B) TEM image of 5 nm

citrate-stabilized Au nanoparticles on the

hexagonally packed S-layer. Addition of 25 mm

NaCl resulted in the long-range ordering

shown. The interparticle spacing is 10 nm.

(Reprinted with permission from [45].

Copyright (2004) by ACS.)
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enzymes and receptors. Still in its infancy, several proof of principle experiments

have been published, mainly by the groups of Rotello and Scrimin [46]. The

mobility of thiols on gold surfaces and the possibility to easily make mixed self-

assembled monolayers presenting various chemical moieties are key ingredients in

these studies. An early example demonstrated that flavin binding sites could be

imprinted in a gold nanoparticle supported monolayer containing both hydro-

gen bonding and aromatic stacking elements [47]. More recently, dipeptide-

functionalized nanoparticles with esterase-like activity have been prepared [48].

Confinement of the catalytic units in the monolayer drives a 300-fold enhancement

of activity compared with the dispersed monomeric dipeptide, demonstrating the

crucial role of cooperativity in these systems.

8.3

Stabilization and Functionalization of Metallic Nanoparticles – The Peptide Route

8.3.1

Peptides, Proteins and Nanoscale Science

Peptides are short sequences of amino acids linked by peptide bonds. When a se-

quence is longer than 30 a-amino acids, the molecule is generally called a protein

or a polypeptide if it is a synthetic polymer. Proteins are biopolymers composed of

the 20 natural a-amino acids. Essential components of life, they fulfill the roles of

elastic material, enzymes, motors, signal transducers etc. Protein function arises

from precisely defined folding of the polymer chain into a 3D structure. Whereas

elaborate tasks are generally assumed by large proteins or complexes of proteins

(3–100 nm), short sequences composed of less than ten a-amino acids are used by

living organisms as highly specific recognition sequences (e.g., cellular localization

sequences, enzyme substrate and ligand–receptor recognition sequences).

Understanding the relationship between the amino acid sequence of a protein

and its structure is a major and fundamental field of research known as the folding

problem. It has wide implications for drug development and discovery. One of the

tests of this understanding is the ability to design from first principles unnatural

sequences that fold according to predictions. This has been successfully achieved

at the level of secondary structures (e.g. helix and beta-sheet) [49–51], while the de
novo design of catalytic proteins is an emerging field (e.g., Kaplan and colleagues

have reported the design of an O2-dependent phenol oxidase whose structure, se-

quence, and activity have been designed from first principles [52]).

One of the challenges of nanotechnology is to create nanostructures capable of

handling complex tasks. In the nanometer range, proteins are fairly clearly the

most advanced devices known. Furthermore, molecular biology offers powerful

tools to modify, adapt, purify and manipulate these natural devices. Therefore,

two complementary approaches have been taken. The first seeks to modify existing

proteins or viruses [53, 54] to solve technological problem on the nanoscale [55],
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whereas the second seeks to confer protein-like properties to artificial nanomate-

rials having useful physical properties (e.g., metallic nanoparticles, quantum dots

and carbon nanotubes). In the following, we focus on protein-like metallic nano-

particles obtained using peptides as capping ligands.

8.3.2

Peptide Toolbox for Bionanotechnology

Peptides are a large family of commercially available molecules. The concept of a

peptide toolbox is emerging from recent work. As illustrated in Fig. 8.8, this toolbox

contains sequences that can achieve various tasks. Peptides can be used as a cap-

ping ligand to control the surface properties of nanomaterials. They offer various

affinity pairs as well as binding motifs to synthetic materials. Enzymes can be

used to cleave or modify peptide sequences at precisely defined sites. Most power-

ful biochemistry tools are intrinsically parts of the peptide toolbox and are readily

available to handle and modify peptide-capped materials. This includes various

chromatography techniques that allow nanomaterials to be separated on the basis

of size, charge, hydrophobicity and affinity as well as various well-established bio-

conjugation reagents. Designed peptides can self-assemble into extended struc-

tures from micelles, fibers, and nanotubes to vesicles and hydrogels. The toolbox

has only been superficially explored in the context of nanoparticles and their

assemblies. Most importantly, peptide-capped nanoparticles may offer a path for

Fig. 8.8. Peptide toolbox for bionanotechnology.
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integrating various properties into well-defined complex materials. Examples will

be given to show that peptide properties can be readily transferred to metallic

nanoparticles by using peptides as capping ligands.

8.3.3

Peptides as Capping Ligands

8.3.3.1 Interactions of Amino Acids with Noble Metals

To our knowledge, no systematic study of amino acid interactions with gold is

available. However, thiols and amine groups are known to interact strongly with

gold. For example, alkanethiol, mercapto- and amino-dextrans have been used as

capping ligands for gold nanoparticles [56, 57]. Therefore, as expected, cysteine

(thiol on its side chain) and lysine (primary amine on its side chain) do bind to

gold nanoparticles [58].

Sastry and co-workers have published several studies on amino acid interactions

with metallic nanoparticles (Ref. [59] gives a more complete review). Cysteine, [60]

lysine [61] and tryptophan [62] were used as a capping ligand for silver or gold

nanoparticles. Lysine-capped nanoparticles disperse in acidic aqueous solution,

while aggregation attributed to hydrogen bonding occurs at neutral and basic pH

[61]. In addition, water-dispersible gold nanoparticles have been synthesized by

the spontaneous reduction of aqueous chloroaurate ions by tryptophan [62].

The same group has used isothermal titration calorimetry to characterize the pH-

dependant binding of lysine and aspartic acid to gold nanoparticles [63]. Xu and

colleagues have shown that lysine-capped nanoparticles can be assembled into

suprastructures through peptide bond formation in the presence of a condensation

agent [EDC, ethyl-3-(dimethylaminopropyl)carbodiimide] [64]. Modulation of the

lysine to gold ratio allows the assembly of linear chains of nanoparticles [65]. Ag-

gregation of nanoparticles has been seen upon addition of thiol-containing amino

acids and peptides [66, 67].

Lysine residues on proteins play an important role in their adsorption onto gold.

Xie and colleagues have characterized in detail the use of peptide–bovine serum

albumin (BSA) conjugates as capping ligand for gold nanoparticles (BSA contains

59 lysines, of which up to 35 are thought to reside on its surface) [68]. BSA can

also be used during the synthesis of gold nanoparticles, resulting in water-soluble

sub-2 nm particles [69].

8.3.3.2 Peptides as Reducing Agent and Template in Metallic Nanoparticle Synthesis

Peptides were first used in noble metal nanoparticle synthesis in the seminal work

of Schaaff and colleagues in 1998, where the tripeptide glutathione GSH was used

to obtain 1.5 nm gold clusters encapsulated in a peptide layer. Synthesis involved

the decomposition of polymeric Au(i)SG compounds [70]. Inspired by biological

mechanisms for the reduction and mineralization of noble metals, Slocik and col-

leagues have used a histidine-rich peptide to mediate the formation of various

metal, metal oxide and metal sulfide clusters [71, 72]. They have also shown that,

in some cases, antibodies can recognize the peptide sequence immobilized on the
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particle surface. Djalali and colleagues reported that the same histidine-rich pep-

tide immobilized on a heptane dicarboxylate nanowire template was able to control

the nucleation and growth of monodisperse highly packed gold nanoclusters [73,

74]. This approach has been extended to the synthesis of continuous platinum

nanowires using a slightly different peptide sequence [75]. Two-dimensional arrays

of a self-assembled protein complex, chaperonin, have been used for the con-

strained synthesis of Ni-Pd and Co-Pd nanoparticles [76]. The sub-unit proteins

were genetically engineered to expose a large number of histidines inside the

solvent-accessible pore of the chaperonin and, hence, promote the binding of metal

ions. Sequences selected by phage-display technology for their affinity to metallic

surfaces have been used in silver and cobalt nanoparticle synthesis [77]. In an

even more elaborate study, the same group has immobilized a silver-binding pep-

tide in the inner cavity of the self-assembled cage protein ferritin [78]. Controlled

growth of a silver nanocrystal within the cavity was observed in the presence of

silver nitrate. This approach might be extended to other materials using other

peptide templates.

8.3.3.3 Rational Design of a Peptide Capping Ligands for Gold Nanoparticles:

CALNN

Based on protein folding considerations, we have recently designed a pentapeptide

ligand, CALNN, that converts citrate-stabilized gold nanoparticles into extremely

stable protein-like gold nanoparticles [79]. Soluble proteins are usually folded in

such a way that their hydrophobic groups are located in the interior of the macro-

molecule, while charged and hydrophilic groups are exposed to water. The penta-

peptide CALNN (Chart 8.1) was designed to mimic this architecture. The thiol

group in the side chain of the N-terminal cysteine (C) can bind covalently to the

gold surface. Alanine (A) and leucine (L) in positions 2 and 3 possess hydrophobic

side chains and were chosen to promote the self-assembly of the peptide. Aspara-

gine (N) in positions 4 and 5 is an uncharged, but hydrophilic amino acid due to

the amide group on the side chain, and the C-terminal asparagine in position 5

bears a negative charge due to the terminal carboxylic group.

This design proved to be extremely successful at providing peptide-capped par-

ticles that are stable over a wide range of pH and ionic strength (up to 1 m NaCl

for 13 nm gold nanoparticles at pH 7 and up to 4 m NaCl for 4 nm gold nanopar-

ticles). Importantly, CALNN-capped nanoparticles can be manipulated like a robust

protein, e.g., they can be freeze-dried and resuspended in water, purified by size-

exclusion and ion-exchange chromatography.

Chart 8.1. CALNN structure.
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8.3.3.4 Combinatorial Exploration of Peptides as Capping Ligands: the CALNN

Family

CALNN is one of 3 200 000 possible sequences of five natural amino acids, and the

remarkable stability that it imparts to gold nanoparticles encouraged us to further

investigate its structural basis. Thus, exactly like mutagenesis is used to identify

the active domain of proteins, we studied the effect of systematic variations of pep-

tide sequence on stability to achieve a better understanding of peptide capping

ligands [79]. The variation criteria were the peptide length, N-terminal amino acid

(first amino acid), which when cysteine is likely to be the anchor, the peptide core

(second and third amino acids), and the peptide carboxyl terminus (fourth and

fifth amino acids). A subset of these peptides induced immediate aggregation of

the nanoparticle solution. A common feature of peptides in this subset was the

presence of two groups having a strong affinity for gold (cysteine, lysine and argi-

nine) at the two ends of the sequence. A striking example is NNLAC, the reverse

sequence from CALNN that has the N-terminus amino group at the distal end

from the cysteine and induces immediate aggregation, whereas CALNN is an ex-

cellent capping ligand. This exemplifies how subtle changes in peptide sequences

can have a dramatic effect on performance as capping ligand.

The effect of the remaining peptides on the electrolyte-induced aggregation of

gold nanoparticles was then systematically studied. Quantitative analysis of the ex-

perimental data corroborates the initial design criteria, establishing the need for a

cysteine as an anchor to the gold nanoparticle, a clear correlation between peptide

length and stability, and the need for interaction between adjacent peptide chains

through hydrophobic interactions or hydrogen bonding. The balance between pep-

tide charge and cohesive interaction also plays a major role.

8.3.3.5 Peptide-capped Silver Nanoparticles

Despite having superior light absorption and scattering properties, silver nanopar-

ticles have not had the same impact as gold nanoparticles in applications that re-

quire work in aqueous environments. This is due primarily to a tendency to oxidize

that leads to a complete loss of particle stability, most notably in acidic environ-

ments. Also, a higher van der Waals’ interaction results in particle aggregation at

lower ionic strengths than for Au nanoparticles – a problem for biological applica-

tions that take place in buffered saline solutions. All of these issues have been over-

come through the use of the pentapeptide CALNN [80]. Addition of peptide to rel-

atively unstable 15 nm citrate-stabilized Ag particles results in peptide-stabilized

Ag nanoparticles that are stable between pH 4 and 12 and in 1 m solutions of

NaCl. Peptide-stabilized Ag nanoparticles 8 nm in diameter can also be synthe-

sized using a modified two-phase arrested precipitation method. These nanopar-

ticles are also stable over a wide pH range (6–12) and in 1 m NaCl solutions.

8.3.3.6 Peptides as Capping Ligands for Fluorescent and Magnetic Nanoparticles

Similar approaches have been used successfully for the stabilization and func-

tionalization of other types of nanomaterials. Weiss’ group has used synthetic

phytochelatin-related peptides as an organic coat on the surface of colloidal CdSe/
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ZnS semiconductor nanocrystals [81]. The peptides are designed to bind to the

nanocrystals through a C-terminal adhesive domain composed of multiple re-

peats of cysteine pairs flanked by hydrophobic 3-cyclohexylalanines. This adhesive

domain is followed by a flexible hydrophilic linker domain to which various bio-

affinity tags can be attached, resulting in water-soluble, monodisperse peptide-

coated nanoparticles with high colloidal stability and ensemble photophysical prop-

erties similar to those of the original, TOPO-coated nanocrystals. PEG-modified

peptides were used to improve the accessibility of bio-affinity tags (e.g., biotin). In

a recent review focused on quantum dots in biology, the same authors discuss the

possibilities offered by a peptide toolkit to control surface and photophysical prop-

erties [82]. These include switching the emission by using a quencher linked to

the nanocrystal through an enzyme-cleavable peptide sequence.

Belcher and colleagues have reported phage display-selected peptides as a tem-

plate to grow FePt magnetic nanoparticles [83]. The particles obtained are ferro-

magnetic at room temperature, possessing coercivities up to 1000 Oe and may

have some applications in high-density memory devices. Fernig and colleagues

have reported the first synthesis of peptide-capped water-soluble cobalt nanopar-

ticles [84]. The peptides facilitated the formation of nanoparticles and partly pro-

tected the nanoparticles from oxidation.

8.3.4

Peptide Extensions to Introduce Functionalities

The introduction of specific recognition groups at the surface of gold nanoparticles

is an important prerequisite for their use in bioanalytical assays. Peptides having

extensions can be used to introduce functions on the nanoparticles surface. Using

a peptide mixture containing a matrix peptide (e.g., CALNN) and one or more

functional peptides (e.g., CALNN-XXX where XXX is or bears the functional

group), particles having a wide range of functions can be prepared. In contrast to

most previously reported approaches, the stabilization and the functionalization of

particles in this system are independent, but, crucially, both are achieved prepara-

tively in the same step. Therefore, the number of recognition functions present

on each particle can be easily controlled and reduced to a single or very few

moieties without compromising the stability of the particles [85]. Recently, par-

ticles presenting various chemical groups have been successfully prepared by this

approach. These include peptide sequences consisting of natural amino acids as

well as artificial amino acids and hybrid sequences consisting of amino acids and

oligonucleotides.

8.3.4.1 Biotin and Strep-tag II

Nanoparticles functionalized with biotin and with a peptide analogue of biotin

(Strep-tag II: WSHPQFEK) [86] have been obtained using a peptide mixture

containing, on a molar basis, 90% CALNN and 10% CALNNGK(biotin)G or

CALNNGGWSHPQFEK [79]. The nanoparticles were purified from excess pep-

tides by size-exclusion chromatography and immobilized on a nitrocellulose mem-
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brane. Streptactin-peroxidase was then used to detect the presence of biotin and of

its peptide analogue on the membrane (Fig. 8.9). The results demonstrate the pres-

ence of functional groups as well as the absence of non-specific binding to the

CALNN-capped nanoparticles by streptactin-peroxidase.

8.3.4.2 Peptide-DNA Hybrids

Gold nanoparticles stabilized by thiol-modified oligonucleotides have been used for

the programmed self-assembly of nanostructures and for oligonucleotide detection.

Wang and colleagues have shown that a peptide-DNA hybrid molecule, i.e.,

CALNN-DNA, provides a simple route to DNA functionalized particles. Moreover,

the ratio of CALNN-DNA to CALNN in the preparation mixture directly controls

the amount of DNA available on the nanoparticle surface. The particles retain the

stability of the peptide-capped particles. Importantly, this work extends the peptide

toolbox to DNA-based assays and DNA-based nanostructured materials. Thus, it is

possible to prepare, in a one-pot synthesis, particles functionalized with DNA(s)

and other recognition motifs (e.g., peptide recognition motif to inorganic mate-

rials). As proof of principle, particles bearing both DNA and biotin extensions

have been prepared and detected in a microarray format (Fig. 8.10) [85].

8.3.4.3 His-tag and Nickel Nitrilotriacetic Acid (Ni-NTA)

Immobilized metal affinity chromatography (IMAC) is extensively used in biologi-

cal research to purify engineered proteins having a histidine tag (generally com-

posed of six consecutive histidines) [87, 88]. Nitrilotriacetic acid immobilized on a

gel chelates nickel ions that interact specifically with the histidine tag. The relevant

proteins are then eluted from the column using a competitor (imidazole) or a pH

Fig. 8.9. Streptactin-peroxidase specific

recognition of Strep-tag II and biotin on

peptide-capped gold nanoparticles. (A)

Engineered fibroblast growth factor receptor

(FGFR) with a Strep-tag II sequence. (B)

CALNN-capped nanoparticles decorated with

Strep-tag II. (C) CALNN-capped nanoparticles

decorated with biotin. (D) CALNN-capped

nanoparticles. (Reprinted with permission

from [79]. Copyright (2004) by ACS.)
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change. A large variety of derived protocols based on this interaction have been de-

veloped, e.g., Ni-NTA magnetic beads and nanoparticles [89] for the separation of

histidine tagged proteins, Ni-NTA gold clusters for their localization using electron

microscopy [90] and Ni-NTA lipids for the 2D crystallization of histidine-tagged

proteins [91].

Peptides having a histidine tag extension and peptides having a NTA extension

could be obtained by standard peptide synthesis and coupling protocols. This will

provide new tools to detect and follow histidine-tagged proteins. More importantly,

as described in Section 8.3.5.2, it allows an unprecedented control of quantitative

labeling through affinity chromatography and opens a new route to multistep syn-

thesis of nanostructures.

8.3.5

Chromatography of Peptide-capped Nanoparticles

Protein chromatography techniques offer routes to separation based on size,

charge, hydrophobicity and affinity. Chromatography media have been optimized

to avoid unspecific interactions in the context of protein purification and, thus,

are compatible with peptide-capped nanomaterials. This provides a range of proto-

cols to obtain extremely well-defined and pure nanoparticles. Examples of size-

exclusion and affinity chromatography are presented below to illustrate the possi-

bilities these techniques offer. Ionic and hydrophobic exchange chromatographies

have also been used in purifying peptide-capped nanoparticles.

Fig. 8.10. Binding of bifunctional peptide-

capped particles labeled both with biotin and

DNA on microarrays. (A) Scheme of the

bifunctional particles. (B) Dark field imaging of

the protein microarray after binding of the

particles and silver enhancing. (C) Dark field

imaging of the DNA microarray after binding

of the particles and silver enhancing. (Adapted

from [85] with permission.)
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8.3.5.1 Size-exclusion Chromatography

Size-exclusion chromatography on Sephadex G25 provides a rapid means of sepa-

rating peptide-capped gold nanoparticles from small reagents, including free pep-

tide resulting from the preparation [79]. This process can be scaled up easily for

preparative and production purposes. By using a gel with a higher fractionation

range, particles of different sizes can be separated (Fig. 8.11).

8.3.5.2 Affinity Chromatography

Achieving precise control over the number of functional groups per nanoparticle is

an important challenge. Its resolution would open up new opportunities to probe

the formation of biological complexes and be an important step towards the prepa-

ration of well-defined nanostructures. For DNA-labeled peptide-capped particles,

Wang and colleagues have shown that the proportion of labeled peptide in the

preparation mixture correlates directly with the amount of label at the nanoparticle

surface [85]. Therefore, particles having a mean number of labels well below one

can be prepared by using a very low percentage of the labeled peptides. In

that case, simple combinatorial arguments show that the labeled particles will be

mainly particles having a single label. The problem is then analogous to a simple

protein purification problem (separation of labeled and unlabeled particles) and

can be solved using IMAC (Fig. 8.12). Particles are loaded on a Ni-NTA column,

and particles without a histidine tag do not bind, whereas particles having at least

one histidine tag are immobilized and then eluted from the column [92].

8.3.6

Recognition of Materials

The peptide toolbox provides various molecular tools for the specific recognition of

materials (Fig. 8.13, see p. 260). Phage display and cell-surface display are in vivo
combinatorial biology protocols for identifying biological ligands. The power of

such technologies relies on the size and diversity of the library used, combined

with the efficiency of the molecular biology tools in allowing easy identification

and amplification of the DNA encoding the selected peptide sequences. Libraries

are generated by inserting randomized oligonucleotides within certain genes en-

coded on phage genomes or on bacterial plasmids, leading to the incorporation of

a random polypeptide sequence within a protein residing on the surface of the or-

ganism (e.g., the coat protein of a phage or an outer membrane or flagellar protein

of a cell). Following the pioneering work of Brown on genetically engineered bind-

ing of E. coli to iron oxide [93], these protocols have been used to select peptides

that bind to various inorganic compounds [94]. Peptides with semiconductor bind-

ing specificity have been selected by phage display. Selective binding as a function

of crystal composition (e.g., binding to GaAs but not to Si) and crystalline face

[e.g., binding to (100) GaAs, but not to (111)B GaAs] was obtained [95]. A hexapep-

tide with specific binding to the surface of titanium was selected by phage display

[96]. Gold binding sequences were selected by cell-surface display, and their folding
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Fig. 8.11. Size-exclusion chromatography.

(A) Separation of CALNN-capped gold

nanoparticles from excess peptide and citrate

using Sephadex G25. Inset: separation of

CALNN-capped gold nanoparticles (red,

diameter@ 12 nm) from potassium

dichromate. (Reprinted with permission

from [79]. Copyright (2004) by ACS.)

(B) Separation of CALNN-capped gold

nanoparticles from 5 nm PEG-hydroxyl capped

silver nanoparticles, (R.C. Doty, unpublished

results). Top: absorbance spectra of collected

fractions. Bottom: Photograph of collected

fractions.
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in the presence of crystalline gold has been investigated by computer modeling

[94].

De novo design and molecular modeling, another strategy for obtaining affinity

towards materials, has been applied successfully to the design of a peptide (nano-

1) that binds and solubilizes carbon nanotubes [97, 98]. Nano-1 is designed to fold

into an amphiphilic a-helix and coat carbon nanotubes. The hydrophobic face of

the helix was intended to interact noncovalently with the aromatic surface of car-

bon nanotubes, and the hydrophilic face was designed to promote self-assembly

through charged peptide–peptide interactions.

8.3.7

Peptide-based Linkers

The development of crosslinking systems based on noncovalent interactions facili-

tates the detection and purification of recombinant proteins [99]. Only a handful of

these have been applied in the context of nanomaterials, and new affinity pairs are

being developed. The capabilities and versatility of peptide-based linkers are illus-

trated below for peptide–peptide, peptide–DNA and peptide–synthetic organic

molecule linkers.

Fig. 8.12. Separation of labeled and unlabeled

particles using IMAC (R. Lévy, unpublished

results). Top: scheme of the main steps of

affinity chromatography. Bottom: 1. Clean

Ni-NTA gel. 2. Loading of the labeled and

unlabeled particles. Only the labeled particles

bind to the matrix. 3. Washing; the bound

particles remain. 4. Elution with a competitor.

5. Clean Ni-NTA gel.
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8.3.7.1 A Peptide-Peptide Linker Based on Leucine-zipper Sequences

The peptide–peptide linker designed by Ryadnov and colleagues consists of three

leucine-zipper sequences of de novo design: one peptide, ‘‘the belt’’, templates the

co-assembly of the other two half-sized peptides, ‘‘the braces’’ [100]. When mixed,

the three peptides reversibly formed a predominantly helical and stable 1:1:1 ter-

nary complex. Surface plasmon resonance experiments demonstrated assembly of

the complex on gold surfaces, while the ability of the system to bring together

peptide-bound cargo was demonstrated using gold nanoparticles derivatized with

the brace peptides before the addition of the belt.

8.3.7.2 A Peptide-DNA Linker Based on Metallopeptides

Metallopeptides of the form Cu(ii) or Ni(ii) Gly-Gly-His are implicated in nucleic

acid recognition and reactivity phenomena. Recently, Fang and colleagues have

studied the minor-groove recognition of A/T-rich DNA sites by Ni(ii)-(l)-Arg-Gly-

His and Ni(ii)-(d)-Arg-Gly-His [101]. This study has important implications in

understanding protein binding to DNA, but it could also form the basis of new

assembly systems for DNA- and peptide-capped nanomaterials.

8.3.7.3 A Peptide-Texas Red Linker Obtained by Phage Display

A library of constrained peptides that form stable folded structures has been

screened for aptamers that bind with high affinity to the fluorescent dye Texas red

[102]. Two selected clones had binding constants to Texas red of 25 and 80 pm.

Thus, minimal, constrained peptides can bind to organic fluorescent dyes in bio-

logical contexts, allowing in vivo imaging with highly sensitive dyes and some de-

gree of genetic control. It also opens up new routes for the assembly of fluoro-

phores and nanoparticles.

8.3.8

Biologically Active Peptides

Numerous biologically active peptides have been identified and their potential as

biomarkers and drugs are under evaluation [103]. Moreover, phage-display technol-

ogy provides novel peptides that bind protein targets with high affinity and specif-

icity, offering many opportunities in drug discovery [104]. A review of natural and

selected biologically active peptides is far beyond the aim of this chapter. The fol-

lowing example illustrates the benefits of conjugating some of these sequences to

nanoparticles. The nanoparticles can play the role of geometrically defined support

for the simultaneous presence of multiple sequences as well as the role of optical

label for the real-time imaging of these conjugates. Tkachenko and colleagues have

prepared peptide–BSA conjugated particles that carry both a receptor-mediated en-

docytosis peptide and a nuclear localization signal [105]. The particles’ localization

was monitored inside cells using a combination of video-enhanced color micros-

copy and differential interference contrast microscopy, revealing an effective target-

ing of the cell nucleus. Particles bearing only one of the two signal sequences did

not target effectively the nucleus. Kanaras and colleagues have demonstrated the
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use of DNA processing enzymes (restriction endonucleases, ligase) for multistep

nanostructure synthesis using DNA-protected nanoparticles [106]. Similarly, nano-

particles conjugated with peptide sequences comprising enzyme recognition sites

(e.g., proteases, kinases or phosphatases) will offer new perspectives for monitor-

ing enzyme activity and for the controlled assembly of nanostructures.

8.3.9

Self-assembling Peptides

Recently, partly driven by the elucidation of the mechanisms of amyloid fibril for-

mation, a series of articles have revealed the fascinating self-assembly properties of

peptides into fibers, nanotubes, micelles, vesicles, and hydrogels (Fig. 8.14) [107–

109]. These assemblies exploit various interactions and, eventually, mimic existing

biological assemblies. Early work includes the development of biomimetic mate-

rials based on self-assembly of ionic self-complementary peptides [110].

8.3.9.1 Fibers and Nanotubes

Alzheimer’s beta-amyloid diphenylalanine structural motif has been reported to

self-assemble into discrete, stiff nanotubes. Reduction of ionic silver within the

Fig. 8.13. Recognition of materials by selected

or designed peptides. (A) Peptide selected by

phage-display: model of the RKLPDA peptide

binding to the surface of titanium. (B) Peptide

designed through molecular modeling: model

of the peptide Nano-1 wrapping around a

carbon nanotube. (C) Peptide selected by cell-

surface display: model of a gold binding

peptide. (A) reprinted with permission from

[96]. Copyright (2003) by ACS. (B) reprinted

with permission from [97]. Copyright (2003)
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nanotubes, followed by enzymatic degradation of the peptide backbone, produced

discrete nanowires with a length in the micron range and a diameter of around

100 nm [111].

Woolfson and colleagues have focused on fiber-forming peptides based on the

alpha-helical coiled coil, which is a widespread and well-understood protein–

protein interaction motif. These peptides form fibers that are over 10 mm long

with diameters around 100 nm. Interestingly, a degree of control over their mor-

phology was achieved with mutation-inducing kinks or branching [112–115].

Hierarchical self-assembly of a therapeutic octapeptide, namely Lanreotide, has

been revealed at an atomic scale using a combination of characterization tech-

Fig. 8.14. Peptide self assemblies.

(A) Nanotubes: crystalline structure of the wall

of Lanreotide nanotubes. Left: two-dimensional

Patterson function, indicating the main

electron density variations of the nanotubes

wall. Right: Zoom of the unit cell, showing the

beta-hairpin backbone of Lanreotide. The black

circles indicate the 2-fold symmetry axes.

(B) Fibers: TEM image of a peptide fiber

containing a proportion of a branch-promoting

peptide. (C) Hydrogel: Laser scanning confocal

microscopy image of hydrogel microstructure

obtained by the assembly of a beta-hairpin

designed peptide. Black regions are water-filled

pores and channels. (D) Giant vesicles:

DIC image of giant vesicles formed by the

assembly of amphiphilic block copolypeptide.

(A) reprinted with permission from [116].

Copyright (2003) by National Academy of

Sciences of the USA. (B) reprinted with

permission from [113]. (C) reprinted with

permission from [118]. Copyright (2002) by the

ACS. (D) reprinted with permission from [120].

Copyright (2002) by the NPG.
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niques (optical and electron microscopies, vibrational spectroscopies, and small

and wide-angle X-ray scattering) [116]. This peptide forms hexagonal packing of

nanotubes with a high degree of monodispersity in tube diameter (24 nm) and

wall thickness (@1.8 nm). The diameter is tunable by suitable modifications of the

molecular structure.

8.3.9.2 Peptide-based Amphiphiles

Amphiphilic molecules tend to form well-defined assemblies (e.g., micelles and bi-

layers) to minimize the contact between the hydrophobic moieties and the aqueous

environment. Recent major developments in the design and the structures formed

by amphiphilic peptides have been reviewed [117]. Selected papers illustrate the va-

riety of structures formed: One of the attractive properties of these systems is the

possibility of easily tuning assembly by external parameters such as the pH and

temperature. Kretsinger and colleagues have presented a very elegant way to engi-

neer a stimulus-dependant hydrogel [118]. They have designed a peptide with a

pH-dependent intramolecular folding. When folded in a beta-hairpin, this peptide

has a propensity to self-assemble into rigid hydrogels with shear-thinning proper-

ties and quick mechanical strength recovery. Cryo-transmission electron and laser

scanning confocal microscopies revealed a water-filled porous scaffold on both the

nano- and microscale. Larger block copolypeptides (@200 amino acids) have been

studied by Deming and colleagues [119, 120]. In the first study, the authors used

charged amino acids (polylysine and polyglutamate) as hydrophilic blocks. This re-

sulted in hydrogels at very low concentration. In the second study, ethylene glycol-

modified amino acid building blocks were used in the hydrophilic domain to give

polypeptide segments with stable a-helical conformations, affording giant vesicles

into which functionality could be incorporated.

8.4

Concluding Remarks

With the arrival of new detection systems for metallic nanoparticles, e.g., the photo-

thermal method developed by Lounis and co-workers, restrictions on particle size

have been greatly reduced. Previously, single-particle detection was limited to par-

ticles with diameters > 30 nm (by light scattering). However, now that particles

with a diameter of < 5 nm can be detected photothermally, the emphasis for bio-

logical applications of nanotechnology has moved from particle stability to particle

functionalization, where it belongs. Peptide capping ligands confer protein-like

properties to nanoparticles in terms of water solubility, stability and molecular rec-

ognition properties. As a result of their protein-like behavior, functionalized par-

ticles can be separated easily from unfunctionalized particles by standard chro-

matographic techniques, i.e., ion-exchange or metal-ion affinity chromatography.

Mixed peptide monolayers on nanoparticles might offer a route towards artificial

proteins and enzymes. Peptides offer numerous possibilities in terms of self-

assembly, molecular recognition, biological activity, etc., and peptide-capped nano-
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particles offer a unique opportunity to integrate these properties into new and

complex materials.
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9

Folate-linked Lipid-based Nanoparticles for

Tumor-targeted Gene Therapy

Yoshiyuki Hattori and Yoshie Maitani

9.1

Introduction

Cancer gene therapy has been intensively developed using non-viral vector [1].

Viral vectors such as retroviruses [2], adenoviruses [3], adeno-associated viruses [4]

and several other viral types [5], are efficient in transfection, but pose risks to the

host from the immunogenicity of viral proteins, a lack of desired tissue selectivity,

the potential for oncogenesis due to chromosomal integration, and the generation

of infectious viruses due to recombination, making non-viral vectors an attractive

alternative. Synthetic vectors such as cationic polymers, liposomes and nanopar-

ticles have been studied widely for DNA delivery due to their potential for tissue-

specific targeting, their lack of immunogenicity, the relative safety, and relative

ease of large-scale production. For targeted delivery to tumors, vitamin folic acid

has been utilized for folate receptor (FR)-mediated drug delivery since the FR is

frequently overexpressed on human tumors [6, 7]. Liposomes conjugated to folate

ligand have been reported as carriers of chemotherapeutic agents to FR-bearing tu-

mor cells in vivo [8–14]. While much has been published on folate-drug conjugates

and folate-linked carriers, relatively little is known about the targeting of gene de-

livery. The use of a folate ligand as a targeting ligand to deliver DNA has also been

reported in vitro [15–19], but has not been successful in in vivo gene therapy

[20, 21]. Therefore, in this chapter, we describe the current understanding of

tumor-targeting particle vectors and folate-linked lipid-based vectors such as lipo-

somes and nanoparticles. Information pertaining to the formulation of folate-

linked lipid-based nanoparticles, their transfection activity in vitro and in vivo in

suicide gene therapy to treat prostate and nasopharyngeal tumors in vivo is also

included.

9.2

Gene Delivery and Expression System

Plasmids for gene expression system contain a cDNA coding for either a full gene

or minigene and several other genetic elements, including introns, polyadenylation

Nanotechnologies for the Life Sciences Vol. 1
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sequences and transcript stabilizers to control transcription, translation, protein

stability and secretion from the host cells [22]. The minimal transcription unit re-

quired for expression of a therapeutic protein consists of 5 0 enhancer/promoter up-

stream of the gene encoding for the therapeutic protein (e.g., HSV-tk or cytosine

deaminase, etc.) and a polyadenylation signal downstream of the gene. Several pro-

moters originating from eukaryotic viruses, such as cytomegalovirus (CMV), simi-

lian virus 40 (SV40), Moloney murine leukemia virus (MoMLV), and Rous sarcoma

virus (RSV) are widely used. Tumor-specific promoters (e.g., carcinoembryonic an-

tigen (CEA) [23], alpha-fetoprotein (AFP) [24], midkine [25], prostate specific anti-

gen (PSA) [26], etc.) for cancer gene therapy are also designed to interact with tran-

scription factors or other nuclear proteins present in the desired target cells [27].

A major requirement for gene therapy is efficient transport of DNA through the

cell membrane by processes that are not well defined. The mechanistic pathway for

gene transfection includes the compaction of extended plasmid DNA chain. This

process, also known as DNA condensation, has received considerable attention in

recent years due to its biological importance in DNA packaging in the development

of gene delivery [28, 29]. Multivalent cations such as polyamines (spermidine, sper-

mine), positively charged polymers (polyethylenimine, PEI) and peptides (poly-l-

lysine, PLL) provoke the condensation of DNA to nanoparticles [28, 30].

Non-viral particle systems generally entail complex/encapsulation of the gene of

interest (present, along with appropriate promoters, etc., in a circular plasmid)

with additional molecules, particularly various lipids. These generally display a

positive charge and hence interact with the negatively charged DNA molecules.

Inside the cytoplasm, endosomes are destabilized and release the plasmid DNA,

although this is an inefficient process in many cases [31]. Once plasmid DNA is

released into the cytoplasm, it may enter the nucleus. DNA is transported across

the nuclear envelope through the nuclear pore. While smaller particles of 25 nm

can freely diffuse through the nuclear pore, which is@55 nm in diameter, larger

molecules enter the nucleus through the nuclear pore complex [32, 33]. Finally,

therapeutic protein is transcribed and translated from plasmid DNA. Genes intro-

duced into cells using particle vectors are episomal and provide transient expres-

sion of transgenes.

9.3

Nanoparticles for Gene Delivery System

Systemic administration via intravenous injection rarely achieves meaningful cell

transfection. This is most likely due to the high nuclease levels present in serum.

Particle vectors can stabilize the DNA, protect it, e.g., from serum nuclease, and

ideally interact with the biological system when particles modified with ligands,

for example, help target the DNA to particular cells, leading to endocytosis. How-

ever, a major limitation of these systems is their inability to cross-intact endothelial

barriers and leave general circulation. In general, particle carriers are phagocytosed

by the macrophages of the mononuclear phagocytotic cells (MPS), thereby rapidly
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localizing predominantly in the liver and spleen [34]. However, sterically stabilized

particle carriers such as polyethylene glycol (PEG)-coated nanoparticles have ex-

tended circulation times and can remain in the blood [35]. Such nanoparticles,

known as long-circulating nanoparticles, tend to accumulate in tumors as a result

of increased microvascular permeability and defective lymphatic drainage, a pro-

cess also referred to as the enhanced permeability and retention (EPR) effect. This

is a passive and non-specific process of extravasation that is statically improved by

the prolonged residence time of nanoparticles in circulation and repeated passages

through the tumor microvascular bed. These ideas have already been realized in

liposomal products such as Doxil2.

Liposomes coated with the monoclonal antibodies (mAbs) (immunoliposomes)

can provide target-specific binding to the cells [36]. The ligand can be coupled di-

rectly to the liposome surface; however, the PEG chains may provide steric hin-

drance to receptor binding. Alternatively, a bi-functional PEG linker can be used

to couple liposomes to one end of PEG chains and ligands to the other end. Steric

hindrance is not a problem in the latter approach. The primary focus of their use

has been in the targeted delivery of anticancer agents. Hosokawa et al. [37] have

reported efficacy of immunoliposomal doxorubicin on cancer models in a cell-

surface-antigen-density-dependent manner.

Active targeting increases the affinity of the carrier system for the target site

while passive targeting minimizes the non-specific interaction with non-targeted

sites by the reticuloendothelial systems (RES). However, gene transfer activity after

intravenous injection of a cationic liposome/plasmid DNA complex is most preva-

lent in the lung [38]. The challenge for tumor-specific targeting using particulate

gene delivery systems is to decrease this non-specific gene transfer in the lung

while simultaneously maintaining or increasing the level of gene transfer to the

tumor tissues. Xu et al. [39] have reported that a cationic immunolipoplex system

directed by a single-chain antibody variable region fragment (scFv) against the

human transferrin receptor enhanced the transfection efficiency both in vitro and

in vivo. Anti-Her-2 mAb [40], anti-transferrin receptor mAb [39], and growth factor,

such as a transferrin, which is a high affinity ligand for the transferrin receptor

[41, 42], have been used for tumor-targeting. Other ligands, such as sugar (galac-

tose [43] and glucose [44]), folic acid [45], or RGD-peptide [46], which are associ-

ated with asialoglycoprotein receptor on the hepatocyte, folate receptor, and integ-

rin, respectively, in actively growing cells and tumor, can be used.

9.4

Folate-linked Vectors

Folic acid as a targeting ligand offers many potential advantages: (a) a small target-

ing ligand, often leading to favorable pharmacokinetic properties of the folate con-

jugates and reduced probability of immunogenicity; (b) convenient availability and

low cost; (c) relatively simple and defined conjugation chemistry; (d) high affinity

for FR and lack of FR expression in normal tissue; (e) the receptor–ligand complex
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can be induced to internalize via endocytosis; and (f ) high frequency of FR over-

expression among human tumors. Therefore, folate-linked targeting systems

show great potential for clinical and therapeutic application.

9.4.1

Folate Receptors

Folate receptor (FR) is overexpressed in a wide range of tumors, and is known as a

high-affinity membrane folate-binding protein, which mediates uptake of the vita-

min by receptor-mediated endocytosis. Therefore, it presents an attractive target for

tumor-selective delivery. FR-targeting materials can continuously accumulate into

cells due to receptor recycling. FR-targeting imaging agents arrived on the market

in 2004. Three isoforms of FR have been identified and two, FR-a and -b, are

attached to the cell by a glycosylphosphatidylinositol (GPI)-anchor, while FR-g is

secreted due to the lack of an efficient signal for GPI modification [7]. The role of

FRs in the cellular transport of folate is not well understood, although a potocytosis

(caveolin-coated endocytosis) model has been proposed [47]. FR-a was found to be

clustered in a membrane region called caveolae or rafts [47]. While an elevated ex-

pression of FR has frequently been observed in various types of human tumors,

the receptor is generally absent in normal tissues with the exception of the choroid

plexus and placenta, with low levels in the lung, thyroid and kidney [48]. FR-a is

frequently overexpressed in tumors, including ovarian, colorectal, breast, lung,

renal cell carcinomas and brain metastases derived from epithelial cancers [6, 7].

FR-b is frequently overexpressed in tumors of non-epithelial cell lineages such as

sarcomas and acute myeloid leukemia [49], and FR-g is overexpressed in malignant

hemopoietic cells [50]. The causes of FR overexpression in tumors are unclear, but

high levels of FR may be associated with increased biological aggressiveness of

carcinomas.

9.4.2

Folate Receptor-targeting Liposomes

Liposomes used in recent studies have been coated with folate-PEG-lipid to facili-

tate tumor-targeting by an active mechanism (via FR) and a passive mechanism

(prevention/reduction of RES uptake) [20, 51]. PEGylated lipids can significantly

reduce non-specific gene transfer activity in the lung, and conjugation of the target-

ing ligand, folate, to the PEG chain can restore this activity in FR-positive tumors

in vivo [20]. For intravascular targeting to access tumor cells expressing FR, lipo-

somes must cross the vascular endothelium and diffuse into the interstitial fluid

(Fig. 9.1) [51]. The theoretical advantage of FR-targeting over non-targeting is re-

lated to a shift in the distribution of the liposomes to the tumor cell compartment

and delivery of the genes. The disadvantage of a system targeting a cancer cell re-

ceptor such as FR is the difficulty that a large nano-size assembly has in penetrat-

ing a solid tumor mass. Many cell types, including most tumor cells, display a low

endocytotic capacity. Since the intracellular mechanism of FR-targeted gene deliv-
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ery with liposomes and nanoparticles is endocytosis, this is a serious limitation to

the successful application of FR-targeted lipid-based particle delivery systems. The

development of suitable delivery vectors for in vivo gene transfer is necessary for

the clinical application of therapeutic genes.

Several cationic polymer–folate conjugates and/or cationic liposomes, and cati-

onic nanoparticles incorporating folate-derivatives have been developed for FR-

targeted gene delivery (Table 9.1). Folic acid retains its receptor-binding and

endocytotic properties when covalently linked to a wide variety of molecules. Poly-

plexes are composed of charged complexes of plasmid DNA and a cationic poly-

mer, such as poly-l-lysine (PLL), polyethylenimine (PEI) and polyamidoamine

dendrimers. For FR-targeted gene delivery, PLL-folate [52–54], PLL-PEG-folate

[55], PEI-folate [56], PEI-PEG-folate [56, 57], and poly(dimethylaminomethyl meth-

acrylate) (pDMAEMA)-PEG-folate [58] have been synthesized (Fig. 9.2). These

folate-conjugates facilitated efficient FR-targeted gene delivery without additional

vector components in vitro. It appears that the incorporation of a long PEG spacer

between folate and the cationic polymer is important for efficient FR-targeted gene

delivery [54].

Fig. 9.1. Scheme illustrating the concept of

using FR-targeting nanoparticles to deliver

plasmid DNA to tumor cells. Dots and helixes

on the nanoparticles represent the folate

ligands and plasmid DNA, respectively. The

various steps involved in the targeting process

are numbered 1–5. Steps 1 and 2 are common

to non-targeted and FR-targeting nanoparticles

mixed with plasmid DNA (nanoplex). Steps

3–5 are specific to the FR-targeting vector.

(1) long-circulating nanoplexes make more

passages through the tumor microvasculature.

(2) Increased vascular permeability in tumor

tissue enables nanoplexes to extravasate and

reach the tumor interstitial fluid. (3) FR-

targeting nanoplexes bind to FR expressed on

the tumor membrane via the folate ligand.

(4) Nanoplexes are internalized by tumor cells

via FR. (5) Internalized nanoplexes release

their plasmid DNA in the cytoplasm.
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Lipoplexes are composed of charge complexes of plasmid DNA and cationic

liposome. Lipopolyplexes are composed of plasmid DNA attached to both poly-

mers and lipids. Cationic liposomes are generally composed of a cationic lipid, such

as dioleoyltrimethylammonium chloride (DOTMA), dioleoyltrimethylammonium

propane (DOTAP), or 3-[N-(N,N 0-dimethylaminoethanolamine)carbamoyl]choles-

terol (DC-Chol), and a helper lipid, such as dioleoylphosphatidylethanolamine

(DOPE) or cholesterol (Chol), which provides fusogenicity and stability to the

lipoplex. Depending on the preparation, the lipoplex may not be a single aggre-

gate, but an intricate structure in which the condensed DNA is surrounded by a

lipid bilayer. FR-targeting cationic liposomes have been incorporated with folate-

derivatives, folate-DOPE [59], folate-PEG-DOPE [15, 16], folate-PEG-DSPE [17–

21, 60], folate-PEG-Chol [20], etc. (Fig. 9.2). Hofland et al. [20] have shown that

both folate-PEG3400-DSPE and folate-PEG4600-Chol, when combined with a cationic

lipid RPR209120 and DOPE, formed lipoplexes with greatly reduced normal tissue

gene transfer and efficient in vivo tumor gene transfer.

LPDI-type lipoplexes (lipopolyplex) consist of a ternary complex of cationic lipo-

somes, DNA-condensing polycation, and plasmid DNA. In a report by Reddy et al.

[21], polyplexes prepared from protamine were mixed with cationic liposomes con-

taining folate-PEG3400-DSPE as a targeting ligand and DOPE as a helper lipid. This

vector showed superior transfection activity in FR-positive M109 murine lung car-

cinoma cells as well as in ascitic cells derived from L1210A murine lymphocytic

leukemia cells. LPDII-type lipoplexes (lipopolyplex) consist of a ternary complex

of anionic liposomes, DNA-condensing polycation, and plasmid DNA. Lee et al.

[16] have reported a formulation of LPDII-type vector, in which DNA was first at-

tached to PLL and then mixed with pH-sensitive anionic liposomes composed of

DOPE/CHEMS/folate-PEG3350-DOPE. The pH-sensitive liposomes are fusogenic

at acidic pH and thus can be used to facilitate endosomal disruption and subse-

quent release of plasmids in the cytoplasm. Shi et al. [61] have reported efficient

gene delivery using an LPDII vector that incorporated PEI as a DNA-condensing

agent and a cationic/anionic lipid pair, composed of dimethyldioctadecylammo-

nium bromide (DDAB)/CHEMS/polyoxyethylene sorbitan monoolate (Tween80)/

folate-PEG3350-DSPE.

9.5

Folate-linked Lipid-based Nanoparticles

Preferential expression of a gene in tumor cells contributes to the safety and effi-

cacy of gene therapy. For FR-targeted gene transfection, the concentrations of folic

acid and linker in vectors are important.

9.5.1

Formulations

For drug delivery, folate-targeting liposomes contained 0.1–0.5 mol% folate-

PEG2000-DSPE or folate-PEG3400-DSPE for targeting, and about 4 mol% PEG2000-
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DSPE was used for PEG-coating [8–13]. For gene delivery, FR-targeting liposomes

and nanoparticles contained 0.03–5 mol% folate-PEG-lipid. Reddy et al. [21] have

reported that a cationic liposome formulated with less than 0.03 mol% of folate-

PEG3400-DSPE showed the greatest cell association. Folate moieties located at the

distal end of the PEG spacers would likely not interact at concentrations lower

than 0.03%. Bruckheimer et al. [60] have reported that 2 mol% folate-PEG3400-

DSPE conjugate increased the cellular association with tumor cells and transfec-

tion potency. FR-targeting cationic nanoparticles incorporating 2 mol% folate-

PEG3400-DPPE showed efficient FR-dependent cellular uptake and transfection

[62], and cationic liposomes with 5 mol% folate-PEG4600-Chol showed high gene

transfer activity into a FR-positive cell line, M109 [20]. Xu et al. [59] have reported

specific in vivo gene delivery to tumors with a liposome containing about 5 mol%

folate-DOPE. Dauty et al. [62] have reported that an FR-targeting cationic nanopar-

ticle incorporating folate-PEG3400-DPPE and a cationic dithiol-detergent [dimerized

tetradecyl-ornithinyl-cysteine, (C14Corn)2] shows efficient FR-dependent cellular

uptake and transfection.

As a linker of folate, PEG of Mr 2000–5000 has been used (Table 9.1). A

certain distance between the folate moiety and the lipid particles is needed for FR-

targeting, due to the need for folate to enter the binding pocket of FR on the cell

surface. Lee et al. [45] first described the dependence of folate-liposome targeting

on the distance between the folate and liposome, and reported that a PEG3400

linker was necessary for the targeting. Leamon et al. [17] optimized the targeting

activity of the liposomes by modifying the length of the PEG-linker, and found

that PEGs as small as Mr 1000 could function as effective linkers. Ward et al. [54]

have reported that a folate-linked PEG800-polymer-modified PLL/DNA complex did

not lead to a significant increase in in vitro transgene expression. A PEG spacer

with Mr > 1000 might be essential for FR-targeting.

Folate-linked microemulsions have been used composed of 0.24 mol% folate-

lipid (F0/M), folate-PEG2000-DSPE (F2/M) or folate-PEG5000-DSPE (F5/M) for tar-

geting, and 6.7 mol% PEG2000-DSPE for PEG-coating and forming emulsion (Fig.

9.3) [14]. Selectivity of folate-linked microemulsions for delivery into KB cells was

validated by flow cytometry (Fig. 9.4). The mean fluorescence intensities of F5/M

Fig. 9.3. Schematic diagrams of the microemulsion and the folate-linked microemulsions.
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and F2/M had ca. 200- and 4-fold greater association than non-folate microemul-

sion, respectively. In contrast, F0/M showed a similar curve to non-folate micro-

emulsion. These results correspond well with the idea that conjugating folate to a

shorter PEG polymer reduces folate exposure by interference with the ability of

liposome to interact with FR [9]. Additionally, these increased associations of

F5/M and F2/M could be blocked completely by adding 2 mm free folic acid to

the medium [14]. Extending the PEG-chain length of the folate-PEG-lipid from 0

to Mr 2000, and Mr 2000–5000, dramatically improved the selective FR-mediated

association and the cytotoxicity of folate-linked microemulsions loading anticancer

drug in vitro [14].
Folate-linked nanoparticles (NPI), consisting of 1 mg mL�1 DC-Chol as a cat-

ionic lipid, 5 mol% conventional Tween 80 (about 50% pure), and 0–1 mol%

folate-PEG2000-DSPE (f-PEG2000-DSPE) or folate-PEG5000-DSPE (f-PEG5000-DSPE),

respectively, have been prepared by a modified ethanol injection method [63, 64].

All nanoparticles were about 100–200 nm in size, with an z-potential of about

50 mV. Here the definition of a lipid-based nanoparticle is a formula containing

no bilayers like liposomes. Cholesterol derivatives are usually unable to form

stable bilayers unless used in combination with DOPE or some other neutral lipid.

Therefore, these particles may be nanoparticles. Figure 9.5 illustrates some folate-

linked nanoparticles.

Fig. 9.4. Association of 1,1 0-dioctadecyl-3,3,3 0,3 0-
tetramethylindocarbocyanine perchlorate (DiI)-labeled F5/M,

F2/M, F0/M and microemulsion with KB cells after 1 h

incubation was analyzed by flow cytometry. [14]

9.5 Folate-linked Lipid-based Nanoparticles 279



9.5.2

Nanoplex and Transfection Activity In Vitro

Nanoplexes are composed of charged complexes of plasmid DNA and cationic

nanoparticles. The size of nanoplexes of NPI with 0.3 mol% f-PEG2000-DSPE at a

charge ratio (þ/�) of cationic nanoparticle to DNA of 3:1 in the presence of 50%

serum increased up to 940 nm. Nanoplexes of NPI with 1 mol% f-PEG5000-DSPE

did not increase greatly in size in serum-containing medium, but showed lower

transfection activity than that with 1 mol% f-PEG2000-DSPE [63].

Folate-linked nanoparticles (NPII) have been composed with the same composi-

tion as NPI with 1–3 mol% f-PEG2000-DSPE except for the substitution of Tween

80 (purity 99%) for conventional Tween 80. Each NPII was, on average, ca. 100–

200 nm [64] (Table 9.2). Three mol% of f-PEG2000-DSPE may not be incorporated

in NPII because no reduction in the z-potential of NPII was seen upon the addition

of f-PEG2000-DSPE (about 55 mV) [64]. The concentration of f-PEG2000-DSPE in an

ethanol–water mixture to prepare NPII-2F containing 2 mol% f-PEG2000-DSPE,

and NPII-3F containing 3 mol% f-PEG2000-DSPE, was about 40 and 60 mm, respec-

tively. f-PEG2000-DSPE below the critical micelle concentration (c.m.c.) might lead

to efficient incorporation into the particles. However, f-PEG2000-DSPE above the

c.m.c. may help to stabilize micellized f-PEG2000-DSPE and lead to inefficient inser-

tion into the particle. The c.m.c. of f-PEG2000-DSPE may be between 40 and 60 mm

Fig. 9.5. Schematic structure of folate-linked nanoparticles

composed of folate-PEG2000-DSPE, DC-Chol, OH-Chol and

Tween 80 (NPI-, NPII-, NPIII-F).
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and might affect the incorporation of f-PEG2000-DSPE in NPII-3F with 3 mol%

f-PEG2000-DSPE.

In the presence of 10% and 50% serum, NPII-2F with 2 mol% f-PEG2000-DSPE

(NPII-F) formed injectable-sized nanoplexes (Table 9.2), which showed the highest

transfection efficiency among NPII with 0–3 mol% f-PEG2000-DSPE, at the optimal

charge ratio (þ/�) of 3:1 in nasopharyngeal cancer KB cells, being comparable to

Tfx20, a commercially available DNA transfection reagent (Fig. 9.6) [64].

9.5.3

Selectivity of Folate-linked Nanoparticle

NPII-F showed greater transfection efficiency in human prostate cancer LNCaP

cells, human prostate adenocarcinoma PC-3 cells, and human cervix carcinoma

HeLa cells, than in KB cells, in the comparison with Tfx20 (Fig. 9.7A). There were

three FR isoforms, a, b and g, each with a distinctive tissue distribution. FR-a

mRNA was expressed strongly in KB and HeLa cells, but not in either LNCaP or

PC-3 cells (Fig. 9.7B). FR-b and -g mRNAs were not detected in any of the cell lines

using the RT-PCR method. Reduced folate carrier (RFC), a carrier-mediated folate

transporter, was weakly expressed in all cell lines examined (Fig. 9.7B). Cellular up-

take of NPII-F in HeLa and KB cells was mediated via FR-a, following the induc-

tion of transfection activity. The selectivity of NPII-F to carry genes into KB cells

Fig. 9.6. Comparison of transfection efficiency

in KB cells with luciferase expression between

NPII nanoparticles and Tfx20. The NPII

nanoplex and the lipoplex were prepared by

mixing luciferase plasmid (2 mg) with the

luciferase gene under the control of the

cytomegalovirus (CMV) promoter, with

nanoparticles and Tfx20, respectively. The

luciferase assay was carried out 24 h after

incubation of nanoplexes in the medium with

10% serum. Each column represents the

meanG S.D. (n ¼ 3). **P < 0:01, compared

with NPII-F. NPII-F refers to the formulation in

Table 9.2.
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was validated using FITC-oligodeoxynucleotide (FITC-ODN) from the result of a

competitive experiment in the presence of folic acid by flow cytometry [64].

In LNCaP and PC-3 cells, FR mRNAs were not often observed. In the human

prostate, a high-affinity folate binding protein has been characterized [65] and folic

acid binds to the membrane fraction that cross-reacts with the anti-prostate-specific

membrane antigen (PSMA) antibody. PSMA is a transmembrane protein with a

pattern of overexpression restricted to malignant human prostate tissue and

LNCaP cells [66]. The physiological role of PSMA in prostate cancer remains un-

known, but PSMA shows hydrolase enzymatic activity with a folate substrate [66]

and is internalized via an endocytic mechanism [67]. If PSMA functions as a recep-

tor mediating the internalization of a putative ligand similar to folic acid, this sug-

gests that the folate-linked nanoparticle binds to PMSA and is then taken up via an

endocytic mechanism by LNCaP cells as we reported [63].

In PC-3 cells, our study using RT-PCR confirmed the presence of RFC mRNA,

but found no FR or PSMA mRNA [64]. A FITC-labeled folate-BSA conjugate was

taken up by PC-3 cells and the cellular association was significantly decreased

in the presence of 1 mm folic acid [64]. Xu et al. [59] also reported that a folate-

cationic liposome system could mediate gene therapy with p53 antisense DNA in

prostate cancer (DU145 cells). We found that NPII-F is a useful vector for transfec-

tion in prostate androgen-dependent and -independent cancer cells as well as KB

cells.

Nanoparticles composed of cholesteryl-3b-carboxyamidoethylene-N-hydroxyl-
amine (OH-Chol) instead of DC-Chol (NPIII) could incorporate up to 5 mol%

f-PEG2000-DSPE (Fig. 9.5). For FR-targeted vectors, NPIII-1F (NPIII-F), -2F and -5F

Fig. 9.7. Comparison of transfection efficiency

between NPII-F and Tfx20 in the NPII-F

nanoplexes and Tfx20 lipoplex delivered with

the luciferase plasmid into various cell lines

(A). Each column represents the meanG S.D.

(n ¼ 3). FR-a, RFC and b-actin mRNA

expression were detected in various cell lines

by RT-PCR (B). NPII-F refers to the formulation

in Table 9.2.
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consisted of NPIII with 1, 2 and 5 mol% f-PEG2000-DSPE, respectively. The average

size of each nanoparticle was 100–200 nm (Fig. 9.8A) [68]. When the NPIII nano-

particles were mixed with DNA at a charge ratio (þ/�) of 3:1 in water, each NPIII

nanoplex increased from 250 to 300 nm (Fig. 9.8B) [68]. When the amount

of f-PEG2000-DSPE in NPIII was increased, association of plasmid DNA with nano-

particles was inhibited significantly (Fig. 9.9) and a reduction in luciferase activity

was observed [68]. A large amount of f-PEG2000-DSPE in nanoparticles might pre-

vent enough DNA being carried into the cells, and/or reduce the cellular associa-

tion with the nanoplex as reported in PEG-lipid [69]. The NPIII-F based on OH-

Chol exhibited about 40� higher transfection efficiency than the NPII-F based on

DC-Chol in KB cells [64, 68]. The hydroxyl group of OH-Chol reportedly reduced

the stability of the lipoplex, and enhanced transfection efficiency by facilitating the

process by which DNA was liberated from the endosome [70].

It is reported that a negatively charged folic acid forms a charge-mediated com-

plex with positively charged particles through its carboxyl groups and has an effect

on transfection efficiency [71]. We prepared nanoplexes in water at a charge ratio

(þ/�) of 1:1 to protect to form complex for co-incubation of the positively charged

NPIII with folic acid in the medium, and then incubated them with KB cells.

Cellular association of FR-targeting NPIIIs occurred via FR and the interaction of

1 mol% f-PEG2000-DSPE in the NPIII with FR was higher than that of 2 and

5 mol% ones (Fig. 9.10). NPIII-F with 1 mol% f-PEG2000-DSPE nanoplexes at a

charge ratio (þ/�) of NP-F to DNA of 1:1 exhibited higher selectivity to FR, but

lower transfection activity relative to that at a charge ratio (þ/�) of 3:1 in vitro

Fig. 9.8. Scanning electron micrographs of

NPIII-F nanoparticles (A) and NPIII-F

nanoplexes (B). In (B), NPIII-F nanoparticles,

NPIII with 1 mol% folate-PEG2000-DSPE, were

mixed for 10 min at a charge ratio (þ/�) of

3:1 with plasmid DNA in water. The method

used to visualize the nanoparticles and

nanoplexes was adapted [44]. Briefly, aliquots

of 10 mL prepared samples were placed on the

copper platform and dried. The nanoparticle

and nanoplex layers on the copper platform

were coated with platinum and observed with a

scanning electron microscope (SEM).
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[68]. From a competitive experiment of luciferase assay in the presence of free folic

acid in the medium, gene expression of the NPIII-F with 1 mol% f-PEG2000-DSPE

nanoplexes was reduced [68]. For selectivity and transfection activity in FR-targeted

gene delivery, the charge ratio of folate-linked lipid-based nanoparticles to DNA

needs to be optimized.

9.5.4

Transfection Activity In Vivo

Both systemic and local administration offers several biological opportunities for

gene therapy. The systemic route allows non-invasive access to many target cells

that are not accessible otherwise by direct administration. Folate-linked liposomes

showed efficient FR-dependent cellular uptake and transfection in vitro. However,

the use of a folate ligand as a targeting ligand to deliver DNA has not been success-

ful in in vivo gene therapy [20, 21]. The major limitation of in vivo gene therapy

using liposomes is the low transfection efficiency. Several factors can adversely

affect FR-targeted gene transfer in vivo. The first is the presence of endogenous

folate in the systemic circulation, which potentially can block FR-binding. Plasma

folic acid may interfere with the binding of FR. The human serum folic acid con-

Fig. 9.9. Association of plasmid DNA with

NPIII nanoplexes formed in water at various

charge ratios (þ/�), analyzed using agarose

gel electrophoresis. One microgram of Plasmid

DNA was mixed with aliquots of NPIII at

various charge ratios in water. After a 10 min-

incubation, the nanoplexes were analyzed by

1.5% agarose gel electrophoresis. Charge

ratios (þ/�) of nanoparticle:plasmid DNA ¼
1:1, 2:1, 3:1, 4:1 and 5:1. O.C. indicates open

circular plasmid; S.C. indicates supercoiled

plasmid. NPIII refers to the formulation in

Table 9.2, substituting OH-Chol for DC-Chol.

NPIII-F contains NPIII with 1 mol% folate-

PEG2000-DSPE.
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centration, following FDA-mandated dietary supplementation, is@42 nm [72]. Ear-

lier reports [45] indicated that serum folic acid at this concentration should not

inhibit significantly the binding of FR mediated by liposomes. Our recent study

[64] showed that mice on a folate-deficient were actually able to maintain a plasma

folate level within the physiologic range of humans diet. In contrast, mice on a

normal diet maintained a much higher serum concentration of folic acid. There-

fore, mice on a folate-deficient diet should be considered relevant to humans with

respect to serum folate levels. A second concern is that the size of gene transfer

vectors, escaping the vasculature and intratumoral diffusion, could be limiting to

Fig. 9.10. Association of FITC-labeled NPIII

nanoplex formed in water with KB cells 3 h

after transfection in the absence or presence of

free folic acid. Each NPIII nanoparticle was

mixed with 2 mg of FITC-ODN at a charge ratio

(þ/�) of 1:1. Association was determined

based on FITC-fluorescence by flow cytometry.

Flow cytometry of cells exposed to the

nanoplex (continuous line). Dotted line, plus

1 mm folic acid (FA); Bold line, autofluorescence

of the cells. NPIII refers to the formulation in

Table 9.2, substituting OH-Chol for DC-Chol.

NPIII-F contains NPIII with 1 mol% folate-

PEG2000-DSPE.
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targeted delivery. To address this issue, formulation parameters can potentially be

optimized to improve the pharmacokinetic properties of the vectors. For example,

the vector can be PEGylated to reduce plasma protein binding and RES uptake, re-

sulting in an extended systemic circulation time [35]. In addition, the vector should

be kept under 300 nm since this is the approximate limit for efficient tumor extrav-

asation. Non-specific cell uptake by the RES (e.g., Kupffer cells in the liver) is ex-

pected to be reduced by incorporating PEGylated lipid within the lipid–DNA

complex.

When the NPII-F nanoplex was injected via a tail vein, DNA in the blood was

still detectable 4 h later by PCR [73]. Free DNA has an extremely short T1=2 in

blood (0.5–1 h), depending on the DNA dose [38, 74]. The NPII-F seemed to keep

the DNA stable in circulation by forming a nanoplex. NPII-F induced greater gene

expression in liver and kidney than NP (unpublished data). FR is on the brush bor-

ders of proximal renal tubes and provides for the reabsorption of folate. Recently,

Paulos et al. discovered that activated liver-derived macrophages (Kupffer cells) in

mice do express the FR [75]. Kupffer cells in the liver and the tubular cells in

kidneys of mice may be responsible for capturing NPII-F by FR. Therefore, FR-

targeted delivery of therapeutic genes damages normal cells in organs such as the

liver and kidney and may subsequently cause death [13]. For cancer gene therapy,

using a tumor-specific promoter to regulate expression transcriptionally in target

cancer cells has promise. It will be essential to use a strong and tissue-specific pro-

moter region if a therapeutic gene is to be selectively expressed in the cancer cells.

Intraperitoneal and intratumoral injections of lipoplex and nanoplex have been

applied in mice bearing tumors. Reddy et al. [21] have reported that maximum

in vivo transfection activity of reporter gene (luciferase) occurred with intraperito-

neally administered folate-liposome using a disseminated intraperitoneal L1210A

tumor model. When the NPII-F nanoplexes of the luciferase plasmid were injected

directly into the nasopharyngeal tumor, KB, xenografts, NPII-F showed about

100-fold more luciferase activity than Tfx20, suggesting that the NPII-F nanoplex

remained small enough to migrate into the tumorous tissue [64].

9.6

Application of Suicide Gene Therapy

Cancer gene therapy has become an increasingly important strategy for treating

various human diseases [1]. Currently, cancer gene therapy is being researched,

especially in the field of cancer treatment [76]. Suicide gene therapy is a strategy

whereby a gene is introduced into cancer cells, making them sensitive to a drug

that is normally non-toxic. The suicide genes used often encode enzymes that me-

tabolize non-toxic prodrugs into toxic metabolites. One of the most frequently used

suicide genes is the herpes simplex virus thymidine kinase (HSV-tk) gene [77],

which phosphorylates a prodrug, ganciclovir (GCV), into a toxic form (GCV tri-

phosphate, GCV-PPP). GCV, an acyclic analog of natural nucleoside 2 0-deoxygua-

nosine, is an antiviral agent used against human cytomegalovirus, herpes simplex
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virus type 1 and 2, varicella zoster virus and Epstein-Barr virus [78]. The effect ap-

pears when GCV is intracellularly phosphorylated and converted into the triphos-

phate derivative GCV triphosphate, which acts as a competitive inhibitor of deoxy-

guanosine triphosphate (Fig. 9.11) [77]. GCV monophosphate (GCV-P) production

appears to be catalyzed in the cells transfected with HSV-tk gene. Subsequent

formation of the diphosphate and triphosphate GCV derivatives (GCV-PP and -PPP)

is catalyzed by cellular guanylate kinase. GCV-PPP, due to its analogy with the

purinic nucleotide 2 0-deoxyguanosine triphosphate, becomes substrate for DNA

polymerase. Once bound to DNA polymerase, GCV-PPP is either incorporated

into DNA or inhibits the polymerase. Consequently, chain termination immediately

occurs after GCV incorporation into DNA, and leads to cell death [79].

A powerful characteristic of HSV-tk/GCV therapy is that the transduction of

a small fraction of tumor cells with the suicide gene can result in widespread

tumor-cell death (bystander effect) (Fig. 9.11). The cell to cell transfer of HSV-tk-

activated GCV between HSV-tk-transduced tumor cells and neighboring unmodi-

fied cells via gap junctions is a major mechanism of the bystander effect [80, 81].

Gap junctions are composed of connexin subunits and connect the cytoplasmic do-

Fig. 9.11. Schematic representation of the

HSV-tk/GCV system’s mode of action and the

bystander effect. In HSV-tk-transduced cells,

GCV is intracellularly phosphorylated and

converted into the triphosphate derivative

(GCV-PPP), which acts as a competitive

inhibitor of deoxyguanosine triphosphate. The

production of GCV monophosphate (GCV-P)

appears to be catalyzed by HSV-tk in the

transduced cells. Subsequent formation of the

diphosphate and triphosphate GCV derivatives

(GCV-PP and -PPP) is catalyzed by cellular

guanylate kinase. After incorporation of GCV-

PPP into DNA, the synthesis of DNA is

immediately inhibited in the cells and this

leads to cell death. Cell to cell transfer of HSV-

tk-activated GCV between HSV-tk-transduced

tumor cells and neighboring cells via gap

junctions is a major mechanism of the

widespread tumor-cell death (bystander effect).
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mains of contacting cells, allowing ionic and metabolic exchange between them

[82]. However, many cancer cell lines are deficient in gap junctions [83]. Such a

deficiency, which is also found in human tumors [84], can limit the extent of the

bystander effect in suicide gene therapy. The bystander effect has been reported to

be enhanced by introducing a connexin gene with the HSV-tk gene in vitro [81]. In
the normal human prostate, the cells communicate via gap junctions, whereas in

poorly differentiated prostate cancer the expression of connexin 43 (Cx43) de-

creased and gap junctional intracellular communication failed [83, 84]. Transfec-

tion of the Cx43 gene into a Cx43-deficient prostate cancer cells may enhance the

bystander effect, and also has been reported to inhibit cell growth, retard tumorige-

nicity and induce differentiation [85].

The use of a folate ligand as a targeting ligand to deliver DNA has not been suc-

cessful in in vivo gene therapy [20, 21]. In prostate cancer, suicide gene therapy by

local injection using adenoviral vectors has been reported as an alternative treat-

ment [86, 87]. The use of non-viral vectors is a novel approach. A NPII-F nanoplex

of HSV-tk was transiently transfected into KB, LNCaP and PC-3 cells. The first evi-

dence of transfection was that GCV-PPP, the most abundant triphosphate pro-

duced, was clearly detected in LNCaP cells transfected with the HSV-tk gene after

incubation with GCV by HPLC [73]. These findings were also made in KB and PC-

3 cancer cells [64]. Further evidence was that HSV-tk plasmid-transfected LNCaP

cells showed significantly greater sensitivity to GCV than the controls (IC50

9.4 mg mL�1) (Fig. 9.12A). Cx43 plasmid-transfected cells showed significantly

higher sensitivity to GCV (IC50 62.4 mg mL�1) than the controls. Cells co-transfected

with HSV-tk and Cx43 plasmids exhibited increased sensitivity to GCV (IC50

7.9 mg mL�1). This result suggests that HSV-tk and Cx43, individually, induced

a cytotoxic effect by GCV in the transfected cells, and that the combination of

HSV-tk plus Cx43 genes may display a bystander effect. HSV-tk plasmid-transfected

PC-3 cells showed significant sensitivity to GCV (IC50 6.6 mg mL�1) compared with

the controls, but Cx43 plasmid-transfected cells did not (Fig. 9.12B) [64]. Sensitivity

to GCV was not enhanced in cells transfected with HSV-tk plus Cx43 plasmids.

This result suggests that Cx43 plasmid did not display a bystander effect in PC-3

cells.

The in vivo anti-tumor effect of the NPII-F nanoplex with the HSV-tk gene has

been evaluated. First, we determined the anti-tumor effect by direct injection into

KB tumor xenografts with the NPII-F nanoplex of HSV-tk. When KB cells were

transiently transfected with the NPII-F nanoplex using various plasmids, HSV-tk,

Cx43 plasmid and combinations thereof, the HSV-tk-transfected cells showed sig-

nificant sensitivity to GCV compared with the control, but did not with cells co-

transfected with HSV-tk and Cx43 plasmids (unpublished data). Therefore, HSV-

tk plasmid was used as a therapeutic gene for KB xenograft. When the NPII-F

nanoplex of the HSV-tk plasmid was injected directly into the tumor, the growth

of KB nasopharyngeal tumors was inhibited significantly in mice treated with the

plasmid on day 13 (Fig. 9.13A). A comparison of tumor weight and appearance

after excision also demonstrated that the tumor growth was attenuated in mice

treated with the plasmid (Fig. 9.13B and C) [64].
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We then evaluated the anti-tumor effect by direct injection into LNCaP tumor

xenografts with the NPII-F nanoplex of HSV-tk plus Cx43 plasmid (Fig. 9.14), be-

cause this nanoplex was the most effective in in vitro experiments with LNCaP cells

(Fig. 9.12A). Tumor growth was suppressed in mice treated with the NPII-F nano-

plex of HSV-tk plus Cx43 plasmids, but not in the control mice. The mean survival

times of the control mice and the mice treated with the nanoplex of HSV-tk plus

Cx43 plasmids were 21.5 and 33 days, respectively [64]. The observed reduction in

tumor size may not be wholly due to the direct effect of the phosphorylated GCV

on the transduced tumor cells. An indirect mechanism (the bystander effect) might

be contributing to the antitumor activity. It is reported that a 1–5% in vivo trans-

fection efficiency could generate a significant anti-tumoral effect in suicide gene

therapy [88]. However, a deficiency of gap junctions is found in human prostate

tumors [83, 84], which may limit the extent of the bystander effect in suicide gene

therapy. Therefore, to examine the in vivo anti-tumor effects of direct injection into

LNCaP prostate xenografts, the nanoplex of HSV-tk plus Cx43 plasmids was used,

with the result that the tumor growth was suppressed [64] (Fig. 9.14).

Fig. 9.12. Sensitivity of LNCaP (A) and PC-3

(B) cells to GCV. Cells were transfected with

various plasmids using NPII-F. After 12 h

incubation, the culture medium was replaced

with one containing a concentration of GCV

ranging from 0.1 to 1000 mg mL�1. Plasmids

used were: control plasmid (e), HSV-tk (i),
Cx43 (m), and HSV-tk plus Cx43 plasmids (a).

The number of surviving cells was determined

with a WST-8 assay after 4 days exposure to

the GCV. Data points indicate the meanG S.D.

(n ¼ 3). *p < 0:05 and **p < 0:01, compared

with HSV-tk and Cx43 plasmids in (A).

**p < 0:01, compared with HSV-tk plasmid

in B [64].
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9.7

Conclusions

We have shown that folate-linked lipid-based nanoparticles can deliver DNA with

high transfection efficiency and selectivity, inhibiting tumor growth following in-

tratumoral injection into human nasopharyngeal and prostate cancer using an

HSV-tk/GCV therapy system. These findings indicate that folate-linked lipid-based

nanoparticles have potential as a clinically effective vector in cancer suicide gene

therapy. However, several factors have the potential to adversely affect FR-targeted

gene transfer in vivo. The size of gene transfer vectors, escaping the vasculature

and intratumoral diffusion, could be limiting to targeted delivery. They should be

Fig. 9.13. In vivo suicide gene therapy for KB

tumor xenografts with GCV in mice. Mice were

divided into two groups: group I, control

plasmid (10 mg); group II, HSV-tk plasmid

(10 mg). NPII-F nanoplexes of the plasmids

were injected directly into the tumor four times

(day 0, 2, 4, and 6). GCV (25 mg kg�1) was

administered i.p. at 24 and 36 h after the

injections. Tumor volume (A), excised tumor

weight (B) and macroscopic tumor appearance

(C) when all the mice in Fig. 9.13(A) were

sacrificed at day 14. The results are indicated

in (A) and (B) as the mean volume and

weightG S.E. or S.D., respectively (n ¼ 5).

*P < 0:05 and **P < 0:01, compared with

control [64].
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kept under 300 nm since this is the approximate limit for long circulation and effi-

cient tumor extravasation. In addition, PEGylated vectors can reduce plasma pro-

tein binding and RES uptake, resulting in an extended systemic circulation time.

Non-specific cell uptake by the RES (e.g., Kupffer cells in the liver) is expected to

be reduced by incorporating PEGylated lipid within the particle/DNA complex.

However, PEGylated particles may prevent enough DNA being carried into cells

by inhibition of association of plasmid DNA with particles. For gene therapy, a bal-

ance of long-circulating vectors and FR-targeting vectors will be key to using folate-

PEG-lipid. Further efforts aimed at optimizing FR-targeting vector formulations

from a systemic approach should lead to the clinical evaluation of these vectors

for cancer gene therapy.

List of Abbreviations

CHEMS Cholesteryl hemisuccinate

Chol Cholesterol

DC-Chol 3-[N-(N 0,N 0-dimethylaminoethane)carbamoyl]cholesterol

DOPE Dioleoylphosphatidylethanolamine

DPPE Dipalmitoyl phosphatidylethanolamine

DSPE Distearoyl phosphatidylethanolamine

FR Folate receptor

Fig. 9.14. Suicide gene therapy for LNCaP

tumor xenografts with GCV in mice. Mice were

divided into two groups: group I, control

plasmid (e); group II, HSV-tk plus Cx43

plasmids (a). NPII-F nanoplexes of the

plasmids indicated were injected directly into

the tumor four times (day 1, 3, 5, and 7). GCV

(25 mg kg�1) was administered i.p. at 24 and

36 h after the injections. The results are

indicated as the mean volumeG S.E. (n ¼ 6)

[64].
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GCV Ganciclovir

HSV-tk Herpes simplex virus thymidine kinase

OH-Chol Cholesteryl-3b-carboxyamidoethylene-N-hydroxylamine

ODN Oligodeoxynucleotide

PEG Poly(ethylene glycol)

PEI Polyethylenimine

PLL Poly-l-lysine

PEG-DSPE Poly(ethylene glycol)-distearoylphosphatidylethanolamine

PSMA Prostate specific membrane antigen

RES Reticuloendothelial systems

RFC Reduced folate carrier
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10

Magnetic Core Conducting Polymer Shell

Nanocomposites for DNA Attachment

and Hybridization

Jean-Paul Lellouche

10.1

Introduction

Micro- and nanosized magnetically responsive particles or particulates have be-

come an important class of micro-/nanomaterials that have found numerous

applications in electronics (data storage technology), catalysis, and biotechnology

[1–5]. Generally, these nanoparticulate materials display a range of magnetic, elec-

trical, optical, and chemical properties that clearly differ from that of their bulk

materials, thus making them very attractive for property-based applications. The

main applications of nanosized magnetic particles in biomedical research are

magnetism-driven separations of small biological components and cells; magnetic

detoxification of undesirable molecules and antigens; magnetic field-guided deliv-

ery of drugs (targeting) and genes; relaxation and contrast enhancement in non-

invasive magnetic resonance imaging (MRI) of tissues; piezoelectric immunosen-

sors; and magnetic fluid hyperthermia for cancer therapy [6–13].

To exploit the full potential of corresponding magnetic nanoparticles and related

nanocomposites, some key general issues need to be consistently addressed regard-

ing their synthesis and further subsequent use. Accordingly, controlling the shape,

size, and size distribution of nanoparticles toward spherical or non-spherical aniso-

tropic materials is one significant issue. In addition, magnetic nanoparticles need

to be stabilized sterically or by using charge repulsion against aggregation in both

organic and/or aqueous media. The versatility of chemical modifications that can

be introduced onto particle/composite surfaces is another key question that re-

quires careful investigation. Finally, for in vivo use of nanoparticles/related nano-

composites, their biocompatibility profiles and systemic toxicity properties need to

be examined in depth.

Related to this field, magnetically responsive core–shell iron oxide-conducting

polymer (CP) [14–21] nanosized composites form a relatively recent class of mag-

netic nanocomposites (NCs) [22, 23]. They display thin outer layers of insoluble

CPs, such as doped polypyrrole, that have been oxidatively deposited around nano-

sized magnetite/magnetite-silica cores. Armes and co-workers, in particular, have
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reported the fabrication of colloidal stable core–shell magnetite-silica-polypyrrole

NCs with diameters in the range 100–520 nm that are superparamagnetic [24,

25]. Both aqueous oxidants H2O2/Fe
3þ/HCl and (NH4)2S2O8 have been used to

chemically oxidize non-functional pyrrole around inorganic hybrid magnetite-silica

cores (5–20 nm diameter). Nanosized ferromagnetic Fe3O4-crosslinked polyaniline

NCs have recently been described by the Peng’s group using aniline (monomer)

and (NH4)2S2O8 (oxidant) [26]. Related conducting NCs were found polydispersed,

20–30 nm in diameter, and of a core–shell morphology. Consequently, both ma-

ghemite (g-Fe2O3) and magnetite (Fe3O4) nanoparticles should be considered as at-

tractive inorganic magnetic cores toward related magnetic CPs-based NCs. These

readily prepared iron oxide nanoparticles are prone to minimal oxidation, are of

low systemic toxicity, and present a high magnetic susceptibility, in the range of

76–81 and 90–98 emu g�1, respectively.

Notably, in this related framework, various non-magnetic organic and inorganic

cores have been engaged as micro-/nanosized supports to polymerize oxidatively

non-functional and functional CPs monomers in their presence. For example, to

develop color visual immunodiagnostic assays, core–shell micrometer-sized poly-

styrene latex-CPs [27–30] and colloidal nanosized silica-CPs [31–37] composites

have been produced by oxidative deposition of insoluble CPs around correspond-

ing cores. Tin(iv) oxide-polypyrrole colloidal NCs have been similarly fabricated by

the same group for solid-state conductivity studies [38]. The main CPs studied in-

clude polypyrrole, polyaniline, poly(3,4-ethylenedioxythiophene), poly(3-pyrrol-1-yl-

propionic acid), poly(3-(1H-pyrrol-3-yl)-propionic acid), poly(N-succinimidyl ester

of 3-pyrrol-1-yl-propionic acid), and related copolymers. Interestingly, the last

reported example [37] demonstrated that amine-sensitive N-succinimidyl ester of

pyrrolyl-3-acetic acid survived the aqueous acidic medium that developed during

monomer polymerization onto silica core nanoparticles. The resulting NCs were

able to covalently attach proteins without the need for any additional post-polymer-

ization activation step. Gold nanoparticles in a 5–200 nm diameter range have been

also used as templating metallic cores to polymerize pyrrole and N-methylpyrrole

monomers around them [39, 40]. Following core gold etching, hollow nanosized

polymeric polypyrrolic capsules were synthesized as useful vehicles for drug phys-

ical entrapment and targeted delivery.

This chapter describes our most recent progress in the field of magnetically re-

sponsive new core–shell iron oxide-CPs NCs. It consists of four main sections,

dealing with (a) the modular chemical design and synthesis of oxidizable dipyrrole-

(DPyr) and dicarbazole- (DCbz) containing monomers to introduce molecular di-

versity at the monomer level (Sections 10.2 and 10.3); (b) the fabrication of mag-

netic NCs (chemical polymerization around magnetite cores) and their thorough

characterization by means of modern spectral and analytical methods (Section

10.4); and (c) the investigation of covalent/quasi-covalent DNA attachments and

hybridizations at NCs surfaces (Section 10.5). Additionally, Section 10.6 contains

robust and reliable typical experimental procedures that relate to each separate

step.
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10.2

Chemical Design of DPyr- and DCbz-containing Monomers: Introduction of Molecular

Diversity

Based on the literature considerations cited above, the full potential of magnetically

responsive CPs-maghemite/magnetite nanocomposites (NCs) has still to be devel-

oped regarding novel (electro-)chemically oxidizable monomers that possess (a)

heterocycles different from nonfunctional pyrrole, as well as (b) appropriate func-

tionalities that can be appended by biological species after polymerizing over nano-

particles, e.g., grafting COOH functions that can be readily amidated using well-

known amide chemistry. Considering the above points, four generic chemical

structures (Fig. 10.1) of mono/dicarboxylate DPyr- and DCbz-containing mono-

mers 1–2a (index a specific for the DPyr-series) and 1–2b (index b specific for the

DCbz-series) readily emerged from the indicated planned innovative chemical de-

sign. These generic structures have been designed to be modular and clearly accen-

tuated the key roles played by l- or d-amino acid building blocks and appropriate

linkers of variable lengths, in order to introduce chirality and molecular diversity

[41–43] at the monomer level. C2-Symmetrization operations used have been in-

cluded based on generally high-yielding, stable amide connections between mono-

carboxylated or monoaminated Pyr- and Cbz-containing building blocks and diami-

nated or dicarboxylated linkers, respectively. More precisely, molecular diversity at

the monomer level should arise from (a) both types of heterocyclic DPyr- and

DCbz-units; (b) the existing number of COOH functions (one or two); (c) absolute

(S) or (R) chiralities of asymmetric centers (from l- or d-amino acid building

blocks); and, finally, (d) linkers of different chemical types and lengths.

Another notable aspect is that, in these bis-heterocyclic generic structures, both

pyrrole and carbazole heterocycles of suitable monomers would be simultaneously

engaged in polymer chain propagation at positions 2,5 and 5,5 0, respectively,

Fig. 10.1. Generic structures 1a/2a and 1b/2b of optically

active mono- and dicarboxylate DPyr- and DCbz-containing

oxidizable monomers.
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through CaC bond formation, leading to reticulated and more stable polymers. Lit-

erature data more particularly emphasized the lack of stability of polycarbazole

polymers in the carbazole series of oxidizable monomers. Accordingly, tentative

electrosyntheses of polycarbazole films from N-substituted monocarbazole mono-

mers resulted chiefly in short tetramers that are soluble in the electrochemical

medium [44, 45]. In contrast, our laboratory has overcame this limitation. Electro-

chemically stable poly(DCbz)-films containing amine-sensitive pentafluorophenol

esters have been formed using the electropolymerization of innovative DCbz-

monomers synthesized according to the bis-podant bis-heterocyclic design cited

above [46]. An example potential applications of these functional polyDCbz-films

is the successful covalent attachment of polyphenol and glucose oxidases onto

them as a step towards biosensor constructs [47–49].

10.3

Synthetic Approaches for Mono- and Dicarboxylated DPyr-/DCbz-based Monomers

According to synthetic approaches described below in Schemes 10.1–10.4, a

range of thirteen enantiomerically pure mono-/dicarboxylated DPyr- and DCbz-

monomers has been routinely prepared and used for the fabrication of targeted

polyDPyr- and polyDCbz-magnetite NCs. Several key synthetic steps deserve some

comments so as to best grasp the power and maneuverability of our planned chem-

ical design for monomers. First, the well-known Clauson-Kaas reaction, a one-step

acid-catalyzed transformation of an aromatic or alkyl NH2 function into a pyrrole

heterocycle unit using 2,5-dimethoxytetrahydrofuran (DMT, 4) (Scheme 10.1) [50],

has been modified to moderate reaction conditions (less acidic, salt buffered, sol-

vent diluted, lower temperatures/shorter reaction times) [46]. Similar preparation

of carbazole-based monomers generally required higher temperatures for a while

Scheme 10.1. Reagents and conditions: (a) 2,5-Dimethoxy-

tetrahydrofuran (DMT, 4), NaOAc, H2O, AcOH–1,2-dichloroethane,

1 h, 76 �C; (b) DMT (4), AcOH–dioxane, 3 h at reflux then

overnight at 20 �C.
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and longer reaction times. Thus, two separate sets of experimental conditions al-

lowed the synthesis of both DPyr- and DCbz-containing monocarboxylated mono-

mers 5a–b, as well as of intermediates 7a–b, and 14–17a–b from enantiomerically

pure l-lysine, l-aspartic, and l-glutamic acid derivatives. However, contrary to what

was usually observed under harsher conditions, racemization of existing asymmet-

ric centers was nonexistent (ee 97–99%, Schemes 10.1–10.4, steps a and b) [46].

A stability issue has been encountered during the preparation of aminated Pyr-

based intermediate 7a, which readily cyclizes intramolecularly to the correspond-

ing seven-membered lactam 8 (7a:8 ¼ 4:1 assayed by high-field 1H NMR for a

quasi-quantitative 91% recovery yield after separation from reaction mixture)

during chromatographic purifications on silica gel columns. This intramolecular

amidation did not, however, occur for the sterically more hindered Cbz-based pre-

cursor 7b, therefore allowing its corresponding C2-symmetrization, as described

later (Scheme 10.2).

Intermediates and monomer yields were consistently higher in the modified

Clauson-Kaas pyrrole synthesis than for the synthesis of carbazoles (70–80%

and 25–40%, respectively). In addition, C2-symmetrization operations toward bis-

heterocyclic oxidizable monomers have been operated straightforwardly, using

powerful amide connecting chemistries that do not racemize existing asym-

metric centers, e.g., the use of highly reactive diacid dichlorides and of a di-

cyclohexylcarbodiimide (DCC)/1-hydroxybenzotriazole (HOBt) system in the

Scheme 10.2. Reagents and conditions:

(a) and (b) same as Scheme 10.1; (c) cyclo-

hexene, MeOH, 10% Pd/C, reflux, 0.5 h; (d)

spontaneous cyclization during purification

on silica gel column, 7a:8a ¼ 4:1 by 1H NMR,

91% recovery; (e) (i) CHCl3aEt3N, terephthaloyl

or isophthaloyl chloride, 2 h, 20 �C, (ii) 1.0 m

KOH, 1/1 v/v MeOHaPhCH3, reflux, 4 h then

0.1 m HCl; (f ) (i) CH2Cl2aEt3N, adipoyl

chloride, 2 h, 20 �C, (ii) 1.0 m KOH, 1/1 v/v

MeOHaPhCH3, reflux, 4 h then 0.1 m HCl.
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presence of N-methylmorpholine (Schemes 10.2–10.4, Steps e–h). Appropriate

monoPyr-/monoCbz-intermediates 7a–b and 14–17 (n ¼ 1 or 2) prepared from

l-lysine(Z)-OMe 6 (Z: benzyloxycarbonyl) and monobenzyl esters of l-aspartic/

l-glutamic acids 12–13 (n ¼ 1 or 2) presented free NH2 and COOH groups for

C2-symmetrical amide coupling. Diacids as well as diamide linkers variable in

length and lipophilicity/hydrophilicity characteristics included aromatic tereph-

thaloyl/isophthaloyl and alkyl adipoyl chlorides, the alkyl 1,4-diaminobutane,

and, finally, the more hydrophilic polyoxyethylenyl 1,o-diamine 4,7,10-trioxa-1,13-

tridecanediamine.

Consequently, these synthetic efforts facilitated routine preparation of five DPyr-

and eight DCbz mono-/dicarboxylated homochiral based monomers in a 0.5–1.0 g

weight range. From commercially available l-amino acid derivatives, and apart

from monocarboxylated monomers (S)-5a/(S)-5b (Scheme 10.1, one synthetic step

from 3, 70 and 25–30% yields), only three to four synthetic steps were necessary to

obtain the entire range of dicarboxylated oxidizable monomers (S,S)-18–21a, (S,S)-
9–11b, and (S,S)-18–21b in global 53–58%, 12–14%, and 19–27% yields, respec-

tively (Schemes 10.1–10.4).

All these monomers have been fully characterized, their chemical structures

confirmed and their purities checked before fabrication of the corresponding NCs

by appropriate analytical means (thin-layer and high-performance liquid chroma-

tographies, optical rotations) and spectroscopic analyses (FT-IR, 1D/2D-high-field
1H/13C NMR, low- and high-resolution FAB-MS). Additionally, and only after com-

pletion of synthetic amidations by starting block C2-symmetrization, 1D high-field
1H/13C NMR techniques allowed us to again check that optical purities of resulting

Scheme 10.3. Reagents and conditions:

(a)–(f ): same as Schemes 10.1 and 10.2;

(g) (i) Dicyclohexylcarbodiimide (DCC),

1-hydroxybenzotriazole (HOBt), CH2Cl2,

N-methylmorpholine, 1,4-diaminobutane, 3 h,

20 �C, (ii) 1:4 v/v cyclohexene–2-propanol, 10%

Pd/carbon, 1.5 h, 20 �C; (h) same conditions

as for step g but using a different 1,o-diamine,

e.g., 4,7,10-trioxatridecane-1,13-diamine.
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monomers were in a 97–98% range, based on the non-detection of meso diastereo-

isomers arising from asymmetric center racemization.

10.4

Oxidative Polymerization of DPyr-/DCbz-based Monomers around Magnetite

Nanoparticles

10.4.1

General Considerations

The availability of DPyr- and DCbz-based monomers allowed us to test various

oxidative polymerization conditions in the presence of nanosizedmagnetite particles

(Fig. 10.2) towards corresponding magnetic NCs. Numerous methods and related

modifications have been reported for the preparation of magnetite nanoparticles,

and, significantly, dealing with stabilization against aggregation of the particles

[1–4]. With this goal in mind, we modified slightly the original Sugimoto method,

and, accordingly, the oxidative hydrolysis of iron(ii) sulfate heptahydrate (Fe2SO4

7H2O) by KNO3 in an alkaline KOH medium under nitrogen [51, 52] (see opti-

mized protocols for NC fabrication in Section 10.6.1) that afforded magnetite

sheet-like nanoparticles (mean particle size of 20–40 nm by TEM analysis) as a

free-flowing, brilliant black water suspension that can be used immediately or

stored under nitrogen if necessary. FT-IR peaks characteristics of pure magnetite

(Fe3O4, n ¼ 410, 510 cm�1) confirmed its nature, and, in particular, the absence of

contaminating maghemite (g-Fe2O3) [51, 52].

Scheme 10.4. Same reagents and conditions as in Schemes 10.1 and 10.3.
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Regarding oxidative polymerization of DPyr-/DCbz-based monomers in the pres-

ence of nanosized magnetite particles toward corresponding magnetic NCs (Fig.

10.2), several experimental parameters were considered important and, subse-

quently, examined carefully during extensive screening, keeping in mind the best

practicality, reliability, and robustness of NC fabrication protocols. Polymerization

parameters examined included different (a) polymerization times; (b) mono-

or bi-electronic chemical oxidants; (c) molar/weight ratios of DPyr- and DCbz-

monomers/magnetite nanoparticles; (d) polymerization solvents (low-molecular

weight alcohols, acetone, acetonitrile, dimethylformamide, and their respective

mixtures with water, chloroform, hexane); (e) medium temperatures [25–55 �C

when using or not ultrasonic irradiation (ultrasonic cleaner Bransonic at full

42 kHz power)]; and finally (f ) magnetite concentrations (0.5–5% w/v range at

constant experiment volume).

Two main problems arose that were successfully solved during this selection pro-

cess, ending with the delivery of optimized protocols for NC fabrication [53]. First,

both DPyr- and DCbz-based oxidizable monomers must be minimally soluble in

water, since magnetite nanoparticles had an irreversible strong tendency to aggre-

gate in non-aqueous media. For example, the dicarboxylate DCbz-containing (S,S)-
18b (Scheme 10.4) could not be solubilized in any water-miscible organic solvent

mixture and, therefore, could not be polymerized around magnetite nanoparticles.

Due to the heterocycle type, DCbz-based monomers are consistently more hydro-

phobic, or less water-soluble than DPyr-related monomers. Therefore, two different

polymerization media have been specifically adapted for monomers of both DPyr-

and DCbz-type (water–methanol mixtures and acetone, respectively; see typical

procedures for NC fabrication in Section 10.6.1). Secondly, DCbz-based mono-

mers that were expected to polymerize with difficultly under usual chemi-

Fig. 10.2. Oxidative polymerization of DPyr-/DCbz-based

monomers in the presence of magnetite nanoparticles.
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cal oxidative conditions polymerized efficiently when using the only oxidizing

Ce(iv) salt CAN [(NH4)2Ce(NO3)6] among a range of currently tested oxidants

[FeCl3, Fe(NO3)3, Fe(ClO4)3, H2O2/FeCl3/0.1 m HCl, CuCl2, K2Cr2O7, K2S2O8,

(NH4)2S2O8, I2, PbO2, etc.] [53].

Conversely, DPyr-based monomers readily polymerize when using FeCl3 and

ammonium peroxodisulfate, (NH4)2S2O8, with the latter oxidant being preferred

since it affords much cleaner polyDPyr-magnetite NCs (absence of shorter, water-

bleachable, dark colored DPyr-oligomers). Interestingly, the resulting carboxylated

polyDPyr-/polyDCbz-magnetite nanocomposites did not always show colloidal sta-

bility for the entire range of parameter combinations and during storage (at 4 �C in

a neutral PBS phosphate buffer). In fact, preliminary TGA (Thermogravimetric

Analysis) analyses over 200–750 �C, together with FT-IR spectroscopic analyses,

helped to confirm successful monomer polymerizations. This large screening to-

wards optimized polymerization parameters rapidly disclosed two separate optimal

sets of polymerization conditions specific for each DPyr- and DCbz-series of mono-

mers in the presence of nanosized magnetite. Beyond the use of oxidizers specific

to each monomer series, the main protocol differences related to (a) optimal poly-

merization media, e.g., a 45/55 v/v H2OaCH3OH mixture for DPyr-based mono-

mers and pure CH3COCH3 for more hydrophobic DCbz-based ones, and (b) opti-

mal ultrasound-assisted polymerization times, e.g., 1 h for DPyr-based monomers

versus 5 h for DCbz-based ones. Typical preparations of magnetically responsive

polyDPyr- and polyDCbz-magnetite NCs are reported in Section 10.6.1.

10.4.2

Characterization of Magnetically Responsive PolyDPyr- and PolyDCbz-Magnetite

Nanocomposites

Magnetically responsive polyDPyr- and polyDCbz-magnetite NCs have been char-

acterized using a range of analytical and spectroscopic methods that included

FT-IR and 57Fe Mössbauer spectroscopies, C,H,N elemental and TGA analyses,

magnetism measurements, and low- and high-resolution TEM microscopies with

Energy-Dispersive X-Ray Microanalysis (EDAX). Additionally, as discussed in Sec-

tion 10.5, a DNA-based biological parallel screening system has also been devel-

oped to characterize the fabricated NCs. In fact, NCs have been systematically

tested for (a) DNA attachment using both covalent amide and noncovalent strepta-

vidin/biotin linkages, and (b) NC surface-confined DNA hybridizations using an

amplifying colored HRP-based enzymatic system (HRP: Horse Radish Peroxidase)

towards detection and quantification of optically read signal outputs.

In a first step, carboxylated polyDPyr-/polyDCbz-magnetite NCs have been char-

acterized by TGA analysis (TGA-Mettler apparatus, TG-50 DSS50 model, executed

temperature profile: 25–130 �C at 20 �C min�1, 130 �C for 15 min, and then 130–

800 �C at 15 �C min�1 under nitrogen) and high-resolution FT-IR spectroscopy

(Bomen-Hartmann & Braun instrument, KBr pellets, 4 cm�1 resolution) to check

the formation of polyDPyr-/polyDCbz-polymers in the presence of nanosized

magnetite nanoparticles. TGA curves showed quite similar two-step profiles, which
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were more or less pronounced depending on NCs over a 200–750 �C temperature

range (Fig. 10.3 and Table 10.1). Observed weight losses match up, most likely, to

the evaporation of shorter, more volatile polymeric chains followed by final poly-

mer burning. Interestingly, C,H,N elemental analyses (EA 1110/CHNS-O CE in-

strument) data, corrected for oxygen (Table 10.1), matched with TGA NC composi-

tion data and, therefore, allowed us to check for data homogeneity. Both DPyr- and

DCbz-based monomers afforded NCs of similar polymer compositions with poly-

mer deposits in a w/w range of 18–30% and 20–32%, respectively. FT-IR spectra

Fig. 10.3. TGA curves of magnetically responsive polyDPyr-/polyDCbz-magnetite NCs.

Tab. 10.1. NC compositions from gravimetric measurements (TGA graphs) and from C, H, N

elemental analyses.

Elemental analysis [a]

(%)Nanocomposite

poly(monomer)-magnetite
C H N

NC Composition

(% w/w)[a]
TGA weight

loss (% w/w)

5a 18.63 2.01 3.20 27 28

18a 15.40 1.71 3.50 25 27

19a 19.37 1.76 2.91 28 30

20a 11.39 1.39 2.11 19 19

21a 13.33 1.65 2.35 22 18

5b 19.52 1.40 2.01 25 24

9b 20.87 1.78 2.41 32 31

10b 21.18 1.67 2.32 30 29

11b 14.11 1.62 1.67 20 23

19b 19.34 1.65 2.48 27 30

21b 13.96 1.39 1.38 20 21

aValues corrected for oxygen content.
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of NCs showed quite similar absorption peaks. They included mixed absorption

peaks characteristic of both freshly prepared non-oxidized magnetite (n ¼ 1083–

1099, 1017–1024, and 568–585 cm�1) and of polyDPyr- and polyDCbz-polymeric

systems [n ¼ 2850–2922 and 2958–2964 (dCsp3-H), 1650–1750 (nCbO, carboxyl),

1454–1558 (nCsp2-Csp2, polypyrrole and polycarbazole aromatics), 1258–1264

(nðCbOÞ-O, acid), 800–808 (dCsp2-H, out of plane stretching) cm�1].

Bulk magnetization versus applied magnetic field experiments (Oxford VSM sys-

tem Magnetometer equipped with an Aerosonic VSM 3001 controller) have been

conducted at 300 K on all magnetically responsive, carefully dried NCs. Saturation

magnetizations Ms have been observed in a range of 32–55 emu g�1, with coerciv-

ity factors Hc of 35–132 Oe (Fig. 10.4 and Table 10.2). Subsequently, these mate-

rials cannot be strictly considered as superparamagnetic materials since they pre-

sented a low- to medium-range hysteresis. This resulted most likely from the

partial oxidation of the former magnetite Fe3O4 core during the oxidative pro-

cesses used for monomer polymerizations. In fact, inorganic magnetic cores were

formed of nonstoichiometric magnetite, Fe3axO4 (0a xa 0:33), or of g-Fe2O3

(maghemite)–magnetite mixtures as determined by 57Fe Mössbauer analysis at

300 K (two superposed magnetic subspectra compatible with Fe3þ and Fe2:5þ

atoms located in tetrahedral and octahedral sites, respectively, with different

relative intensities were obtained). For example, polyDCbz(9b)- and poly-

DCbz(10b)-magnetite NCs were analyzed and found to contain 30% and 60%

maghemite, respectively.

Interestingly, DCbz-containing monomers, which were more difficult to poly-

merize oxidatively around magnetite particles, mainly afforded NCs of lower Ms

and higher Hc than similarly prepared polyDPyr-based NCs (Table 10.2). These

data are likely to be related to higher contents of less magnetic maghemite/non-

stoichiometric magnetite (Fe3axO4) within corresponding NCs, while magnetic

spin blocking effects could arise from formation of oxidized magnetite/polymer in-

terfacial domains.

In a second series of analyses, all these NCs were systematically examined by

low- and high-resolution transmission electron microscopies TEM (JEOL-1200EX)

and HR-TEM (JEOL-JEM 2010 of Oxford Instruments, 200 kV accelerating voltage,

Gatan CCD video camera for microphotograph digitization). Even using ultrasonic

irradiation, NC fabrication processes were not found to alter the sheet-like mor-

phology of starting magnetite nanoparticles nor the average particle size (20–

40 nm). More interestingly, mixed structures of the discrete polyDPyr-/polyDCbz-

particulates–magnetite nanoparticle type could not be detected, clearly emphasiz-

ing polymerization processes, during which deposition of insoluble polymer

chains occurred around magnetite nanoparticles. These observations are consistent

with the relatively low quantities of polymers deposited onto magnetite nanopar-

ticles independent of starting DPyr-/DCbz-monomers (@18–32% w/w).

Since polymer–magnetite NC morphology remained a central issue, unambigu-

ous confirmation of the core–shell nature for all the fabricated NCs came from

HR-TEM analysis combined with EDAX. For illustration, HR-TEM microphoto-

graphs of poly(5a)-, poly(10b)- and poly(21a)-magnetite NCs belonging to both poly-
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DPyr- and polyDCbz-series of NCs have been reported that showed clearly amor-

phous 5.0–7.5 nm thick polyDPyr-/polyDCbz-deposits decorating highly ordered

magnetite/maghemite crystals (Fig. 10.5, samples prepared on 400 mesh Au grids

free of carbon-containing pollutants). Corresponding elemental compositions have

been determined by EDAX microanalysis using an Oxford Instruments X-ray de-

tector and INCA software with electron beams focused at both 15 and 30 nm diam-

eters, depending on the samples. All chemical elements have been analyzed, nor-

Fig. 10.4. Magnetism measurements/graphs for

polyDCbz(5b)- and polyDCbz(9b)-magnetite NCs.
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malized, and their results obtained in weight percentages. Examples of such EDAX

microanalyses are shown for poly(5a)- and poly(21a)-magnetite NCs in Fig. 10.5,

wherein crystal edges have been found to be systematically carbon-rich and iron-

poor, while crystal centers appear to be carbon-poor and iron-rich, arguing for the

presence of organic polymer deposits around magnetite nanoparticles [poly(5a)-

magnetite NC, spectrum 1: 55.2 and 18.0% for C and Fe versus spectrum 2: 1.9

and 63.4%; poly(21a)-magnetite NC: spectrum 9: 39.6 and 44.1% for C and Fe

versus spectrum 6: 1.7 and 48.8%].

10.5

Development of a DNA-based Biological System for Nanocomposite Parallel

Screening

Among the critical steps identified for screening the properties and optimization

of fabricated polyDPyr-/polyDCbz-magnetite NCs, realization of a reliable highly-

parallel (use of 96-well microtiter plates), low cost, less laborious and robust biolog-

ical screening system were quite essential. Accordingly, a natural choice was to

turn to a DNA-based hybridization system, supported on these novel nanosized

magnetic NCs, because of the extreme relevance of DNA-based diagnostics using

magnetically responsive nanomaterials [54, 55]. Although numerous examples of

DNA hybridizations onto various non-planar solid phases have been reported,

they are mainly concerned with micrometer-sized beads that generally did not suf-

fer from critical aggregation and non-specific binding (NSB) issues often encoun-

tered with nanosized materials [56, 57].

During our studies involving polyDpyr-/polyDCbz-magnetite NCs, two different

modes of DNA probe attachments were tested – covalent (via amide bonds) and

Tab. 10.2. Saturation magnetizations Ms and coercivities Hc of polyDPyr-/polyDCbz-magnetite

NCs.

Nanocomposite

poly(monomer)-magnetite

Saturation magnetization

Ms (emu gC1)

Coercivity

Hc (Oe)

5a 50 55

18a 52 55

19a 55 55

20a 50 40

21a 55 50

5b 35 132

9b 52 35

10b 51 55

11b 35 130

19b 32 130

21b 35 130
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quasi-covalent (via streptavidin–biotin interactions [58–60]). These brought out the

great versatility of the chemistry of surface COOH groups of NCs set up by poly-

carboxylated polyDPyr-/polyDCbz-deposits. After simple chemical activation of

COOH groups by water-soluble carbodiimides [61–63], the addition of an NH2-
5 0
-

modified DNA sequence as a model molecular DNA probe resulted in covalent at-

tachment of DNA through stable amide bonds. Alternatively, second-generation

streptavidin-modified magnetic NCs could be fabricated using a similar activation

protocol of polymeric COOH groups followed by incubation with streptavidin. Co-

valent attachment of streptavidin occurs via amidation of e-NH2 groups of surface

lysines of the protein. Then, the same, albeit biotin-5
0
-modified, DNA sequence

will be quasi-covalently (via streptavidin–biotin interactions) attached to modified

NCs upon incubation, resulting in the testing and comparison of DNA-decorated

Fig. 10.5. High-resolution TEM microphotographs of selected

polyDPyr-/polyDCbz-magnetite NCs.
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NCs using both probe attachment methodologies. The streptavidin/avidin-biotin

system has many advantages [58–60]. Noncovalent streptavidin–biotin supramo-

lecular interactions are very strong (Kd @ 10�15
m) and, furthermore, the system

is more biocompatible, and is therefore less denaturing for DNA/protein molecular

probe attachments. Additionally, its great versatility makes it particularly attractive

for a wide range of biological and non-biological probes (sugars, peptides, proteins/

antibodies, DNA/RNA sequences, and catalysts, small ligands, fluorescent dyes,

quantum dots and nanoparticles/clusters).

10.5.1

Covalent Attachment of an NH2-
5O-modified 20-mer DNA Probe onto NCs towards

DNA-Biofunctionalized NCs. Covalent Amide Bond Chemistry and Resulting

NC-Supported DNA Hybridizations

The simple but powerful DNA-based test described in Fig. 10.6 constitutes the

basic biological screening system used to investigate the properties of fabricated

polyDPyr-/polyDCbz-magnetite NCs in parallel mode [53]. Whether the covalent

(amide bond chemistry) or quasi-covalent (streptavidin–biotin system) DNA probe

attachments were used in NC functionalization, DNA hybridizations on NC sur-

faces were characterized and quantified using a blue color-emitting, HRP-based

enzymatic amplifying system (HRP: Horse Radish Peroxidase). Resulting hybrid-

ization signal outputs were processed in parallel, using 96-well plastic microtiter

plates optically read in an Elisa Plate Reader Anthos ht II at 620 nm.

Practically, the amine-modified 20-mer oligonucleotide DNA1 H2N-(CH2)12-
5 0
GCACTGGGAGCATTGAGGCT that characterized the 20210 mutation in the

Human Factor II gene (G ! A single oligonucleotide mutation at position 20210)

[64, 65] was chosen as a model DNA probe and, through incubation, has been co-

valently attached to a full range of fabricated NCs after carboxylate activation in

Fig. 10.6. DNA covalent attachment onto polyDPyr-/polyDCbz-magnetite NCs and hybridization.
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a 0.4 m MES buffer (pH 5.0) by the water-soluble carbodiimide EDC [63] [EDC:

N 0-(3-dimethylamino-propyl)-N-ethylcarbodiimide hydrochloride, 0.4mMES buffer,

2 h incubation at 20 �C]. NC-supported DNA hybridizations have been per-

formed with the fluoresceine-labeled anti-sense 20-mer oligonucleotide FITC-DNA2

(fluoresceine-5
0
AGCCTCAATGCTCCCAGTGC, 60 min, 60 �C). After addition of

an anti-FITC HRP-labeled mouse monoclonal antibody and incubation (20 min,

20 �C), the HRP substrate TMB (3,3 0,5,5 0-tetramethylbenzidine) was added and

reacted with the NC-immobilized amplifying enzymatic construct for 1.5 min at

the same temperature before visible signal reading at 620 nm (Elisa Plate Reader

Anthos ht II). Accordingly, the resulting optical reading data (ODTotal) allowed the

characterization of all the tested DNA-functionalized NCs. These were systemati-

cally averaged for six to ten similar parallel experiments for each separate NC, pro-

viding minimal signal output variations in a 5–8% range.

Additionally, and for better characterization of DNA-decorated NCs, Non-specific

binding (NSB) data were systematically collected during similar averaged parallel

experiments, where the complementary FITC-labeled DNA2 probe was omitted.

NSB data allowed us to estimate the affinity of tested DNA-decorated polyDPyr-/

polyDCbz-magnetite NCs to physically adsorb the reporter anti-FITC HRP-labeled

antibody. Furthermore, micrometer-sized COOH-Dynabeads2 M-270 (q 2.8 mm,

Dynal AS, Oslo, Norway) [66] that are routinely used for magnetism-driven sus-

pension assays were also included in those experiments as an internal standard

for comparison.

In a first series of experiments for screening of NC-supported DNA hybridiza-

tions, the concentrations of FITC-5 0 labeled complementary probe FITC-DNA2

and tested NCs were 10�7
m and at 50 mg (1.0% w/v), respectively, per microtiter

plate well (Fig. 10.7). From patterns of optical signal outputs (ODTotal) and specific

binding (SB ¼ ODTotal � NSB)/NSB ratios, the three polyDCbz-magnetite NCs,

e.g., polyDCbz(9b)-, polyDCbz(10b)-, and polyDCbz(19b)-magnetite NCs, were as

efficient as the COOH-Dynabeads tested under similar conditions. Calculated SB/

NSB averaged ratios of 19.0–22.8 were in a high range. In contrast, polyDPyr-

magnetite NCs were less efficient than standard COOH-Dynabeads with SB/NSB

data in a low to medium (4.2–16.3) range. Here, polyDPyr(19a) was the most effi-

cient NC in the polyDPyr-based series of NCs (SB/NSB ¼ 16.3 vs. 22.2 for COOH-

Dynabeads).

Interestingly, both couples of NCs polyDPyr(19a)/polyDCbz(19b)- and poly-

DPyr(21a)/polyDCbz(21b)-magnetite fabricated from DPyr-/DCbz-monomers 19/

21a–b, possessing an hydrophobic 1,4-diaminobutane and an hydrophilic 4,7,10-

trioxa-1,13-tridecaneamine linker, were related. Among the tested NCs, they

exhibited the higher and the lower efficiencies, respectively. Confirming this spe-

cific trend, the polyDPyr(20a)-magnetite NC built on the same hydrophilic 4,7,10-

trioxa-1,13-tridecaneamine linker showed the lowest efficiency of all the tested NCs

(SB/NSB ¼ 4.2). Additionally, both polyDPyr(5a)- and polyDCbz(5b)-magnetite

NCs arising from the same monocarboxylated l-lysine-based precursor exhibited

similar efficiencies (13.2 and 15.4, respectively).

Subsequently, while keeping other assay parameters constant (see the typical
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procedure reported below), a second larger parallel screening of NC properties was

performed to find a minimum assay sensitivity limit to detect the model analyte

FITC-labeled DNA2 (Fig. 10.8). For this purpose, a concentration range of 10�7–

10�14
m of FITC-labeled DNA2 was investigated. In this concentration range, NSB

averaged data were uniformly observed in a low 0.05–0.09 range for all tested NCs,

except for the polyDPyr(20a)-magnetite NC fabricated from the hydrophilic 4,7,10-

trioxa-1,13-tridecanediamine (averaged NSB ¼ 0:11). The previously observed

trend of being the least efficient system for the SB/NSB ratio was consistent and

reproducible for all tested concentrations of FITC-labeled DNA2. These data pre-

cluded its further use as a sensitive detection of this model analyte. In contrast,

three polyDPyr- and three polyDCbz-magnetite NCs were disclosed as the most

sensitive NCs, able to achieve reproducible SB/NSB ratios in the range 1.6–2.7, at

very low 10�12–10�14
m concentrations of FITC-labeled DNA2. These NCs were

polyDPyr(5a)-, polyDPyr(18a)-, and polyDPyr(19a)-magnetite in the polyDPyr-series

and, in the polyDCbz-series, were polyDCbz(5b)-, polyDCbz(9b)-, and poly-

DCbz(10b)-magnetite. COOH-Dynabeads, tested in parallel under identical con-

centration range and conditions, were quite inefficient. This emphasized the

potential of these novel nanosized magnetic NCs for highly sensitive DNA detec-

Fig. 10.7. Screening of polyDPyr-/polyDCbz-magnetite NCs at

a 10�7
m DNA2 concentration and related specific binding/

non-specific binding (SB/NSB) ratios.
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tion. Interestingly, and among all tested polyDPyr-/polyDCbz-NCs, the unique

polyDPyr(19a)-magnetite NC was the most sensitive (SB/NSB ¼ 2:7 at 10�14
m),

while both polyDCbz(5b)- and polyDCbz-(10b)-magnetite NCs were just an order

less sensitive for similar SB/NSB ratios (SB/NSB ¼ 2:0 and 1.6, respectively, at

10�13
m).

Importantly, these low-range detection levels were consistently achieved without

employing any additional passivating step (Egg albumin, BSA, PEG1000 or Triton X

surfactants, dextran) commonly used in the diagnostic field.

Concentrating on both typical polyDPyr(5a)- and polyDCbz(5b)-magnetite NCs,

sensitivity issues were further examined by investigating the influence of two addi-

tional parameters, i.e. minimal amounts of (a) capture NH2-modified DNA1 probe

covalently attached onto NCs and (b) NCs used per microtiter plate well to afford

reliably quantifiable optical outputs with SB/NSB ratios in a 1.0–1.5 range (Fig.

10.9). First, concentrations of the capture NH2-
5 0
-modified DNA1 probe for the co-

valent functionalization of both NCs were varied in a 10�5–10�16
m range. Other

Fig. 10.8. Sensitivity patterns of PolyDPyr-/polyDCbz-

magnetite NCs at decreasing FITC-labeled DNA2

concentrations.
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protocol parameters were identical to values used in the typical experimental proto-

col described in Section 10.6.2. For comparison, a DNA1 concentration of 10�7
m

for probe attachment onto NCs was used (standardized experimental protocol).

Second, variable NC amounts per microtiter plate well were investigated in a 10–

10�2% w/v range (500.0–0.5 mg) when the same standardized experimental proto-

col made use of a 1% w/v NC concentration, e.g., use of 50.0 mg of NC per well.

The resulting data (Fig. 10.9) led to some interesting conclusions.

A rather wide range of concentrations in NH2-
5 0
-modified DNA1 probe, from

10�9 to the very low 10�16
m, afforded reliable SB/NSB ratios in a 0.9–4.0 range,

depending on NCs and DNA1 concentrations. In contrast, standard COOH-

Dynabeads treated under similar conditions were totally unresponsive. Both poly-

DPyr(5a)- and polyDCbz(5b)-magnetite NCs were effective even at the lowest tested

DNA1 concentration (10�16
m, SB/NSB ¼ 0:9 and 1.4, respectively). Regarding

usable NC concentration per microtiter plate well, only limited decreases in signal

outputs were registered when using NC amounts per well as low as 5.0 [0.1%

w/v; polyDPyr(5a)- and polyDCbz(5b)-magnetite NCs: SB/NSB ¼ 14:0 and 18.6, re-

spectively] and 0.5 mg [0.01% w/v; polyDPyr(5a)- and polyDCbz(5b)-magnetite

NCs: SB/NSB ¼ 13:6 and 14.4, respectively]. In parallel, COOH-Dynabeads af-

Fig. 10.9. Sensitivities of polyDPyr(5a)- and polyDCbz(5b)-
magnetite NCs for decreasing DNA1 and NC concentrations

(the value 1% w/v corresponds to 50 mg of NC per microtiter

plate well).
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forded lower or background-level SB/NSB ratios for both NC concentrations (0.1%

w/v: SB/NSB ¼ 13.0; 0.01% w/v: SB/NSB ¼ 0:8).

10.5.2

Attachment of a Biotin-5O-modified 20-mer DNA Probe to DNA-biofunctionalized NCs.

Quasi-covalent Linkage Using the Streptavidin–Biotin System and the Resulting

NC-supported DNA Hybridizations

A second methodology for DNA probe attachment onto polyDPyr(5a)-/poly-

DCbz(5b)-magnetite NCs has been investigated that exploited the strong quasi-

covalent streptavidin–biotin interactions. In the first step, two previously fab-

ricated magnetic polycarboxylated polyDPyr(5a)-/polyDCbz(5b)-magnetite NCs

were chemically activated at room temperature by the same water-soluble carbodii-

mide EDC (COOH activation) in a mixture of neutral PBS and 0.4 m MES (pH 5.0)

buffers. This activation step is immediately followed by covalent grafting of a

high purity commercial recombinant streptavidin (Roche Inc.), leading to second-

generation streptavidin-modified polyDPyr(5a)-/polyDCbz(5b)-magnetite NCs. As

usually performed, excess chemical reagents and biological components/buffers

were readily eliminated or exchanged by magnetic decantation and appropriate

washings before DNA hybridizations (see the typical experimental procedure given

below).

In the second step, streptavidin-modified NC-supported DNA hybridizations

were similarly tracked using the blue-emitting HRP-based enzymatic amplifying

system mentioned previously (Fig. 10.6), providing the use of a biotinylated DNA1

capture probe biotin–(triethylene glycol) linker-5
0
DNA1. Notably, in this particular

case, NSB data were attributed to the noncovalent binding affinity of streptavidin-

modified NCs (e.g., of protein-decorated, instead of polycarboxylated DNA-

decorated, NCs) to physically adsorb the reporter anti-FITC HRP-labeled antibody.

Interestingly, efficiency comparisons of both covalent (amide chemistry) and

quasi-covalent (streptavidin–biotin system) modes of DNA1 probe attachment

showed a particularly strong dependency on NC concentration (NC weight/Elisa

plate well) (Fig. 10.10). For example, at a 1% NC concentration (50.0 mg of NC/Elisa

plate well), SB/NSB ratios for streptavidin-modified NCs were in a low to medium

range (5.3–10.1), with the streptavidin-modified polyDCbz(5b)-magnetite NC being

the most efficient system (SB/NSB ¼ 10:1). Streptavidin-modified micrometer-

sized Dynabeads, prepared in the same way, were as efficient, with a SB/NSB

ratio of 11.0. Though, while in covalent NH2-
5 0
-linked DNA1 probe attachment

mode, both polyDPyr(5a)-/polyDCbz(5b)-magnetite NCs always exhibited a greater

efficiency (SB/NSB ¼ 13:2 and 15.4 respectively), they were not comparable to

micrometer-sized DNA1-decorated Dynabeads, which performed better as the

most efficient support (SB/NSB ¼ 22:2).

Conversely, lowering NC concentration to 0.25% w/v (12.5 mg of NC/Elisa plate

well) strongly diminished the previous, detrimentally high NSB, resulting in

marked differences. Whatever the covalent or streptavidin/biotin modes of DNA1

probe attachment, the polyDPyr(5a)-/polyDCbz(5b)-magnetite NCs systematically

afforded more efficient responses than that of carboxylated Dynal microbeads
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(SB/NSB ¼ 10.6–13.3 vs. 5.0–8.0, respectively). Interestingly for this low NC

concentration, both streptavidin-modified polyDPyr(5a)-/polyDCbz(5b)-magnetite

NCs displayed better efficiencies than did carboxylated covalently modified ones

(SB/NSB ¼ 11.0 and 13.3 vs. 10.6 and 11.5, respectively). These preliminary

data featured the important disclosure that optimized conditions dealing with

polyDPyr-/polyDCbz-magnetite NCs should be investigated when testing both

Fig. 10.10. Covalent (amide chemistry) and quasi-covalent

(streptavidin–biotin system) attachment modes of both

NH2- and biotin-5
0
-modified DNA1 probes onto polyDPyr(5a)-

and polyDCbz(5b)-magnetite NCs.
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types of covalent (amide chemistry) and noncovalent (streptavidin–biotin system)

DNA probe attachments.

10.5.3

Storage: Medium-term Stability of Some PolyDPyr-/PolyDCbz-Magnetite NCs

The colloidal stability of some of these novel polyDPyr-/polyDCbz-magnetite

NCs was also examined during storage in a neutral PBS buffer (1% w/v NC

concentration) at 4 �C. For this investigation, three freshly prepared polyDPyr-

and polyDCbz-magnetite NCs, polyDPyr(5a)-, polyDPyr(19a)-, polyDPyr(21a)-, and

polyDCbz-(5b)-, polyDCbz(10b)-, and polyDCbz(19b)-magnetite NCs, and COOH-

Dynabeads for reference were stored in the above-described neutral PBS buffer.

Regular controls (quadruplicate parallel experiments) were performed on aliquots

from these stored NCs on a fifteen day-basis over a period of seven and a half

months, using our powerful DNA-based biological screening test. This test was op-

erated using standard conditions of concentrations for DNA1, the complementary

FITC-labeled DNA2 and NC components (typical experimental procedure given in

Section 10.6.2), for which NSB data were always in a low 0.04–0.05 range.

Importantly, during this period the HRP-based amplifying enzymatic system re-

vealed a slow but regular time-dependent decrease in detection efficiency, probably

because of component ageing. This ageing phenomenon, most likely, is due to the

natural thermodynamic instabilities of both the HRP-labeled anti-FITC antibody

(antibody and HRP components), and of the FITC label/epitope of the comple-

mentary FITC-labeled DNA2 (light-induced degradation). Consequently, NC stabil-

ity data were calculated and presented graphically as ratios of SB data of NCs/SB

data of reference COOH-Dynabeads2 M-270 treated in a similar time-dependent

manner. Figure 10.11 depicts the resulting characteristic time-dependent ratio

evolutions for each separate NC. More specifically, the three NCs polyDPyr(5a)-,

polyDPyr(19a)- and polyDCbz(10b)-magnetite NCs underwent quite noticeable

decreases in efficiency (11, 11, and 27%, respectively), most likely due to slow

time-dependent NC aggregation. In contrast, the other three NCs belonging to

both polyDPyr- and polyDCbz-series displayed reasonable time-dependent stabil-

ities for the examined period and for these specific storage conditions.

10.6

Typical Experimental Procedures for NC Fabrication and NC-Supported DNA

Hybridizations

10.6.1

Typical Optimized Procedures for NC Fabrication Including Magnetite Preparation

10.6.1.1 Magnetite Preparation Using the Oxidative Hydrolysis of Iron(II) Sulfate

in an Alkaline KOH Medium [51, 52]

A solution of iron(ii) sulfate heptahydrate (FeSO4, 7H2O) (17.71 g, 60.0 mmol) in

high-purity nitrogen-deoxygenated water (200 mL) was heated at 90 �C in a 1 L
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round-bottomed flask while stirring with an overhead stirrer. In parallel, deoxygen-

ated aqueous solutions of KNO3 (10.11 g, 100.0 mmol, 100 mL of H2O) and of

KOH (13.81 g, 250.0 mmol, 50 mL of H2O) were prepared and then mixed under

nitrogen until complete dissolution of the salts. The resulting basic salt mixture

was then slowly added to the FeSO4 solution at 90 �C under a constant flow of

nitrogen. The oxidative hydrolysis lasted 2 h at 90 �C, affording a brilliant black

precipitate of magnetite nanoparticles. After cooling to room temperature (1 h),

the black Fe3O4 nanoparticle suspension was washed twice with H2O (2� 2 L),

with 1 m HNO3 (2 L), and twice again with H2O (2� 2 L). These washings were

repeated if necessary until a visually clear and neutral supernatant aqueous phase

was obtained. The suspension volume of precipitated magnetite nanoparticles was

adjusted to 1 L with deoxygenated H2O and kept in a polyethylene storage bottle at

4 �C (stock suspension of magnetite nanoparticles). Preferably, magnetite nanopar-

ticles should be used immediately for polyPyr-/polyCbz-magnetite NC fabrication

[final storage concentration of Fe3O4 nanoparticles: 46 mg (mL of suspension)�1].

10.6.1.2 PolyDPyr-Magnetite Nanocomposites

Freshly prepared magnetite nanoparticles (100.0 mg, 2.3 mL of a 3.5% w/v water

suspension of magnetite nanoparticles as prepared above) were added with the

mono- or dicarboxylated DPyr-monomer (S)-5a or (S,S)-18–21a dissolved in

MeOH (0.41 mmol, 3.0 mL of MeOH) and sonicated for 1 min (ultrasonic cleaner

Bransonic at full 42 kHz power). Thereafter, the oxidizer (ammonium peroxodisul-

fate, (NH4)2S2O8, 98% purity from Riedel-de-Haën, 436.0 mg, 2.05 mmol, 5.0

equiv.) was added in one portion to the sonicated methanolic suspension of mag-

netite. The resultant fine black suspension (magnetite concentration of 2.0% at

constant experiment volume) was then ultrasonicated for 1 h, during which time

the medium temperature increased to 55 �C (ultrasound-mediated constant stir-

ring). The resulting brown-black polyDPyr-magnetite NC was magnetically de-

canted with the help of a powerful external magnet. It was serially washed by

4� 10 mL of each of the indicated deoxygenated solvents/buffers, CH3COCH3,

0.4 m MES buffer (pH 5.0), neutral PBS buffer, TNET buffer (pH 7.5), and, fi-

nally, again with neutral PBS buffer to eliminate soluble by-products (inorganic

salts, excess oxidants, unreacted monomers, and short, colored monomer-related

oligomers). (The preparation of these particular buffers is described in a corre-

sponding typical experimental procedure given in Section 10.6.2.). Colorless super-

natants must be obtained at each last separate washing. The resulting magnetically

responsive carboxylated polyDPyr-magnetite NCs were suspended in a deoxy-

genated neutral PBS buffer at a 1% w/v concentration and stored at 4 �C. These

colloidal suspensions were stable for at least 2–3 months under these storage

conditions.

10.6.1.3 PolyDCbz-Magnetite Nanocomposites [53]

The protocol cited above was modified slightly to take into account the fact that

mono- or dicarboxylated DCbz-containing monomers are much more hydrophobic
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than DPyr-based ones. Magnetite nanoparticles (same quantity as above) were first

magnetically decanted, washed with CH3COCH3 (3� 2:0 mL), and immediately

added with the DCbz-based monomer (S)-5b, (S,S)-9–11b, or (S,S)-18–21b solubi-

lized in CH3COCH3 (0.22 mmol, 2.0 mL of CH3COCH3, magnetite concentration

of 2.5% at constant experiment volume). After medium sonication for 1 min for

best mixing, the ammonium cerium(iv) nitrate oxidizer [CAN: (NH4)2Ce(NO3)6]

dissolved in CH3COCH3 (CAN, 99% purity, Fluka, 0.18 mmol, 100.0 mg, 2.0 mL

of CH3COCH3) was added under sonication in one portion. The resultant fine

black suspension was ultrasonicated for 5 h at 55 �C (ultrasound-mediated con-

stant stirring). Work-up procedures and storage conditions of the resulting poly-

DCbz-magnetite NCs were strictly identical to those of the former polymerization

protocol.

10.6.2

Covalent Attachment of an Aminated NH2-
5O-modified DNA Probe. Hybridization

Experiments onto PolyDPyr-/PolyDCbz-Magnetite NCs. Typical Experimental

Procedures

An appropriate polyDPyr-/polyDCbz-magnetite NC suspension (1% w/v suspen-

sion in a neutral PBS buffer, 100 mL, 1.0 mg) was washed by (a) the same PBS

neutral buffer (3� 100 mL) and by (b) a 0.4 m MES buffer (pH 5.0, 100 mL).

After magnetically-driven decantation, the supernatant was removed and (a) EDC

(0.52 m EDC in 0.4 m MES buffer, 30 mL, 3.0 mg) and (b) the 20-mer amine-

modified oligonucleotide DNA1 NH2-(CH2)12-
5 0
GCACTGGGAGCATTGAGGCT

(0.4 m MES buffer at pH 5.0, 70 mL, 1:68� 10�5
m; Danyiel Biotech Ltd, Israel,

chemical purityb 98%) were added successively at 20 �C. The so-obtained mix-

ture was then incubated at room temperature for 2 h (smooth vortex agitation) for

carboxylate activation.

Upon completion, polyDPyr-/polyDCbz-magnetite NCs were washed with

4� 100 mL of PBS buffer to remove excess DNA1. DNA-coated nanocomposites

can be stored for weeks at 4 �C at a 1% w/v NC concentration in this same neutral

PBS buffer, but containing NaN3 (0.02% w/v), without noticeable degradation.

DNA-linked NCs (1.0 mg) were washed in a TNET buffer (100 mL, pH 7.5) and

distributed as 5.0 mL (50.0 mg) portions to the wells of a thermowell polycarbonate

non-sterile 96-well microtiter plate, which was then connected to a Dynal MPC2
magnetic particle concentrator to separate magnetically the nanocomposites. Each

well was added with the FITC-labeled anti-sense oligonucleotide DNA2 FITC-
5 0
AGCCTCAATGCTCCCAGTGC dissolved in a pH 7.5 TNET buffer (50 mL,

10�7
m; Danyiel Biotech Ltd, Israel, chemical purityb 98%) and the microtiter

plate was incubated for 60 min at 60 �C for hybridization. Hybridized polyDPyr-/

polyDCbz-magnetite NCs were washed by a TNET buffer (4� 100 mL, pH 7.5)

and by 50 mL of a commercially available Assay Solution2 (Savyon Diagnostics Ltd,

Israel) before incubation with the reporter anti-FITC HRP-labeled mouse mono-

clonal antibody (commercially available from Hoffman la Roche Inc., 0.1 mg mL�1,

20 min at 20 �C, 50 mL of an Assay2 Solution). After magnetically-driven decanta-
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tion and plate washings (4� 100 mL of a washing solution), the TMB substrate

(0.05% w/w TMB solution in de-ionized water, 50 mL, Savyon Diagnostics Ltd)

was added for color development for 1.5 min.

Following decantation, supernatants were removed and 80 mL fractions for each

well were transferred to a second PS 96-well microplate for optical reading at 620

nm, using an Elisa plate reader Anthos ht II.

10.6.2.1 Specific Reagents, Buffers and Washing/Assay Solutions

PBS buffer (pH 7.0) prepared from Dubelcco’s Phosphate Buffered Saline

(Sigma); 0.4 m MES (pH 5.0): prepared using 2-morpholinoethanesulfonic acid

hydrate 99%, adjusted to pH 5.0 by addition of 10 m NaOH and stored at 4 �C;

TNET buffer (pH 7.5): prepared from a mixture of 10 mm Tris-HCl, 0.5 m NaCl,

1 mm EDTA and 0.02% Tween-20; washing solution: prepared from a mixture

of 3 m NaCl and 2 m Tris-HCl (pH 7.5). Assay solution: prepared from a mix-

ture of 154 m NaCl, 50 mm Tris-HCl (pH 7.8), 0.5% BSA, and 0.1% Tween 20;

EDC: N 0-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride, >98% pu-

rity (Aldrich).

10.6.3

Quasi-covalent Attachment of a Biotin-5O-modified DNA Probe and

DNA Hybridization Experiments onto Streptavidin-modified

PolyDPyr-(5a)/PolyDCbz(5b)-magnetite NCs. Typical Experimental Procedures

Previously prepared polyDPyr(5a)-/polyDCbz(5b)-magnetite NCs (1% w/v suspen-

sion in a neutral PBS buffer, 200 mL, 2.0 mg) were first washed by the same neutral

PBS buffer (3� 200 mL), and then gently suspended in a freshly prepared cold

0.4 m MES buffer solution of the activating carbodiimide EDC (100.0 mg EDC/

1.0 mL of a 0.4 m MES buffer at pH 5.0, 60 mL, 0–4 �C). After 5 min of gentle

mixing for carboxylate activation, the commercially available, highly purified recom-

binant streptavidin dissolved in the same 0.4 m MES buffer [0.5 (mg of protein)

mL�1 of a 0.4 m MES buffer at pH 5.0, 140 mL, 0–4 �C, Roche Inc.] was injected

for a 1 h of incubation at room temperature (gentle NC mixing/vortexing). The

resulting streptavidin-modified NCs were decanted magnetically, washed by a PBS

neutral buffer (4� 200 mL), and finally suspended in the same PBS neutral

buffer (200 mL) to obtain a 1% w/v suspension of modified NCs ready for use. If

necessary, they can be stored at 4 �C for several days without noticeable degradation.

DNA hybridizations operated on streptavidin-modified polyDPyr(5a)-/poly-

DCbz(5b)-magnetite NCs made use of the 20-mer biotinylated oligonucleotide

DNA1 biotin–(triethylene glycol) linker-5
0
GCACTGGGAGCATTGAGGCT (1.2

nmol, 0.4 m MES buffer at pH 5.0; Danyiel Biotech Ltd, Israel, chemical

purityb 98% as checked by HPLC analysis, incubation time 2.0 h). DNA hybrid-

izations onto NC surfaces were probed and optically quantified using the same (a)

complementary FITC-5
0
-labeled DNA2 and (b) HRP-based amplifying enzymatic

system, according to the formerly described protocol (covalent amide chemistry).

Again, specific (SB) and non-specific binding (NSB) data were averaged values of
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three to six parallel experiments so as to minimize dispersion of optical output

data.

10.7

Conclusions and Research Outlook

Novel chemically oxidizable COOH-DPyr- and DCbz-monomers have been synthe-

sized using a general modular synthetic route (C2-symmetrization of NH2-/

COOH-amino acid-related building blocks) towards a vast range of functionalized

polycarboxylated polyDPyr-/polyDCbz-magnetite NCs. A combination of updated

analytical and spectroscopic means has established – without ambiguity – that

these magnetically responsive NCs possess a core–shell morphology (sheet-like

nanoparticles 20–40 nm in size). This core–shell morphology basically results

from chemical oxidative deposition of insoluble polyDPyr-/polyDCbz-polymers

from the corresponding DPyr-/DCbz-monomers around magnetite nanoparticles.

As a result of NC functionalization [introduction of COOH groups by poly(DPyr)-

poly(DCbz)-polymers], DNA attachments and hybridizations have been success-

fully operated on them under various conditions and attachment formats (covalent

and noncovalent) for DNA capture probes. These studies have emphasized their

interesting potential for DNA-based diagnostic applications. Additionally, this

research clearly offers an original way to combinatorially engineer polyDPyr-/

polyDCbz-polymeric shell coverages of these novel magnetic NCs for the optimi-

zation of any desired application (NC functionalization by proteins/antibodies/

enzymes, small peptides/oligosaccharides, locked nucleic acids, small chemical

ligands/receptors). The novel materials, processes, and knowledge produced dur-

ing this research could also have major applications in materials science and/or

sensing technologies. For example, the fabrication of (a) polyDPyr-/polyDCbz-

nanorods/nanotubules by template-oxidative polymerization of appropriate mono-

mers within nanosized pores of template membranes, (b) new carbon nanotube–

polyDPyr-/polyDCbz NCs, and (c) arrays of nanoporous polyDPyr-/polyDCbz-

covered nanoelectrodes for biosensing applications are currently being developed

in our laboratory.
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11.1

Introduction

Progress in nanotechnology and medicine has led to an expansion of novel dosage

forms for the delivery of drugs to diseased areas while minimizing toxicity to

healthy tissues. Popular nanocarriers include polymeric micelles, dendrimers,

micro-nano-emulsions, liposomes, niosomes, supramolecular complexes, nanosus-

pensions and nanoparticles [1–10]. Most of these can be generally classified as

colloidal drug delivery systems (by virtue of their size and physico-chemical proper-

ties), each having their own merits and demerits. Nanoparticles, especially those

prepared from polymeric materials, enjoy tremendous popularity due to ease of

preparation, ease of tuning physico-chemical properties (through an array of poly-

meric materials), possibility of surface modification, excellent stability and scalabil-

ity to industrial production. Since their conception in the mid-1970s, nanoparticles

have found applicability in almost every section of medicine and biology (besides a

host of other fields) in general, in particular for controlled/targeted delivery of

drugs and genetic materials [11–21].

Nanoparticles can be categorized as colloidal carrier systems of submicron size

that are made from synthetic or natural polymers. Based on the method used for

their formation, they could be either nanospheres (or nanoparticles), which are

essentially monolithic systems having a solid matrix or nanocapsules that have

hollow interior that is filled with the compound of interest and are surrounded by

a polymeric shell [16]. Drug-loaded nanoparticles have been developed for almost

every route of administration – nasal, ocular, mucosal, inhalation, oral, transder-

mal and parenteral. Clinically, they have found applications for diagnosing and

treating a wide range of pathological conditions.

Polymers used to prepare nanoparticles may be biodegradable or non-

biodegradable. An ideal polymer should be biocompatible, biodegradable with

minimum toxicity, sterile and non-pyrogenic, and must have a high capacity to

accommodate drugs and protect them from degradation. Nanoparticles have

been prepared using both natural and synthetic biopolymers. Poly(d,l-lactide-co-
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glycolide), poly(e-caprolactone), polyalkylcyanoacrylates, poly(styrene-co-maleic

anhydride), poly(divinylether-co-maleic anhydride), poly(vinyl alcohol), and poly-

(ethylene glycol) are some of the synthetic, non-immunogenic polymers used

extensively for the preparation of nanoparticles [1, 14, 19, 22–25]. Similarly, poly-

(amino acids), hyaluronic acid, albumin, dextran, chitosan and gelatin are a few of

the natural biodegradable polymers [26–32]. While each polymer has its own ad-

vantages, nanoparticles can be synthesized with a high degree of reproducibility

from most of them; natural polymers, due to their natural origin, are preferred

considering non-toxicity and biodegradability. The striking advantage of synthetic

polymers is the possibility of synthesizing them reproducibly with well-defined

physico-chemical properties. Advances in biotechnology are helping natural poly-

mers overcome this drawback and we can expect a surge in delivery systems based

on them. In the sections that follow, the properties of gelatin, its chemical modifi-

cation, synthesis of nanoparticles using gelatin and its derivatives, characterization

of the formed nanoparticles, loading and release of the payload from the nanopar-

ticles and the biocompatibility of gelatin nanoparticles and their conjugates are dis-

cussed. Further, the use of these nanoparticles in various drug delivery applications

is elaborated.

11.2

Gelatin and Gelatin Derivatives

Gelatin, one of the most versatile, naturally occurring biopolymers, is widely used

in food products and pharmaceutical dosage forms. It is a proteinaceous hydrocol-

loid obtained by partial hydrolysis of collagen. Natural gelatins or recombinant ge-

latins have been tailored to enhance product performance – thus expanding their

applicability in biology and medicine. The following sub-sections give an overview

of such gelatins.

11.2.1

Gelatin

Gelatin is a heterogeneous mixture of single or multi-stranded polypeptides, each

with extended left-handed proline helix conformations and containing between 300

and 4000 amino acids. Figure 11.1 depicts the composition of gelatin in terms of

amino acids. The triple helix of type I collagen extracted from skin and bones con-

sists of alpha and beta helical strands together with their oligomers and breakdown

(and other) polypeptides and has a molecular mass of@95 kDa, is@1.5 nm wide

and@0.3 mm long. It is obtained commercially by acidic or basic cleavage of the

intermolecular and intramolecular covalent bonds that stabilize porcine or bovine

collagen. Figure 11.2 shows the basic structure of gelatin. Based on the process

used for its manufacture, gelatin is obtained either as Type-A or -B. Type-A gelatin

is obtained by acidic treatment of collagen and has an isoelectric point (pI) between
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7.0 and 9.0. Type-B gelatin, however, is obtained by alkaline hydrolysis of collagen

and has a pI between 4.8 and 5.0. [33–35].

Gelatin is a polyampholyte that gels below 35–40 �C. The heterogeneous nature

of the molecular weight profile of this biopolymer is affected by pH and tempera-

ture, which in turn affects the noncovalent interactions and phase behavior of gel-

atin in solution [35]. The numerous pendant functional groups throughout the

polymeric chain present many opportunities for a pharmaceutical chemist to in-

duce novel functionality via chemical derivatization. The purpose could be as sim-

ple as crosslinking and/or hardening or could be as complex as ligand-mediated

active targeting at the cellular level.

11.2.2

Chemical Modification of Gelatin

Different modifications of polymer gelatin are carried out to control the biofunc-

tional properties: biodistribution, targetability and stability of the formulations pre-

pared from the modified polymer [36]. Poly(ethylene glycol) (PEG) conjugation

(PEGylation), thiolation and conjugation with other synthetic block copolymers

and antibodies are some of the currently studied modifications of gelatin.

Fig. 11.1. Amino acid composition of gelatin.

Fig. 11.2. Basic chemical structure of gelatin.
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11.2.2.1 PEGylation

PEGylation is the simplest and most popular methodology employed to increase

the systemic circulation time of colloidal carriers like liposomes, micelles and

nanoparticles [37–41]. It is the most widely accepted and commercially utilized

technique to improve drug performance by optimizing pharmacokinetics, increas-

ing bioavailability, decreasing immunogenicity and dosing frequency [42–47]. The

basic strategy of PEGylation is to hydrophilize the surface and to induce a steric

barrier by anchoring long, mobile PEG chains – thus preventing opsonin recogni-

tion in the reticuloendothelial system (RES) based blood clearance pathway. Based

on the properties of colloids, the stability can be increased by limiting the mutual

interactions (hydrophobic, van der Waal’s, electrostatic etc.) by usage of hydrophilic

and chemically inert polymers that form a protective layer around each particle,

resulting in steric stabilization [48]. The major outcome of PEGylation is the sig-

nificantly increased circulation time, the advantages of which include maintenance

of optimal therapeutic concentration of drug in the blood after single administra-

tion of the drug carrier, increased probability of extravasation and retention of the

colloidal carrier in areas of fenestrated vasculature and enhancement of active tar-

geting ability to areas of diminished blood supply by using a ligand [11]. Besides

PEG, polymers such as poly(vinyl alcohol), poly(acryl amide), poly(vinyl pyrroli-

done) are also used to modify the physico-chemical properties of colloidal carriers

[36].

PEG is a linear or branched polymer with terminal hydroxyl groups and is syn-

thesized by anionic ring-opening polymerization of ethylene oxide initiated by nu-

cleophilic attack of hydroxide ion on epoxide ring. Monomethoxy PEG (mPEG) is

another widely used modification where polymerization is initiated by methoxide

ion. To conjugate PEG to molecules such as polypeptides, polysaccharides, poly-

nucleotides or other polymers, a derivative of PEG is generally prepared by func-

tionalizing one or both the hydroxyl end groups and then coupled to the reactive

amino, hydroxyl or carboxyl groups present on the molecules of interest [42]. The

protective action (Stealth1 property) of PEG is mainly due to the formation of a

dense, hydrophilic cloud of long polyethylene chains on the surface of the mole-

cule/colloidal particle. The tethered/chemically anchored PEG chains can undergo

spatial conformations, thus preventing the opsonization of particles by the RES of

the liver and spleen and hence improving the circulation time of molecules/par-

ticles in the blood. In addition, excellent biocompatibility and lack of toxicity/im-

munogenicity make PEG the polymer of choice for chemically modifying mole-

cule/particles of interest to induce Stealth1 properties [49–51]. The best known

commercial success that employs the PEGylation technology to increase the circu-

lation half-life of an intravenously injected formulation is the Stealth1 liposomal

formulation of doxorubicin (Doxil1) [39].
We have prepared PEG-modified gelatin for drug delivery applications by react-

ing Type-B gelatin with PEG-epoxide according to the scheme depicted in Fig. 11.3

[52]. Carboxylated mPEG can also be prepared, and subsequently coupled to the

amine groups of gelatin by the dichlorohexylcarbodiimide method [53]. FTIR and

NMR analysis confirmed the carboxylation and coupling reactions, and by estimat-
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ing the unreacted mPEG it was determined that each molecule of gelatin was

coupled to 205 molecules of mPEG. In another study, an ester-activated PEG

(mPEG) was coupled to the amino group of gelatin to prepare PEG-grafted gelatin

(PEG-gelatin). This PEG-gelatin formed a micellar structure with PEG chains posi-

tioned on the outer surface of the micelle [54].

When hydrated in an aqueous medium, the chain-like PEG molecule is swiftly

hydrated and set in rapid motion. This extended, quick motion causes the PEG to

sweep out a large volume around it, preventing the approach and interference of

other molecules/particles. As a result, when attached to a drug or a particle, PEG

chains can influence not only inter-molecular/particulate interactions but also pro-

tect the underlying core from immune response and other clearance mechanisms,

thus sustaining drug bioavailability. The size, molecular weight and shape of the

PEG fraction and the linkage used to connect it to the entity of interest determine

the consequences of PEGylation in relation to protein adsorption and pharmacoki-

netics (like volume of distribution, circulation time and renal clearance). When

formulated into colloidal particles, the PEG density on the colloidal surface can

be changed by using a PEG of appropriate molecular weight (hence length of poly

(ethylene glycol) chains) and molar ratio (hence the grafting efficiency) between

gelatin and PEG. Longer PEG chains offer greater steric influence around the

colloidal entity – similar to increased grafting density with shorter PEG chains.

Longer PEG chains may also collapse onto the nanoparticle surface, thus providing

a hydrophilic shield.

Fig. 11.3. Scheme of poly(ethylene glycol) (PEG) conjugation with Type-B gelatin.
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11.2.2.2 Thiolation

Thiolated derivatives of gelatin have been prepared by different methods to create

disulfide crosslinked hydrogels that can act as substrates for cell growth, improve

the mucoadhesive properties of the nanoparticulate material and to functionalize

the gelatin for conjugation with other molecules like antibodies or drugs. Thiolated

gelatin can be synthesized by carbodiimide-mediated reaction of the carboxyl

groups of gelatin with disulfide-containing dithiobis(propionic hydrazide) (DTP)

followed by reduction with dithiothreitol (DTT) (Fig. 11.4) [55]. As this chemical

reaction is based on the modification of carboxyl groups of gelatin, the carboxyl

rich Type-B gelatin is preferred to Type-A. The reaction is carried out at pH 4.7 to

obtain gelatin-DTPH after reduction with DTT [55]. Other thiolation reactions that

involve modification of carboxyl residues are activation of carboxyl groups using

carbodiimide followed by covalent reaction of a sulfhydryl group containing sub-

strate, like cystaminium dichloride [56].

The e-amino groups of the proteins can also be modified to introduce a free thiol

group. Traut’s reagent (2-iminothiolane) undergoes a ring-opening reaction with

amino groups to expose the sulfhydryl group. Reagents like succinimidyl 3-(2-

pyridyldithio) propionate (SPDP), succinimidyl 4-(p-maleimidophenyl) butyrate

(SMPB), N-succinimidyl[4-iodoacetyl] aminobenzoate (SIAB), succinimidyl 4-[N-
maleimidomethyl] cyclohexane-1-carboxylate (SMCC) are also used as bifunctional

crosslinkers that react with amino groups of proteins to produce a free sulfhydryl

group on the surface. Alternatively, gelatin nanoparticles can be thiolated after

crosslinking with glutaraldehyde (post-modification). In such cases, aldehyde

groups are quenched with cysteine, which generates free sulfhydryl groups on the

surface of gelatin nanoparticles [57]. The disulfide content or the free thiol groups

can be determined by Ellman’s assay or by 1H NMR [56].

Thiolated gelatin obtained by utilizing any of the above-mentioned reactions

can be further modified by conjugation with moieties like avidin, which is com-

plexed with biotinylated peptide nucleic acids or biotinylated antibodies [58, 59].

Hyaluronan–gelatin hydrogels have been prepared by disulfide crosslinking of

thiol derivatives of hyaluronan and gelatin that were synthesized separately. Such

disulfide crosslinked hydrogels have been used as a substrate for cell growth [60].

11.2.2.3 Other Conjugates of Gelatin

Gelatin has been conjugated with chitosan by the enzymatic action of tyrosinase on

gelatin [61]. The enzyme tyrosinase is an oxidative enzyme that converts phenols

into O-quinones – hence it reacts with tyrosyl groups present on the telopeptide re-

gion of gelatin to convert them into O-quinones that react with nucleophilic amino

groups of chitosan non-enzymatically. Chemical conjugation of gelatin to chitosan

was confirmed by UV/Visible, IR and 1H NMR spectroscopy. Viscosity measure-

ments carried out at different reaction conditions also indicated the conjugation

of gelatin with chitosan, as it has thermal behavior compared with gels formed by

cooling gelatin. These studies indicate that the mechanical properties of tyrosinase-

mediated conjugates of gelatin can be further explored for medical and industrial

applications [61].
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Semi-synthetic, biodegradable, amphiphilic copolymers of poly(d,l-lactide)

grafted gelatins have been prepared by ring-opening polymerization of d,l-lactide

onto gelatin and a trimethylsilyl derivative of gelatin in the presence of a catalyst,

tin(ii) bis(2-ethylhexanoate), at 80 �C [62]. The solution polymerization was carried

out in DMSO and the copolymers formed were characterized by elemental and

thermal analysis, and IR and 1H NMR spectroscopy. Molecular weights of the

copolymers were calculated and were found to increase with increasing ratio of

d,l-lactide to gelatin, indicating the possibility of fabricating polymers with re-

quired properties for tissue engineering [62].

Gelatin nanoparticles have recently been conjugated to antibodies by avidin–

biotin complex formation [63, 64]. Following crosslinking, some of the reactive

amino groups on the gelatin surface were activated with 2-iminothiolane to intro-

duce reactive sulfhydryl groups. The thiolated nanoparticles were coupled to

NeutrAvidinTM (NAv) previously activated by a hetero-bifunctional crosslinker.

The NAv-modified nanoparticles were then used for the binding of biotiny-

lated antibodies by avidin–biotin complex formation. The biotinylated antibody

attached may be an anti-CD3 antibody that is used for specific drug targeting to

T-lymphocytes or trastuzumab (Herceptin), which could be used for targeting

HER2 overexpressing tumor cells [63, 64].

11.3

Nanoparticulate Carriers of Gelatin and Gelatin Derivatives

Preparation of nanoparticles from a pre-formed polymer is, in general, relatively

straightforward, having high degree of reproducibility. However, the physico-

chemical properties of gelatin, especially its heterogeneity in molecular weight

distribution, make it a challenging polymer with which to produce stable nano-

particles. Nonetheless, many groups have successfully prepared nanoparticles,

from gelatin and its derivatives, that have been evaluated for a range of biomed-

ical applications [65–70]. Desolvation is the most popular technique for preparing

gelatin nanoparticles, followed by techniques such as coacervation and water-in-oil

emulsification.

11.3.1

Desolvation

Desolvation is the process in which solvents of different polarity and hydrogen

bonding, when added to solution of proteins, bring about rolling up or controlled

precipitation of proteins due to the displacement of water molecules from the sur-

face of proteins [71]. In solution, the gelatin molecules are well stretched and upon

addition of (non-)solvents, such as ethanol, acetone or isopropanol, the solubility of

gelatin molecules decreases (as the high hydrogen-bonding capacity of these sol-

vents displaces water molecules), resulting in phase separation of the rolled-up gel-

atin molecules. These molecules have a size range of 100–200 nm and are further
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hardened by crosslinking with aldehydes such as formaldehyde or glutaraldehyde.

The pH and stirring conditions affect the size range and yield of these particles

[15, 35].

11.3.1.1 Desolvation Using Ethanol

The folding of gelatin in solution is determined by noncovalent interactions with

the water molecules and the presence of solvents such as ethanol, which in turn

affect these interactions. Marty et al. first observed that the complex phase behavior

of gelatin was affected by temperature and other experimental conditions [13]. Far-

rugia et al. have investigated the affect of temperature, pH and ethanol concentra-

tion on the molecular weight distribution profile of gelatin in solution in order to

develop a robust method for preparing gelatin nanoparticles [35]. The molecular

weight profile of gelatin remained unchanged at pH 5.0 to 7.0. However, at

pH < 6.0, the gelatin particles lacked a net charge, resulting in aggregation. At

pH > 7.5, the increased charge on the particles contributed to increased resistance

to dehydration. In addition, the turbidity of the solution during nanoparticles prep-

aration was constant at all temperatures within the pH range, and the percentage

of molecular weight fractions precipitated was optimum at ethanol concentrations

ranging from 62.5 to 75% w/w [35].

We have standardized preparation procedures for gelatin and PEGylated gelatin

nanoparticles using the solvent displacement (based on principles of desolvation)

process [52, 72]. Typically, ethanol is used as the non-solvent for gelatin. A 1%

w/v solution of gelatin is prepared at 37 �C and the pH adjusted to 7.0 with 0.2 m

sodium hydroxide. Nanoparticles are formed when the solvent composition is

changed from 100% water to 65% (by volume) hydro-alcoholic solution under con-

tinuous stirring. The nanoparticles are further crosslinked with a 40% v/v aqueous

solution of glyoxal for the desired time and any unreacted aldehyde is quenched

with 12% w/v sodium metabisulfite. Particles so-obtained have a size range of

200–500 nm.

11.3.1.2 Two-step Desolvation

Nanoparticles can be prepared from both Type-A and -B gelatins using this

method. In the first step gelatin molecules of low molecular weight are separated

(through a first-stage desolvation process) and discarded. The sediment obtained is

rich in high-molecular weight gelatin fractions and is resolvated (redissolved in

suitable aqueous medium) to carry out a second-stage desolvation process. Gelatin

nanoparticles obtained by the two-step desolvation process have high stability (pre-

dominantly by virtue of high molecular weight) and do not show any aggregation

or flocculation [73–75].

11.3.2

Coacervation

Coacervation is a process of spontaneous phase separation in the presence of two

oppositely charged polyelectrolytes in solution. Electrostatic interaction between

the electrolytes and the macromolecules results in the separation of a polymer-
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rich phase, the coacervate, and a polymer-poor phase, the supernatant [76]. This

concept of coacervation or phase separation can be used for preparing nanopar-

ticles to encapsulate proteins and drugs.

Leong et al. [68, 76, 77] have synthesized gelatin nanoparticles as vehicles for

gene delivery, by coacervation brought about by desolvation of water molecules

using polyelectrolytes. Gelatin nanoparticles so-obtained form at gelatin concen-

trations ranging from 1.5 to 5% w/v and sodium sulfate from 0.2 to 1.2% w/v.

The conditions of coacervation also depend to a great extent on the mixing condi-

tions and presence or absence of electrolytes in solution. When plasmid DNA

was co-encapsulated with endolysolytic agents such as chloroquine the required

sodium sulfate concentration was reduced by 10–20% w/v. The uncrosslinked

nanoparticles formed were relatively stable in acidic pH; however, as they dissoci-

ate at high ionic strength and neutral pH, the formed nanoparticles were separated

by centrifugation and crosslinked using 0.1 mg mL�1 (1-ethyl-3-[3-dimethylamino-

propyl]-carbodiimide hydrochloride) (EDC); the excess was quenched using glycine

at a concentration of 0.2 m in the final solution.

In other instances, the concept of coacervation was used in combination with

phase separation, in which a 1% w/v solution of gelatin containing surfactant

(polysorbate 20, at 0.5% w/v) was mixed with sodium sulfate (at 20% w/v) to bring

about coacervation followed by phase separation using isopropanol under contin-

uous stirring. The nanoparticles formed were stabilized by crosslinking with glutar-

aldehyde; the excess aldehyde groups were quenched with sodium metabisulfite.

The nanoparticles formed were stabilized by crosslinking with glutaraldehyde; the

excess was quenched using sodium metabisulfite. Nanoparticles with an average

size of 200 nm were separated from the salts by gel-chromatography using Sepha-

dex G-50 [69, 70, 78].

11.3.3

Nano-encapsulation by Water-in-oil Emulsion Method

Nanoencapsulation involves wrapping small amounts of material in individual

coatings or sheaths in discrete, sub-micron sized particles. Materials such as pro-

teins or conventional drugs can be encapsulated, wherein the coatings aid in pro-

tecting the encapsulated material and in achieving prolonged or controlled release.

Gelatin nanoparticles can be prepared by using the emulsifier-free water-in-oil

(W/O) emulsion method either by solvent evaporation [67] or homogenization

[79]. The gelling property of gelatin enables the separation of the hydrogel particles

that are formed in the emulsion, which can be further stabilized/hardened by glu-

taraldehyde crosslinking [67]. Typically, a W/O emulsion is prepared with a gelatin

solution as the internal aqueous phase and a vegetable oil as the external phase.

The payload is incorporated in the internal aqueous phase itself and the two

phases are emulsified under high-speed. The emulsion is then cooled to below

the gelling point of gelatin to facilitate formation of payload-entrapped hydrogel

particles. These are then collected by filtration, the oil phase is washed off with a

suitable solvent and the hydrogel particles are then freeze-dried to obtain free flow-

ing gelatin nanoparticles with an average size range of 840 nm [79].
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The size distribution of these particles was affected by the nanoencapsulation

process – mainly by the time and speed of homogenization and the viscosity of

the gelatin solution. The size of these nanocapsules decreased with increasing

time and speed of homogenization. However, prolonged homogenization resulted

in flocculation of the droplets. The particle size was also increased with increasing

viscosity, with a 1–3% w/w gelatin solution having optimum viscosity. The nano-

encapsulation process was simple, with mild reaction conditions in the absence of

emulsifiers and surfactants that might have harmful effects on the protein and

peptide drugs co-encapsulated. The gelatin nanoparticulate system thus produced

could be used for controlled delivery of protein and peptide drugs by intravenous,

subcutaneous or intramuscular injection [79].

In the method involving solvent evaporation, the external phase is an organic

solvent mixture (e.g., a 1:1 mixture of chloroform and toluene) containing a stabi-

lizer [such as poly(methyl methacrylate) (PMMA)] and the internal aqueous phase

is gelatin in phosphate-buffered saline (PBS). After high-speed homogenization of

the mixture, the internal phase is evaporated under controlled conditions of tem-

perature and pressure to obtain nanoparticles. The particles can then be cross-

linked with an aldehyde if necessary. The nanoparticles are collected by centrifuga-

tion, washed with toluene to remove any excess of polymer and freeze-dried to

obtain a free flowing product with a size range of 100–200 nm. The major advan-

tage of this method is the use of PMMA in the oil phase, which prevents coagula-

tion of the gelatin nanoparticles before and after crosslinking [67].

11.4

Characterization of Gelatin and Modified Gelatin Nanoparticles

Gelatin nanoparticles prepared by different methods are generally characterized for

size, morphology, surface charge and water content. The mean particle size and

size distribution of the gelatin nanoparticles can be measured by photon correla-

tion spectroscopy (PCS) or any suitable technique that is sensitive to detecting par-

ticles in the nanometric range. Particle size analysis also helps in ensuring batch-

to-batch reproducibility of the nanoparticles and hence can be used as a major

quality control tool. Most nanoparticles prepared by the above methods have re-

ported mean sizes ranging from 200 to 400 nm. Colloidal stability, drug encapsula-

tion efficiency, loading capacity, drug release and biodistribution profile, cell inter-

nalization kinetics etc. are strongly influenced by the particle size.

Scanning electron microscopy (SEM) is widely used to study the morphology

and size of nanoparticles. Nanoparticles separated from suspension either by cen-

trifugation or filtration are dried by lyophilization. Cryoprotectants (such as manni-

tol, trehalose etc.) can be used if necessary to promote stability of the particle dur-

ing reconstitution. The dried nanoparticles are mounted on an aluminum sample

mount, sputter coated with gold–palladium and observed by SEM. SEM images

reveal the morphology of these nanoparticles and their actual diameter when

compared with the hydrodynamic diameter obtained by PCS. Hence, nanoparticles

340 11 Gelatin Nanoparticles and Their Biofunctionalization



sized by SEM would be relatively smaller than when determined by PCS [13, 52,

72, 73, 80]. Figure 11.5 shows the SEM image of non-crosslinked gelatin nanopar-

ticles prepared by desolvation using ethanol.

The surface charge on the gelatin nanoparticles is measured by the zeta potential

(the electrical potential due to the charged particles on the thin film of liquid

bound to the surface of nanoparticles). Measurement of the zeta potential is one

of the most important parameters in characterizing colloids, denoting their stabil-

ity. Colloids with high zeta potentials (>G30 mV) are very stable due to electro-

static repulsions, when the zeta potential is close to zero coagulation and sedimen-

tation of the colloidal particles is faster. The gelatin nanoparticles are dispersed in

deionized water (or suitable buffer if necessary) and the zeta potential measured at

the default parameters of dielectric constant, refractive index and viscosity of water

[81].

Measurement of water content is important for any drug delivery system con-

taining a moisture-sensitive compound like proteins. Gelatin nanoparticles are a

kind of nano-hydrogel system that consists of a network of polymer with water

molecules incorporated and the polymer crosslinked to enhance stability. The

high water content in these systems plays a significant role in their biocompatibil-

ity, mechanical strength and drug release. Diffusion of water molecules into the

hydrophilic matrix and formation of a gel barrier affects the release of drug from

the system [82]. Water molecules can be associated with the hydrophilic polymer

gels in three ways: freezing or bound water, freezing interfacial or intermediate

water and free water [83]. Each molecule of associated water can exert its influence

on the stability and reactivity of the polymeric carrier system in different ways.

Li et al. have determined the water content of hydrogel particles of gelatin pre-

pared by the W/O emulsion method [79]. In this method the nanoparticles were

suspended in deionized water and left in a water bath at different temperatures

overnight; each sample was then vacuum filtered using a nylon filter membrane

and the weight of swollen gelatin nanoparticles was compared with the dry weight

Fig. 11.5. Scanning electron microscopy image of non-

crosslinked gelatin nanoparticles prepared by desolvation using

ethanol.
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of gelatin nanoparticles to calculate the percentage water content at each tempera-

ture. The water content of gelatin was linearly dependent on the temperature,

taking up about 51.6% water at 15 �C and 71.4% at 42 �C. NMR spectroscopy and

differential scanning calorimetry (DSC) are also widely used to determine the

water content of gelatin nanoparticles. In addition, NMR spectroscopy is used to

study the structure mobility and hydration properties of the polymers [82].

The nano-structured surfaces of the nanoparticles of gelatin and its derivatives

can be characterized by electron spectroscopy for chemical analysis (ESCA) – a sur-

face analysis technique that exploits the photoelectric effect to obtain information

about elemental composition and identify the functional groups present within a

few nanometers-thick surface layers. This method involves irradiating the sample

with photons (mainly low energy X-rays) that interact with the surface of the mate-

rial and eject electrons, which are then analyzed by a spectrophotometer to identify

the elements they come from. We have analyzed gelatin and PEG-modified gelatin

nanoparticles prepared in our laboratory by ESCA to provide evidence for the

presence of surface PEG chains on the nanoparticles. The results showed surface

functional groups identified by high-resolution peak analysis of carbon-1S (C1S),

oxygen-1S (O1S) and nitrogen-1S (N1S) envelopes that indicate the presence of

ethylene oxide residues of PEG on the surface of modified gelatin [52].

11.5

Loading and Release of Payload from Gelatin Nanoparticles

The payload of drugs or other substances such as proteins or plasmid DNA may be

distributed throughout the matrix, or encapsulated in the cavity enclosed by the

polymer, or adsorbed on the surface of the nanoparticles. Interaction of gelatin

with these substances may be through chemical conjugation, ionic interaction or

physical entrapment. The extent of drug loading and encapsulation efficiency of

the gelatin nanoparticles depends on the molecular weight and also on the nature

of the substance incorporated. Studies by Truong-Le et al. have shown that the en-

capsulation efficiency of gelatin nanoparticles increases with increasing molecular

weight, with some exceptions where charge interactions have a profound affect

[68].

The amount of substance incorporated into the gelatin nanoparticles is generally

estimated either by assaying the supernatant for the free drug or by determining

the amount of drug encapsulated in the particles by subjecting them to enzymatic

hydrolysis. We have used tetramethylrhodamine-labeled dextran (TMR-dextran) as

a model to represent a hydrophilic macromolecular drug. The TMR-dextran was

added to the gelatin solution during nanoparticle preparation, the free drug was

separated by centrifugation and the drug-loaded nanoparticles were dissolved in

protease (0.2 mg mL�1) containing PBS. The florescence intensity of the resulting

solution was measured to account for the amount of drug loaded in the gelatin

nanoparticles, and the loading efficiency was found to be 51% [52]. In certain cases

the loading of conventional drugs like doxorubicin and proteins like bovine serum
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albumin (BSA) was estimated by UV/Visible spectrophotometry and that of plas-

mid DNA by picogreen assay or by radiolabeling the DNA and accounting for its

activity [68, 69, 72, 79].

Drug release from the gelatin nanoparticles may be due to leaching, erosion,

rupture or degradation of the particulate material. Generally, it is suggested that

the release of the payload is via diffusion and bioerosion for the gelatin nanopar-

ticles [52, 72]. The hydrolysis/biodegradation process is accelerated in presence of

enzymes (such as hydrolases or proteases). When the drug is distributed through-

out the matrix, slow erosion or degradation can lead to prolonged drug release [15].

In vitro release studies of drugs from gelatin nanoparticles is generally carried

out in a known amount of PBS, with constant shaking in the presence or absence

of protease. Samples are removed at predetermined time intervals to analyze the

amount of payload released. Sink conditions are maintained throughout the

release study by replenishing the released medium with fresh PBS, and the drug

released is calculated as a function of time [52].

Leo et al. have studied the release of doxorubicin from gelatin nanoparticles by

dynamic dialysis [78]. The release study was carried out in 0.9% w/v NaCl in both

the absence and presence of trypsin in the donor compartment separated by dialy-

sis membrane with a cut-off size of 3.5 kDa. About 9 to 13% of the drug was re-

leased in the absence of the enzyme compared with 12.6 to 23.5% in the presence

of trypsin [78]. The drug release rate from the gelatin nanoparticles was affected by

the degree of crosslinking. This indicated the possibility of achieving controlled re-

lease by manipulating the degree of crosslinking. Gel electrophoresis indicated that

the crosslinking had no effect on the structure and electrophoretic mobility of the

encapsulated DNA [68].

11.6

Biocompatibility Studies

Gelatin has several unique properties that support its usability in medicine and bi-

ology. However, its animal origin and protein nature make it a material with safety

risks, too, especially when intended for medical applications. These safety risks are

related to the presence of prions and other infectious contaminations. Currently,

there are commercial suppliers that produce gelatin by recombinant DNA technol-

ogy (refer to the websites of companies like FibroGen, Fuji-Tilburg, etc.).

To evaluate cellular biocompatibility, cytotoxicity assays have been carried out to

determine the affect of gelatin and modified gelatin nanoparticles on the viability

of the cells in culture. Lactate dehydrogenase (LDH), the enzyme present in the

cytosol of the cells, is a marker of membrane integrity of the living cells, and the

LDH released by the rupture of the membrane of the dead cells is estimated to de-

termine the affect of nanoparticles on the viability of the cells. Brzoska et al. have

compared the cytotoxicity of gelatin nanoparticles with that of human serum albu-

min (HSA) and poly(hexylcyanoacrylate) nanoparticles by incubating them at con-

centrations of 0–50 mg mL�1 for 6 h with pulmonary epithelial cells, monitoring

11.6 Biocompatibility Studies 343



the levels of LDH up to 96 h after replacing the supernatant. LDH levels of the

cells incubated with gelatin nanoparticles were constant and were comparable

with that of negative control. The same group has also looked into the ability of

gelatin nanoparticles to initiate the expression of interleukin-8 (IL-8) by the pulmo-

nary epithelial cells. ELISA was used to estimate the concentration of IL-8 in

the supernatant after 24 h incubation of nanoparticles. Notably, gelatin nanopar-

ticles did not initiate any expression of IL-8 even at concentrations as high as

100 mg mL�1 [75].

One of the most popular methods of estimating cytotoxicity is the MTS assay

(commercially available as CellTiter 961 AQueous Non-Radioactive Cell Prolifera-

tion Assay from Promega). It is based on the principle that when a novel

tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

(4-sulfophenyl)-2H-tetrazolium, inner salt or MTS] is incubated with cells, the met-

abolically active cell population converts MTS into purple formazan that is soluble

in the culture medium (unlike the MTT assay, wherein the formazan salt is not

soluble). Mitochondrial dehydrogenase enzymes present in the viable cells cleave

the yellow tetrazolium compound to a purple formazan salt that is estimated by

calorimetry. We have evaluated the cellular toxicity of gelatin and modified gelatins

(PEGylated form) in comparison with polyethyleneimine and lipofectin. Cells incu-

bated with gelatin remained 100% viable even at concentrations up to 200 mg mL�1

[52]. These studies indicate that gelatin is biocompatible and non-toxic, and hence

is safe and could be used as a vehicle for drug delivery applications.

11.7

Applications of Gelatin and Modified Gelatin Nanoparticles

Gelatin has been widely used for various industrial applications, primarily in

food, pharmaceuticals and medicine. It is used extensively in the food industry –

confectionary, dairy, meat, desserts, in bakery products as thickening agents, stabi-

lizer and emulsifier. Gelatin is an inexpensive, non-toxic, biocompatible and biode-

gradable polymer that can be easily formulated – the most popular conventional

pharmaceutical dosage form being soft and hard gelatin capsules. Hydrogels,

films, micro- and nanoparticles based on gelatin represent a few of the novel for-

mulations, which are being explored widely for pharmaceutical and drug delivery

applications.

Gelatin nanoparticles have been used as a carrier for gene delivery applications

[84]. Cellular uptake of these nanoparticles is mainly attributed to endocytosis,

wherein the cells engulf the nanoparticles, forming a vesicular structure (endo-

some) that fuses with the lysosomes within the cytoplasmic space. Upon acidifica-

tion of the endo-lysosomal complex, the nanoparticles degrade and the contents

are released into the cytoplasm to exert pharmacological action. Gelatin nanopar-

ticles have several advantages as a non-viral gene delivery vector. They can be

conjugated to moieties that stimulate receptor-mediated endocytosis, multiple plas-

mids or bioactive agents can be encapsulated and the bioactivity of the encapsu-
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lated DNA could be improved by preventing digestion by nucleases and by using

long-circulating nanoparticles that are modified by PEG [76]. In other instances

the DNA is adsorbed onto the surface of the gelatin nanoparticles by modifying

the surface of gelatin with cholamine (a quaternary amine) to increase ionic inter-

actions [81].

Gelatin nanoparticles can be crosslinked with dialdehydes (glutaraldehyde,

glyoxal etc.) and those aldehyde groups can then be used as chemical handles for

further modification. Crosslinking also helps to control the degradation kinetics of

the nanoparticles. One limitation of using crosslinked gelatin nanoparticles is that

the nature of transfectability of the nanoparticles is reduced due to the reduction in

release rate of the DNA from the nanospheres [68, 77].

Nanoparticulate carriers of gelatin have been used for efficient intracellular deliv-

ery of the encapsulated payload. Our laboratory is engaged in exploring gelatin and

modified gelatin-based nanoparticles for drug delivery. We have carried out cell

trafficking studies using gelatin and PEGylated gelatin nanoparticles loaded with

TMR-dextran as a model hydrophilic drug in BT-20 cells. We observed the localiza-

tion of TMR-dextran loaded nanoparticles in the perinuclear region of the cells.

The particles were mainly taken up by endocytosis, which later escaped the endo-

somal system and were found around the perinuclear area in the cytoplasm [52,

72]. In addition, we have reported the gene delivery efficiency of nanoparticles pre-

pared from gelatin and PEGylated gelatin [85]. Most of the administered gelatin

and PEGylated gelatin nanoparticles were internalized in NIH-3T3 fibroblast cells

within the first 6 h of incubation. A large fraction of the administered nano-

particles was concentrated in the perinuclear region of the cells after 12 h. Green

fluorescent protein expression was observed after 12 h of nanoparticle incuba-

tion and remained stable for up to 96 h. Flow cytometry results showed that the

DNA transfection efficiency with gelatin and PEGylated gelatin nanoparticles

was 43% and 61%, respectively, after 96 h. This study illustrates that PEGylated

gelatin nanoparticles were rapidly internalized by the cells through nonspecific

endocytosis and remained intact in the cytosol for up to 12 h [85]. A similar study

was carried out using non-crosslinked gelatin nanoparticles loaded with plasmid

DNA; confocal images in Fig. 11.6 show the florescence observed at 24 and 96 h

post-transfection.

Kushibiki et al. have proven the long-circulation property of PEGylated gelatin by

using 125I-labeled gelatin [54]. The grafted polymer was obtained by incubating

succinimidyl succinate methoxy-PEG with gelatin followed by radio-iodination by

the chloramine-T method. Nanoparticulates with an average size of 100 nm were

prepared by micellization of gelatin and PEGylated gelatin solutions at concen-

trations ranging from 0.04 to 10 mg mL�1 in the presence of 5 mm N-pheny-1-
naphthylamine (PNA) in methanol. Results of the biodistribution studies indicated

a parallel increase in area under the curve (AUC) with an increase in molecular

weight of the grafted PEG at the same degree of PEGylation, [54].

We have prepared nanoparticles from gelatin (Type-B) and PEGylated gelatin,

radiolabeled with 125I for in vivo biodistribution studies after intravenous (i.v.) ad-

ministration in mice bearing Lewis lung carcinoma [58]. From the radioactivity in
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plasma and various organs collected, most PEGylated nanoparticles were evidently

present either in the blood pool or taken up by the tumor mass and liver. For in-

stance, after 3 h, the concentrations of PEGylated gelatin nanoparticles were

almost two-fold higher in the blood pool than the control gelatin nanoparticles.

PEGylated gelatin nanoparticles remained in the blood pool for a longer due to

the steric repulsion effect of the PEG chains as compared with the gelatin nanopar-

ticles. In addition, ca. 4–5% of the recovered dose of PEGylated gelatin nanopar-

ticles was present in the tumor mass for up to 12 h. Plasma and the tumor half-

lives, mean residence time, and the AUC of the PEGylated gelatin nanoparticles

were significantly higher than those for the gelatin nanoparticles. These results

showed that PEGylated gelatin nanoparticles possess long-circulating properties

and can preferentially distribute in the tumor mass after systemic delivery.

Leong et al. have studied the in vivo transfection efficiency of gelatin nanopar-

ticles containing the LacZ plasmid in the tibialis anterior muscle of 6-week-old

BALB/c mice; the muscle was isolated and homogenized 3 weeks after injection

to assay the expression of b-galactosidase. The gelatin nanoparticles exhibited a

more profound and sustained gene expression than the naked plasmid DNA and

lipofectamine complexes [76].

Research carried out by Farrugia et al. has indicated the antitumor activity of

empty gelatin nanoparticles, which effectively inhibited the formation of mela-

noma tumors by binding to the fibronectin surfaces that interfere with tumor

growth [80]. This property can allow gelatin nanoparticles to be used as a possible

alternative to Bacillus Calmette-Guerin vaccine in the treatment of melanoma [80].

In yet another study, nanoparticles of gelatin and PEGylated gelatin, ranging in

size from 100–1000 nm, have been prepared via a self-assembly process. These

nanoparticles were degraded by collagenase IV within 1 min and the degraded

fragments had a molecular weight of 2000 and below, which is smaller than the

Fig. 11.6. Fluorescence confocal microscopy images of

NIH-3T3 murine fibroblast cells transfected with enhanced

green fluorescent protein plasmid DNA (EGFP-N1)-loaded

gelatin nanoparticles after 24 and 96 h post-transfection.
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cut-off molecular size for the kidney membrane. This indicates the possibility of

using these complexes for anticancer therapy wherein the payload is released by

the action of matrix metalloproteases (MMPs) at the cancer site. all-trans-Retinoic
acid has been used as a model drug, and the loading efficiency was found to be

about 92% when loaded at 1% weight of polymer. Release studies of the drug-

loaded PEGylated gelatin nanoparticles revealed an accelerated release profile in

the presence of collagenase IV – an enzyme present in high concentrations in

tumor tissues [53].

Gelatin-based nanoparticulate systems have also been used to deliver protein and

peptide drugs. Macromolecules such as proteins are degraded in the gastrointesti-

nal tract when administered orally and these drugs require multiple injections to

achieve the desired therapeutic effect if administered via the parenteral route. Li

et al. have studied gelatin nanoparticles to overcome these hurdles for the delivery

of a model protein (BSA) [59, 79].

Gelatin nanoparticles have been explored to encapsulate antitumor drugs, which

resulted in increased efficiency, controlled release, and targeting of drugs to the af-

fected area. Paclitaxel-loaded gelatin nanoparticles were used to enhance the solu-

bility of the drug and its partitioning across biological membranes that are sensi-

tive to Cremophor EL, a constituent used to solubilize paclitaxel in commercial

formulations. X-Ray diffraction analysis indicated an amorphous state of the en-

trapped drug, thus confirming its enhanced solubility. These paclitaxel-loaded gel-

atin nanoparticles were used to treat dogs with intravesical bladder carcinoma and

a 2.6� higher drug concentration was achieved in tumors compared with control

dogs treated with Cremophor EL containing a commercial paclitaxel injection

[86]. Studies have been conducted by injecting doxorubicin-loaded glutaraldehyde-

crosslinked gelatin nanoparticles into rats by intraperitoneal injection [69]. The an-

imals were monitored for side effects by electrocardiogram and body weight and

the results indicated that control nanoparticles (without any drug) did not show

any toxicity. Although the efficiency of the anticancer drug was enhanced, upon re-

peated administration the formulation (doxorubicin-loaded gelatin nanoparticles)

showed high cardiotoxicity. This was attributed to covalent attachment of the drug

to the carrier and the toxicity of the degradation products of these drug-peptide

conjugates [69, 78]. Michaelis et al. also observed similar results, by conjugating

diethylenetriamine pentaacetic acid (DTPA – an extracellular chelator) to gelatin.

The attachment to gelatin enhanced cellular uptake and increased the cytotoxic

and antiviral activity of DTPA by five- to eight-fold [74].

11.8

Conclusions

The unique physical, chemical and biological properties of gelatin and its modified

derivatives make it a best possible alternative for drug delivery and therapeutic

applications. The safety of traditional gelatins, especially in terms of immunoge-

nicity, presence of biological impurities and other drawbacks associated with
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tissue-derived material are some of the reasons why researchers have developed a

complete set of new recombinant gelatins. Advances in biotechnology have pro-

vided gelatins with well-defined molecular weights, pI, guaranteed lot-to-lot repro-

ducibility, and the ability to tailor the molecule to match a specific application.

They are also biodegradable, non-immunogenic, have excellent cell binding prop-

erties, and can be delivered with a purity of >99.9%. Thus the new generation re-

combinant gelatins are the most appropriate materials for a range of medical and

pharmaceutical applications, including hydro-gels for controlled release functions,

tissue engineering scaffolds, and stabilizing additives of vaccines or bio-pharma-

ceuticals. It is also evident that gelatin is useful in maintaining the therapeutic

activity of biotechnological products such as proteins, peptides and oligonucleo-

tides, in reducing the toxicity of cytotoxic compounds such as doxorubicin and

help in improving the targeting ability of various drugs to the diseased site. The

examples cited in this chapter show a broad potential for a wide range of clinical

and therapeutic applications using gelatin, and ongoing studies should help to im-

prove therapeutic approaches for the effective use of this natural polymer.
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amphiphiles, peptide-based 262
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amyloid derived diffusible ligands 27, see also
ADDLs
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– detection 118
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biocatalysts 81

biochemical synthesis of, therapeutic drugs

80–82

biochips 152

biocompatibility, polymeric coatings 21

biocompatibility studies, gelatin 343–347
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bovine serum albumin see BSA
brust–schiffrin method 161

BSA 4
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– semiconducting 42
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chemotherapeutic agents 82
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CNT film-based devices 56
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colloidal nanoparticles 158
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– PMBN/PLA 145

colloid gold 99
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core/shell nanoparticles 79
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core/shell structure, magnetic nanoparticles
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covalent amide bond chemistry 313
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covalent BSA-SWNT conjugate, AFM image
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CP 299
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– gelatin nanoparticles 345
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desolvation 337–338
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– detection 26

– electrochemical 58

– microarrays 150–182

detection efficiency, time-dependent decrease

320

detection methods, biomolecular 153

dextran-magnetite 82

diagnosis, high-performance 144–149

dielectric core 159

dimerizing nanoparticles 246

dimers, gold nanoparticles 245

dimer structures, gold nanoparticles 107

dispersing agents 48
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DNA 162

– optical detection 118

DNA/RNA targets 74

DNA Attachment 299–329

DNA binding domain 111

DNA-biofunctionalized nanocomposites 313

DNA condensation 271

DNA-conjugated metal nanoparticles 150
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DNA detection 152

– microarrays 171

DNA-directed nanoparticle assemblies 103–

111

DNA hybridization 242

– detection 26

– nanocomplex-supported 320

DNA immobilization 172

DNA microarrays 152
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DNA-nanoparticle conjugates 165

DNA probe attachments 311

DNA sensing 235

DNA sensors, gravimetric 158

dopamine 73–75

double-walled carbon nanotubes see DWNTs

DPyr-/DCbz-based Monomers 302

DPyr- and DCbz-containing monomers,

structures 301

DPyr-based Monomers 305

DPyr-containing Monomers 301

drug-polymer systems 196

drug bioavailability 334

drug delivery 330

drug molecules, biosynthesis 72

drug release 343

drugs, synthesis 80–82

drug targeting 82

ds-DNA 165

DWNTs 42, 42
dye-doped nanoparticles 3–5

dye-doped silica shells 9–10

dynamic light scattering 134–135

e
EDAC 211

EDAX 307

EDC 52

electrical detection 156

– gold nanoparticles 157

electric arc discharge 43

electrochemical detection 156–157

electronic devices, assembly 54–58

electronic resonance 158

electron microscopy 2, see also EM
electron spectroscopy for chemical analysis

342

electrophoresis 174

electrostatic coupling, quantum dots 16

electrostatic interactions, protein coupling

185

EM 2

Energy-Dispersive X-Ray Microanalysis, EDAX

307

engineered proteins 254

enhanced permeability and retention effect

272, see also EPR
enzymatic activity 81

– enzymes 207

enzymatic amplifying system 313

enzyme inhibition 118

enzymes, self-assembly 248

EPR 272

Epstein-Barr virus 288

ESCA 342

Escherichia coli 191

esterification, carbodiimide-mediated 185

ethanol, desolvation 338

ethylene glycol 102
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eukaryotic viruses 271

excitons 5

exfoliation 47

f
fabrication, nano-scaled 125

FCS 19

ferritin 206

ferrofluid 86

– water-soluble 77

ferromagnetic nanoparticles, heating 87

FET see also field-effect transistor
fiber-forming peptides 261

fibers 260

fibrinogen 209

field-effect transistor 60

field effect transistors 54

films, carbon nanotube 45

filtration 56

flavoenzymes, reconstitution 219

fluorescence correlation spectroscopy 19, see
also FCS

fluorescence probe 129–131

fluorescence wavelength, phospholipid

polymer aggregation 131

fluorescent nanoparticle probes 2–10

fluorescent nanoparticles 1

– biocompatibility 18

– bioconjugation 11–17

fluorescent nanoprobes, hybrid architec-

tures 9

folate ligands 289

folate-linked nanoparticles

– NPI 279

– NPII 280

– properties 281

– selectivity 282

– structure 280

folate-linked vectors 272

folate receptors 273

folate receptor-targeting liposomes 273

folic acid 85

– conjugation 276

FR 273, see also folate receptors

FRET 186

FRET system, scheme 187

FR-targeting nanoparticles 274

functional CPs 300

functional groups 76

functionalization 48–49

g
ganiclovir 287–291, see also GCV
GCV monophosphate 288

gel, pore size 244

gelatin 331–337

– amino acid composition 332

– chemical modification 332–335

– chemical structure 332

– conjugates 335–337

– nanoparticulate carriers 337

– PEG conjungation 334

– thiolation 336

gelatin capsules 344

gelatin nanoparticles 336

– applications 344

– characterization 340–342

– payload 342–343

– SEM images 341

– size distribution 340

– surface charge 341

– transfection efficiency 346

gel barrier 341

gel electrophoresis 106

– GST-Zif268 113

– protein binding 112

– specific binding 117

gel electrophoresis analysis 115

gel filtration separation 106–107

gels, nanoporous 167

gene delivery 270

– gelatin nanoparticles 344

– vehicles 339

gene expression system 270

gene therapy 87

– tumor-targeted 270–298

gene transfer vectors, size 287

glass substrates 56

globular proteins 17

glucose, detection 61

glucose oxidase see GO

glutamate sensor 25

glutathione s-transferase 112, see also GST

glyconanospheres 22

GO 60

gold colloids 161

gold contacts 55

gold nanodots, photoluminescence excitation

241

gold nanoparticle-based microarrays 171

gold nanoparticles 2

– biofunctionalization 99

– biological applications 167

– dimer structures 108

– electrolyte-induced aggregation 252

– geometrical parameters 111

– images 243

– ligand-protected 100–103
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gold nanoparticles (cont.)
– metal enhancement 154

– modification 162

– oligonucleotide modification 153

– protected with neutral ligands 102

– rational design 251

– strongly ionic ligand-protected 102

– structures 101

– surface-bound 153

– synthesis 99

– synthesis methods 101

– trimer structures 109

– weakly ionic ligand-protected 102

gold nanospheres 17

gold spheres, TEM images 237

graphene cylinders 42

graphene layer 204

graphite sensors, screen-printed 62

gravimetric 158

GSH 115

GST 112

GST protein, specific binding 117

h
hepatic clearance 73

Herpes simplex virus thymidine kinase 287,

see also HSV-tk

hierarchical self-assembly 261

high-pressure carbon monoxide

disproportionation 43, see also HiPco

high-resolution transmission electron

microscopy 153, see also HRTEM

HiPco 43

his-tag 254

histidine-tagged proteins 75

HIV virus, detection 127

HL60 214

HL60 cells, confocal images 215

hollow protein 193

hollow protein cages 194

homobifunctional crosslinkers 12

horse radish peroxidase 307

HPA, specific binding 220

HRP 313

HRTEM 153

– microphotographs 309

HSV-tk 287

HSV-tk/GCV system’s mode 288

human promyelocytic leukemia 214

hybrid architectures, fluorescent nano-

probes 9

hybridization

– DNA 104

– steric interference 170

hybrids, nanoparticle–dye 9

hybrid structures 41

hydrogels 335

hydrogen peroxide 138

hydrophilic coatings 4

hydrophilic surface modfication, quantum

dots 8

hydrophobic interactions 73

hydrophobic nanoparticles 184

hydrophobic polymers 3

hyperthermia treatments 82

i
IgE 188

IgG 13

– covalent binding 165

– nanocomposite 74

IMAC 254

– particle separation 258

immobilization, bioactive molecules 72

immobilization of biocatalysts, support 81

immobilized biological molecules 51

immobilized lipase 81

immobilized metal affinity chromatography

254

immunoagglutination 140

immunoassay 140

– quantum dots 25

immunocytochemistry 166

immunological magnetic beads 218

infectious processes 140

inflammation marker 140

inflammatory response 119

inorganic magnetic cores 309

inorganic nanoparticles 184

in situ synthesis 152

interactions, amino acids with noble metals

250

intracellular delivery 345

intravesical bladder carcinoma 347

ion-exchange chromatography separation 51

Ionic Ligand-protected gold nanoparticles

102

Ionic Ligands, gold nanoparticles 102

iron(ii) sulfate, oxidative hydrolysis 320

iron oxide nanoparticles 82

isothermal titration calorimetry 250

k
key materials 127–129

l
labels, fluorescent nanoparticles 27

lactate dehydrogenase 343
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Langmuir–Blodgett techniques 169

lanreotide 261

large-scale preparation 108

laser ablation 43

lattice constant 247

lattice structure, carbon nanotubes 42

LDH 343

lead biosensor 118

lectin detection 119

leucine-zipper sequences 259

ligand 114

– pentapeptide 167

ligand-exchange 238

ligand exchange reaction 103–111

ligand molecules, immobilization 22

ligand-protected gold nanoparticles 100–103

ligands 73

– activity 15

– capping 252

– peptide capping 251

light emission, metal nanocrystals 239

light scattering, metal nanocrystals 239

linkers 184

– peptide-based 258

lipid-based nanoparticles 270–298

lipidic chain 50

lipids, PEGylated 273

lipoplexes 277

lipopolyplex 277

Listeria innocua 193

liver imaging 84

low cytotoxicity coatings 23

lowry assay 201

luciferase activity 287

lyophilization 340

lysine 250

– coupling to gold 164

lysozyme, binding with gold nanoparticles

117

m
M13 bacteriophage 189

mAbs 272

maghemite nanocomposites 73

maghemite nanoparticles, structure 74–75

magnetically responsive nanocomposites

307

magnetic beads 160

magnetic core conducting polymer shell

nanocomposites 299–329

magnetic cores, formation 80

magnetic drug targeting 86

magnetic fluid hyperthermia 87

magnetic hyperthermia 160

magnetic hyperthermia therapy 82

magnetic nanocomposites, structure 74–75

magnetic nanoparticles 78

– biofunctionalization 72–98

– functionalization 80–82

magnetic resonance imaging see MRI

magnetism measurements, magnetic

nanocomposites 310

magnetite nanocomposites

– screening 315

– sensitivity patterns 316

– stability 320

– TEM microphotographs 312

magnetite nanoparticles 305

– structure 77

magnetite preparation 320

magnetite-silica-polypyrrole NC 299

magnetoliposomes 74

maleimide, coupling to gold 164

maltose-binding protein 186, see also MBP

maltose sensors 25

materials, recognition 256

MBP 186

MCH 162

MEONP 129

– chemical structure 130

mercaptohexanol 162, see also MCH

metal catalysts 81

metal colloids 158

metal–dye 9

metal enhancement, gold nanoparticles 154

metal ions, release 20

metallic nanoparticles

– biofunctionalization 150–182

– biological applications 242

– functionalization 235–269

– light scattering properties 239

– optical properties 238

– overview 236–248

– stabilization 248

metallic nanoparticle synthesis, peptides 250

metallic nanoprobes, bioconjugation 16

metallic sensors 26

metallopeptides 259

metal nanocrystals

– light emission. 239

– light scattering 239

metal nanoparticles 7–9

– biofunctionalization 167

– DNA-conjugated 150

– synthesis 9

metal oxide particles 160

methacrylate derivative see MPC

MFH 87
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microarrays 152

– gold nanoparticle 171

microcantilevers 158

microemulsions 278

microfluidic chip 26

microspheres, quantum dots 10

microstructured biochips 154

molecular diagnosis 139

molecular diversity 301

molecular machine 125

molecular thin films 169–172

monoclonal antibodies 272

monodispersed nanoparticles 134

monodisperse silica particles 4

monofunctionalization 246

monolayer protected, gold nanoparticles

114

monolayer protected au nanoparticles 104

monolayer protected nanoparticles, reaction

scheme 114

monolayers, self-assembly 169

monomethoxy PEG 333, see also mPEG

monomolecular thin films 167

morphology 134–135

MPC 127

– chemical structure 127

mPEG 333

MPS 73

MRI 82

MRI contrast agents 72

MR Imaging 83–85

MTS assay 344

multi-color imaging, quantum dots 28

multifunctional swnt structures 56

multi-walled carbon nanotubes see MWNTs

multiplexing, quantum dots 26

MWNTs 42

murine fibroblast cells, fluorescence confocal

microscopy images 346

MWNTs 42

– aligned 61

– structure 46

n
nanocapsules 330

– size distribution 340

nanocarriers 330

nanocomposites

– magnetic core conducting polymer shell

299–329

– magnetically responsive 307

– parallel screening 311

nanocore surfaces, coating 77

nanocrystal alignment 191

nanocrystal ordering 242

nanocrystals 5

– TOPO-coated 252

nanocrystal superlattices 193

nanodevices, bottom-up design 54

nanodots, metallic 241

nano-encapsulation 339–340

nanofabrication 125

– key materials 127–129

nanomaterials, conjugation with proteins

183–234

nano-optodes 25

nanoparticle, synthesis 79

nanoparticle aggregation 18

nanoparticle assemblies 103–111

nanoparticle-based imaging 23

nanoparticle binding domain 111

nanoparticle–dye hybrids 9

nanoparticle probes, fluorescent 2–10

nanoparticles

– active ester groups 135–137

– amplified signal 138–139

– assembly 202

– bioconjugate 131

– dye-doped 3–5

– fluorescent 1–40

– gold 99

– inorganic 184

– lipid-based 277

– magnetic 72–98

– magnetite 305

– metal 7–9

– metallic 150–182

– peptide-capped 255–256

– phospholipid 125–149

– photochemical activity 7

– polymeric 3

– programmable assembly 111–113

– rare-earth-doped 4

– x-ray photoelectron spectra 133

nanoparticles for gene delivery system 271

nanoparticles-proteins interactions 118

nanoparticle-stabilizing coatings 21

nanoparticle types 159–161

nanoparticulate carriers, gelatin 337–340

nanoplex 280

nanoporous gels 167

nanoporous hydrogel 175

nanoprobes

– photostable 27

– size ranges 3

nano-scaled processing 126–127

nanoscale science 248

nanoscale semiconductors 184
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nanospheres 330

– silica 4

nanotube, electronic structure 205
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Preface

While the recently published first volume of the NtLS series, Biofunctionalization of
Nanomaterials, dealt with approaches to tailoring nanomaterials to be useful in bio-

medical applications, this second volume of the series, which I am pleased to pres-

ent to you herewith, focuses on nanomaterials derived from biologically and phar-

maceutically important substances. Twelve chapters describe in depth the various

nanotechnological aspects behind using DNA, proteins, peptides, chitosan, lipo-

plexes, lipids and drugs. DNA is the most important and well studied biological

molecule which itself is in the nano size regime. One of the attractive features of

products containing DNA is the potential for producing materials of biological

nature. Although DNA-based nanotechnology is currently in its infancy, it is likely

to impact future applications in industrial segments such as electronics, sensors,

medicine, and many other fields. The book has four chapters on DNA based nano-

materials. It begins with a chapter entitled Self-Assembled DNA Nanotubes, which is

a contribution from the laboratories of Thom LaBean and Sung Ha Park from

Duke University, USA, on self-assembled one-dimensional (1D) DNA nanotubes

with unique design schemes and characteristics. In this chapter, approaches to as-

sembly of artificially designed tiles, DX, TX, 4�4, and 6BH branched-junction tiles

to form 1D DNA nanotubes have been described. The second chapter illuminates

on the importance of development of effective nucleic acid nanocarriers and pro-

vides approaches to prepare DNA nanoparticles containing a single DNA molecule

(the minimal particle size possible) as well as their characterization and properties.

This chapter, Nucleic Acid Nanoparticles, presented by Guy Zuber and co-workers

from the Genetic Chemistry Laboratory of Illkirch University, France, reviews strat-

egies for synthesis of DNA nanoparticles and possibilities to functionalize them

with cancer cell targeting elements. Mixing DNA with cationic lipids leads to spon-

taneous self assembly of ordered aggregates known as lipoplexes whose size can

range from around 100 nm to several microns depending on preparation con-

ditions. The third chapter, Lipoplexes, written by Sarah Weisman from Technion

Israel Institute of Technology in Haifa, Israel, gives an overview of the current state

of knowledge about lipoplexes, with special attention to their microscopic struc-

ture, and the relationships between structure and gene delivery efficiency. Julio

C. Fernandes and co-workers from the Medical Faculty of Montreal University,

Canada, brought out an exhaustive review on DNA-Chitosan polyplexes presented
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in the fourth chapter, DNA-chitosan Nanoparticles for Gene Therapy: Current Knowl-
edge and Future Trends. In addition to the basic concepts, the chapter provides infor-

mation on different procedures to obtain nano- and micro DNA-chitosan particles

and their clinical application as non-viral vectors in gene therapy.

Switching gears from DNA to proteins, the book provides a further four chapters

on different facets of peptide and protein based nanomaterials. Proteins are a class

of natural molecules that have unique functionalities and potential applications

in both biological as well as material fields. Nanomaterials derived from proteins,

especially protein nanoparticles, are biodegradable, metabolizable and can also be

easily amenable for surface modification and covalent attachment of drugs and

ligands. In the fifth chapter, Anne-Marie Orecchioni and co-workers from the

Laboratory of Galenic Pharmacy of Rouen University, St. Etienne du Rouvray,

France, provide an exhaustive account of plant based proteins, their synthesis and

applications. This particular chapter, Plant Protein-based Nanoparticles, not only pro-
vides information on conventional plant protein nanoparticles but also describes

‘decorated’ (i.e., conjugated) storage protein nanoparticles. Continuing on a similar

theme, Klaus Langer from the Biocenter of Frankfurt on Main University, Ger-

many, provides a comprehensive account in chapter six, Peptide Nanoparticles,
on preparation techniques for peptide and protein-based nanoparticles with focus

on their application in drug delivery. Narrowing down from a broad perspective on

protein nanoparticles described in chapters two and three, chapter seven has the

title Albumin Nanoparticles, indicating a review on a specific protein, Serum Albu-

min, which is extremely important in physicochemical, immunochemical and

drug delivery applications. In this chapter, Juan Manuel Irache and Socorro Espue-

las from the Galenics Center of Navarra University in Pamplona, Spain, summa-

rize preparation and main applications of albumin nanoparticles for pharmaceuti-

cal purposes. Chapter eight, Nanoscale Patterning of S-Layer Proteins as a Natural
Self-Assembly System, by Margit Sára and co-workers from the Center for Nanobio-

technology of the Agricultural University of Vienna, Austria, provides a survey of

the general principles of crystalline bacterial cell surface layer (S-layer) proteins

and fusion proteins which are being exploited as building blocks and templates

for generating functional nanostructures at the meso- and macroscopic scale for

both life and non-life science applications.

Pharmaceutical research and development has recently moved into a new direc-

tion thanks to the possibility of obtaining nanoformulation of drugs, i.e. formula-

tion of drugs using nanoparticles. Keeping in tune with this trend a separate chap-

ter specifically on drug nanoparticles has been included in this volume. Chapter

nine, Preparation Methods of Drug Nanoparticles by Jonghwi Lee and co-workers

from the Department of Nano Materials Science at Sejong University in Seoul,

Korea, describe methods of preparation of drug nanoparticles, their characteriza-

tion and advantages over conventional methods. In addition, chapter ten provides

a review on Solid-Lipid Nanoparticles delineating the concept of differential pro-

tein adsorption as the concept of functionalization of SLN via surface modification

from a practical point of view. In this chapter entitled Production of Biofunctional-
ized Solid Lipid Nanoparticles for Site-specific Drug Delivery, Rainer H. Müller and
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co-workers from the Department of Pharmaceutical Technology of Free University

Berlin, Germany, review methods used for the functionalization of solid lipid nano-

particles by modification of their surface characteristics followed by examples for

their application in site-specific drug delivery. Mostafa Sadoqi and co-workers

from the Physics Department of St John’s University at Jamaica, USA, discuss

near-infrared dye (NIR) indocyanine green (ICG) loaded PLGA drug nanoparticles

and their application in cancer diagnosis and therapy in chapter eleven, Biocompat-
ible Nanoparticulate Systems for Tumor Diagnosis and Therapy. Finally, since mem-

brane transport plays an important role in cellular and subcellular pathways,

including multidrug resistance (MDR), cellular signaling and cell–cell communi-

cation, an exclusive chapter, placed in twelfth position, discusses general informa-

tion on cell membranes and the problems encountered by drugs when trying to

cross them, and why drug nanoparticles are preferred. This chapter, Nanoparticles
for Crossing Biological Membranes, is presented by Rajendra P. Pawar, A. Avramoff

and Abraham J. Domb from the Department of Medicinal Chemistry of the He-

brew University of Jerusalem, Israel.

I do hope that the information that has been painstakingly accumulated by sev-

eral researchers in this second volume will help in furthering better understanding

of the nanosystems derived from biological materials, leading to new and potent

applications. I am very grateful to all the authors for their excellent presentation

of their topics, providing timely inputs and corrections in making the second vol-

ume a reality. I am always thankful to my employers, family, friends and Wiley-

VCH publishers for their continued support and encouragement. Finally, my spe-

cial thanks to you, the readers, for making attempts to utilize the knowledge base

provided in this book. I look forward to receiving your comments and suggestions.

Baton Rouge, September 2005 Challa S. S. R. Kumar
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Self-assembled DNA Nanotubes

Thom LaBean and Sung Ha Park

1.1

Introduction

DNA, well-known as the predominant molecule for the storage of genetic informa-

tion in biology and biochemistry, has also been recognized as a useful building ma-

terial in the field of nanotechnology [1–3]. DNA provides basic building blocks

for constructing functionalized nanostructures with four major features: molecular

recognition, self-assembly, programmability and predictable nanoscale geometry.

The limitations of conventional methods of top-down fabrication make bottom-

up self-assembled nanostructures using DNA molecules a fascinating and attrac-

tive technique for near-term nano/biotechnologies. Recently, self-assembled DNA

nanostructures utilizing branched DNA tiles have been reported on (a) various ar-

tificial geometrical structures like one- (1-D) and two-dimensional (2-D) periodi-

cally patterned structures [4–14], and three-dimensional (3-D) polyhedra [15, 16],

and (b) functionalized lattices such as mechanical devices [17–23], molecular com-

puters [24–30] and scaffolds for organizing other functionalized molecules [31–

33]. DNA nanostructures are created via self-assembly during the slow annealing

of aqueous solutions of carefully designed single-strand DNA, thereby facilitat-

ing hybridization of complementary nucleotide sequences, and the formation of

double-strand domains and Holliday junction-like crossover points.

In this chapter, we review recent results on self-assembled 1-D DNA nanotubes

with unique design schemes and characteristics. DNA nanotubes are characterized

by (a) a high aspect ratio, (b) a long, narrow central channel and (c) DNA sidewalls.

The 1-D nanotubes are typically made from rolled-up sheets of DNA lattice con-

taining tiles with a variety of motifs: double-crossover (DX) [34], triple-crossover

(TX) [35] and four four-arm junctions (4� 4) [36]. Schematic drawings of four dis-

tinct DNA tile motifs which have been used for constructing complex 1-D DNA

nanotubes are shown in Fig. 1.1.

The DNA tiles shown in Fig. 1.1 have each been shown to form large two-

dimensional lattice sheets up to 10 mm on an edge, as well as nanotubes formed

by lattices which curl and close upon themselves. Superstructure morphology
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(sheet versus tube) is controlled in these tiling systems by a variety of means, in-

cluding counterion concentration, lattice corrugation schemes and disulfide bridge

formation. As explained in detail below, curled lattice DNA nanotubes have been

observed with either stacked, circular layers of tiles or with spirally wound, chiral

configurations. DNA nanotubes have also been intentionally constructed by stack-

ing six-helix bundle (6HB) tiles one on top the other to form tubes with only a sin-

gle tile per layer and a single double-helix diameter channel through the center

[37].

1.2

DNA Nanotubes Self-assembled from DX Tiles

Recently, several varieties of nanotubes constructed from DX tiles have been re-

ported [10–12]. Two distinct types of nanotubes made from DNA DX complexes

are DAE-E and DAE-O (where the final letter in the acronym indicates the even/

odd parity of helical half-turns between neighboring strand-exchange points within

inter-tile joints). DAE-E DX tile nanotubes have diameters between 7 and 20 nm

and lengths as long as 50 mm with a persistence length of around 4 mm; they can

be programmed to display a variety of patterns. The DAE-O tile lattice can form

ribbon structures many micrometers in length and 40–250 nm in width after

hybridization.

Fig. 1.1. Four distinct DNA motifs for

constructing complex 1-D DNA nanotubes. The

structures DAE, DAO and TAO are named by

acronyms describing their basic characteristics.

Names begin with ‘‘D’’ for DX (two helical

domains) and ‘‘T’’ for TX (three helical

domains). The second character indicates the

relative orientations of their two double-helical

domains. Here, ‘‘A’’ stands for antiparallel and

indicates that, upon crossing over, the strands

change direction of propagation along the

helical axes. The third character refers to the

number of helical half-turns between cross-

overs, ‘‘E’’ for an even number and ‘‘O’’ for

an odd number. The 4� 4 tile contains four

four-arm branched junctions pointing in four

directions (north, south, east and west in the

tile plane). Arrows indicate simplified strands

running from 5 0 to 3 0.
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1.3

DAE-E DX Tile Nanotubes

The construction and characterization of programmable DAE-E nanotubes dis-

playing several tiling schemes as well as the kinetics of their assembly have been

studied and reported [10, 11]. DX tiles were first described over 10 years ago [34].

DNA tiles can be thought of as having two parts: (a) a central core of duplex DNA

(illustrated by rectangles in Fig. 1.2) and (b) four single-stranded sticky ends which

allow it to bind to other tiles (shown protruding from the tile corners). In this first

case, the tile core is made up of five oligonucleotides strands that form two double-

helical domains held in rigid orientation with parallel axes by a pair of strand-

exchange crossover points (Fig. 1.3a). In the study, two different sequence assign-

ments were made to yield two different cores, which the authors called RE and SE

[10]. Given an appropriate set of sticky ends, a single core yields a single tile and

the unique sequences for sticky end allows the interactions between tiles to be

Fig. 1.2. Schematics of lattices utilizing DAE-E

tiles. (a) Top: a single REs tile, based on the

RE core and carrying four sticky ends. Bottom:

complementarity between sticky ends directs

the tiles to form a regular lattice. (b) A single

SEs tile, based on a different core, SE, and its

lattice. (c) Two tiles, REd and SEd, which

assemble into a lattice with diagonal stripes;

alone each tile could assemble into a linear

strip. (d) Another pair of tiles, REp and SEp,

cannot assemble independently, but together

can form a lattice with stripes perpendicular to

the long axis of the tiles. Note: lowercase

letters ‘‘s’’, ‘‘d’’ and ‘‘p’’ denote a particular

choice of sticky ends and were chosen to

represent the pattern generated by the tile

set in which they appear: single tile type,

diagonally striped or perpendicularly striped

lattice. (From Ref. [10].)

1.3 DAE-E DX Tile Nanotubes 5



programmed (Fig. 1.2). Figure 1.2(c and d) shows how tile sets have been used to

create lattices with stripes either diagonal to or perpendicular to the long axis of the

tiles. The authors viewed a set of tiles as a program for the construction of a partic-

ular structure including a diagonally striped or perpendicularly striped lattice.

In this system, hybridization of complementary sticky end pairs determines

whether or not a set of tiles will form a lattice, but the set of sticky ends does not

determine whether the lattice will be flat or curved. Curvature is profoundly af-

fected by the choice of lattice symmetry as shown in Fig. 1.3(c–e). The symmetries

depicted in Fig. 1.3(c and d) are compatible with flat lattice sheets since deviations

Fig. 1.3. (a) Structure of a DAE-E tile showing

numbered strands and their paths through the

complex. Tiles contain five single strands with

5-nt sticky ends on strands 2 and 4. (b) Tile

structure with hairpins (8-nt stem, 4-nt loop)

on strands 1 and 5 between nt 14 and 15 from

their 5 0-ends. Molecular models suggest that

these hairpins attach underneath the molecule,

as depicted here; in a tube they would be on

the outside. (c and d) Two in-plane rotational

symmetries that, if satisfied by a patch of tiles,

encourage molecular strain to balance,

resulting in a flat sheet. (e) A rotational

symmetry, satisfied by DAE-E molecules, that

permits curvature. (f ) Heptagonal tube of

radius R. In each tile, two cylinders of radius r

represent the double helices. Black circles

mark crossover points. Blue and orange lines

connect the position of phosphate backbones

to the center of a helix. The smaller angle

between the blue and orange lines defines the

minor groove. (g) Cross-section of the red tile

from (f ) at a crossover point. (From Ref. [10].)
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from planar geometry can be compensated for; thus, molecular strain that could

cause curvature may be balanced by symmetric molecular strain elsewhere. Other

possible lattice symmetries, such as the one depicted in Fig. 1.3(e), are compatible

with intentionally curved lattices and the formation of DNA nanotubes.

DNA nanotubes constructed according to RE- and SE-core tiles were examined

by atomic force microscopy (AFM) and by fluorescence microscopy using fluores-

cein (FAM)-labeled strands. Characterization by AFM showed parallel and diagonal

striped patterns, as expected, providing proof that the structural programming

functioned properly. AFM studies also revealed that nanotubes flatten out on the

mica substrate and were be abraded by the AFM tip from double-layer to single-

layer structures by imaging repeatedly at the same place on the sample (Fig. 1.4).

The dynamic character of the interactions of nanotubes and lattices with mica was

seen by re-imaging a sample by AFM under solution over the course of several

hours, and observing tubes coming to and diffusing away from the surface. Frag-

ments of lattice were often left on the mica when a nanotube diffused away. For this

reason, the dimensions of the filaments were difficult to measure using surface-

based AFM.

Fig. 1.4. Microscopic images of nanotubes.

DNA filaments visualized by (a) fluorescence

microscopy and (b) AFM. The solution in (a)

contains FAM-labeled REpþ SEp and in (b)

contains REpþ SEp. (c) A time series of AFM

images indicates that filaments are tubes

(REpþ SEp). (Left panel) A thick filament

(closed tube) runs the length of the image.

Heights of closed tubes suggest they are

flattened onto the substrate. An already-open

tube is seen on the left. (Center panel) The

tube opens progressively from the top,

revealing a one-tile-thick lattice. (Right panel)

The fully opened tube resembles the lattice on

the left. An arrow marks a discrete change in

tube width before opening and in the number

of tiles after opening, suggesting a defect in

the tile lattice. (d) At greater magnification,

individual tiles are resolved. (From Ref. [10].)

1.3 DAE-E DX Tile Nanotubes 7



Fluorescence microscopy was used to measure the length and stiffness of DAE-E

nanotubes in solution. At the highest concentration (400 nM tiles) the density of

tubes was too high to identify individuals and clump-like aggregates were common

(Fig. 1.5a). Upon 10-fold dilution, single tubes were well dispersed and occasionally

a ring or frayed bundle was seen (Fig. 1.5b). Only short tubes were observed di-

rectly following annealing and tube lengths continued to increase until about 16 h

later when the distribution appeared to stabilize (at which point data were col-

lected; Fig. 1.5c). The mean tube length was around 7 mm with a small proportion

of tubes with lengths up to 50 mm being observed.

Tube stiffness was inferred from the distribution of ring perimeters by assuming

that the rate of ring formation for a tube of length L is approximately proportional

to the fraction of time that the ends of the tube are colocalized at equilibrium. Over

brief intervals in which the length distribution does not change significantly, this

ring closure probability can be calculated a function of tube length L and persis-

tence length p. Under these conditions, the distribution of ring perimeters should

be the product of the distribution of tube lengths and the ring closure probability.

The mean perimeter distance was around 12 mm. Using the distributions of Fig.

1.5(c and d), the persistence length was calculated to be 3:85G 0:35 mm.

Rothemund et al. performed the most thorough examination of the program-

Fig. 1.5. Experimental determination of

nanotube persistence length. (a) Epifluores-

cence image of 400 nM solution of FAM-

labeled SEs tubes. Tubes were observed

diffusing freely in and out of the focal plane.

(b) As (a), but diluted to 40 nM. Occasionally,

rings (left) and looped structures (right) are

found. (c) Histogram of linear tube lengths

with an average of around 7 mm; approximately

10% are over 15 mm long, consistent with an

exponential distribution. Some tubes of around

50 mm were observed. (d) Circularized tubes

averaged 12 mm in perimeter with a unimodal

distribution. The ring shown is typical; most

rings are free of kinks that would indicate local

weakness. (From Ref. [10].)
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mability and structural properties of DNA nanotubes [10]. They were able to iden-

tify the tile faces hidden inside and exposed outside the tubes, and drew important

conclusions regarding the placement of hairpins on tiles and their effects on lattice

stability. A subset of the authors went on to study the breaking and joining reac-

tions among SEs tile nanotubes and concluded that the growth of DNA tile nano-

tubes to multimicron length occurs through joining or fusion of preformed nano-

tubes rather than by sequential addition of individual tiles [11].

1.4

DAE-O DX Tile Nanotubes

A similar system of DNA tiles which was originally designed to form 2-D flat lat-

tice using DAE-O tiles (Fig. 1.6a) was also observed to form nanotubes either with

flat ring layers or with spiral layers producing a range of chiral tubes (Figs. 1.6a

and 1.7) [12]. As with the study described above, DX tiles (this time of the DAE-O

variety) with the four single-stranded sticky ends on each tile were arranged such

that a and b tiles tessellate as shown in Fig. 1.6(b). The b tiles contained a 5 0-

biotinylated strand to enable streptavidin binding to be used as an observable

marker. Hybridization was accomplished by cooling the solution by a linear gradi-

ent from 96 �C to room temperature over the course of 96 h.

Fig. 1.6. Self-assembly of DAE-O tiles into

sheets and tubes. (a) Structure of the DX tiles:

colored arrows indicate simplified strands

running 5 0 to 3 0. The 6-nt single-stranded

sticky ends on the a tile are complementary to

those on the b tile (represented schematically

by complementary shapes). A 5 0 biotin label on

the b tile is shown as a black dot. (b) The a

and b tiles can tessellate to form extended 2-D

arrays. The 2-D sheets curl and close upon

themselves to form tubes, producing either

alternating rings (c) or nested helices (d) of a

and b tiles. (From Ref. [12].)
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In a standard 1� TAE/Mg2þ buffer, containing 20 mM Tris–acetate, pH 8.3,

supplemented with 12.5 mM MgCl2, the tiles form ribbon structures many micro-

meters in length and 40–250 nm in width after hybridization (Fig. 1.7a). Higher

magnification reveals transverse streptavidin bands with a periodicity of 31G 2

nm (Fig. 1.7b and c), consistent with the designed 2-D array structure with the

long axis of the tiles aligned along the long axis of the ribbons. A natural explana-

tion for the parallel edges of these structures is that arrays of tiles curl and close

upon themselves to form tubes. Unambiguous evidence for the formation of

tubes is provided by micrographs such as Fig. 1.7(c) in which lines of strep-

tavidin labels zigzag across a ribbon. In all such cases the line is continuous where

it changes direction at the edge of the ribbon, proving they represent helical

(spiral) tubes with a structure such as that illustrated in Fig. 1.6(d). Mixed super-

structure morphologies (tubes and sheets) were observed in buffer with higher

salt concentrations.

The authors point out that, as with carbon nanotubes [38], the structure of a

DNA nanotube may be characterized by the indices (m; n) of the wrapping vector

c ¼ ma1 þ na2 where a1 and a2 are basis vectors shown in Fig. 1.6(b), and the tube

is formed from a sheet by joining equivalent points separated by c. For nonhelical

tubes n ¼ 0 (Fig. 1.7b); n ¼ 1 where all labels lie on a single helix (Fig. 1.7c). The

short dimensions of the tiles are not resolved (the streptavidin labels are larger

than the tile width); assuming a1 ¼ 4 nm, then m@ 40 (Fig. 1.7c). It is likely that

tube diameters are determined by nonequilibrium processes, since once a tube has

closed, an activation barrier prevents further lateral growth. Tube formation re-

duces the free energy of a tile array by satisfying all inter-tile bonds except those

at the ends of the tube. Intrinsic curvature of the array would facilitate tube forma-

tion; however, the odd number of helical half-turns along the arms joining cross-

over points on adjacent tiles means that in this system the intrinsic curvatures of

a and b tiles are opposed.

Fig. 1.7. Transmission electron micrographs of negatively

stained DNA nanotubules and arrays. White features

correspond to points of heavy metal stain exclusion where

protein labels are bound to the b tiles. (From Ref. [12].)

10 1 Self-assembled DNA Nanotubes



1.5

TX Tile Nanotubes

DNA nanotubes composed of TX tiles have also been constructed and character-

ized [14]. TX tiles modified with thiol-containing double-stranded DNA stems pro-

jected out of the tile plane were used as the basic building blocks. TX nanotubes

display a constant diameter of around 25 nm and have been observed with lengths

up to 20 mm. In this section, we present high-resolution images of the constructs

(TX nanotubes) and experimental evidence of their tube-like nature. DNA nano-

tubes represent a potential breakthrough in the self-assembly of nanometer-scale

circuits for electronics layout because they can be targeted to connect at specific

locations on larger-scale structures and can subsequently be metallized to form

nanometer-scale metallic wires (see Section 2.6).

TX nanotube self-assemblies were formed from two DNA tile building blocks, a

TAO (tile A) and a TAOþ 2J (tile B) as shown in Fig. 1.8(a). The B tile contains two

extra double-stranded DNA stems, which form junctions with the central helix of

the tile such that they project out of the tile plane, with one stem protruding on

each side of the tile. The B tiles used here are modified by the replacement of the

loop on one protruding stem with a blunt end containing two thiol groups, one on

a 3 0 and the other on a 5 0 strand terminus. Figure 1.8(b, right) shows a section of

the proposed structure of the nanotubes with B tile layers alternating with A tile

layers, double-stranded DNA helix axes aligned parallel with the tube axis, and

thiol groups are located inside the tubes. Imaging of TX AB flat lattice sheets

(Fig. 1.8c, left) demonstrates lattice fragments with widely varying dimensions

and often with uneven edges. On the other hand, DNA nanotubes (Fig. 1.8c, right)

exhibit uniform widths of around 25 nm for lengths of up to 20 mm.

Figure 1.9(a) shows a typical AFM image (tapping mode in air) of the TX nano-

tube. Stripes perpendicular to the long axis of the filaments are clearly visible and

indicate closed ring structures in successive layers rather than a spiral structure,

which would have given stripes with a noticeable diagonal slant. Figure 1.9(b)

shows a high-resolution AFM image (tapping mode in buffer) of the TX nanotube

in which one can discern three gaps and four tiles in some of the layers. The gaps

and tiles are arrayed parallel with the axis of the flattened tube.

Burial of the sulfur moieties within the tubes makes logical sense because di-

sulfide bridges are preferred structures formed by thiol groups under physiologic-

like solution conditions such as those used here. The formation of disulfide bonds

between neighboring B tiles would cause the lattice to curve and form tubes. The

possible existence of free thiols on the outer surface of the nanotubes was probed

by using two different gold reagents with reactivity toward sulfur: monomaleimido

Nanogold (Nanoprobes, Yaphank, NY) and fresh colloidal gold nanoparticles. The

monomaleimido Nanogold failed to react with the tube surfaces, whereas the

colloidal gold displayed the interesting reactivity shown in Fig. 1.9(d and e). With

very low background levels of unbound gold, the bound gold particles showed a

very high probability of attachment to the ends of nanotubes and not to the outer

surface anywhere else along the length of the tubes. The indication is that sulfur
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which is buried within the tubes is exposed to some extent at the open ends of the

nanotubes and available for binding with gold. This observation, in addition to of-

fering evidence of the location of the thiol groups, may also be exploited in future

work on targeted binding or formation of electrical contacts with the ends of TX

nanotubes. Final evidence of the involvement of disulfide bridges in TX nanotube

formation was provided by annealing the DNA in the presence of the reducing

agent dithiothreitol and observing a complete lack of tubes.

Figure 1.10 shows a series of in situ zoomed images showing a TX nanotube be-

ing converted to a flat lattice by the physical effect of the AFM tip. The series of

Fig. 1.8. (a) Schematic drawings showing the

strand traces through the two tile types used in

the constructions. Oligonucleotides are shown

in different shades of gray and with arrow-

heads marking the 3 0-ends. Short vertical
hash marks indicate base pairing within

double-helical regions; paired vertical lines

represent crossover points. The central helices

of both tile types are terminated with T4 loops.

Two extra stem–loops (2J) on the central helix

of the B tile are designed to protrude, one

into and one out of the tile plane. (b) (Left)

Cartoon of a section of TAO flat lattice con-

structed from A and B tiles. Tubes repre-

sent double-helical regions; for simplicity,

the 2J stem–loops on the B tiles are not

shown. (Right) Cartoon model of a section of

TAO nanotube shown with eight tiles per layer

of tube. (c) (Left) TEM image of platinum

rotary shadowed TAO lattice. The B tiles

appear darker than the A tiles, having picked

up more platinum on their protruding 2J

stem–loops; alternating stripes of A and B tiles

are clearly visible with approximately the

expected distance of 28 nm. (Right) TEM

image of negative-stained TAO nanotubes.

(From Ref. [14].)
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images was collected by repeatedly re-imaging the same nanotube under buffer

with an AFM. The high-resolution image in Fig. 1.10(d) shows the detailed nano-

structure of the completely torn open DNA nanotube with alternating layers of A
and B tiles clearly discernible. Whole tiles have been scratched away from the

opening nanotube by the force of the AFM tip and therefore the tile layers no

longer contain all of the tiles that were present in the nanotube. A few layers are

seen that still contain six tiles. The combination of the high-resolution AFM im-

ages (Fig. 1.9b and 1.10d) provides supporting evidence for the model in which in-

dividual tile layers in intact nanotubes contain eight tiles.

Fig. 1.9. (a) AFM image of a TAO nanotube

taken by tapping mode in air. The B tile layers

are visible as brighter stripes (because of

increased height) oriented perpendicular to the

long axis of the tube. (b) High-resolution

image of a nanotube taken by tapping mode

under buffer. Single-helix holes between

adjacent tiles are visible as darker patches in

several layers. (c) TEM image of a negative-

stained sample, showing a section of a

nanotube that appears to have split into a flat

lattice. (d and e) Negative-stained TEM images

of TAO nanotubes with gold nanoparticles

attached to the ends, apparently by interaction

with thiol sulfurs partially exposed at the tube

termini. (From Ref. [14].)
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1.6

4D 4 Tile Nanotubes

More complicated 1-D tube-like structure utilizing 4� 4 tiles has also been re-

ported [36]. Programmable self-assembly of this DNA nanostructure results in a

uniform width nanoribbon which displays periodic square cavities. The 4� 4

DNA tile (Fig. 1.11a) contains four four-armed DNA branched junctions pointing

in four directions – north, south, east and west in the tile plane. It is composed of

nine strands, with one of the strands participating in every junction. Bulged T4

loops are placed at each of the four corners inside the tile core in order to decrease

the probability of stacking interactions between adjacent four-arm junctions and

Fig. 1.10. A series of AFM images captured by

repeatedly re-imaging and zooming in on the

same nanotube, which appears mostly tube-

like in (a), with increasing wear-and-tear

through (b) and (c) until a section of unfolded

tube becomes a single-layer, flat lattice (d)

displaying stripes composed of lighter (higher)

B tiles and darker (shorter) A tiles. (From Ref.

[14].)
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allow the arms to point to four different directions. Characterization of structure

formation by nondenaturing gel electrophoresis and thermal transition analysis

(see Fig. 1.13 below) shows that the 4� 4 tile structure is stable and well behaved.

Constructions following the design shown in Fig. 1.11(b) produce a high prepon-

derance of uniform width ribbon structures. In this design the distance between

adjacent tiles is an even number of helical half-turns (four full turns) so that the

identical face of each tile points toward the same lattice face. Figure 1.12 shows

four AFM images of the nanoribbons with lengths of up to around 20 mm and

a typical uniform width of around 60 nm. The regularity of the periodic cavities is

striking, as well as the observation that some of the nanoribbons revealed a single-

layer, flat grid lattice unrolled at the open end of the ribbon (see Fig. 1.12d). This

observation strongly suggests that the ribbon structure results from tube-like struc-

tures which flatten when the sample is deposited on mica. The AFM image height

profile clearly shows that the nanoribbon structure has two layers compared to the

flat lattice. Also, the edges of the ribbon appear slightly higher, about 0.12 nm,

Fig. 1.11. Self-assembly of DNA nanoribbons

using the 4� 4 DNA tile. (a) The 4� 4 tile

strand structure. The tile contains nine

oligonucleotides, shown as simplified

backbone traces in different colors. Each four-

arm junction is oriented in four directions. The

black strand participates in all four junctions

and contains T4 loops connecting adjacent

junctions. (b) Left: double-helical domains are

illustrated as rectangles and paired rectangles

represent four-arm junctions. Watson–Crick

complementary sticky ends are shown as

matching geometric shapes. Right: designed

structure of the self-assembled lattice. There

are four full helical turns between tile centers

so the tiles will be oriented in the same

direction in the lattice. (c) Schematic model of

the proposed 4� 4 nanotube. (d) Overhead

view of a tube squashed onto the mica

substrate and forming a ribbon with four

diagonal square cavities with a width of around

62.3 nm. Note the saw-tooth edge formed by

folding one row of 4� 4 tiles along a diagonal

running through their most flexible region, the

T4 loops between adjacent arms. The jagged

edges along with the 45� diagonal containing
four cavities are typically observed in high-

resolution AFM images of the ribbons. (From

Ref. [36].)
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than the middle, indicating a finite radius of curvature for the squashed tube struc-

ture. The formation of tube-like lattices could be due to the fact that each compo-

nent tile is oriented in the same direction in the designed lattice planes, and there-

fore any incidental curvature resident in each tile could accumulate and cause

circularization of the lattice. This hypothesis is supported by the AFM analysis

and by subsequent experiments showing that corrugation schemes where tiles are

flipped in the lattice plane to compensate for tile curvature form large flat lattice

sheets.

1.7

6HB Tile Nanotubes

Very recently, a new strategy for the creation of hollow DNA nanotubes was de-

scribed which made use of tiles that are intrinsically 3-D and formed from a rigid

Fig. 1.12. AFM images of 4� 4 nanoribbons at various scan sizes. (From Ref. [36].)
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cluster of double-helical domains with a single-helix width pore running down

through its entire length [37]. The 6HB (shown schematically in Fig. 1.14) con-

tained six double helices with each pair of neighboring domains linked by strand

exchange at each of two crossover points. With complementary pairs of sticky ends

appended to each end of the helices, the tiles were induced to assemble into long

1-D arrays with lengths up to around 15 mm. These are the first described

DNA nanotubes with perfectly designed widths and tube layers made up of single

tiles.

Fig. 1.13. Characterization of the 4� 4 tile

structure using nondenaturing electrophoresis

and thermal transition experiments. (a) An 8%

polyacrylamide gel (ethidium bromide stained)

showing association complexes between

various equimolar combinations of the 4� 4

DNA complex component strands. Equimolar

mixtures at 1 mM concentration per included

strand were annealed and run on the gel at

room temperature. Strands included in the

annealings are indicated in the drawing above

each lane. Lane 8 contains a 50-bp DNA ladder

size marker. The 4� 4 complex runs as a

single band on nondenaturing gels, without

any higher-molecular-weight byproducts (from

unexpected base pairings between two or more

complexes) or lower-molecular-weight

byproducts (from dissociated complex),

indicating the 4� 4 tile complex is a stable

structure in the buffer used. (b) Thermal

transition profile. The left panel shows the

relative change in optical density at 260 nm as

a function of temperature. The right panel

shows the first derivative of the 4� 4 complex

melting data. The results show that the 4� 4

complex melts cooperatively, as a single

transition, with Tm @ 60 �C. (From Ref. [36].)
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1.8

Applications

Self-assembled 1-D nanotubes made from artificially designed tiles show great

promise for applications that range from fabrication of nanoelectronic devices to

biological studies. Electrical transport in bare DNA molecules has been recognized

as an interesting research field for last few decades. Although some of the conduc-

tivity experiments of DNA molecules had been shown superconducting [39] or

semiconducting [40] properties, DNA molecules mostly show insulating character-

istic [41]. The DNA molecule’s poor conductivity prevents its direct use in elec-

tronic nanodevices. Thus, properly designed DNA lattices can serve as a precisely

controllable and programmable scaffold for organizing functionalized nanomate-

rials in the design and construction of functionalized electronic nanodevices.

Nanometer-scale fabrication with reliable DNA-templated metallic nanowires is an

example demonstration of DNA’s scaffolding capability. Several varieties of DNA

tile nanotubes have been shown to be useful templates for the specific chemical

deposition of metal for nanowire formation.

Until now, mostly natural l DNA molecules have been used as a template for

fabricating various metallic nanowires such as silver [42], gold [43], palladium

[44, 45], platinum [46] and copper [47]. More complex and uniform width 1-D

nanotubes can also serve as templates for highly conductive metallic nanowires.

One example is shown in Fig. 1.15. Here, 4� 4 nanoribbons have been metallized

with silver using a novel electroless chemical deposition technique [36] and dem-

onstrated electrical measurements through silver nanowires. The resulting nano-

wires have been characterized by scanning electron microscopy (SEM) and AFM.

The metallized nanoribbons have heights of 35G 2 nm, widths of 43G 2 nm and

lengths of up to about 5 mm. The current–voltage curve of the metallic silver 4� 4

nanoribbon shows linear behavior and the resistance of this sample is around 200

W as measured between the two central contacts at a bias voltage of 0.1 V (Fig.

1.15c). This number corresponds to a bulk resistivity of 2:4� 10�6 Wm. This nano-

wire is easily reproducible and has markedly higher conductivity than previously

reported double-helix DNA-templated silver nanowires [42]. Other potential uses

of DNA nanotubes are inspired by analogy with the roles of nanotubes and nano-

wires in living cells, e.g. as structural supports for the cytoskeleton, as tracks for

Fig. 1.14. Cross-sectional and transverse views of the 6HB tile

model. The cross-sectional view emphasizes the cylindrical hole

through the center of the tile (From Ref. [37].)
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the transport of microscopic cargo and as moving parts for cellular motility. DNA

nanotubes may eventually be engineered to mimic all these functions.

1.9

Summary and Perspectives

DNA-based nanotechnology is currently being developed as a general assembly

method for nanopatterned materials that may find use in electronics, sensors,

medicine and many other fields. In this chapter, we have described a novel assem-

bly of 1-D nanotubes made from artificially designed tiles, DX, TX, 4� 4 and 6BH

branched junction tiles. Nanotubes, consisting of DAE-E tiles, range from 7 to

Fig. 1.15. Metallization and a conductivity

measurement of metallized 4� 4 nanoribbons.

(a) SEM image of nonmetallized 4� 4

nanoribbons. (b) SEM image of silver-seeded

silver nanoribbon. The change in the signal

contrast between (a) and (b) is apparent. (c)

SEM image of the actual device (scale bar:

2 mm). (Inset) Current–voltage curve of the

metallic silver 4� 4 nanoribbon. (From Ref.

[36].)
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20 nm in diameter, grow as long as 50 mm with a persistence length of around

4 mm, and can be programmed to display a variety of patterns. DAE-O DX tiles

can form sheets or ribbons with periodic banding controlled by salt concentration.

TX nanotubes display a constant diameter of around 25 nm and have been ob-

served with lengths up to 20 mm. Tube formation is controlled by disulfide bonds

between tiles augmented with thiol moieties. The 4� 4 DNA nanoribbon contains

four four-armed DNA branched junctions pointing in four directions. The forma-

tion of tube-like lattices is due to the fact that each component tile is oriented in

the same direction in the designed lattice plane, and therefore any incidental cur-

vature resident in each tile can accumulate and cause circularization of the lattice.

The 1-D arrays of 6HB tiles form DNA nanotubes with one tile per tube layer and

represent the smallest possible hollow DNA nanotube. Nanotubes formed from

DNA tile lattices have been used as metallization templates for the formation of

conductive nanowires. Utilizing DNA molecules as scaffolds for making function-

alized nanowires offers certain advantages such as site-specific alignment and mas-

sive, parallel self-assembly for future electronic nanodevices. It has also been

pointed out that DNA nanotubes, by analogy with cellular microtubules, might be

useful as tracks along which artificial bionanomachines might transport molecular

cargo [10, 12].
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2

Nucleic Acid Nanoparticles

Guy Zuber, Bénédicte Pons and Andrew W. Fraley

2.1

Introduction

Primarily located in a cell’s nucleus, 2 0-deoxyribonucleic acid (DNA) provides

the cell with the ability to store and copy the genetic information required for the

synthesis of proteins that are in charge of all chemical transformations underly-

ing the cell’s metabolism. DNA is composed of four 2 0-deoxynucleotides connected

into a polymer via 5 0–3 0 phosphodiesters, where the sequence of the nucleotides

allows the encoding of genetic information. The composition and position of hetero-

cyclic functional groups provide a specific arrangement of hydrogen bond do-

nors and acceptors enabling a nucleotide to hydrogen bond (or base pair) with

a second nucleotide exhibiting a complementary donor/acceptor arrangement.

This allows two strands of DNA to anneal in a sequence-dependent manner, where

2 0-deoxyadenosine pairs with 2 0-deoxythymidine and 2 0-deoxyguanosine pairs with

2 0-deoxycytidine, and thus further facilitates a mechanism for DNA replication and

RNA transcription. Cellular DNA typically conforms to a B-form helix as first

proposed in 1953 by Watson and Crick [1], where the two strands are antiparallel

with the hydrophobic bases in the center of the helix and the negatively charged

hydrophilic sugar–phosphate backbone on the outside (Fig. 2.1).

Although DNA is composed of only four monomers, prior to the 1970s DNA re-

mained difficult to analyze as the typical eukaryotic cell contains nearly 3� 109 bp

of a linear double helix with an extended length of approximately 1 m [2]. Today,

nucleic acids are readily manipulated by specific enzymes, produced in large quan-

tities and progress in automation has enabled the sequencing of entire genomes,

including the human genome.

Such progress coupled with an increase in the understanding of the molecular

mechanisms and genetic implications underlying many diseases has triggered the

hope that nucleic acids could treat disease at the source. However, many hurdles

remain that must be overcome in order for gene therapy to be of practical use in

the clinic. Gene therapy implies the administration of a foreign DNA fragment

into a host with subsequent delivery into the nuclei of selected organ cells, where

cellular machineries can, in turn, employ the new DNA for production of thera-
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peutic proteins. Although this method is simple in theory, naked DNA is unable to

navigate the route from the needle to the nuclei and thus requires other elements

to facilitate delivery into the correct cell nucleus while inhibiting the degradation of

therapeutic DNA.

Viruses are natural supramolecular assemblies with gene delivery properties.

Their diversity and efficiency fulfill most requirements for gene delivery in the

clinic [3], but they do have drawbacks [4, 5]. They are by definition infectious and

parasitic, and viral shell proteins are understood to elicit adverse immune re-

sponses from the host [6]. The production and exploitation of even weakened viral

particles has risks because mass production largely exceeds recombination and

mutation frequencies. The chance of producing an undesirable and harmful virus

increases, and thus can present a significant risk [7]. One alternative is the devel-

opment of synthetic vectors that interact with DNA in abiotic systems to form

virus-like nanoparticles [8]. The requirements for safe DNA transportation into

the nucleus have been set by studies on the fate and trafficking of viruses or drug

delivery systems at the animal and cellular levels [9]. In vitro, gene delivery is pre-

dominantly concerned with barriers presented by the cell itself. In an animal, the

delivery systems must also be concerned with supracellular barriers that restrict

the size of the drug delivery system to less than 100 nm in diameter. Larger par-

Fig. 2.1. Molecular and chemical structure of the DNA double

helix. Self-complementation of the helical strands is based on

the guanine (G)–cytosine (C) and adenine (A)–thymine (T)

Watson–Crick base pairs.
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ticles introduced in the body intravenously encounter all the blood constituents

and cannot cross the blood vessel walls. They are eliminated by hepatic or renal

uptake. Local administration, if possible, could circumvent the circulation prob-

lems, but particles still encounter barriers in the form of the extracellular matrix

that prevent cell accessibility to low-mobility particles. Ligand-mediated cellular up-

take might be size dependent as well. It was shown, for instance, that glycolipid-

containing liposomes with a size of 30–70 nm were effectively taken up by the asia-

loglycoprotein receptor in vitro and in vivo, whereas 90-nm particles were not [10].

The next step, intracellular trafficking and nuclear import, is also a size-restricted

process. It was shown by measuring cytoplasmic diffusion of microinjected fluo-

rescent DNA that DNA molecules larger than 1 kbp are essentially immobile.

Finally, assisted nuclear pore crossing through nuclear pore complexes (gates be-

tween the cytosol and the nucleus) was reported to be restricted to particles up to

39 nm. An ideal vector must interact with a plasmid in such a way to: (a) form par-

ticles of minimal size, (b) protect the DNA from nuclease degradation, (c) provide

efficient circulation properties in the host, (d) mediate cell-specific internalization,

(e) allow mobility in the cytosol and (f ) favor intracellular routing into the nucleus,

where the genetic material must be effectively liberated from carrier molecules

(Fig. 2.2).

The development of effective nucleic acid carriers must consider the above prop-

erties, while accounting for the chemical and physical properties of the therapeutic

DNA. Section 2.2 gives an overview of the chemical and physical properties of thera-

peutic DNA. Section 2.3 presents an approach to prepare DNA particles containing

a single DNA molecule (the minimal particle size possible) as well as their charac-

terization and properties. Section 2.4 presents strategies for the functionalization

of DNA particles and Section 2.5 presents an example of how to prepare DNA

nanoparticles with cancer cell targeting elements.

2.2

The Chemical and Physical Properties of Therapeutic DNA

DNA administrated into an animal (in vivo) must physically contact the surface of

a target cell before cellular uptake can occur. The stability, size and charge of the

therapeutic DNA coupled with the organization of host tissues into specialized or-

gans seriously complicates the accessibility of targeted cells.

First, native DNA in the blood stream is subjected to fast degradation. Upon

injection into a mouse vein, plasmid DNA is removed from the circulation and de-

graded within a few minutes by hepatic clearance at a rate almost identical to the

hepatic plasma flow rate (1.6 mL min�1) [11]. The delivery of DNA in either in vivo
or in vitro systems is further impeded by the immense mass of DNA that must be

delivered (Fig. 2.3). Not only is a gene almost 20 times heavier than the protein it

encodes, additional sequences must be added to enable in vivo handling and pro-

duction. To facilitate cellular activity the gene is then cloned into a plasmid, which

contains accessory sequences for expression in mammalian cells or cloning into
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bacteria. Typically, a recombinant plasmid is circular and around 5000 bp in

length, with a molar mass of more than 3 MDa. Finally, the polyanionic character

of the DNA deoxyribose–phosphate backbone prevents not only passive diffusion

across cellular membranes consisting of hydrophobic lipid bilayers, but also the

folding of the plasmid into a compact and globular tertiary structure. DNA prefers

to exist in a stiff helix that occupies a large volume, which considerably limits mo-

bility [12], particularly in the dense cytoplasm packed with intertwined filaments

[13]. Foreign DNA entering fast dividing cells in culture is more readily expressed

as it is possible that free and intact DNA plasmids, sitting immobile in the cyto-

plasm, are transported with chromosomes during mitosis and become incidentally

sequestered in the nuclei of daughter cells after reconstruction of the nuclear

membrane [14].

Fig. 2.2. Intracellular pathway for gene delivery. NPC: nuclear pore complexes.
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Theoretically, both in vivo biodistribution and intracytoplasmic trafficking of

a plasmid into a given nucleus is improved by the condensation of a single plas-

mid molecule. By calculation, the volume occupied by a plasmid corresponds to a

sphere approximately 25 nm in diameter. Single plasmid condensation into mini-

mal size particles may even permit gene delivery into nondividing cells as nuclear

localization signal peptide (NLS) sequences derived from the viral SV40 large tu-

mor antigen assist the entry of macromolecules as large as 39 nm in diameter

into the nucleus through nuclear pore complexes [15].

2.3

Preparation of Nucleic Acid Nanoparticles: Synthesis and Characterization

2.3.1

Rationale

Condensation of the worm-like DNA polymer into a dense particle does not only

enhance chemical stability, but additionally improves the dynamic properties of

Fig. 2.3. Comparison of sizes of a plasmid, a

virus and a cell. The length of a plasmid and

its worm-like behavior in solution, as

represented by electron microscopy, greatly

limits its diffusion properties. The natural

polymer is rather degraded. Optical

microscopy shows an epithelial cell in culture.

For its expression, the gene must contact the

cell, cross the plasma membrane, diffuse into

the cytoplasm and go into the nucleus without

being degraded. Its condensation in

specialized assemblies such as 80-nm viral

particles greatly improves its biodistribution

and transport into the cell nuclei.
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the polymer with a 104–105 decrease in the effective volume [16]. To give a macro-

scopic example, a firemen’s hose is best transported and handled in a condensed

state around a reel, even though the reel adds weight to the system. The compac-

tion of naked DNA into a dense particle is a highly unfavorable process due to the

electrostatic repulsion of the charged phosphodiesters distributed every 7 Å along

the backbone. The increase in electrostatic repulsion and competition with other

anions could be annihilated by additive effects of Coulomb’s interactions using

polycationic polymers [16] or cationic surfaces obtained by aggregation of cationic

amphiphiles into bilayers or micelles [17]. Although the number and variety of

cationic agents are infinite, the formation of DNA condensates is almost entirely

driven by electrostatic contributions. Fast kinetic associations of cationic materials

with the long DNA polymer typically yield the entrapment of several DNA plas-

mids and detailed mechanistic studies indicated that DNA condensation proceeds

through folding rather than winding. Overall, the nature of the cationic vector dic-

tates the supramolecular organization of the complexes, whereas the stoichiometry

and incubation conditions (temperature, ionic forces) impact the final sizes of the

DNA condensates [18]. Structural investigations using atomic force microscopy

[19, 20] or electron microscopy [21] showed that DNA–cationic polymer complexes

display a toroidal or spherical structure of 40–100 nm in diameter. Interaction of

DNA with cationic lipid organized in bilayers produces DNA sandwiched into la-

mellar phases (Fig. 2.4). On the other hand, DNA–cationic lipid complexes adopt

an inverted hexagonal phase structure in the presence of DOPE, a lipid well known

to induce an inverted hexagonal phase in solution because of its conical shape (Fig.

2.4) [22]. The large contribution of electrostatic interactions also impacts on the

colloidal stabilities of these particles. Additional aggregation occurs when ionic sur-

faces become shielded by other ions (such as physiological conditions) or when the

vector/DNA charge ratio approaches the isoelectric point [23, 24]. For transfection

into cultured cells, large and positive complexes are advantageous because they

sediment onto cells and enter cells by adhesion to ubiquitously expressed anionic

receptors present on the cell membranes [25]. Cationic DNA nanoparticles are cur-

rently being evaluated for clinical applications [26, 27]. Covalent conjugation of a

layer of polyethylene glycol (PEG) onto surfaces greatly enhances the stability and

lifespan of biomaterials in the bloodstream [28] or in nasal mucosa [29] by its hin-

drance and inertness. Inclusion of cell-targeting motifs has further been demon-

strated to improve gene delivery to tumors [30] or to liver [31]. Covalent prosthetic

groups may interfere with proper DNA condensation [32], complicating these

modifications. Theoretically, drastic improvements could be achieved by lowering

further the size of the delivery systems to the minimal size (a particle containing

a single plasmid) [33].

Cationic detergents, such as cetyltrimethylammonium bromide (CTAB) (see Fig.

2.9 below), have been reported to condense DNA plasmids into homogeneous par-

ticles consisting solely of a single plasmid [34]. The formation of these complexes

is governed by electrostatic interactions between a single surfactant cationic head

and the DNA phosphate group. This initial bimolecular adhesion is immediately

followed by aggregation of the surfactant in a highly cooperative manner, leading
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to single DNA plasmid collapse. However, fast equilibration between monomeric

surfactants and micelle domains produces a fast destabilization of surfactant–

DNA complexes upon dilution or addition to cellular bilayer membranes.

An appealing solution to this problem is to combine the favorable features of cat-

ionic surfactants for DNA condensation and cationic lipids for assembly stability.

The chemical transformation of a cationic detergent into an amphiphile within a

DNA–vector complex should lead to stable and monomolecular DNA particles. A

chemical transformation of this type must remain inert toward the proximal DNA

plasmid to ensure the integrity of genetic information. The air-oxidation of two

thiols into a disulfide is a suitable answer and has the additional benefit that

thiol-based cationic detergents are readily synthesized.

The proof of this concept was demonstrated by Blessing et al. using a cationic

detergent containing a cysteine and a C10 alkyl chain (C10CysG
þ) (Fig. 2.5) [35,

36]. A plasmid was first condensed with a cationic detergent having a free thiol.

The concentration of the detergent was kept slightly below its critical micellar con-

Fig. 2.4. Structure of DNA–cationic lipid complexes in lamellar

and inverted hexagonal phases. The inverted hexagonal phase

is a consequence of the high content of DOPE (70%) in the

lipid phase. (Adapted from Ref. [22].)
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centration to protect polycationic surfaces from micelle formation and the entrap-

ment of more than one plasmid. Under these conditions, individual phosphate

neutralization of the plasmid yields favorable hydrophobic association of detergent

molecules into micelle–DNA complexes and the increased concentration of thiol

groups around the collapsed DNA polymer in turn favors intracomplex detergent

dimerization. According to this theory, oxidative detergent dimerization is expected

to be prone to a template effect from the DNA. Kinetic studies confirm this theory

– an enhanced thiol oxidation rate was observed in the presence of plasmid DNA

(Fig. 2.6).

Upon dimerization of the detergent C10CysG
þ, single plasmids of 5.6 kbp are

condensed into a homogeneous population of spherical liponucleic assemblies

with a mean diameter of 25G 4 nm as determined by transmission electron mi-

croscopy. A rough calculation using the volume occupied by a plasmid of 5.6 kbp

and 1:1� 104 detergent molecules (the charge equivalent) yields a spherical assem-

bly with a diameter of 28 nm, confirming monomolecular collapse of the plasmid

into a single particle. Moreover, diameters of particles resulting from detergent-

mediated aerobic collapse of supercoiled pCMVLuc (5.6 kbp) as well as linear

phage l (48 kbp) and phage T4 (166 kbp) were measured by laser light scattering

(Fig. 2.7). Particle diameters plotted against the cubic root of the number of DNA

base pairs fit a straight line crossing the origin. Since the volume of a sphere varies

as the cube of its size, this result provides further evidence of DNA monomolecu-

Fig. 2.5. Formation of stable 25 nm diameter globular

assembly containing a single DNA plasmid. The plasmid is

condensed by a thiol-containing detergent (C10CysG
þ) and the

resulting particles are stabilized by template-assisted oxidation

of the thiol functions into disulfides.
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lar collapse. Interestingly, the z potentials of (C10CysG
þ)2–DNA complexes were

found to be negative (�45 to �40 mV) at the isoelectric point. This particular pro-

perty may be explained by the fact that the DNA backbone constitutes the interface

between the aqueous phase and a frozen micellar core. A negative z potential also

suggests that charge repulsion of the nanoparticles may account for the observed

colloidal stability. Unfortunately, this short-chain cysteine detergent C10CysG
þ and

its corresponding gemini cysteine-lipid proved unsatisfactory for biological applica-

tions, but led to further investigation of novel ampiphiles.

2.3.2

Synthesis, Characterization and Optimization of Surfactants

The design of a dimerizable detergent must be tuned so the critical micellar con-

centration for its monomeric form exceeds the DNA phosphate concentration to

elicit monomolecular plasmid collapse. Additionally, once oxidized, the gemini sur-

factant must also exhibit a low solubility to enable stability in biological conditions.

Exploration of dimerizable detergents with the above qualities was accomplished

by preserving the cysteine as the reactive agent, but with modification to the polar

head group and hydrocarbon chain length. Solid-phase synthesis is well adapted

for this investigation and provides a mean for the preparation of a large number

of different surfactants (Fig. 2.8) [37].

Fortunately, knowledge of surfactant behavior reduces the possible molecules to

only a small quantity (Fig. 2.9). Changing the polar head group to ornithine (two

positive charges) or spermine (four positives charges) increases both DNA affinity

and detergent solubility (e.g. the critical micellar concentration), while lengthening

the hydrocarbon chain, in turn, favors an increase in surfactant association and off-

Fig. 2.6. Oxidation of C10CysG
þ occurs faster in the presence of template DNA.
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sets the increase in solubility (Table 2.1). Typical plasmid concentrations for gene

delivery experiments are in the 10–50 mM range, suggesting that C14CO (critical

micellar concentration ¼ 45 mM) is the most likely surfactant/gemini lipid candi-

date for effective monomolecular plasmid condensation [38].

Fig. 2.7. Particles sizes vary as the cubic root of the DNA size,

adding more evidence to DNA monomolecular collapse.

Particle diameters were determined by light scattering.
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Validation of the C14CO detergent for stable DNA nanoparticle formation was

accomplished by employing a circular 5.6-kbp DNA plasmid with the surfactant at

1/1 charge ratio close to the isoelectric point. The complexes stabilized via DNA-

templated air oxidation of the free thiol groups. A gel-retardation assay was used

to assess complex formation between plasmid DNA and cationic surfactant

(Fig. 2.10). Upon application of an electrical field, molecules or complexes move

through the agarose gel at a rate proportional to their charge, but inversely propor-

tional to their volume. Examination of the DNA particle cohesion by agarose gel

electrophoresis resulted in a single band with an increase in electrophoretic mobil-

ity with respect to the naked plasmid. This result provides evidence that these par-

ticles are highly stable in an electric field, where reversible electrostatic interactions

would easily be destroyed. Charge neutralization of the DNA phosphate groups

and an increase in molecular mass due to the addition of the surfactants should

yield a slower migration. However, when one considers that naked DNA tends to

move through agarose gel in a snake-like motion, the compaction of the plasmid

into a small globular structure can speed migration as there is less entanglement

with the gel matrix [37].

Fig. 2.8. Solid support synthesis of the

cationic detergent C14CO. Inset: preparation of

protected cysteine. (a) 2, DIEA, CH2Cl2; (b)

20% piperidine, DMF; (c) Bis-Boc-ornithine,

PyBOP, DIEA, DMF; (d) Pd(PPh3)4, CHCl3/

AcOH/N-methylmorpholine (37:2:1); (e)

tetradecylamine, PyBOP, DIEA, DMF; (f ) TFA.

(Adapted from Ref. [37].)
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Fig. 2.9. Structure of cationic surfactants.

Tab. 2.1. Parameters describing the stabilities of surfactant–DNA complexes

Critical micellar

concentration (mM)[a]
Critical aggregation

concentration (mM)[a]
DG

(kJ molC1)[b]

CTAB 250 5 �28.0

C10CysG
þ 100 2.5 �29.5

(C10CysG
þ)2 0.4 �33.6

C14CO 45 1 �31.9

(C14CO)2 0.0001 �45.8

C12CO 100

C16CO 20

C14Csper 150

aThe critical micellar concentration and the critical aggregation

concentration are measured in HEPES 20 mM, pH 7.4.
bDG is the free energy associated with the binding of the surfactant to

DNA. Data adapted from Ref. [40].
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2.3.3

Organization of the Surfactant–DNA Complexes

Lipid/surfactant domain stabilities can be further evaluated from examination of

morphologies within the lipid phase of DNA complexes. The presence of order

within DNA particles indicates strong DNA packing and, by extension, quasi-

irreversible amphiphile aggregation. Transmission electron microscopy of oxidized

(C10CysG
þ)2–DNA complexes resulted in a homogeneous population of nearly

spherical objects that do not display an internal orderly structure (Fig. 2.11). In

contrast, oxidized (C14CO)2–DNA particles appeared as a population of 25 nm di-

ameter spheroids that display variable texture from one particle to an other. The

irregular particle texture appears to be a consequence of close DNA packing in-

duced by quasi-irreversible (C14CO)2 associations into tubes. A similar ultrastruc-

ture was observed previously with lipoplexes formed with another polycationic

lipid (Transfectam) [39].

2.3.4

Quantification of the Stability of Surfactant–DNA Complexes

Association of detergents/amphiphiles with a plasmid can further be characterized

by determination of the critical aggregation concentration [40]. The critical aggre-

Fig. 2.10. Agarose gel electrophoresis of (C14CO)2–plasmid

complexes and schematic explanation of the difference in

mobility.
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gation concentration corresponds to the concentration of free surfactant necessary

to initiate the formation of a micelle like domain on the DNA template. This value

depends both on the affinity of the cation for DNA phosphate and the ability of the

lipid chain to form micellar structures (characterized by the critical micellar con-

centration). Using fluorescence quenching of the DNA intercalating agent YOYO-1

upon DNA condensation, critical aggregation concentrations of 1, 2.5 and 5 mM

were obtained for C14CO, C10CysG
þ and CTAB, respectively. These values followed

the same trend as the critical micellar concentration, but shifted to lower values (by

a factor of 40–50), highlighting the critical role played by electrostatic interactions

in the DNA condensation around micelle domains. The stabilities of the gemini

surfactant after DNA-assisted oxidation could be also quantified by determination

of theirs critical aggregation concentration. The critical aggregation concentration

of the dimeric surfactant (C10CysG
þ)2 is still in the micromolar range and is re-

duced only by a factor of 3 by comparison to the critical aggregation concentration

of the corresponding monomer. On the contrary, the critical aggregation concentra-

tion of the dimeric (C14CO)2 falls in the nanomolar range and is dramatically re-

duced by a factor of 103 by comparison to the critical aggregation concentration of

the monomeric C14CO.

One critical aspect in the use of surfactants for gene therapy is the stability of

the DNA–surfactant complexes during dilution in the cell culture medium and in

the presence of cellular plasma membranes. External and internal leaflets of the

plasma lipid bilayer are modeled by using either neutral or anionic lipid vesicles.

Surfactant displacement from DNA complexes into bilayers induces, in turn,

DNA decondensation that can be easily monitored using fluorescence probes (Fig.

2.12). With CTAB–DNA and (C10CG
þ)2–DNA complexes, the addition of anionic

lipid vesicles, and to a lower extend neutral lipid vesicles, leads to almost com-

plete DNA decondensation. In contrast, the addition of both types of vesicles to

(C14CO)2–DNA particles is unable to induce DNA release, confirming the stabil-

ities of these particles and their putative biomedical applications.

Fig. 2.11. Morphology of surfactant–plasmid complexes.

Observation was performed by electron microscopy and

complexes were stained with uranyl acetate.
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2.4

DNA Functionalization for Cell Recognition and Internalization

2.4.1

Strategies for Functionalization

Preparation of nanometric DNA vehicles with the minimal size is necessary, but

not sufficient, for gene delivery. (C14CO)2–DNA nanoparticles have overall negative

surfaces and are unable to anchor to cell membranes. As a consequence, they do

not transfect cells. The use of such scaffolds requires various components for cell-

specific internalization. The decoration of surfactant–DNA complexes with compo-

nents can be accomplished by anchorage within the hydrophilic surfactant core of a

lipid bearing a selected ligand or by anchorage to DNA itself. Characterization of

stabilized micelle–DNA complexes indicates that the plasmid is at the surface of

the particles, which allow possible anchorage to DNA.

The view that DNA is only a polyanionic polymer is in reality a gross oversimpli-

fication. Multiple factors such as base stacking, Watson–Crick hydrogen bonding

and sugar conformation enable two negatively charged strands of DNA to anneal

into the classical B-form helical duplex (Fig. 2.13). The DNA helical structure af-

fords the binding of other molecules by three common motifs. Without disrupting

the Watson–Crick base pairing, planar aromatic molecules are able to intercalate

between base pairs. The availability of hydrogen bond donors and acceptors in the

major groove allows for triple helix formation via Hoogsteen base pair formation.

Fig. 2.12. Stability of surfactant–DNA complexes upon

interactions with bilayer membranes. (Adapted from Ref. [40].)
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Likewise, the shallow minor groove enables binding of small molecules such as

distamycin or Hoechst 33258 [41].

2.4.2

Intercalation

Several planar aromatic small molecules are able to intercalate into the DNA du-

plex [2]. Intercalation occurs generally where the base-pair stacking association is

higher and produces a sequence preference binding in between stacked 5 0-GC-3 0

base pairs. The affinity of a single intercalator is relatively weak (in the micromolar

range). Kinetic analysis indicates that intercalation is in the millisecond range and

is preceded by fast diffusion binding at the outside of the double helix, presumably

by interaction in the minor groove. Dimerization of two intercalating agents in-

creases the stability of intercalation to where bis-intercalators are able to be used

to fluorescently tag DNA duplexes for cellular trafficking studies [42].

The quasi-irreversible properties of intercalation have been exploited to function-

alize plasmids with transferrin, a protein that is understood to facilitate cellular en-

try via receptor-mediated endocytosis (Fig. 2.14) [43]. Human transferrin tethers

two identical carbohydrate chains attached by N-glycosylation to asparagines 413

and 611, where the glycans are composed of a mannotriosidodi-N-acetylchitobiose

core bearing two N-acetylneuraminyl-N-acetyllactosamine units. The glycans do

Fig. 2.13. DNA recognition by molecules may

use (a) the major groove with formation of

Hoogsteen base pairs, (b) the phosphate

backbone by electrostatic interaction, (c) the

minor groove by shape recognition or (d) base

pair stacking with intercalation. Alternatively,

one strand could be invaded with polymer

forming novel Watson–Crick base pairs.

38 2 Nucleic Acid Nanoparticles



not have any known involvement or influence on cell surface receptor binding and

thus have the potential for exploitation as spacers for the site-specific attachment

of nucleic acid-binding domains. Within the sugar chain, the terminal N-acetyl

neuraminic acid has vicinal diols that are readily oxidized by sodium periodate,

producing a transferrin displaying aldehyde groups. Reductive amination of the al-

dehydes with a bis-intercalating ethidium homodimer results in a new transferrin

covalently linked to a DNA high-affinity anchor. Although anchorage efficiency was

not fully characterized, DNA–transferrin conjugate complexes were observed to en-

ter cells by endocytosis, presumably after transferrin binds to its corresponding cel-

lular membrane receptor.

2.4.3

Triple Helix Formation with Oligodeoxyribonucleotides

In 1987, Claude Hélène’s and Peter Dervan’s research groups simultaneously

demonstrated that oligodeoxyribonucleotides form stable sequence-specific triple

Fig. 2.14. Selective conjugation of a strong DNA binding

intercalator to the two glycosylation sites of transferrin (Tf ).

(Adapted from Ref. [43].)
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helices in the major groove of DNA duplexes under conditions close to physiologi-

cal conditions [44, 45]. DNA triplex formation obeys specific rules imposed by

structural constraints; consequently, only a few sequences are viable targets for tri-

plex formation. (Fig. 2.15).

Specifically, homopurine tracts are required for the third strand homopyrimidine

to bind via Hoogsteen hydrogen bonds. This binding motif yields the third strand

in a parallel orientation to the homopurine strand in the duplex. Additionally, ho-

mopurine stands can specifically bind with homopurine tracts in an antiparallel

fashion by forming reverse Hoogsteen-type hydrogen bonds between the same

nucleobase (recognition of dG by dG and dA by dA) [46]. Thermodynamic and ki-

netic parameters indicate that selected triplex-forming oligonucleotides of about 20

nucleotides have high affinities for their corresponding duplex targets. In particu-

lar, a 24 mer homopurine sequence coupled to the NLS forms a stable triplex with

a target duplex at intracellular potassium concentrations with a residence time of

24 h (Fig. 2.16) [8].

DNA third strand–NLS conjugates have further been exploited to functionalize

plasmids specifically cloned with several triplex host sequences. Although cova-

Fig. 2.15. DNA recognition from the major groove by triple

helix formation with an oligonucleotide forming Hoogsteen or

reverse Hoogsteen base pairs.
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lently functionalized plasmids are not the ideal constructs for gene delivery, triple

helix formation may provide a mechanism to sequence specific covalent attach-

ment to plasmids at unread sequences [47]. Covalent sequence-specific peptide

conjugation employing triplex formation was accomplished using a psoralen–

DNA–peptide conjugate. After triplex formation, the psoralen was in the correct

location to adduct formation of a site-specific peptide–DNA conjugate by UV

activation.

2.4.4

Peptide Nucleic Acids (PNAs)

A PNA is an oligonucleotide analog in which the phosphodiester–sugar backbone

is replaced by a polyamide composed of a repeating N-(2-aminoethyl)-glycine unit

(Fig. 2.17). The nucleobases are attached to the polyamide through methylene

carbonyl linkers to produce a polymer remarkably isomorphic in terms of geome-

try and spacing in comparison to native oligonucleotides. The neutrality of the

polyamide favors hybridization to target DNA sequences compared to the charge

repulsion of native duplex formation. Plasmid denaturation and annealing in the

presence of PNA enables sequence specific PNA hybridization via Watson–Crick

base pairing and displacement of the complement strand.

Branden et al. conjugated a NLS peptide to a PNA strand that hybridized to 11

Fig. 2.16. Conjugation of a NLS peptide (–PKKKRV–) to a

plasmid by triple helix formation. The system requires the

preparation of the plasmid with tags for triplex formation in

unread regions of the plasmid.
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sites previously cloned into a plasmid containing the gene for the green fluorescent

protein (GFP). The NLS–PNA conjugates were docked by a heat-induced denatura-

tion of the plasmid (hybridization by strand displacement), and the (NLS–PNA)11–

plasmid complexes were delivered into cells using polyethylenimine (PEI) or a ca-

tionic lipid formulation. Transfection efficiency was increased 8-fold with respect to

the untagged plasmid [48]. Recently, Vaysse et al. reported the employment of a

NLS–PNA conjugate for strand invasion at room temperature via a triple-helix

motif [49]. Unfortunately, delivery of stable plasmid–NLS–PNA complexes by cat-

ionic lipids has not significantly improved gene delivery efficiency when compared

to plasmid–PNA complexes lacking NLS peptides. Apart from nuclear targeting,

PNAs have also been used to tether transferrin to plasmids [50], where condensa-

tion of a plasmid–transferrin–PNA complex with the proton sponge PEI enhanced

enzymatic expression of the luciferase gene, a standard reporter, about 4-fold over

the plasmid–PEI complex. Competition studies using excess free transferrin re-

sulted in lower transfection, suggesting that DNA–transferrin–PNA–PEI com-

plexes mediated this improvement by binding to the transferrin receptor.

2.4.5

Interactions of DNA with Fusion Proteins

Recent progress in biotechnology has enabled the design and production of a varie-

ty of fusion proteins, where either whole or subunits of differing proteins have

Fig. 2.17. Size comparison between a natural DNA strand and

its isomorphic ‘‘peptide nucleic acid’’ based on a N-(2-

aminoethyl)glycine backbone. B: nucleobase.
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been cloned together to produce a chimeric protein. Chimeric proteins including

cell-anchorage domains, fusogenic peptides, NLS sequence or DNA condensation/

recognition elements have been prepared and evaluated as gene delivery agents

[51]. Unfortunately, most of the time, in vitro reconstruction of viral particles

from protein and nucleic acid does not lead to single DNA condensation or nano-

metric nucleic acid particles [52], but rather to precipitates. Immune response in-

duced by proteins in the host seriously limits the large-scale utilization of exoge-

nous protein [6]. Nonetheless, host-derived protein (as in the case of transferrin)

or protein that could be buried within the particles when immune effectors are

present, but exposed in the cytoplasm to assist in passage through nuclear pores,

could be used. In one study, the fusion between the TetR protein and the NLS

peptide exploited the high affinity of the TetR to bind to a short palindromic DNA

sequence and the nuclear import capacities of the NLS peptide [49]. Similar to the

previous experiment (Fig. 2.16), binding sites for the fusion protein were cloned

into a plasmid for NLS anchorage. Gel-shift assays resulted in a lower electropho-

retic mobility of the plasmid in the presence of the fusion protein, providing evi-

dence that the TetR protein retains the ability to bind with DNA when conjugated

to the NLS peptide. In addition, improved cationic lipid-mediated delivery was ob-

served in mitosis-arrested cell cultures, suggesting that intracellular trafficking to

the nucleus mediated by the NLS peptide is improved.

2.4.6

Agents that Bind to the Minor Groove

The high sequence specificity of PNA, triplex forming oligodeoxynucleotides and

proteins to corresponding DNA sequences requires cloning of a target or tag

sequence into a nonfunctional section of the plasmid. This hinders not only the

target sequence, but further limits the number of elements present on the DNA

plasmid. Agents that bind to the minor groove such as distamycin or bisbenzimi-

dazole may overcome the need for tag sequences as they bind with less sequence

specificity. Although bisbenzimidazole or distamycin binds in the DNA minor

grove with high affinity to AATT sites (dissociation constants in the nanomolar

range), they also ramp along the DNA minor groove. Additionally, linking several

DNA minor groove binding modules by aliphatic spacers increases DNA duplex af-

finity and interaction time, but with degenerated sequence selectivity [53].

2.5

DNA Nanoparticles: Sophistication for Cell Recognition and Internalization

2.5.1

Preparation of DNA Nanoparticles Enveloped with a Protective Coat and Cell

Internalization Elements

The necessity of DNA protection from aggressive media, such as the blood, de-

mands, at first, particles to be coated with multiple elements. Among the above-
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mentioned possible DNA anchors, minor groove agents may prove to be the

best choice for noncovalent functionalization of the DNA plasmid with the cell-

targeting element. Zuber et al. prepared a minor groove binding anchor (Fig. 2.18,

1) to equip plasmid with folic acid for cell internalization through the folate recep-

tor and PEG to protect the plasmid from degradation in the bloodstream [54].

A distamycin analog and two bisbenzimidazoles were linked by disulfide bond

formation, as the presence of disulfide bonds permits the reversion of the anchor-

age in the cytoplasm by oxidation from glutathione, an intracellular reducing

agent. Disulfide bridge cleavage should in turn lead the dissociation of the pros-

thetic group from the plasmid and therefore facilitate a higher level of expression.

The interaction of 1 with a plasmid of 5.5 kbp was analyzed by agarose gel elec-

trophoresis (Fig. 2.19). Plasmid mobility was reduced and a decrease in ethidium

bromide staining was observed in a concentration-dependent manner, suggesting

that 1 effectively binds with the plasmid. To test the reversion of the binding in the

cytoplasm, glutathione was added to the plasmid–1 complex in solution, resulting

in almost complete restoration of plasmid electrophoretic mobility and ethidium

bromide staining. The presence of the still-retarded plasmid in lane 4 suggests

that some residual bisbenzimidazoles bind to the plasmid; nevertheless, the bind-

ing studies indicate the feasibility of release in the cytoplasm.

A PEG–folic acid coat of nanometric DNA particles should not only enhance sta-

bility, but further provide cell-targeting and internalization properties. The prepara-

tion of monomolecular DNA particles by condensation with lipid-based detergents

as previously described in this chapter was accomplished with 1/1 charge equiva-

Fig. 2.18. Structure of the DNA anchor 1.
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lents of the cationic detergent C14CO to the plasmid (see Fig. 2.4). After oxidation

of the detergent thiols to disulfides, the electrophoretic mobility of the particles

through agarose gel was observed to be faster than the corresponding naked DNA

(Fig. 2.19). While addition of the PEG–folic acid coat somewhat decreased elec-

trophoretic mobility, competition experiments with excess DNA confirmed quasi-

irreversible binding of 1 with the plasmid. Finally, PEG–folate-enveloped DNA

particle morphology was observed by transmission electron microscopy. Complexes

appeared as a homogeneous population of compact spherical particles with an

average diameter of 35 nm. Assuming full DNA association, enveloped particles

prepared as in Fig. 2.11 (lane 7) are coated with around 360 molecules of the

PEG–folate conjugate, which corresponds to approximately one PEG polymer

every 10 nm. This polymer density is sufficient for polymer overlapping onto the

surface (termed ‘‘weakly overlapping mushroom regime’’), [55] and hence should

provide both stealth delivery properties and folate receptor-binding properties to

the particles.

Fig. 2.19. Agarose gel electrophoresis shows

complex formation between DNA plasmid, the

cationic detergent C14CO and compound 1.

Plasmid was mixed with increasing amount of

1 as indicated. Lane 4: DNA–1 complexes were

incubated with glutathione for release test.

Lanes 5–8: nanometric DNA–(C14CO)2
particles were prepared as described in

Fig. 2.4. After overnight incubation, coverage

was effected simply by addition of 1 to the

particles. Lane 8: a 1-h incubation of the

complexes with excess DNA does not displace

the anchor. Transmission electron microscopy

image of the final DNA–C14CO–1 complexes

shows monomolecular DNA condensation into

compact particles. (Adapted from Ref. [54].)
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2.5.2

Biomedical Application: Cell Targeting and Internalization Properties of

Folate–PEG-coated Nanoparticles

The abilities of folate–PEG-enveloped DNA particles to carry genes into carcinoma

cells were examined using flow cytometry and confocal microscopy (Fig. 2.20). KB

cells derived from a human nasopharyngeal cancer were chosen as targets because

they conditionally express a large number of folic acid receptors upon folic acid

starvation. The (C14CO)2–DNA particles were labeled with the fluorescent DNA in-

tercalating dye YOYO and incubated 3 h with the KB cells that expressed large

quantity of folate receptors (about 106 receptors per cell). Flow cytometric analyses

show an increased in fluorescence binding to cells with folate–PEG-coated nano-

particles in comparison to untreated cells. To examine whether cell anchorage was

followed by endocytosis, the cellular fate of the DNA nanoparticles was observed by

confocal fluorescence microscopy. As shown in Fig. 2.20, complexes were internal-

ized in cell perinuclear compartments that very much resemble lysosomes.

2.6

Concluding Remarks

Following initial findings from over a decade ago that cationic lipids and polymers

carry genes into eukaryotic cells, a lot of effort has been dedicated to improve trans-

fection efficiency by structural modification of the carriers. Exploration of classical

pharmacological methods (such as structure and function) has led to molecules ca-

pable of transfecting fast dividing cells in culture at a multiplicity of infection of

about 106 gene copies per cell. Their ease of handling as well as their general effi-

ciency for almost all adherent cell lines has made them common tools in cellular

Fig. 2.20. (C14CO)2–DNA–1 complexes

specifically bind to folate receptor-presenting

KB cells. Cells were incubated for 3 h with

fluorescent DNA complexes. FACS analyses

indicated cellular binding. A Complementary

experiment using confocal microscopy

indicated that the complexes (darker spots) are

further internalized into endosomes.
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biology. Today, these vectors remain far too simple for in vivo gene delivery; the

prerequiste to gene therapy. Efforts are currently being made to stabilize these

DNA–vector ‘‘nanoparticles’’ in the 100- to 1000-nm range with an inert coat and

to equip them with targeting elements [33]. As discussed in this chapter, size

restriction of the DNA delivery vehicles is crucial for diffusion in vivo. Chemical

solutions were found to condense DNA into stable particles with the minimal size

(single plasmid condensation). In turn, vehicles incorporating fewer copies of ef-

fectors need more activity and specificity. Strategies developed for tethering novel

functions onto DNA–surfactant complexes had allowed the preparation of DNA

particles having key viral properties such as stability and small size for diffusion

and ligands for receptor-mediated endocytosis. However, at this stage, key parame-

ters such as endosome escape or nuclear import are still missing. The pending

challenge is in adding these extra functions to the DNA delivery vehicle without

interfering with all the other ones. Development of supramolecular systems is still

in its infancy and will definitely benefit from a better understanding of biochemis-

try of the cell and how macromolecules interact together to produce wanted events.

Gene therapy relies on the development of effective multicomponent delivery

vectors. Following initial findings from over a decade ago that cationic lipids and

polymers can facilitate gene transportation into eukaryotic cells, a great deal of ef-

fort has been dedicated to improve transfection efficiency by structural modifica-

tion of the carrier. Exploration of classical pharmacological methods (such as struc-

ture and function) has led to molecules capable of transfecting fast dividing cells in

culture at a multiplicity of infection of about 106 gene copies per cell. Their ease of

handling as well as their general efficiency for almost all adherent cells lines has

made them common tools in cellular biology. The size of a DNA plasmid limits

the number of gene copies in delivery vehicles for achieving cell contact in an or-

ganism. As discussed in this chapter, stable nanoparticles consisting of a single

DNA plasmid can be prepared, and even coated with some functional elements

for cell targeting and internalization. Today, DNA nanoparticles are still inefficient

in escaping endosomes and require further sophistication. The next obstacle to

overcome is the disruption of endosomal membranes, most likely facilitated by

the attachment of endosomal disrupting agents such as DOPE or fusogenic

peptides. Needless to say, DNA delivery systems with the smallest size incorporate

fewer copies of effectors. The implication is that effectors should be more active

and specific. The development of nanometric supramolecular systems capable of

effective in vivo gene delivery is still in its infancy, and will benefit from a better

understanding of cellular biochemistry and the interactions between constructed

nanoparticles and cellular components.
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3

Lipoplexes

Sarah Weisman

3.1

Introduction

The introduction of nucleic acids into cells, either plasmid DNA for gene expres-

sion or antisense oligodeoxynucleotides (ODN) or small interference RNA (siRNA)

for gene silencing, is a valuable tool for biological research and a promising

therapeutic treatment for genetic disease. The prevalent means of transport for

gene therapy is the use of viral vectors [1]. A synthetic alternative, cationic lipid-

mediated nucleic acid delivery (lipofection) [2], has been intensively studied over

recent years [3–7]. Lipofection has low efficiency compared to viral vectors, but its

advantages include negligible immunogenicity, ease of large-scale production and

no limit on the size of the gene transported. Eighty-seven clinical trials of gene

therapy via lipofection are currently in progress, aiming to treat cystic fibrosis, ar-

terial disease and many types of cancer [8].

Mixing anionic nucleic acids with cationic lipids leads to spontaneous self-

assembly of ordered aggregates known as lipoplexes. Lipoplexes have great poten-

tial, but our understanding of the mechanisms of lipoplex function is still incom-

plete. This chapter will give a brief overview of the current state of knowledge

about lipoplexes, with special attention to their microscopic structure, and the rela-

tionships between structure and delivery efficiency. The chapter will first address

the composition, structure and function of DNA lipoplexes, and then discuss

ODN and siRNA lipoplexes in terms of their differences from DNA complexes.

3.2

DNA Lipoplexes

3.2.1

Composition

Cationic lipids do not usually occur in nature, but a wide variety of lipids have been

synthesized for the purposes of gene therapy. Cationic lipids contain a cationic
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head group, a linker and a hydrophobic moiety, most often two hydrocarbon

chains. The effects of variations in lipid structure on the properties of lipoplexes

have been recently reviewed elsewhere [7, 9]. The chemical structures of some pop-

ular cationic lipids from different families are presented in Table 3.1.

Cationic lipids are often combined with neutral (helper) lipids in order to im-

prove lipofection efficiency. The presence of helper lipids can tune the surface

charge density, the preferred microstructure and the stability of lipoplexes. The

chemical structures of the three most common helper lipids are presented in Table

3.1. Mixed cationic–neutral lipid systems self-assemble in aqueous solution, usu-

ally forming liposomes, which are bilayer membranes closed in upon themselves

(Fig. 3.1).

Mixture of anionic DNA with cationic liposomes in aqueous solution leads to

spontaneous and nearly instantaneous complexation. The DNA–lipid interaction

is endothermic [10, 11]; the driving force for lipoplex formation is the entropy

gain from the release of bound counterions [12] and water molecules [13]. The

process of lipoplex formation is shown schematically in Fig. 3.1.

DNA in lipoplexes is located in close contact with the lipids and can neutralize

the cationic lipid head group charges [14]. In positively charged complexes (with

an excess of lipid) the DNA is fully protected from degradation by nucleases or in-

teraction with fluorescent dye [15, 16]. Hence, we infer that DNA is condensed and

encapsulated within lipoplexes.

3.2.2

Nanostructure and Microstructure

3.2.2.1 Equilibrium Morphology

There are two known supramolecular structures adopted by DNA lipoplexes at

equilibrium. The lamellar phase consists of DNA molecules sandwiched between

cationic membranes [18, 19]. The inverted hexagonal phase contains DNA mole-

cules coated by monolayers of cationic lipid and arranged in a hexagonal matrix

[20, 21]. The different morphologies are shown schematically in Fig. 3.2.

The condensed lamellar (La
C) or ‘‘sandwich’’ phase is characterized by a constant

interlamellar water gap, w@ 2:6 nm, corresponding to the diameter of a DNA he-

lix surrounded by a thin hydration shell [18]. DNA organizes within the monolayer

as a lattice of parallel helices. As DNA molecules are rigid, with a persistence

length of around 50 nm, this is the only efficient packing regime. The interhelical

DNA spacing, d, is variable, depending on both the membrane charge density and

the DNA/lipid charge ratio. Under isoelectric conditions, with full neutralization of

lipid and DNA charges, d� ¼ e=ðl0sMÞ, where e is the electron charge, l0 is the dis-

tance between anionic charges on the DNA backbone and sM is the cationic mem-

brane charge density (dependent on the cationic/neutral lipid ratio). If the cationic

membrane includes helper lipids, DNA may induce lipid demixing. Cationic lipids

concentrate close to the DNA helices to achieve local charge matching [19].

The inverse hexagonal (HII
C) or ‘‘honeycomb’’ phase has a typical water tube di-

ameter of about 2.8 nm, sufficient to contain a hydrated DNA helix [20]. The DNA
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Tab. 3.1. Some popular cationic and helper lipids for lipofection

Name Structure Literature

hits [17]

Cationic lipids [7]

DOTAP 256

DC-Chol 113

DMRIE 59

DOSPA 16

Helper lipids [9]

DOPE 389

Cholesterol 243

DOPC 45
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is tightly and symmetrically enveloped, so this structure can provide very effective

charge neutralization. Adding DNA to lamellar lipid bilayers sometimes induces

the formation of an inverse hexagonal complex. This phenomenon occurs in soft

membranes with low bending rigidity, e.g. systems where short-chain alcohols

have been added as cosurfactants.

The preferred structure of lipoplexes consisting of two or more lipid species de-

pends on the packing geometry of the lipid components. Most lipids with two hy-

drocarbon chains are roughly ‘‘cylindrical’’, meaning that the cross-sectional areas

of their head group and their tail group are comparable. These lipids favor the

formation of planar bilayers. Thus, lipoplexes where all lipid molecules are cylin-

drical usually form only a lamellar complex. Some neutral lipids with small head

groups, e.g. DOPE, have ‘‘inverse conical’’ shapes and can promote the formation

of an inverse hexagonal phase.

Fig. 3.1. Schematic representation of lipoplex formation. (A)

Liposomes composed of cationic and neutral lipids. (B) DNA

random coil. (C) Condensation of DNA with lipids forms

lipoplexes. Complexation is driven by entropy gain due to

counterion release.

Fig. 3.2. Schematic representation of

equilibrium structures of lipoplexes. (A) The

La
C lamellar phase, promoted by cylindrically

shaped helper lipids. (B) The HII
C inverse

hexagonal phase, promoted by inverse conical

helper lipid molecules. In (A), w is the

constant interlamellar water gap, d is the

variable interhelical DNA distance and lipids

can locally demix to efficiently neutralize DNA

charge. (Adapted from Ref. [5].)
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Phase diagrams of DNA lipoplex systems have been constructed both experi-

mentally and theoretically [22–24]. In a mixed lipid system, increasing the mole

fraction of DOPE or a similar inverse conical helper lipid can drive a structural

transition from lamellar to inverse hexagonal lipoplexes. At high DNA/lipid charge

ratios lipoplexes coexist with free DNA and at low DNA/lipid charge ratios lipo-

plexes coexist with pure lipid phases. Lamellar lipoplexes can be negatively over-

charged at excess DNA ðd < d�Þ or positively overcharged at excess lipid ðd > d�Þ
and can accommodate different fractions of helper lipid, so there is a single-phase

La
C region over a range of component ratios. Inverse hexagonal lipoplexes have no

structural or compositional degrees of freedom, thus they only exist as isoelectric

complexes in equilibrium with other phases.

Some DNA lipoplex systems that form the condensed lamellar phase have dem-

onstrated three-dimensional interlayer correlations [25–27]. These occur if the cat-

ionic lipid membranes are flexible and can partially wrap around the DNA in order

to improve charge matching. This produces periodic membrane undulations, as

shown in Fig. 3.3. The orientation of DNA helices in different layers is correlated

and there is some positional coupling between DNA helices in different layers. The

range of the interactions depends on the membrane properties.

The size and sequence of DNA molecules apparently does not affect the lipoplex

microstructures formed [28]. The structure of DNA helices within lipoplexes re-

mains in a B-conformation, though in a variant form in which the base–base inter-

actions are perturbed [29].

3.2.2.2 Nonequilibrium Morphology

Lipoplex systems under conditions relevant for gene therapy often have not

reached thermodynamic equilibrium. Lipoplexes are usually prepared by adding

DNA to cationic liposomes. Direct imaging by transmission electron microscopy

(TEM) has demonstrated that this procedure can produce a variety of metastable

morphologies [30–33]. Slight differences in preparation conditions can apparently

cause large variations in the dynamics of complex formation.

Figure 3.4(b) shows a model mechanism for the formation of lamellar lipoplexes

[33]. The mechanism suggests that in the first step of complexation anionic DNA

coats the surface of cationic liposomes. Following this, liposomes adsorb, rupture

and roll over a host liposome, adding layers one by one to form a multilamellar

Fig. 3.3. Schematic representation of bilayer undulations and

interlayer DNA correlations within lamellar lipoplexes. The

lamellar repeat distance is denoted by h. (Adapted from Ref.

[5].)
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particle. This mechanism is in agreement with calorimetric measurements sug-

gesting that lipoplex formation is a two-step process [34]. A fast exothermic inter-

action corresponds to DNA binding to liposome surfaces and a slower cooperative

endothermic process is probably the reorganization of liposomes into lamellar

complexes.

Fig. 3.4. (Above) Cryo-TEM image of a

DOTAP/DOPC/DNA lipoplex with excess lipid.

Black arrowheads indicate liposomes adsorbed

to each other; black arrows mark pairs of

concentric membranes adsorbed to each other;

black double arrows indicate a stack of

concentric membranes adsorbed to each other;

white arrowheads mark parallel DNA helices

clearly visible between adsorbed membranes.

(Below) Model mechanism for interactions

between cationic liposomes and DNA. (A)

DNA coats a liposome. (B) Two liposomes

adsorb to each other. (C) One liposome

ruptures after deformation and (D) rolls over

the second liposome, yielding a pair of

concentric membranes adsorbed to each other,

possibly with an open membrane edge. Further

layers adsorb similarly. (Adapted from Ref.

[33].)
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Figure 3.4(a) shows an example of a polymorphous lipoplex, imaged at our labo-

ratory. The lipid composition of the system is expected to favor the lamellar phase

at equilibrium. Several of the intermediate stages in the model mechanism of lipo-

plex formation are observed. The prevalence of metastable structures is a function

of the time since preparation. It is also probably promoted by conditions of excess

lipid, causing a shortage of free DNA to drive the complexation process forward. In

systems with higher DNA charge ratios, multilamellar complexes form much more

quickly.

Some DNA lipoplexes have been found to form ‘‘spaghetti’’ tubule structures,

with individual DNA molecules coated by cationic lipid bilayers [30]. It has been

demonstrated that these structures are metastable [21]; they may be intermediates

in the formation of the inverse hexagonal phase.

3.2.2.3 Lipoplex Size

Lipoplex particles, with different compositions and under different preparation

conditions, range in size from around 100 nm to several microns. At low or high

DNA/lipid charge ratios the complexes are charged (with positive or negative z

potential, respectively), and their size is stabilized by electrostatic repulsions. At

charge ratios approaching the isoelectric point the z potential is near zero, and

lipoplexes undergo extensive and irreversible aggregation [35]. Size growth is

promoted by membrane defects that are believed to result from phase separations

between DNA–lipid lamellar domains and uncomplexed bilayers [36].

Increasing mole fraction of helper lipids increases lipoplex size [35]. This is

probably due to lower membrane charge density and thus weaker electrostatic

repulsions. A medium of high ionic strength masks electrostatic repulsions and

facilitates lipoplex growth [37].

Lipoplexes prepared from large cationic liposomes are larger than those prepared

from small liposomes [35]. The extent of lipoplex aggregation increases with time.

3.2.3

Lipofection Efficiency

3.2.3.1 In Vitro

Lipoplexes must surmount many barriers to successfully deliver DNA to the cell

nucleus. A diagram of the most likely mechanism of lipofection is shown in Fig.

3.5. The first stage is binding of a lipoplex to the cell due to nonspecific electro-

static interactions between cationic membranes and anionic proteoglycan residues

on the cell surface [38]. Cell association is enhanced for positively charged lipo-

plexes and for large aggregates, the latter probably due to a faster rate of settling

on the cultured cells [39]. The most efficient DNA/lipid mixing ratio for lipofection

is a moderate excess of cationic charge [40].

The primary pathway for lipoplex entry into cells is endocytosis [41, 42]. Fusion

of lipoplexes with the cell membrane also occurs, but there is no correlation be-

tween the degree of lipid mixing and the lipofection efficiency [43]. Possibly a fu-

sion event releases DNA outside the cell, or inside the cell, but too distant from the

cell nucleus.
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A recent report has demonstrated that small particles (200 nm or below) enter

cells mainly by clathrin-mediated endocytosis and larger particles (around 500

nm) by caveolae-mediated endocytosis, while very large particles (1 mm or above)

are not internalized at all [44]. Small particles are delivered to lysosomes for diges-

tion within a few hours, but larger particles have an extended residence time with-

in endosomal compartments, increasing their probability of escape into the cytosol

[44]. These results may explain the common empirical finding that lipoplex size

has a significant influence on transgene expression. There is an optimal lipoplex

size for greatest lipofection efficiency [35, 37, 45].

Release of lipoplexes from endosomal compartments is widely considered a rate-

determining step for lipofection. Efficient lipoplex formulations are able to escape

from endosomes, while inefficient formulations remain trapped [46, 47]. The en-

dosome membrane can be disrupted by lipid exchange or fusion with lipoplexes.

Inverse hexagonal phase lipoplexes are reported to fuse rapidly with anionic mem-

branes, disrupting the membrane and releasing DNA [20] and hexagonal lipoplex

structure has been correlated with efficient lipofection [48, 49]. Lipid mixing be-

tween cationic lipids and anionic lipids found in the endosomal membrane can

also induce local formation of a hexagonal phase, due to ion pair charge neutraliza-

tion [50, 51]. This destabilization of bilayers is hindered by the presence of cylindri-

cally shaped helper lipid, but is facilitated by inverse conical shaped helper lipid.

Formation of a nonbilayer phase in lipoplex–membrane mixtures appears to be

critical for efficient endosome escape [51].

Fig. 3.5. Schematic representation of the

most likely mechanism of lipofection. (A) A

lipoplex approaches the cell. (B) Adsorption to

the cell surface due to electrostatic

interactions. (C) Entry to the cell by

endocytosis. (D) Transport within an

endosome. (E) Fusion or disruption of the

endosome. (F) Release of DNA. (G) Entry to

the nucleus by intracellular trafficking.

(Adapted from Ref. [59].)
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A recent report has proposed that the barrier preventing lamellar lipoplex fusion

with the anionic endosomal membrane is kinetic rather than thermodynamic [47].

The height of the activation barrier depends on lipoplex membrane bending rigid-

ity and cationic charge density. Efficiency of lipofection increases exponentially

with membrane charge density to a plateau, where delivery efficiency of the lamel-

lar phase competes with that of the hexagonal phase [47]. Other studies have

suggested that increased membrane fluidity (decreased bending rigidity) enhances

lipofection efficiency [52, 53].

DNA may dissociate from lipoplexes during endosomal escape or intact lipo-

plexes may be released into the cytoplasm [54]. Direct microinjection of lipoplexes

into either the cytoplasm or the nucleus results in efficient complex dissociation,

so intracellular release of DNA is probably not a limiting step for lipofection [55].

Interestingly, microinjection of lipoplexes or naked DNA into the cytoplasm pro-

duces significantly less gene expression than endocytosis-mediated lipofection. En-

dosomes may play a role in lipofection by transporting the lipoplexes close to the

cell nucleus [3].

Transfer of DNA into the nucleus is a very inefficient process. Particles with di-

ameters of up to around 40 nm are able to enter the nucleus by active transport

through the nuclear pores [56], but most genes delivered by lipoplexes are much

larger than this. Shorter DNA molecules are correlated with increased lipofection

efficiency [28]. Dividing cell lines have an alternative nuclear access pathway, as

the nuclear envelope fragments during mitosis. Transgene expression is enhanced

immediately following mitosis [57], but the duration of the mitosis phase is only

around 1 h in a typical cell cycle of 24 h. DNA located in the cytoplasm is degraded

by nucleases, with a half-life of approximately 90 min [58].

In general, increasing the lipoplex dose administered improves lipofection effi-

ciency. However, this approach is limited by the toxicity thresholds of cationic

lipids [59–61]. Efforts to develop less-toxic lipid formulations for both in vitro
and in vivo applications are in progress.

In addition to the factors described here, lipofection efficiency also depends on

the interrelations between cationic/helper lipid formulation, DNA sequence and

target cell type. The reasons behind these effects are poorly understood.

3.2.3.2 In Vivo

The ultimate aim of research in the field of lipoplexes is to achieve effective

systemic delivery of therapeutic genes to humans. Unfortunately, lipofection effi-

ciency in vivo is much lower than in vitro, due to a number of extracellular barriers.

Intravenous injection of lipoplexes is followed by unfavorable interactions with

blood components and by highly restricted uptake to tissues.

Exposure of cationic lipoplexes to blood serum dramatically inhibits in vitro DNA
delivery in some systems [62, 63], but not others [64]. Serum does not displace

DNA from lipoplexes, but it reverses the z potential of the complexes due to

anionic serum proteins binding to lipoplex surfaces [63]. Incubation with low con-

centrations of serum can promote bridging and extensive lipoplex aggregation,

which is correlated with reduced in vivo lipofection efficiency. Incubation with
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high concentrations of serum yields homogenous coating of serum proteins and

sterically stabilizes lipoplex size [65].

Inclusion of inverse conical helper lipids in lipoplexes significantly reduces their

in vivo lipofection efficiency [66]. It has been reported that lipoplex structures of

this type disintegrate in serum, with penetration and binding of serum proteins

to all cationic membranes, inside and out [65]. This both exposes DNA to nucle-

ases in the blood and has detrimental implications for intracell processing. Even

in less extreme cases, serum can interfere with mixture between lipoplexes and

anionic liposomes, an analog of endosomal membranes [63]. In agreement, lipo-

plexes incorporating serum have been shown to fail to escape from endosomes [64].

Long-term incubation (above 30 min) of lipoplexes in blood causes partial degra-

dation of DNA, due to imperfect protection from nucleases [67]. However, this may

not be a significant effect, as more than 97% of lipoplexes have been cleared from

the blood within 5 min of intravenous injection into mice. At this time the major-

ity of lipoplexes are associated with the lungs, probably partially due to entrapment

in the extensive pulmonary microvasculature. Later a large fraction of lung lipo-

plexes relocates to the liver [67].

Lipoplex particles are, in general, too large to extravasate from the bloodstream.

Uptake and expression of lipoplexes in the lungs and most other organs is pre-

dominantly by capillary endothelial cells [68]. Uptake of lipoplexes in the liver and

spleen is primarily due to elimination of foreign particles by macrophages, which

does not lead to significant transgene expression [68]. Some success has been

reported in lipofection of tumor tissue, as tumors have a permeable endothelial

barrier [69, 70]. An ability to extravasate under these conditions has been attributed

to a specific lipoplex structure, bilamellar invaginated vesicles, which yields rela-

tively small and very flexible particles.

Intravenous administration of lipoplexes is an excellent technique for gene deliv-

ery to endothelial cells [71]. Efficient targeting of other cell types requires modifica-

tion of lipoplexes. One current direction of research is development of ‘‘stealth

lipoplexes’’, an analog of well-known stealth liposomes. Lipoplexes are coated with

the biocompatible polymer polyethylene glycol (PEG), with the possible addition of

a targeting ligand. PEGylation provides steric protection from interactions with se-

rum proteins and reduces nonspecific uptake by the lung endothelial cells, so it

greatly extends the residence time of lipoplexes in the circulation [72]. However,

PEGylation has been shown to strongly inhibit lipofection in cell culture, due to

stabilization of the lamellar phase and preclusion of endosomal escape, unless the

PEG molecules desorb [73, 74]. This approach is promising, but needs further

work.

3.3

ODN Lipoplexes

Antisense ODN, short single-strand DNA molecules, are designed to target and

bind a specific messenger RNA, blocking gene expression. Antisense design is
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not straightforward, but one ODN drug has been approved and many others are in

clinical trials [75]. Cationic lipid-mediated delivery of ODN increases antisense

activity by several orders of magnitude [76, 77].

The structure of ODN lipoplexes is similar to that of DNA lipoplexes; both lamel-

lar [78] and inverse hexagonal [79] phases have been observed. In ODN lamellar

lipoplexes, however, there is no evidence of ordering within the ODN monolayers.

As ODN molecules are relatively short and flexible, they probably orient randomly

between the cationic membranes [80].

The thickness of ODN monolayers in the lamellar phase has been measured as

around 1.2 nm [80]. This suggests that there is insufficient room for a hydration

layer between ODN molecules and cationic membranes as is seen in DNA lipo-

plexes. In agreement, ODN molecules neutralize cationic lipid charges more effi-

ciently than DNA does, implying that ODN is located in closer contact with the

membrane [81, 14]. We consider complete dehydration of ODN unlikely, so we

speculate that ODN may adopt a different conformation between cationic mem-

Fig. 3.6. (A) Cryo-TEM image of a DOTAP/ODN lipoplex with

excess lipid. A condensed multilamellar phase is seen. (B)

Schematic representation of the ODN–lipid lamellar phase. The

interlamellar water gap is denoted by w. We speculate that

ODN molecule side-groups may penetrate into the lipid bilayer.
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branes than in aqueous solution. Instead of a helical backbone with side-groups

facing inwards to maximize base-stacking interactions, side-groups may point out-

wards, leaving a central water tube. Bases would then penetrate into the head-

group area of the cationic membranes. Figure 3.6(A) shows an example of a con-

densed lamellar lipoplex imaged at our laboratory. Figure 3.6(B) shows our sug-

gested model of lamellar structure with ODN bases intercalated between lipid

head groups. This hypothesis needs further investigation.

ODN lipoplexes enter cells by endocytosis [77, 82] as DNA lipoplexes do. How-

ever, the nuclear membrane is not a major barrier for ODN molecules. After mi-

croinjection into the cell, ODN is found to preferentially locate in the nucleus

[83], with the rate of uptake inversely proportional to molecular size [84]. ODN is

delivered to the nucleus by active transport through nuclear pores [85].

3.4

siRNA Lipoplexes

siRNA, short double-strand RNA molecules, has recently become a popular tool for

gene silencing [86]. Successful cationic lipid-mediated delivery of siRNA has been

reported [87], but as yet little research has focused on the properties of siRNA lipo-

plexes. siRNA lipoplexes would be expected to be similar to DNA lipoplexes, but an

early report suggests that the effect of lipoplex size may be less critical for siRNA

delivery than for DNA delivery [88].

Nuclear entry is probably not a significant barrier for siRNA lipofection, as RNA

interference activity seems to be primarily located in the cytoplasm [86]. Further

research into the structure and function of siRNA lipoplexes is needed in order to

optimize siRNA delivery and to facilitate the development of this exciting field.
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4

DNA–Chitosan Nanoparticles for Gene

Therapy: Current Knowledge and Future Trends

Julio C. Fernandes, Marcio José Tiera and Françoise M. Winnik

4.1

Introduction

Chitosan is a polysaccharide usually obtained from deacetylation of chitin, which

after cellulose is the second most abundant natural biopolymer found in nature.

It may be extracted from various sources, particularly from exoskeletons of arthro-

pods such as crustaceans, fungi, insects, annelids, mollusks, coelenterates, etc.

[1, 2].

Approximately 1000 clinical trials are listed on the Journal of Gene Medicine’s on-
line ‘‘Gene Therapy Clinical Trials Worldwide’’ and more than 25% of these use

nonviral vectors. This broad category encompasses a variety of technologies, essen-

tially all of which involve complexing and sometimes condensing DNA with

an agent that allows it to nonspecifically enter a cell, either by membrane fusion,

endocytosis or a membrane-disrupting event. Chitosan is positively charged [1, 2]

and thus can be complexed with DNA. It does not need sonication or organic sol-

vents for its preparation, therefore minimizing possible damage to DNA during

complexation.

The goal of this chapter is to introduce the reader to chitosan as a DNA carrier,

as well as different variables and strategies to improve cellular transfection. The

first two sections present the fundamental properties of chitosan as well as how

different parameters related to the nonmodified structure affect the transfection ef-

ficiency. The third section provides the reader with an understanding of the multi-

ple barriers that must be solved prior to practical use, discussing all the approaches

employed and their limitations. The following sections present different proce-

dures to obtain nano- and microparticles for gene therapy, and the potential clinical

applications of chitosan–DNA polyplexes.
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4.2

Chitosan as a Carrier for Gene Therapy

4.2.1

Chitosan Chemistry

The structures of chitin and chitosan correspond to those of poly[bð1 ! 4Þ-2-
acetamido-2-deoxy-d-glucopyranose] and poly[bð1 ! 4Þ-2-amino-2-deoxy-d-gluco-

pyranose], respectively (Fig. 4.1). Chitosan is mainly manufactured from crusta-

ceans (crab, krill and crayfish), primarily because a large amount of the crustacean

exoskeleton is available as a byproduct of food processing. In general, the isolation

of chitin from crustacean shell waste consists of three basic steps: demineralization

(calcium carbonate and calcium phosphate separation), deproteinization (protein

separation) and decolorization (removal of pigments). These three steps are the

standard procedure for chitin production [3]. Chitosan is obtained after hydrolysis

of the acetamide groups of chitin. However, both units are commonly found in

the commercialized samples, since chitosans having high degree of deacetylation

(DA > 99%) are obtained only through successive hydrolysis with strong bases

such as KOH and NaOH, and the degree of deacetylation is strongly dependent of

the alkali concentration and temperature (Fig. 4.1) [4]. The source of chitin and the

deacetylation process can dramatically change the properties of the final product

and deacetylation in alkaline medium leads to depolymerization [5, 6]. However,

it has been recently reported that chitin extracted from squid pens can be hydro-

lyzed under conditions that allow us to obtain chitosans of high molecular weight

[7]. The homopolymer is a weak base with a pKa value of the d-glucosamine resi-

due of about 6.2–7.0, and is therefore insoluble at neutral and alkaline pH values.

In acidic media the amine groups will be positively charged, conferring a high

charge density to the polysaccharide. As in all polyelectrolytes, the dissociation

constant of chitosan is not constant, but depends on the degree of dissociation at

Fig. 4.1. Chemical structure of chitin and chitosan, and the

deacetylation process to produce the highly deacetylated

product. The commonly used numbering for the carbon atoms

is shown in the 2-amino-2-deoxy-d-glucopyranose ring.
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which it is determined. The pKa value can be calculated using Katchalsky’s equa-

tion [2]:

pKa ¼ pHþ log½ð1� aÞ=a� ¼ pK0 � eDcðaÞ=kT

where Dc is the difference in electrostatic potential between the surface of the

polyion and the reference, a is the degree of dissociation, kT is Boltzman’s constant

and e is the electron charge. Extrapolation of the pKa values to a ¼ 1, where the

polymer is uncharged and hence the electrostatic potential becomes zero, makes

it possible for the value of the intrinsic dissociation constant of the ionizable

groups, pK0, to be determined. The value obtained does not depend of the degree

of N-acetylation, whereas the pKa value is highly dependent on this parameter,

since the electrostatic potential will vary depending on the amount of the free

amino groups. The pK0 value is called the intrinsic pKa of the chitosan. However,

chitosans of low molecular weight having degrees of deacetylation higher than 0.4

are also easily soluble in weakly acidic solvents such as acetic acid and formic acid

[8]. The physicochemical behavior in aqueous solution is highly dependent of the

pH and degree of acetylation, and has received more attention only recently. Berth

et al., working on chitosans from 95 to 175 kDa, have recently determined the ra-

dius of gyration of chitosan (RG) [9, 10]. The RG is an alternative measure of the

size of the polymer chain and it can be measured by light scattering measure-

ments. RG expresses the square mean radius of each one of the elements of the

chain measured from its center of gravity. The study established the relationship

between the molecular weight and RG of chitosan in aqueous solution, and the

author indicated that chitosan behaved more like a Gaussian coil instead of the

worm-like chain model found in common polyelectrolytes. At the same time

the presence of N-acetyl groups on the chitosan backbone imparts hydrophobic

properties. Schatz et al. [11] have studied a homogeneous series of chitosans with

different degrees of acetylation and almost the same degree of polymerization

in ammonium acetate buffer. Their results indicate that the aqueous solution be-

havior depends only on the degree of acetylation. Three distinct domains of degree

of acetylation were defined and correlated to the different behaviors of chitosans:

(a) a polyelectrolyte domain for DA < 20%, (b) a transition domain for DA ¼ 20–

50% where chitosan loses its hydrophilicity and (iii) a hydrophobic domain for

DA > 50% where polymer associations can arise. Conformations of chitosan

chains varying from 160 to 270 kDa were studied by the calculations of the persis-

tence lengths (Lp). The average value was found to be close to 5 nm, in agreement

with the wormlike chain model, but no significant variation of Lp with the degree

of acetylation was noticed. Pa et al. [12] have also reported that that the particle

sizes of chitosan molecules in dilute acetic acid/water solutions increased with

decreasing pH. Light scattering studies data also demonstrated that the second

virial coefficient (A2) increased with decreasing pH, suggesting that the solubility

of chitosan in water increased with increasing acetic acid concentration. Signini et

al. [13] have also shown that acid-free aqueous solutions of chitosan hydrochloride
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of variable ionic strengths (0:06a ma 0:3 M) are free of aggregation as evaluated

by the values of the Huggins constants (0:31a ka 0:63).

As with other polysaccharides, the biodegradation and biocompatibility are

important properties of chitosan, making it an attractive polymer for a variety of

biomedical and pharmaceutical applications. In addition to the degradation by

chitinases [14], chitosanases [15], papain [16–19] and other proteases [20], partially

acetylated chitosan may be also degraded by lysozymes of the human serum [21],

by oxidative/reductive depolymerization [22] and by acid hydrolysis reactions [23].

In the acid hydrolysis the protonation of the glycosidic oxygen is recognized as

the first step of the mechanism, which leads to formation of a cyclic carbonium–

oxonium ion, yielding the reducing sugar end group after the addition of water [24,

25]. In addition to enzymatic and acid hydrolysis, alkaline treatment with ultraso-

nication can be used to obtain either chitosan of decreasing molecular weight [26]

or oligomers having a few glucosamine units [27].

4.2.2

General Strategies for Chitosan Modification

In the chitosan structure, two groups are particularly susceptible to react through

nucleophilics attack, i.e. the free amine and/or acetamide groups and the hydroxyl

groups linked to the glucopyranose ring. The hydroxyl groups can be modified by

substitution of the hydrogen atoms, but their reactivities are smaller than that of

the amino group. Various procedures targeting the hydroxyl groups employ a se-

quence of protection/deprotection reactions aimed at obtaining derivatives with a

well-defined structure [28]. However, under appropriate conditions, a variety of

other reactions can be easily conducted to selectively modify the free amine groups.

The literature presents a wide range of procedures to target the amine group, aim-

ing to improve the properties of chitosan for a particular purpose. The modifica-

tions include those aiming at the separation technologies of chiral molecules [29],

recovery of metals [30, 31], antimicrobial activity [32], antitumoral carriers [33],

biomedical applications [34, 35] and vectors for gene therapy [36–39] (Figs. 4.2

and 4.3). Kumar et al. [40] and Kurita [41] have recently reviewed the procedures

for the modification of chitosan, and those of major importance are summarized

in Tables 4.1 and 4.2.

4.2.3

Chitosan–DNA interactions: Transfection Efficacy of Unmodified Chitosan

The first report on chitosan as a possible carrier for gene therapy was made by

Mumper et al. in 1995 [125]. Since then it has been reported that besides its

immunogenicity, chitosans molecules condense efficiently with DNA to form tight

polyplexes avoiding degradation by DNases [126]. However, before using chitosan–

DNA nanoparticles in vivo, one must study their interaction and cell behavior.

Since macrophages play an important role in inflammatory processes, Chellat et

al. [127] have investigated the effects of chitosan–DNA nanoparticles on the hu-
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man THP-1 cell line. Cytokine [tumor necrosis factor-a, and interleukin (IL)-1b, IL-

6 and IL-10] and metalloproteinase (MMP-2 and MMP-9) release as well as their

inhibitors (TIMP-1 and TIMP-2) were assessed after incubation with different

amounts of nanoparticles. Cytokine secretion was not detected even in the pres-

ence of high amounts of nanoparticles. On the contrary, the secretion of MMP-9

in cell supernatants increased significantly after 24 and 48 h in comparison to non-

treated cells. MMP-2 secretion was augmented only after 48 h for the highest con-

Fig. 4.3. Chemical structure of O-chitosan derivatives obtained

either by regioselective substitution or by controlling the

reaction conditions.
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Tab. 4.1. N-Chitosan derivatives and their proposed applications

No. Derivative Potential applications References

1 cationic protein carrier 42

2 pegylated protein carrier and gene therapy 43–47

3 nicotinaylated separation technologies 48–50

4 phthaloylation preparation of chitosan derivatives 51–54

5 acylation separation technologies 55, 56

6 hydroxyalkylation components for toiletries 57, 58

7 acylvinyl metal adsorption 59

8 sugar-modified drug carrier 60–63

9 sugar-modified drug carrier 60, 64–65

10 salicylaldehyde metal adsorption 66

11 phthalaldehyde metal adsorption 67

12 alkylated gene therapy 68–71

13 carboxymethylated drug delivery/metal absorption 72–76

14 methylpyrrolidinone biomedical applications 77, 78

15 trymethylated gene therapy 79–85

16 thioglycolic acid pharmaceutical 86

17 lactobionic acid biomedical 87–89

18 p-azidebenzoic acid biomedical 87–89

19 succinylated drug delivery 90–92

20 hydroxylaminated drug delivery 90

21 sialic acid pharmaceutical 93, 94

22 cyclodextrin drug delivery/cosmetics/analytical chemistry 95, 96

23 cyclodextrin drug delivery/cosmetics/analytical chemistry 97, 98

24 cyclodextrin drug delivery/cosmetics/analytical chemistry 99

25 acrylic drug delivery 43

26 crown-ether bound metal adsorption 100

27 deoxycholic acid gene therapy 101–104

28 folic acid gene therapy 105

29 o-quinones medical applications 106

30 vinylsufonate antimicrobial 107

Tab. 4.2. O-Chitosan derivatives and their proposed applications

No. Derivative Potential applications References

1 O-hydroxyethyl protein carrier/gene therapy 108–110

2 acylation metal absorption 111

3 acylation metal absorption 112

4 acylation electromagnetic shielding materials 113

5 amination gene therapy 114

6 carboxymethylated drug carrier/metal absorption 115–118

7 triphenylmethyl drug carrier 119, 120

8 sulfated/acylated anticoagulant/antiretroviral agents 121

9 mannoside antimicrobial agents 122–124

10 acylated enzyme immobilizers 57, 58

74 4 DNA–Chitosan Nanoparticles for Gene Therapy: Current Knowledge and Future Trends



centrations of nanoparticles (10 and 20 mg mL�1 DNA content).The authors have

concluded that exposure of THP-1 macrophages to chitosan–DNA nanoparticles

did not induce the release of proinflammatory cytokines.

The chitosan–DNA interaction is driven mainly by the electrostatic interaction

between the amino groups of chitosan and the charged phosphate groups of DNA

[35]. In a slightly acid medium this interaction is fully favored since almost all

amine groups will be charged. MacLaughlin et al. [128] have studied the interac-

tion of oligomeric chitosans (8–102 kDa) with plasmids containing a cytomegalo-

virus (CMV) promoter and a chloramphenicol acetyltransferase. On the basis of

transmission electron microscopy they have observed that chitosan of 8 kDa con-

densed plasmids into toroids and rod-shaped particles. Using the microcalorimetry

technique, the interaction could be followed and the exothermic heat output was

indicated to provide a significant contribution to the free energy of the interaction.

The authors have also observed a small endothermic peak at the ratio of neutrality,

which was attributed to an entropic contribution to the free energy. The sizes of the

particles were estimated to be 66 nm by light scattering measurements. The sizes

of the particles were also shown to be dependent on the chitosan molecular weight

and plasmid concentration. Complexes of a 1:6 (þ/�) charge ratio showed a de-

crease in size as the molecular weight of the chitosan decreased and an increase

in size was observed by increasing the plasmid concentration [38]. Recently, Dan-

ielsen et al. [129], employing atomic force microscopy (AFM), have confirmed that

polyplexes made from mixing plasmid DNA (pDNA) with chitosan from 10 to 200

kDa yielded a blend of toroids and rods (Fig. 4.4). The ratios between the fractions

of toroids and rods were observed to decrease with increasing degree of acetylation

(DA) of the chitosan, indicating that the charge density of chitosan, proportional

Fig. 4.4. Image galleries of toroidal and rod-

like ensembles for complexes obtained using

chitosan with various degrees of acetylation

(DA). The chitosans (*DA ¼ 0:01, Mn ¼ 162

kDa) (A) and (*DA ¼ 0:15, Mn ¼ 196 kDa) (B)

were used to form complexes with pDNA

pBR322. cDNA 4 mg mL�1 and average charge

ratios was adjusted to 1. (Adapted from Ref.

[129], with permission.)
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to (1 – DA), is important in determining the shape of the compacted DNA. The

amount of chitosan required to fully compact DNA into well-defined toroidal and

rod-like structures was found to be strongly dependent on the chitosan molecular

weight, and thus its total charge. A higher charge ratio (þ/�) was needed for

the shorter chitosans, showing that an increased concentration of the low degree

of polymerization (DP) chitosan could compensate for the reduced interaction

strength of the individual ligands with DNA. Liu et al. [130] have showed that the

charge density is an important parameter by studying the formation of polyplexes

at different pH values. Working with 99% deacetylated 5-kDa chitosan their results

indicated that upon interacting with chitosan, the DNA molecules retained a B

conformation and the binding affinity of chitosan to DNA was dependent on the

pH of media. At pH 5.5, highly charged chitosan had a strong binding affinity

with DNA; in pH 12.0 medium, only weak interactions existed. However, the au-

thors have reported that no typical toroidal patterns were observed, which was

attributed to the strong compaction of DNA caused by highly charged chitosan.

In a recent report, Kiang et al. have showed that in fact the electrostatic inter-

action with the chitosan chain is very important to efficiently bind DNA. They

reported that the charge (þ/�) ratio to achieve complete DNA complexation in-

creases for chitosans having smaller degrees of deacetylation, which in turn affects

the stabilization of the particles, affecting the transfection in vitro and in vivo [131].
However, other interactions such as hydrogen bonding and hydrophobic interac-

tions cannot be neglected since hydrophobic interactions have also been detected

in aqueous solutions of the polyelectrolyte itself, leading to formation of polymer

chain aggregates [132, 133]. Therefore, it is reasonable consider that the formation

of polyplexes may result from a combined electrostatic/hydrophobic driving force

leading to the packing of chitosan–DNA polyplexes.

Various parameters such as molecular weight, charge (þ/�) ratio, pH and parti-

cle size have been shown to affect the transfection efficiency. Koping Hoggard et al.

[134, 135] prepared monodisperse oligomers of chitosan that were fully deacety-

lated (6, 8, 10, 12, 14 and 24mers) with very low polydispersity and ultrapure chito-

san (UPC) of 154 kDa. Depending on the chain length of chitosan, charge ratio

and buffer properties, chitosan–DNA complexes appeared as different physical

shapes such as coils, soluble globules, soluble aggregates, precipitated globules

and precipitated aggregates. It was shown that only UPC and 24mer chitosans

could form stable complexes with DNA, and the 24mer was more efficient in me-

diating gene expression in vitro and in vivo than was UPC. Sato et al. [136] have

also found that molecular mass of chitosan, pH of medium and serum concentra-

tion are very important to promote transfection efficiency. Working on chitosan

samples whose average molecular weights were 15, 52 and 100 kDa, they found

that transfection efficiency mediated by chitosan of 100 kDa was less than that by

chitosan of 15 and 52 kDa, but clearly indicating that a dependence on cell lines

was also observed. However, Bozkir et al. [137] have suggested that formulations

with high-molecular-weight (HMW) chitosan can be an effective nonviral gene vec-

tor in animal studies. The authors have studied the influence of two different prep-
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aration methods, i.e. solvent evaporation and complex coacervation method, on the

encapsulation of a model plasmid with chitosan. Protection of encapsulated pDNA

from nuclease attack offered by these nanoparticles was confirmed by assessing

degradation in the presence of DNase I and the transformation of the plasmids

with incubated nanoparticles was examined by the b-galactosidase assay. The re-

sults obtained showed that pDNA existed as a mixture of both supercoiled (84.2%)

and open circular (15.8%) forms, and that the formulation prepared by the com-

plex coacervation method effectively protected the supercoiled form of pDNA.

There were no significant changes in nanoparticle size and z potential values at

pH 5.5 for a period of 3 months, but differences in particle sizes were observed

after lyophilization with a cryoprotective agent. The efficiency of nanoparticle-

mediated transformation to Escherichia coli cells was significantly higher than

naked DNA or poly-l-lysine (PLL)–DNA polycation complexes. The transfection

studies were performed in COS-7 cells. A 3-fold increase in gene expression was

produced by nanoparticles as compared to the same amount of naked pDNA.

The charge (þ/�) ratio of the polyplexes has also been indicated as important to

effectively proceed with the transfection process. Assuming that DNA wrapped in

inter-polyelectrolyte complexes is well protected from DNase degradation, the fol-

lowing step is then to reach its target, i.e. the cell. Although the mechanism of in-

ternalization contact and crossing of the cell membrane is not fully understood, it

is well accepted that the polyelectrolyte complex chitosan–DNA, exhibiting a net

positive charge, binds to the negatively charged cell membrane [138]. Therefore, a

net positive charge is fundamental in the process and the level of transfection is

shown to increase with the charge (þ/�) ratio, reaching a maximum and decreas-

ing at higher stoichiometries. It has been reported by Ishi et al. that the level of

transfection with plasmid–chitosan complexes was found to be highest when the

charge (þ/�) ratio was between 3 and 5, and transfection medium contained 10%

serum at pH 7.0 [139]. Lee et al. using low-molecular weight (LMW) chitosan

found the most efficient transfection was obtained at a charge (þ/�) ratio 3:1

[140], while MacLaughlin et al. Have reported that the highest level of expression

was obtained at a ratio of 2:1 complex made with chitosan 102 kDa [128]. However,

it must be considered that the transfection efficiency of chitosan–DNA nanopar-

ticles is also cell-type dependent and the chitosan:plasmid ratio must be controlled

to obtain the appropriate particle size when aiming to maximize the transfection

[141]. The particle size is recognized as a key parameter since it may affect blood

circulation time and cellular uptake. It has been reported that polycation–DNA

gene delivery systems mostly enter the cell by endocytosis or pinocytosis, having a

size requirement of less than 100 nm [141, 142]. However, the experimental results

available are contradictory and reasonable transfection efficiencies were reported

for particles having sizes varying from 100 nm [143] to 2.0 mm [144]. Recently, on

the basis of AFM images, Liu et al. have proposed that chitosan–DNA complexes

in the range of several hundreds of nanometers are transferred into the cell mainly

via endocytosis [145].

After internalization, the following crucial step in gene delivery with cationic
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polymers is the escape of the polymer–DNA complexes from the endosome. The

inefficient release of the DNA–polymer complex from endocytic vesicles into the

cytoplasm is indicated as one of the primary causes of poor gene deliver. In this

respect the approach is to enhance endosomal escape by using cationic polymers

with a pKa slightly below the physiological pH. The endosomal escape is believed

take place through the mechanism named the ‘‘proton sponge’’, and the impor-

tance of this step has been recognized and reviewed recently by Cho et al. [146].

This hypothesis has been proposed to explain the high transfection activity of poly-

ethyleneimine (PEI) [147]. It has been demonstrated that PEI has a buffering

capacity over a broad pH range; hence, once PEI-based polyplexes are present in

the endosome, they can absorb protons that are pumped into this organelle. Due

to repulsion between the protonated amine groups, swelling of the polymer occurs.

Moreover, to prevent the build up of a charge gradient due to the influx of protons,

an influx of Cl� ions also occurs. The influx of both protons and Cl� ions increases

the osmolarity of the endosome and causes water absorption. The combination of

swelling of the polymer and osmotic swelling of the endosome leads to a destabili-

zation of the endosome and release of its contents into the cytoplasm [147]. Sub-

sequently, transport to and uptake in the nucleus as well as dissociation of the

polyplex has to occur before transcription of the DNA takes place. However, Funh-

off et al., working with a series of synthetic polymers [148], indicated that endoso-

mal escape is not always enhanced by polymer buffering at low pH. In this respect,

research focusing on chitosan is scarce, but it is believed that protonation of the

free amine groups of chitosan must contribute to the unpacking of the DNA, deliv-

ering it in the cytoplasm. Ishi et al. [139] have indicated that when the transfection

is performed at pH 6.5 chitosan cannot release from the endosome due to the fact

that chitosan is drastically protonated when the pH of medium is altered from pH

7 to 6. Recently, to enhance the transfection efficiency of chitosan, water-soluble

chitosan (WSC) was coupled with urocanic acid (UA) and the transfection effi-

ciency was investigated [149]. The authors reported that the transfection efficiency

of chitosan into 293T cells was greatly enhanced after coupling with UA and in-

creased with an increase of UA content in the urocanic acid-modified chitosan.

Kiang et al. [150] have used poly(propyl acrylic acid) (PPAA) as an approach to en-

hance the release of endocytosed drugs into the cytoplasmic compartment of the

cell. The release of pDNA from the endosomal compartment was enhanced by in-

corporating this polymer in chitosan nanoparticles. In vitro transfection studies

confirmed that the incorporation of PPAA into the chitosan–DNA nanoparticles

enhanced gene expression in both HEK 293 and HeLa cells compared to chitosan

nanoparticles alone. The dose and time at which PPAA was incorporated during

the complex formation affected the release of DNA and transfection efficiency.

The authors have suggested that the PPAA triggered membrane disruption result-

ing in the release of DNA from the endosomal compartment.

Therefore neither high cellular uptake, membrane destabilizing activity, endoso-

mal escape nor nuclear localization alone is adequate for high transfection. More

studies aiming at a better understanding of these steps as well how the released

DNA is expressed will be necessary to improve the transfection efficacy.
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4.3

Modified Chitosans: Strategies to Improve the Transfection Efficacy

4.3.1

The Effects of Charge Density/Solubility and Degree of Acetylation

Many strategies have been employed to improve the transfection efficiency taking

in to account the biological steps involved in gene delivery (Fig. 4.5). The literature

on this subject shows that the main method is the modification of chitosan struc-

ture aiming at providing the necessary capabilities to overcome the barriers previ-

ously mentioned, i.e. decreasing the interaction with blood components, vascular

endothelial cells and uptake by the reticuloendothelial system (RES), avoiding

the degradation of therapeutic DNA by serum nucleases, improving the particle

size, internalization, endosomal escape and nuclear import. The attachment of a

group or a polymer chain may be either at the main-chain or at the preformed

nanoparticles.

Fig. 4.5. Schematic gene therapy mechanism.

(A) Bioavailability and extracellular trafficking,

and gene-vector complexation (1); (B)

internalization and endocytosis by the cell

membrane (2); (C) intracellular trafficking and

uptake of the vector complex into intracellular

endolysosome: (3) DNA–chitosan release from

the endosome into the cytoplasm and (4)

internalization of the complex into the nucleus;

(D) gene expression: (5) DNA dissociation

from the vector, (6) mRNA transcription from

the gene and (7) protein translation from

mRNA. The protein can be secreted out of the

cell, released into the cytoplasm or fixed onto

the membrane. (Adapted from Ref. [251].)
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The simplest modification in the chitosan structure is to vary the degree of acety-

lation. This is expected to affect the chitosan–DNA interactions since the charge

density is decreased, i.e. the number amino groups is decreased, giving the poly-

mer chain an increased hydrophobic character. Kiang et al. have recently studied

the effect of the degree of chitosan deacetylation on the efficiency of gene transfec-

tion [131]. They concluded that a decreased degree of deacetylation resulted in a

decrease in overall luciferase expression levels in HEK 293, HeLa and SW756 cells

due to particle destabilization in the presence of serum proteins. The degree of

deacetylation was shown to affect DNA binding, release and gene transfection effi-

ciency in vitro and in vivo. Various workers aiming to increase the transfection have

also investigated trymethylation (quaternization) of the amino groups [81, 84, 151,

152]. The advantage of trymethylated chitosans arises from their higher solubility

when compared with the nonmodified polymer. Trimethyl chitosan (TMO) deriva-

tives of 40% (TMO-40) and 50% (TMO-50) degrees of quaternization were synthe-

sized, and examined for their transfection efficiencies in two cell lines: COS-1 and

Caco-2 [81, 84]. Results showed that quaternized chitosan oligomers were able to

condense DNA and form complexes with a size ranging from 200 to 500 nm. Chi-

toplexes were shown to transfect COS-1 cells to a lesser extent than DOTAP (N-
[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium sulfate)–DNA lipoplexes.

Both DOTAP–DNA lipoplexes and chitoplexes resulted in lower transfection effi-

ciency in Caco-2 cell cultures than in COS-1 cells; however, quaternized chitosan

oligomers proved to be superior to DOTAP.

4.3.2

Improving the Physicochemical Characteristics of the Nanoparticulate Systems:

Solubility, Aggregation and RES Uptake

After administration, the DNA must be capable of surviving in the bloodstream for

a significant length of time so that it can reach the target tissue. Therefore, circula-

tion time is a fundamental factor for reaching the target cells in successful gene

delivery, especially in cases of intravenous injection [153]. Nanoparticles will usu-

ally be taken up by the liver, spleen and other parts of the RES depending on their

surface characteristics. Particles with more hydrophobic surfaces will preferentially

be taken up by the liver, followed by the spleen and lungs [154]. Cationic polymer–

DNA complexes also show short plasma circulation times with rapid hepatic

uptake and accumulation or deposition in organs such as the skin and intestine.

Aggregation of cationic particles, such as cationic polymer–DNA complexes, can

occur following interaction with blood components. Albumin is known to bind to

cationic particles. The binding of albumin may be enough to cause aggregation of

particles in the bloodstream, by reducing their z potential and, hence, reducing the

charge repulsion between particles. Extensive aggregation could lead to physical

deposition in the capillary bed. Therefore, it is necessary to prevent unwanted in-

teractions between particles and the dynamic environment of the blood circulation

by introducing hydrophilic surfaces to the cationic particles. In the absence of a

hydrophilic surface, opsonization prepares the particles for uptake by fixed macro-
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phages of the mononuclear phagocytic system (MPS). The MPS is a collection of

phagocytic cells that are present in tissue of the RES and are collectively responsi-

ble for clearance of particles from the circulation. The activity of RES is not to clear

charged particles. In practice, typically 80–90% of hydrophobic particles are opso-

nized and taken up by fixed macrophages of the liver and spleen, often within a few

minutes of intravenous administration. Opsonization represents a major biological

barrier to the delivery of DNA using condensed particles. Therefore, the modifica-

tion of chitosan by introducing hydrophilic polymers may create a ‘‘cloud’’ of hy-

drophilic chains at the particle surface, which may avoid interactions with proteins

and phagocytes, thus prolonging the circulation time in the bloodstream [154].

Many hydrophilic groups can be attached to the chitosan backbone or to pre-

formed nanoparticles to improve solubility in water [43–47]. Sashiva et al. [43]

have used the Michael reaction of chitosan in water containing acetic acid with

various acryl reagents. The modification was controlled by varying the temperature,

reaction time and amount of the acryl reagent, and has provided chitosan deriva-

tives showing good biodegradation characteristics. Nanospheres synthesized by

salt-induced complex coacervation of cDNA, and gelatin and chitosan were eval-

uated as gene delivery vehicles [155]. These nanospheres were subsequently modi-

fied by introducing PEG5000 chains. The attachment of these groups avoided the

aggregation of particles during lyophilization and storage for 1 month did not alter

the properties of the nanospheres. Chitosan–DNA nanospheres were effective in

transfecting HEK 293 cells, but not HeLa cells, and the transfection efficiency was

not affected by PEG derivatization. Poly(vinyl pyrrolidone) was also grafted on gal-

actosylated chitosan (GCPVP) and showed improved physicochemical properties

over the unmodified chitosan [156]. The binding strength of GCPVP 10K–DNA

was superior to that of GCPVP 50K–DNA, which was attributable to its higher flex-

ibility due to the smaller size. However, DNase I protection of GCPVP 10K–DNA

was inferior to that of GCPVP 50K–DNA. The DNA-binding properties mainly de-

pended on the molecular weight of chitosan and composition of PVP.

4.3.3

Targeting Mediated by Cell Surface Receptors

It is well known that some kinds of saccharides play important roles in biological

recognition on cellular surfaces. Liver parenchymal cells exclusively express large

numbers of asialoglycoprotein receptors that strongly bind with galactose [157,

158]. The asialoglycoprotein receptor (ASGP-R) is known to be present only on

hepatocytes at a high density of 500 000 receptors per cell and retained on several

human hepatoma cell lines [159, 160]. This characteristic may be explored in many

ways to target the cells. In a recent study on the biodegradability it was demon-

strated that chitosan modification with gluconic acid enhanced susceptibility to

lysozyme [161]. d-Gluconic acid is a hydrophilic sugar derivative that may be cova-

lently attached to the chitosan backbone, providing multifunctional properties. As

a consequence, by simple modification with gluconic acid and acetic anhydride, it

is possible to control the aqueous solubility. The ASGP-R system cannot only bind
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galactose-containing ligands, but can also internalize them within membrane-

bound vesicles or endosomes [162]. Once a ligand binds to the galactose receptor,

the ligand–receptor complex is rapidly internalized and the receptor recycles back

to the surface [163, 164], allowing high binding capacity and efficient uptake of gal-

actosylated ligands by liver cells. Murata et al. have suggested that the utilization of

a prequaternized and subsequently galactosylated chitosan could be used to trans-

fect cells HepG2 cells [164]. Park et al. have used this specificity to synthesize gal-

actosylated chitosan (GC) in an attempt to transfect HepG2 human hepatoblas-

toma cells and HeLa human cervix epithelial carcinoma cells [165–167]. The

particle sizes for the DNA complexes using GC-13K and GC-18K show a tendency

to decrease with increasing charge ratio of GC to DNA, and had minimum values

around 240 and 100 nm, respectively, at the charge ratio of 5. The cytotoxicity study

showed that GC prepared by water-soluble chitosan had no cytotoxic effects on

cells. The results showed that the transfection efficiency into HepG2, which has

ASGP-Rs, was higher than that into HeLa without ASGP-Rs. The attachment of

PEG to GC (GPC) was also performed in other work by the same group with the

aim to improve the stability in water and enhance the cell permeability [168]. In

this case it was reported that GCP–DNA complexes were only transfected into

HepG2 having ASGP-Rs, indicative of a specific interaction of ASGP-Rs on cells

and galactose ligands on GCP. The transfection with GCP–DNA complexes was

subsequently investigated by confocal laser scanning microscopy using primary

hepatocytes and HepG2 human hepatocarcinoma cell line [169]. The more

efficient transfection of the complex occurred in the human-derived HepG2

cells than in primary hepatocytes. Erbacher et al. [170] synthesized lactosylated-

modified chitosan derivatives (having various degrees of substitution) and tested

their transfection efficiencies in many cell lines. The in vitro transfection was

found to be cell-type dependent. HeLa cells were efficiently transfected by this

modified carrier even in the presence of 10% serum, but neither chitosan nor lac-

tosylated chitosans have been able to transfect HepG2 and BNL CL2 cells. Gao et

al. [171] have used highly purified LMW chitosan (LMWC) to attach lactobionic

acid (LA) bearing a galactose group. A series of galactosylated LMWC (gal-LMWC)

having different group contents was obtained. The transfection efficiency was eval-

uated in human hepatocellular carcinoma cells (HepG2), L-02. SMMC-7721 and

human cervix adenocarcinoma (HeLa) cell lines in vitro. The transfection of the

gal-LMWC–DNA complex showed a very selective transfection to hepatocytes

and the efficiency was shown to increase with the improvement of the degree of

galactosylation.

Transferrin is another interesting targeting ligand to attach to the chitosan back-

bone. Transferrin receptors are found on the surface of most proliferating cells,

and, in elevated numbers, on erythroblasts and on many tumors where they have

been linked to drug resistance [172]. Leong et al. have reported the conjugation of

PEG to preformed nanoparticles of gelatin and chitosan using different procedures

[141, 155]. Transferrin was bonded to nanospheres utilizing a sulfhydryl derivative

obtained from the protein reaction with 2-iminothyalone, while PEG conjugation

was performed utilizing PEG derivatives containing the succinimidyl attached to
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the end of the backbone. For the chitosan carrier, the plain nanospheres were re-

ported as effective as the pegylated chitosan-modified nanospheres. However, the

conjugation of PEG to the surface of the nanospheres minimized any aggregation

in solution [155]. In a subsequent work, Mao et al. attached transferrin to the nano-

spheres employing two different procedures – periodate oxidation and disulfide

linkage [141]. The KNOB protein was also conjugated to the nanoparticles using a

bis-succinimidyl PEG derivative. The conjugation of KNOB protein to chitosan–

DNA nanoparticles was reported to increase the transfection efficiency 130-fold in

HeLa cells and several fold in HEK 293 cells. Chitosan has also been investigated

for its ability to form polymeric targeted vesicle drug carriers. Glycol chitosan

modified by attachment of a strategic number of fatty acid pendant groups (11–16

mol%) assembles into unilamellar polymeric vesicles in the presence of cholesterol

[173, 174]. These polymeric vesicles were found to be biocompatible and hemo-

compatible, and capable of entrapping water-soluble drugs aiming to target recep-

tors overexpressed in some tumors. Recently, the in vivo biological evaluation of

doxorubicin formulated in transferrin targeted polymeric vesicles made from pal-

mitoylated glycol chitosan (GCP) was reported. The transferrin-conjugated vesicles

showed a statistically significant uptake advantage when compared to the non-

targeted vesicles [175].

Use of the folic acid receptor is another approach that can be used to target tu-

mors since cancerous cells divide rapidly and need folic acid to DNA synthesis.

This morphological phenomenon is best noted by upregulation of membrane fo-

late binding protein expression for a subsequent increase in folate internalization.

The conjugation of folic acid with PEI was done previously by Guo and Lee [176],

and more recently by others authors [177, 178]. Guo et al. found that attaching fo-

lates to the distal termini of PEG-modified PEI greatly enhanced the transfection

activity of the corresponding DNA complexes over polyplexes containing PEG-

modified PEI. The enhancements were observed at all charge (þ/�) ratios tested

and could be blocked partially by coincubation with 200 mM of free folic acid,

which suggested the involvement of the folate receptor (FR) in gene transfer. Folate

conjugation, therefore, presents a potential strategy for tumor-selective targeted

gene delivery. Recently, Mansouri et al. [105] have reported the first conjugation

with chitosan. The nanoparticles obtained for folic acid-modified chitosan (FA-

CH) showed a very low toxicity and the coacervation process utilized to obtain the

FA-CH–DNA did not affect the integrity of the utilized plasmid. These new nano-

particles are currently being tested in transfection studies.

4.3.4

Hydrophobic Modification: Protecting the DNA and Improving the Internalization

Process

Hydrophobic modification is expected to improve the interaction between the DNA

and the chitosan since, apart from the electrostatic interactions, the hydrophobic

interactions will be increased, which may provide better protection for DNA. N-
dodecylated chitosan (CS-12) has been synthesized and assembled with DNA to
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form a polyelectrolyte complex (PEC) [71]. Dissociation of CS-12–DNA complexes

was investigated by the addition of LMW electrolytes and these small molecular

salts dissociated the CS-12–DNA complex, inducing the release of DNA. The abil-

ity of Mg2þ to dissociate the CS-12–DNA complex was greater than compared to

that of Naþ and Kþ. The incorporation of CS-12 could enhance the thermal stabil-

ity of DNA and AFM images showed a globule-like structure composed of 40–115

DNA molecules. Lee et al. synthesized deoxycholic acid-modified chitosan (DAMC)

which contained 0.6–5.1 deoxycholic acid groups per 100 anhydroglucose units

[102]. The mean diameter of DAMC in PBS solution was less than 180 nm with a

unimodal size distribution [103, 104]. Complex formation between DAMC and

pDNA was confirmed by electrophoresis on an agarose gel. In other work by the

same authors the structure of DAMC was found to strongly depend on the molec-

ular weight of chitosan ranging from 5 to 200 kDa [179]. The size of the chitosan

aggregates was not precisely controlled by varying the degree of substitution, pH

and ionic strength of the medium. Due to the chain rigidity of chitosan, the struc-

ture of self-aggregates was suggested to be a cylindrical bamboo-like structure

when the molecular weight of chitosan was larger than 40 kDa, which might

form a very poor spherical shape of a birdnest-like structure. Complex formation

showed a strong dependency on the size and structure of chitosan self-aggregates,

and significantly influenced the transfection efficiency of COS-1 cells (up to a fac-

tor of 10). Recently, Liu et al. proposed that hydrophobic modification increases in-

ternalization process, thus increasing the transfection efficiency [145]. A series of

alkylated chitosans (ACSs) derivatives from alkyl bromides was synthesized em-

ploying a 99% deacetylated chitosan (CS). The CS and ACSs were used as vectors

for gene transfection, and the effects of hydrophobicity of the alkyl side-chain on

the transfection activity were evaluated. It was reported that the complex formation

between the ACSs and DNA requires a relatively smaller amount of ACS compared

to unmodified chitosan due to the hydrophobic interaction. The transfection was

evaluated in C2C12 cell lines using pcDNA 3.1 plasmid encoding chloramphenicol

acetyltransferase. The transfection level was reported to increase upon elongating

the alkyl side-chain. The disadvantage of the hydrophobic modification is that the

particles are more easily recognized by macrophages of the RES; hence, amphi-

philic chitosan may in the future present more advantages than that exhibited by

the hydrophobic modification alone [180–182].

4.4

Methods of Preparation of Chitosan Nanoparticles

4.4.1

Complex Coacervation

Numerous works using different methodologies have been published on the prep-

aration of chitosan micro and nanoparticles; however, for gene therapy, complex

coacervation has been the procedure most employed and most of the references
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discussed in the previous sections of this chapter relate to this method. The pro-

cess is a spontaneous phase separation that occurs when two oppositely charged

polyelectrolytes are mixed in an aqueous solution. The electrostatic interaction be-

tween the two species of macromolecules results in the separation of a coacervate

(polymer-rich phase) from the supernatant (polymer-poor phase). This phenome-

non can be used to form microspheres and encapsulate a variety of compounds.

The encapsulation process can be performed entirely in aqueous solution and at

low temperatures, and has a good chance, therefore, of preserving the bioactivity

of the encapsulant. In developing an injectable controlled release system, various

authors have used the complex coacervation of chitosan and DNA as the main

procedure to obtain nanoparticles. In general, chitosan is dissolved in acetic acid/

sodium acetate buffer and vortexed rapidly with a pDNA solution at room temper-

ature. Sato et al. [136] reported that complexes of luciferase plasmid (pGL3) with

chitosan were prepared only by mixing 100 mL of pGL3solution (1 mg mL�1)

with a given amount of chitosan solution (2.95 mg mL�1). The mixtures were gen-

tly stirred at room temperature for a couple of hours. Koping-Hoggard et al. [134]

reported the preparation chitosan–pDNA complexes were formulated by adding

chitosan and then pDNA stock solutions to the solvent (deionized MilliQ water,

pH 6:2G 0:1 or 25 mM acetate buffer, pH 5.0) under intense stirring on a vortex

mixer. The sizes of the aggregates (200–3400 nm) were determined by photon cor-

relation spectroscopy, and found to be dependent of the DNA type, chitosan molec-

ular weight and pH. Nanoparticles having sizes ranging from 170 to 180 nm were

obtained by Kiang et al. [131] by heating chitosan and DNA solutions separately to

50–55 �C, and them mixing equal volumes of both solutions under high vortexing

for 30 s.

It has been reported that, depending of the molecular weight of chitosan, com-

plexes of chitosan–DNA with mean sizes between 50 and 6000 nm can be obtained

only by simple mixing followed by incubation [136, 139, 141]. In general, stable

complexes are formed only when chitosan is added in molar excess relative to

DNA, with z potential values between 10 and 20 mV, depending upon the degree

of excess. Recently, Danielsen et al. [129] reported that the shape of the nanopar-

ticles can vary depending on the degree of acetylation, molecular weight and con-

centration of chitosan. The DNA stock solution was diluted in NH4Ac (150 mM,

pH 7.4) and complexes were then prepared by adding the chitosan solution to the

DNA solution. The average contour length hLci of the toroidal and rod-like DNA–

chitosan polyplexes was found to be about 130 nm, independent of the linear or

toroidal geometry of the complex and the chitosan employed (30–200 kDa). The

complex sizes were found less than 1/10 of the contour length of the uncomplexed

plasmid (pBR322, 4363 bp; Boehringer Mannheim) of 1.5 mm. Decreasing the

charge density of the chitosan resulted in a decrease in the toroid-to-rod ratio, indi-

cating that the strength of the intersegment interaction, mediated by the charge of

the chitosan, is important in determining the shape of the DNA–chitosan com-

plexes, with the toroid being the preferred structure for high intersegment attrac-

tions. The stability of these DNA–chitosan complexes was studied after exposure to

heparin and hyaluronic acid (HA) using AFM and ethidium bromide (EtBr) fluo-
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rescence assay. Studies of polyplex stability when challenged by HA showed that

whereas HA was unable to dissociate the complexes, the degree of dissociation

caused by heparin depended on both the chitosan chain length and the amount of

chitosan used for complexation [183].

4.4.2

Crosslinking Methods

4.4.2.1 Chemical Crosslinking

The crosslinking procedures can be classified as (a) chemical crosslinking and (b)

ionic crosslinking. The first involves the formation of covalent bonding between

the chitosan chains and the chemical agents. The use of crosslinked nanospheres

of chitosan for gene therapy has not been frequently found in the literature be-

cause after formation, chitosan–DNA nanoparticles obtained from the coacervation

process are reported to be stable. At physiological pH, most of the positive charges

would be neutralized and the hydrophobic chitosan becomes insoluble. This

unique property ensured that nanoparticles formed at low pH could remain physi-

cally stable at physiological pH without chemical crosslinking; however, this was

not observed, for example, for gelatin–DNA nanoparticles, which required a cross-

linking agent to remain stable [141]. The process involves the precipitation of the

polymer followed by chemical crosslinking [184, 185]. Precipitation can be done by

sodium sulfate followed by chemical crosslinking using glutaraldehyde, formalde-

hyde or even using a natural crosslinking agent such as genepin [186, 187]. Re-

cently, glutaraldehyde was used to obtain chitosan microparticles encapsulating

an IL-2 expression plasmid [188]. Chitosan microspheres containing recombinant

(r) IL-2 were prepared by using the precipitation technique. The rIL-2 encapsula-

tion efficiency in the microspheres was high (75–98%) and the size was reported

to vary from 1.45 to 2.00 mm. The authors noted that IL-2 was released from chito-

san microspheres over a period of 3 months and remained biologically active,

being completely recovered from the release medium. Akbuga et al. [189] have

studied the effect of formulation variables (concentration and molecular weight of

chitosan, plasmid amount, use of glutaraldehyde as a crosslinker) on microsphere

properties. Plasmid-loaded chitosan microspheres were prepared by adding the

pDNA to 50 mL of sodium sulfate solution (20% w/v) and this mixture was

dropped into 50 mL of acidic solution of chitosan and stirred for 1 h at 500 rpm.

The microspheres formed were washed with bidistilled water, separated by centri-

fugation, freeze-dried and then stored at 4 �C in a desiccator. A high level of IL-2

expression was reported with plasmid-loaded chitosan microspheres in MAT-LyLu,

a rat prostate adenocarcinoma cell line, but the authors noted that addition of glu-

taraldehyde was not necessary for the formulation. Although no damage has been

observed in the DNA structure after using glutaraldehyde as a co-crosslinker, it

reduced pDNA release from microspheres.

4.4.2.2 Ionic Crosslinking or Ionic Gelation

In ionic crosslinking methods a variety of negatively charged compounds, from

small ions to HMW polymers, can be used to produce micro- and nanoparticles
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[37]. Ionic crosslinking in aqueous solution occurs due to the electrostatic interac-

tion between the charged amino groups of chitosan and a salt or polyanion. The

reactions with negatively charged components, either ions or molecules, can lead

to the formation of a network between polymeric chains through ionic bridges. In

ionic crosslinking, the entities reacting with chitosan are ions or ionic molecules

with a well-defined molecular weight. In contrast, in polyelectrolyte complexation,

the entities reacting with chitosan are polymers with a broad molecular weight dis-

tribution. In addition to its simplicity [190, 191], the method can be considered a

safer alternative, since it avoids chemical crosslinking, and the possible toxicity of

reagents and other undesirable effects [192]. There are two salts that have been fre-

quently used in the preparation of chitosan particles by the ionic crosslinking

mechanism: sodium tripolyphosphate (PSTP) [193, 194] and sodium sulfate [195].

Li et al. [196] prepared nanoparticles with a size range of 40–200 nm by an ionic

gelation procedure using tripolyphosphate, sodium citrate and sodium hydroxide.

Chitosan particles formed on the basis of ionic gelation with PSTP were demon-

strated to be much more stable than those obtained with sodium citrate and so-

dium hydroxide. The ability of particles to complex DNA was investigated using

gel retardation. Results showed that these chitosan particles have potential as

vectors for the transfer of DNA into mammalian cells. Cellular transfection by

the chitosan–pGL3-control particles showed a sustained expression of the lucifer-

ase gene for about 10 days. Jiang et al. [197] have also prepared chitosan micropar-

ticles with tripolyphosphate. The microparticles were tested for nasal vaccination

loaded with Bordetella bronchiseptica dermonecrotoxin (BBD), a major virulence fac-

tor of a causative agent of atrophic rhinitis. The average particle size of the BBD-

loaded chitosan microparticles was 4.39 mm. The results reported that released

BBD from chitosan microparticles had immune-stimulating activity of the atrophic

rhinitis vaccine in vitro. Numerous works have been published on ionic crosslink-

ing (ionic gelation) [198–205]; however, these works mainly focused on the various

pharmaceutical applications which have been recently reviewed by Kumar et al.

[40], Agnoutri et al. [192] and Sinha et al. [37].

4.4.2.3 Emulsion Crosslinking

This method utilizes an acetic acid solution of chitosan, which is added to an or-

ganic solvent containing an emulsifier to form a water-in-oil emulsion (w/o). The

chitosan solution is added dropwise under different conditions of stirring and tem-

perature. The degree of stirring (i.e. time and speed of stirring during emulsifica-

tion) determines the size of the dispersed droplets. By varying any one or both of

these parameters, the size of droplets can be changed to obtain the product (i.e.

chitosan microspheres) in the desired size range. Liquid paraffin is frequently

used as the oil phase and, after the formation, the particles are crosslinked using

chemical agents as glutaraldehyde or formaldehyde [206]. The literature abounds

with reports wherein chitosan microspheres have been prepared for drug delivery.

Akbgua and Durmaz [207] prepared chitosan microspheres containing furosemide

from a w/o emulsion system using liquid paraffin as the external phase and a so-

lution of chitosan in acetic acid as the disperse phase. Discrete spherical furose-

mide microspheres having a diameter range of 350–690 mm were produced. Micro-
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sphere properties were affected by the preparation variables such as the type and

concentration of chitosan, drug concentration, crosslinking process, viscosity of

oil, and stirring rate during the preparation. An emulsification/solvent evaporation

process was carried out under mild conditions for Genta et al. [208] to entrap the

hydrophobic drug ketoprofen. Glutaraldehyde at different concentrations was used

as the chemical crosslinking agent on microspheres constituted by different theo-

retical ketoprofen/chitosan ratios (1:2, 1:4 and 1:6 w/w). Chitosan microspheres

were morphologically characterized for shape, surface characteristics and size dis-

tribution; chitosan/ketoprofen interactions inside microspheres were investigated

by differential scanning calorimetry and powder X-ray diffraction. Recently, Kum-

bar et al. [209] have used the emulsion crosslinking method to prepare chitosan

microspheres to encapsulate diclofenac sodium using three crosslinking agents:

glutaraldehyde, sulfuric acid and heat treatment. Microspheres were spherical

with smooth surfaces. The size of the microparticles ranged between 40 and 230

mm. Among the three crosslinking agents used, glutaraldehyde crosslinked micro-

spheres showed the slowest release rates, whereas a quick release of diclofenac

sodium was observed by the heat crosslinked microspheres. The influence of dif-

ferent parameters as well as the incorporation of different drugs has been exten-

sively studied [210–217], including chitosan-coated systems (hybrid systems) [218,

219]. In these systems emulsions, nanocapsules and nanoparticles are coated by

introducing chitosan into the external aqueous phase in which the formation of

the colloidal structures take place. The chitosan coating is a result of the ionic in-

teraction with nanoemulsions and nanocapsules, and no crosslinking is needed. In

a recent work, Lee et al. [220] used chitosan as a condensing agent to enhance the

transfection efficiency of a cationic emulsion-mediated gene delivery vehicle in hu-

man hepatoma cells (HepG2). The authors reported that the size of the complexes

was reduced after condensation of DNA by chitosan. The results suggested that the

use of chitosan enhanced the in vitro transfection efficiency and extended the in
vivo gene transfer.

4.4.2.4 Spray Drying

Spray drying is a method based on drying atomized droplets in a stream of hot air.

In this method, chitosan is first dissolved in aqueous acid solution containing a

dissolved or dispersed drug, in which a suitable crosslinking agent is added. Par-

ticles size depends upon the size of nozzle, spray flow rate, atomization pressure,

inlet air temperature and extent of crosslinking. He et al. [221] have prepared

crosslinked and noncrosslinked chitosan microspheres. The authors reported that

the particle size ranged from 2 to 10 mm, and that the size and z potential of the

particles were influenced by the crosslinking level. The particles sizes as well as

the z potential were observed to increase with decreasing amounts of the crosslink-

ing agents (glutaraldehyde and formaldehyde). Mi et al. [222] have reported the

preparation of microspheres with small size and good sphericity. A histological

study of the genipin-crosslinked chitosan microspheres injected intramuscularly

into the skeletal muscle of a rat model showed a less inflammatory reaction than

its glutaraldehyde-crosslinked counterparts. The authors have suggested that the

genipin-crosslinked chitosan microspheres may be a suitable polymeric carrier for
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long-acting injectable drug delivery. Chitosan microspheres with hydrocortisone

and hydrocortisone–hydroxypropyl-b-cyclodextrin inclusion complex were studied

by Filipovi et al. [223]. Microspheres were studied with respect to particle size

distribution, drug content and in vitro drug release. The results indicate that the

hydrocortisone–hydroxypropyl-b-cyclodextrin inclusion complex is more water

soluble than hydrocortisone alone. The hydrocortisone release rates from chitosan

microspheres were influenced by the drug/polymer ratio in the manner that an in-

crease in the release rate was observed when the drug loading was decreased. The

influence of acid type on the release behavior of sodium diclofenac microspheres

was studied by Orienti et al. [224]. Among the salts used, glutamic and aspartic

salts provided the best control of release. Huang et al. [225] prepared chitosan

microspheres by a spray-drying method using type A gelatin and ethylene oxide–

propylene oxide block copolymer as modifiers. The microspheres were investigated

using scanning electron microscopy (SEM) and microelectrophoresis. The particle

shape, size and surface morphology of microspheres were affected by the concen-

tration of gelatin. Betamethasone disodium phosphate (BTM)-loaded microspheres

demonstrated good drug stability (less than 1% hydrolysis product), high en-

trapped efficiency (95%) and a positive surface charge (37.5 mV). The in vitro
drug release from the microspheres was related to gelatin content. Microspheres

containing gelatin/chitosan 0.4–0.6 (w/w) had a prolonged release pattern for 12

h. These formulation factors were correlated to particulate characteristics for opti-

mizing BTM microspheres in pulmonary delivery. Recently, various systems have

shown potential application for nasal [226, 227], pulmonary [228] and DNA [229]

delivery.

4.4.2.5 Other Methods

Apart from those methods mentioned above, a number of other methods have

been reported for the preparation of chitosan micro- and nanoparticles, such as

the reverse micellar [231–233], emulsion droplet coalescence [234–238] and siev-

ing [239] methods.

The reverse micellar method is similar to emulsion crosslinking in the sense

that in both methods a w/o aggregate is formed; however, the reverse micelles are

thermodynamically stable liquid mixtures of water, oil and surfactant. Macroscopi-

cally, they are homogeneous and isotropic, structured on a microscopic scale into

aqueous and oil microdomains separated by surfactant-rich films. The main advan-

tage of the reverse micellar method is a better control of particle sizes. In the phase

diagram of a system in which reverse micelles exist, there is plenty of room to ad-

just the proportions of the organic solvent and water as well as the surfactant ratio.

This allows the dimensions of the reverse micellar particles to be modulated by

varying the degree of hydration (molar ratio of [H2O]/[surfactant]) of the system.

When the surfactant is kept at a constant concentration, increasing the water

content will increase the volume of the reverse micelles. Alternatively, if the water

content constant is kept constant, then increasing the surfactant concentration will

cause the volume of reverse micellar particles to become smaller. Finally, if both

the water and the surfactant concentrations are increased in a constant ratio,

the volume of reverse micelles will not change, but the number of vesicles will
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increase. Aghnoutri et al. have described this process in the following steps –

preparation of the reverse micellar system, adding chitosan and drug, adding cross-

linking agent, stirring overnight, evaporation of solvent, and purification [36].

Banerjee et al. [231] reported a procedure to prepare ultrafine crosslinked chitosan

nanoparticles in an AOT–n-hexane reverse micellar system. They observed that the

particle size is influenced by the degree of crosslinking and was found to be 30 nm

when 10% of the amino groups in the polymeric chain had been crosslinked,

whereas it was 110 nm when all the amino groups were crosslinked. These par-

ticles were thoroughly characterized, and electron micrographs reveal that the par-

ticles were spherical in shape and that lower crosslinking of the particles leads to

smaller aggregates, while highly dense aggregates were formed at 100% crosslink-

ing. The biodistribution of the particles after intravenous injection in mice showed

that these particles remain in the blood for a considerable amount of time, and dis-

tribute in the heart, liver, kidneys, bladder and vertebral column. Other than these

organs, the particles were distributed in the bone marrow, opening the possibility

of using these particles for bone imaging and targeting purposes [231]. Andersson

and Lofroth [232] investigated a new microemulsion based on heparin–chitosan

complex suitable for oral administration. The microemulsion is based on ingre-

dients that are acceptable to humans. These microemulsions were studied with or

without biologically active ingredients by dynamic light scattering, turbidity, diffu-

sion nuclear magnetic resonance and conductivity. Appropriate mixing and modifi-

cations of these microemulsions lead to nanometer-sized heparin–chitosan com-

plexes [232].

In the emulsion droplet coalescence method, two w/o emulsions are prepared –

one containing chitosan and the drug, and other a stable aqueous emulsion of

NaOH. The solutions are mixed under high-speed stirring, which leads particle col-

lision, forming solid microparticles that are centrifuged and washed. Gadopentetic

acid-loaded chitosan nanoparticles have been prepared by this method for gadoli-

nium neutron capture therapy – a cancer therapy that utilizes g-rays emitted dur-

ing the reaction 157Gd(n, g)158Gd to kill tumor cells [234, 235]. The bioadhesive

characteristics of chitosan and its capacity to recognize, to a certain extent, the

tumor cells prompted research on the delivery of gadolinium with the aid of chito-

san. Tokumitsu et al. [236] have reported that particles produced using 100% de-

acetylated chitosan had a mean particle size of 452 nm with 45% drug loading.

Nanoparticles were obtained within the emulsion droplet. The size of the nanopar-

ticle did not reflect the droplet size. Since gadopentetic acid is a bivalent anionic

compound, it interacts electrostatically with the amino groups of chitosan, which

would not have occurred if a crosslinking agent is used that blocks the free amino

groups of chitosan. Thus, it was possible to achieve higher gadopentetic acid load-

ing by using the emulsion droplet coalescence method compared to the simple

emulsion crosslinking method.

Fully deacetylated chitosan was dissolved in 10% gadolinium diethylenetriamine-

pentaacetic acid (GdDTPA) solution to obtain 2.5% chitosan concentration. Then,

1 mL of this solution was added to liquid paraffin (10 mL) with Arlacel 5% and

stirred with a homogenizer to form a w/o emulsion. Separately, a similar emulsion
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was prepared with NaOH and then the two emulsions were combined to solidify

the chitosan droplets. Washing was done with toluene, ethanol and water. The

mean particle diameter was around 400 nm and the gadolinium content was

around 9%. The GdDTPA chelate was strongly retained by chitosan, so that gadoli-

nium was not released to an isotonic phosphate buffer over 7 days. Actually, the

gadolinium concentration in the tumor tissue was about 100 times higher com-

pared to Magnevist controls at the time of the thermal neutron irradiation. Endo-

cytic uptake of nanoparticles, strongly holding GdDTPA, was suggested by trans-

mission electron microscopy studies that indicated that GdDTPA has a high

affinity for the cells, contributing to the long retention of gadolinium in tumor tis-

sue. The treatment led to suppression of tumor growth in the in vivo studies. In

the controls, 14 days after irradiation, the increase of the tumor volume was 20–

25%, while the tumor was suppressed in mice treated with the gadolinium prepa-

ration; also, the survival time was remarkably prolonged [237–240].

Agnihotri and Aminabhavi [241] have used a sieving method to obtain micropar-

ticles. The first step was the crosslinking of chitosan to obtain a nonsticky glassy

hydrogel followed by passing through a sieve. A suitable quantity of chitosan was

dissolved in 4% acetic acid solution to form a thick glassy hydrogel followed by

passing through a sieve. A suitable quantity of chitosan was dissolved in 4% acetic

acid solution to form a thick jelly mass that was crosslinked by adding glutaralde-

hyde. The nonsticky crosslinked mass was passed through a sieve with a suitable

mesh size to obtain microparticles. The microparticles were washed with 0.1 N

NaOH solution to remove the unreacted excess glutaraldehyde and dried overnight

in an oven at around 40 �C. Clozapine was incorporated into chitosan before cross-

linking with an entrapment efficiency up to 98.9%. Microparticles were irregular

in shape, with average particle sizes in the range 543–698 mm. The in vitro re-

lease was extended up to 12 h, while the in vivo studies indicated a slow release of

clozapine.

4.5

DNA Loading into Nano- and Microparticles of Chitosan

DNA loading into micro/nanoparticulates of chitosan is mainly done either during

the preparation or by adsorption on the preformed particles. The process is very

efficient since, as mentioned before, it is mainly driven by electrostatic interac-

tions between the chitosan chain and the charged phosphate groups of DNA. How-

ever, the intrinsic characteristics of the carrier (chitosan and its derivatives) may

affect the loading, such as the chitosan/DNA ratio and degree of acetylation, mo-

lecular weight, as well as experimental conditions like the pH and the presence of

additives.

Leong et al. [44] have evaluated the encapsulation efficiency and loading level of

DNA into nanospheres having a size range of 200–750 nm. The nanospheres were

prepared by complex coacervation in the presence of sodium sulfate aqueous solu-

tion, using chitosan 390 kDa and two different pDNAs. The DNA loading level
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was determined by the PicoGreen assay (Molecular Probes, Eugene, OR) after the

nanospheres were digested with trypsin or chitosanase and lysozyme. The authors

reported that over 95% of the DNA was captured by the phase separation, and also

that the encapsulation efficiency and loading level were observed to increase with

the molecular weight of the encapsulant.

In general, complete biding may be achieved by increasing the amount of

chitosan in the formulation. Kiang et al. [131] have evaluated chitosans with vari-

ous degrees of deacetylation for efficacy of nanoparticle formation, DNA binding

efficiency, morphology, and in vitro and in vivo gene transfection efficiency. The

nanoparticles obtained by complex coacervation had a particle size of approxi-

mately 150–200 nm. The authors reported that when comparing chitosans with

similar degrees of deacetylation, HMW chitosan (390 kDa) with a degree of deace-

tylation of 90% binds DNA at a charge (þ/�) ratio of approximately 3.3, medium-

molecular-weight chitosan (209 kDa) with degree of deacetylation of 93% binds

DNA at a charge (þ/�) ratio of 4.0, while LMW chitosan (138 kDa) with a degree

of deacetylation of 85% requires a charge (þ/�) ratio of 5.0 to completely bind the

DNA. Similarly, at constant molecular weight, when the degree of deacetylation is

decreased, the DNA-binding capacity is decreased, i.e. more chitosan is required to

completely bind the DNA. This result was observed by comparing gel electrophore-

sis assays. For HMW chitosan, the charge (þ/�) ratio for complete DNA binding

increased from 3.3 to 8.0 as the degree of deacetylation decreased from 90 to 62%.

Mao et al. [141] evaluated encapsulation efficiency and DNA loading level by

measuring the difference between the total amount of DNA added in the nanopar-

ticle preparation buffer and the amount of nonentrapped DNA remaining in the

aqueous suspension after the coacervation process. Under optimal conditions, al-

most all DNA (pREluciferase, 11.9 kb) and chitosan were captured in the nanopar-

ticles. Using the chitosan (390 kDa)–DNA system, nanoparticles were prepared in

the presence of 25 mM Na2SO4 at a charge (þ/�) ratio of 3.3, and the encapsula-

tion efficiencies were 98:0G 2:0 and 92:7G 3.7%, respectively, for DNA and chito-

san. According to these results, the composition of the nanoparticles was calcu-

lated as 35:6G 0:9 and 64:4G 0.9% weight for DNA and chitosan, respectively.

Recently, Bozkir and Saka [242] have formulated chitosan–pDNA nanoparticles

using complex coacervation and solvent evaporation techniques. The important

parameters for the encapsulation efficiency were investigated, including molecular

weight and degree of deacetylation of chitosan. They found that the encapsulation

efficiency of pDNA is directly proportional to the degree of deacetylation, but there

is an inverse proportional relationship with the molecular weight of chitosan. The

surface charge of the nanoparticles prepared by the complex coacervation method

was slightly positive, with a z potential of þ9 to þ18 mV; nevertheless, nanopar-

ticles prepared by the solvent evaporation method had a z potential around þ30

mV. The pDNA–chitosan nanoparticles prepared by using highly deacetylated chi-

tosan having 92.7, 98.0 and 90.4% encapsulation efficiency protected the encapsu-

lated pDNA from nuclease degradation.

Recent studies on DNA-loaded microcapsules have also shown that higher

amounts of DNA can be encapsulated into the chitosan particles. Akbuga et al.
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[144] have studied pDNA-loaded chitosan microspheres for in vitro IL-2 expression.

In order to study the effect of formulation variables (concentration and molecular

weight of chitosan, plasmid amount, use of glutaraldehyde as a crosslinker, etc.) on

microsphere properties, different microsphere formulations were prepared. For

microparticle preparation, the pDNA was added to 50 mL of sodium sulfate solu-

tion (20% w/v) and this mixture was dropped into 50 mL of acidic solution of chi-

tosan and stirred for 1 h at 500 rpm. Encapsulation efficiency was calculated by

measuring the difference between the total amount of DNA added in the prepara-

tion medium and the amount of nonentrapped DNA remaining in the aqueous

supernatant suspension after the coacervation process. For this purpose, the super-

natant was spectrophotometrically analyzed at 260 and 280 nm for DNA concentra-

tion. Microspheres prepared were about 1.45–2.00 mm in size and spherical in

shape. The plasmid encapsulation efficiency of microspheres was about 85%. Plas-

mid encapsulation efficiency was affected by the initial plasmid amount – a higher

encapsulation efficiency was obtained with a lower amount of plasmid. However,

the authors reported that other factors (chitosan concentration, using LMW chito-

san and the addition of glutaraldehyde) did not affect the encapsulation efficiency

significantly.

Aral et al. [243] have prepared chitosan microspheres containing pDNA:PLL

complexes. The pDNA:PLL complexes were added to a sodium sulfate solution

(20% w/v) before dropping and this mixture was dropped into the chitosan solu-

tion (0.35% w/v in 1% Tween 80 and 2% acetic acid) and stirred for 1 h at 500

rpm. The encapsulation efficiency of chitosan microspheres was estimated by

measuring the amount of drug in the supernatant after centrifugation. The encap-

sulation efficiency for pDNA:PLL complexes was about 90% (data not shown). The

average sizes of chitosan microspheres were between 3.41 to 3.69 m and indepen-

dent of the pDNA:PLL ratio. Chitosan microspheres were evaluated for sustained-

release of human rIL-2 and the effects of different formulation factors, such as

chitosan and protein concentrations, the volume of sodium sulfate solution, tech-

nique of addition of rIL-2, and presence of glutaraldehyde during the encapsula-

tion process, on the microsphere characteristics were investigated [244]. Protein

loading of chitosan microspheres was achieved by using two different methods –

rIL-2 was added to the sodium sulfate solution during the preparation or it was

adsorbed onto the surface of empty microspheres. Spherical microspheres having

diameters ranging from 1.11 to 1.59 mm were obtained. The microspheres had a

narrow size distribution and the authors reported that higher amounts of rIL-2

could be encapsulated into the chitosan microspheres by both methods (more

than 90%).

4.6

DNA Release and Release Kinetics

DNA release from chitosan nanoparticles can be understood as a mechanism oc-

curring through a combination of release from the surface and/or inner of the
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nanoparticles and release due to polymer erosion. The definition ‘‘kinetics of in
vitro release’’ is more commonly used to describe DNA release in a buffer solution,

in which salts and/or enzymes are added to test the stability of the particles. An-

other important subject is the ‘‘kinetics of in vitro gene expression’’, which is a ter-

minology to denote the release process in the presence of targeting cells. Limiting

our discussion primarily to kinetics of in vitro release from nano- and micropar-

ticles, various parameters may affect the release, such as molecular weight of chi-

tosan, charge (þ/�) ratio, plasmid size, extent of crosslinking, method of prepara-

tion and the presence of additives. Studies on the kinetics of pDNA release from

chitosan nanoparticles are not frequently found in the literature, and only recently

has more quantitative work been performed on chitosan microparticles. Dastan

and Turan [245] have studied the in vitro release of DNA microparticles (2.0 mm)

suspended in phosphate buffer at pH 7.4. The suspension was shaken in a water

bath at 37 �C, and at defined time intervals the supernatant was collected by centri-

fugation and microparticles were resuspended in fresh buffer. pDNA (pSV-Gal

6820 bp, pEGFP-N1 4733 bp and pBluescript SKþ 2961 bp) release into the super-

natant was quantified by spectrophotometery. The authors reported that about 10–

15% of total DNA loaded into the chitosan microparticles was initially released

within the first hour followed by very slow release over 40–50 days. The results ob-

tained showed that the release is dependent on both chitosan and pDNA concen-

tration, as well as of pDNA molecular weight. It was shown that the DNA release

rate from microparticles was higher for nanoparticles having a higher pDNA con-

centration and a lower chitosan concentration. The HMW plasmids were released

slower than the smaller ones. Aral and Akubga [243, 246] have also studied the re-

lease of pDNA:PLL complexes (pUC18 2.69 kbp, that encoded galactosidase) from

chitosan microspheres of about 3.5 mm. Release profiles of the chitosan micro-

spheres were determined by incubating 10 mg samples of microspheres in phos-

phate-buffered saline (PBS, pH 7.4, BP) at 37 �C. Release studies were continued

up to 40 days. All samples were measured spectrophotometrically and fluorometri-

cally using Hoechst 33258 dye that specifically binds to DNA. The release of

pDNA:PLL complexes from the microspheres showed no initial burst release. On

the first day, 2.1–4.8% of the pDNA:PLL complexes was released from the studied

formulations. This was attributed to the high positive charge of chitosan which

could hinder the release of surface localized pDNA. At day 40, from 42–70% of

the initial drug was released from chitosan microspheres.

Chitosan microspheres containing human rIL-2 were prepared by using the pre-

cipitation technique. The average diameter of microspheres was between 1.11 and

1.59 nm [244]. Protein release from chitosan microspheres was determined in PBS

buffer in a water bath at 37G 0:5 �C. In general, the rIL-2 release profiles were bi-

phasic, characterized by an initial protein burst followed by slow release. Among

the different formulation parameters, for some of them the concentration of chito-

san as well as the amount of glutaraldehyde affected the release. However, as the

protein concentration increased, in vitro release significantly decreased. Moreover,

the volume of sodium sulfate solution used in the microsphere preparations af-

fected the release pattern of protein from chitosan microspheres. rIL-2 was re-
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leased rapidly from chitosan microspheres when a larger volume of sodium sulfate

solution was used during the preparation. In other work, Ozbas-Turan et al. [246]

have encapsulated two plasmids (pGL2 6046 bp and pMK3 7213 bp) in the same

microsphere structure and investigated in vivo release and transfection characteris-

tics of chitosan microspheres (1.15–1.28 mm). They reported that very little burst

effect was seen in the release profiles of two plasmid-loaded microspheres and

that pDNAs were continuously released from chitosan microspheres. The in vitro
release of pDNAs from microspheres was dependent on the plasmid amount and

chitosan concentration. As the amount of plasmids increased, release decreased

significantly. The same results were obtained with microspheres containing differ-

ent concentrations of chitosan. The authors concluded that there was no signifi-

cant difference between the release patterns of single- and double-plasmid loaded

microspheres. In more a recent paper [144], the same group studied pDNA-loaded

chitosan microspheres (1.5–2.0 mm) for in vitro IL-2 expression. They reported that

all release profiles of the microspheres were similar and showed a small burst re-

lease of about 10–20% in the first 24 h and then slow release at a constant rate.

DNA release was reported to change significantly with the chitosan concentration.

Microspheres prepared with the highest concentration of chitosan exhibited the

lowest DNA release. Microspheres prepared with HMW chitosan exhibit slow

DNA release. As the molecular weight of chitosan increased, the release of pDNA

from microspheres decreased. The molecular weight of chitosan was previously

shown to be important in DNA release as reported by Xu and Du studying the re-

lease of bovine serum albumin from chitosan nanoparticles (20–200 nm) [200].

Moreover, DNA release was affected by the amount of plasmid entrapped. An in-

crease in DNA content of microspheres resulted in a decrease in plasmid release.

The studies on the release of chitosan nanoparticles found in the literature

mainly focus on the release of proteins and other drugs rather than on pDNAs.

The importance of studying the release from nanoparticles is due to the advantages

of nanoparticles over microspheres; it has been observed that nanoparticles can en-

ter the cell by endocytosis or pinocytosis, having a size requirement less than 100

nm [141, 142]. Also the number of nanoparticles that cross the epithelium is

greater than the number of microspheres [247]. Bozkir and Saka [242] have re-

cently studied the effect of chitosan molecular structure and type of formulation

on the release characteristics of chitosan nanoparticles. They found that the release

of pDNA from the formulation prepared by complex coacervation was completed

in 24 h, whereas the formulation prepared by evaporation technique released

pDNA in 96 h; however, these release profiles were not statistically significant com-

pared with formulations with similar structure.

4.7

Preclinical Evidence of Chitosan–DNA Complex Efficacy

We have previously demonstrated that chitosan–DNA complexes appear spherical

with a mean size of less than 100 nm and a homogenous distribution of DNA
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within the particle [249]. Our results are in agreement with previous studies [248].

The size of the complexes is of crucial importance to cellular uptake. Illum et al.

have synthesized chitosan–DNA nanoparticles ranging from 20 to 500 nm and

thus our complexes are smaller than other polymeric systems [248]. The smaller

size complexes have the advantage of entering the cells through endocytosis and/

or pinocytosis, and therefore increasing the transfection rate. The transfection effi-

cacy seen in vitro is cell-type dependent and cell viability studies following incuba-

tion with nanoparticles confirmed the lack of toxicity of chitosan compared to cati-

onic lipids such as lipofectamine [84, 136, 249].

In addition to condensing the pDNA, an efficient gene delivery system is re-

quired to transport the gene into the cell and see to its eventual release, leading

to gene expression and subsequent protein synthesis (Fig. 4.5). It is thus necessary

to test a gene carrier on different cells lines, especially cells that resemble those

that will be targeted. We have incubated chitosan–DNA polyplexes with MG63

cells, which have characteristics resembling those of osteoblasts, and with mesen-

chymal stem cells (MSCs), which are implicated in the formation of tissues such as

cartilage, bone, tendons and muscle [250]. Nanoparticles composed of chitosan of

molecular weight 400 kDa and a DNA quantity equivalent to 10 mg resulted in a

transfection that was statistically significant compared to cells received solely DNA.

MG63 cells did not demonstrate the same level of transfection. This can be ex-

plained by a delayed internalization of the nanoparticles when compared to HEK

293 cells. In fact, fluorescent microscopy observations undertaken by our group

on nanoparticles incubated with human osteoblasts indicate that the particles re-

main bound to the surface for as long as 1 week following incubation (Fernandes

et al., personal observations). However, MSCs did demonstrate gene expression

when transfected with chitosan–DNA nanoparticles. This was clearly seen by a

number of cells turning blue following X-gal staining; however, their transfection

efficacy is not statistically significant when compared to cells receiving solely naked

DNA [249].

One major pitfall of in vitro studies is their lack of reproducibility in vivo. We ad-

dressed this question recently by injecting either 0.15 M NaCl (control) or 1 mg of

naked or complexed VR1012 plasmid coding for the b-Gal gene (Vical, Anaheim,

CA) with chitosan or lipofectamine in the anterior tibialis muscle of 6-week-old

male BALB/c mice. One major finding of this pilot study was that chitosan–DNA

nanoparticles administered in the anterior tibialis mice muscle revealed a high

signal corresponding to b-Gal gene expression within 48 h [251]. In contrast, the

administration of naked or DNA–lipofectamine in the anterior tibialis muscle did

not reveal any b-Gal gene expression. From these preliminary data, we proposed

that chitosan–DNA nanoparticles have the potential ability to transfect muscle cells

in vivo and lead to protein synthesis.

To improve transfection efficiency, several derivatives of chitosan have been pre-

pared based on reactions with the free amino groups. Mao et al. demonstrated that

transferrin and KNOB protein conjugation improved transfection efficiency in

HEK 293 and HeLa cells [141]. Trimethylated chitosan is prepared with different

degrees of quaternization to increase the solubility of chitosan at neutral pH [84];
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deoxycholic group-conjugated chitosan has been synthesized to develop a colloidal

carrier for DNA [102]; both quaternarized chitosan and deoxylated modified chito-

san have been shown to transfect COS-1 cells effectively in vitro. A lactosylated chi-

tosan has also been shown to be able to complex with DNA and effectively transfect

HeLa cells [143]. It has been noticed that transfection efficiency also depend on the

cell type used and the chitosan derivatives.

Folic acid was chosen by our group as a ligand for targeting cell membrane and

allowing nanoparticles endocytosis via the FR for a higher transfection yield. Im-

portantly, the high affinity of folate to bind its receptor (1 nM) [252] and the small

size of folate allows its use for specific cell targeting. Moreover, the ability of folic

acid to bind the FR that enables endocytosis is not altered by covalent conjugation

of small molecules [253–255]. FR is overexpressed on many human cancer cell sur-

faces [252] and the nonepithelial isoform of FR (FRb) is expressed on activated

synovial macrophages present in large numbers in arthritis joints [256]. Folic acid

has been used by many researchers like a ligand with cationic liposome and other

polymers to target cells expressing FR. For example, Guo et al. showed that folic

acid enhanced PEI-mediated transfection activity in the presence of serum into cul-

tured mammalian cells [257]; Reddy et al. showed that folate-mediated endocytosis

can be exploited to target transgenes to cancer cells expressing FR and that folate-

derivatized DOPE have a high transfection activity [258].

4.8

Potential Clinical Applications of Chitosan–DNA in Gene Therapy

The chitosan–DNA system has been used in a novel gene transfer approach

against respiratory syncytial virus infection, which at a single dose of about 1 mg/

kg body weight is capable of decreasing viral titers by two orders of magnitude

(100-fold) on primary infection. The immunologic mechanisms for the effective-

ness of this prophylaxis include the induction of high levels of both serum IgG

and mucosal IgA antibodies, the generation of an effective control response, and

elevated lung-specific production of interferon (IFN)-g with antiviral action. Al-

though effective as a single-dose, it is possible that dose-escalation and prime-

booster strategies of the intranasal gene transfer (IGT) vaccine might further

enhance its effectiveness. In addition, IGT significantly decreases pulmonary in-

flammation and does not alter airway hyperresponsiveness, thus making it safe

for in vivo use [259].

Coxsackievirus B3 (CVB3) infections are common causes of acute and chronic

myocarditis for which no effective prophylactic treatment is available. Xu et al.

[260] have described a prophylactic strategy using chitosan–DNA intranasal immu-

nization to induce CVB3-specific immune responses. Intranasal administration

of a chitosan–DNA complex prepared by votexing DNA with chitosan resulted

in transgenic DNA expression in mouse nasopharynx. Mice immunized with

chitosan–DNA (pcDNA3-VP1) encoding VP1, major structural protein of CVB3,

produced much higher levels of serum IgG and mucosal secretory IgA compared

4.8 Potential Clinical Applications of Chitosan–DNA in Gene Therapy 97



to mice treated with pcDNA3-VP1 or pcDNA3. Increased virus-specific cytotoxic

activity of spleen cells derived from chitosan–DNA-vaccinated mice was also deter-

mined. Chitosan–pcDNA3-VP1 intranasal immunization resulted in 42.9% protec-

tion of mice against lethal CVB3 challenge and a significant reduction of viral load

after acute CVB3 infection. The authors indicated that intranasal delivery of the

chitosan–DNA vaccine successfully induced mucosal SIgA secretion and might be

a promising vaccine candidate to protect against CVB3 infection.

The zona pellucida (ZP), the extracellular matrix surrounding oocytes, has re-

ceived considerable attention as a potential target for contraception because of its

key role in many reproductive processes, e.g. gamete interaction during fertiliza-

tion, induction of acrosome reaction. Sun et al. [261] have constructed a eukaryotic

expression vector pVAX1-pZP3a as an oral ZP DNA contraceptive vaccine and suc-

cessfully encapsulated in nanoparticles with chitosan. After 5 days of feeding to

mice, the transcription and expression of pZP3a was found in mouse alvine cho-

rion. The authors suggested that the chitosan–pVAX1-pZP3 pDNA nanoparticles

can successfully transfect the alvine chorion cells in mice in vivo.
In order to investigate the potential of chitosan in the form of an inhaled powder

as a gene delivery system, Okamoto et al. prepared powders using pCMV-Luc as a

reporter gene and a LM chitosan (3000–30 000) as a cationic vector with supercrit-

ical CO2. The chitosan–DNA powders obtained were administered to the lungs of

mice. The transfection efficiency of these powders was compared with that of DNA

solutions and DNA powders without the cationic vector. The gene powder with the

cationic polymer was found to be an excellent gene delivery system to the lungs, as

evidenced by a high transfection rate and high expression of the luciferase protein.

The benefits of the chitosan–DNA powders examined were summarized as follows:

(a) the addition of chitosan suppressed the degradation of pCMV-Luc during the

supercritical CO2 process, (b) the addition of chitosan increased the yield of

powders and (c) the chitosan–DNA powders increased the luciferase activity in the

mouse lung compared with pCMV-Luc powders without chitosan or pCMV-Luc

solutions with or without chitosan [262]. Bivas-Benita et al. [263] have proposed

chitosan–DNA nanoparticles for pulmonary delivery of a DNA vaccine encoding

HLA-A*0201-restricted T cell epitopes of Mycobacterium tuberculosis. The authors

used an HLA-A2 transgenic mouse model to investigate the effects of pulmonary

delivery of a new pDNA encoding eight HLA-A*0201-restricted T cell epitopes

from M. tuberculosis formulated in chitosan nanoparticles. It was shown that the

chitosan–DNA formulation was able to induce the maturation of dendritic cells,

whereas chitosan solution alone could not, indicating the DNA was released from

the particles and was able to stimulate dendritic cells. Pulmonary administration of

the pDNA incorporated in chitosan nanoparticles was shown to induce increased

levels of IFN-g secretion compared to pulmonary delivery of plasmids in solution

or the more frequently used intramuscular immunization route. The authors indi-

cated that pulmonary delivery of DNA vaccines against tuberculosis may provide

an advantageous delivery route compared to intramuscular immunization and

that increased immunogenicity can be achieved by delivery of this DNA encapsu-

lated in chitosan nanoparticles.
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4.9

Conclusion

Gene therapy offers a promising approach for the treatment of genetic disorders,

vaccine development and tissue engineering. However, such opportunities will

only be attainable by the development of safe and efficient gene delivery systems.

Such systems must protect the DNA, and allow it to enter the targeted cell and

reach the nucleus where genetic expression will take place. Several nonviral ap-

proaches have been developed and improved for use in different clinical settings.

Substantial progress has also been made in improving plasmid expression vectors.

It is now possible to achieve gene expression in a controllable manner using gene

switch systems. A number of in vitro and in vivo studies, including ours, showed

that chitosan is a suitable material for efficient nonviral gene therapy. Several

groups are conducting studies using different strategies that can be linked to

chitosan–DNA nanoparticles (including targeting cell membrane receptors) for a

higher transfection yield.

Chitosan–DNA nanoparticles, due to their reduced cytotoxicity and ability to

transport and release genes intracellularly, where expression of the encoded pro-

tein occurs, are considered as a potential candidate for a nonviral gene carrier. Fur-

ther improvements in nonviral gene therapy will rely on a better understanding of

the cellular and in vivo barriers to gene transfer.
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Plant Protein-based Nanoparticles

Anne-Marie Orecchioni, Cécile Duclairoir, Juan Manuel Irache and

Evelyne Nakache

5.1

Introduction

Biopolymers, such as proteins, lipids or polysaccharides, are commonly used to en-

capsulate drugs in order to protect them from rapid degradation by environmental

stress (e.g. light, heat, oxygen or pH sensitivity). Drug loading of carriers seems to

be an attractive opportunity, especially if they are made from bioacceptable macro-

molecules, e.g. plant proteins. Colloidal carriers, in the form of nanoparticles with

a diameter of 50–500 nm and up to a few micrometers, have the potential to de-

liver drugs to specific target sites and to achieve sustained drug release. Moreover

encapsulation can modify the drug biodistribution and increase its bioavailability

[1–4]. Nanoparticles can be formed from a variety of materials including synthetic

polymers and biopolymers (i.e. natural compounds), such as proteins, lipids and

carbohydrates [5]. Natural macromolecules from vegetable sources appear to be a

very promising alternative to synthetic polymers due to their proven safety, espe-

cially those that are used as food sources. The selection of a suitable structural

material has an important influence on its potential medical use. Comparing plant

and animal proteins, it appears that vegetal proteins may be more disposable and

cheaper than animal proteins. Moreover, for plant proteins, the purification pro-

cess might be also simplified.

In general, protein nanoparticles display a number of interesting advantages.

Among them, these carriers are biodegradable and metabolizable. Moreover, they

can be prepared under ‘‘soft’’ conditions, without the use of toxic organic solvents

or materials, and they can incorporate a wide variety of drugs in a relatively non-

specific fashion [6]. Moreover, due to their defined primary structure, protein-based

nanoparticles may offer various possibilities for surface modification and covalent

attachment of drugs and ligands [7, 8].

Taking into account all of these advantages of plant proteins, this chapter will

focus solely on the use of storage proteins from pea (legumin and vicilin) and

wheat (gliadins) when used as a structural material to prepare nanoparticles, and

their possible applications in pharmacy and medicine. These proteins are not the
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only ones able to produce nano/microparticles for use as drug carriers – studies

have also been performed on other plant proteins like soy glycinin from soybean

seeds [9] and zein from corn [10]. However, the numbers of studies with these

two proteins are very low. This chapter also includes an overview of the fabrication

and applications of both conventional and ‘‘decorated’’ (i.e. conjugated) storage

protein nanoparticles.

5.2

Description of Plant Proteins

Plant proteins are characterized by their three-dimensional organization. Two

classes can be distinguished:

� Fibrous proteins composed of polypeptide chains joined together along a linear

axis. They are involved in the structural material of living organisms.
� Globular proteins composed of one or, more frequently, several polypeptide

chains rolled up to give a three-dimensional structure. Most of them are storage

proteins.

Most vegetal proteins play an active role in biological processes, e.g. enzymes,

and they can be classified by their physicochemical and extraction properties [11].

Four classes are listed:

� Vegetable albumins are hydrosoluble and rich in ionic residues (arginine, gluta-

mic acid, lysine, tryptophan, etc.).
� Globulins are complex molecules and their amino acids composition is similar to

that of albumins. However, their solubility needs an electrolyte medium.
� Prolamins are soluble in hydroalcoholic mixtures due to their high content of

amino acids with hydrophilic residues.
� Glutelins cannot be dissolved in any of the aforementioned solvents, due to their

high molecular mass and the presence of disulfide bonds; they are rich in lipo-

philic amino acids.

Storage proteins comprise proteins generated mainly during seed production

and stored in the seed that serve as nitrogen sources for the developing embryo

during germination [12, 13]. It is obviously more effective for the plant to use pro-

teins instead of secondary plant products for this purpose. The average protein

content of cereal grains is 10–15% of their dry weight [14], whereas for leguminose

seeds it is about 20–25% [15, 16]. In addition to seeds, storage proteins can also be

found in root and shoot tubers, e.g. potatoes.

No clear definition exists of what a storage protein is. The term is operational

and was coined for all those proteins whose ratio in the total protein amount of

the cell is greater than 5%. All of these proteins are characterized by the absence

of enzymatic activity, act as a nitrogen source during seed germination and, usu-

ally, occur in an aggregated state confined in a membrane [17, 18].
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Storage proteins are important for human nutrition (plant proteins), and numer-

ous studies concerning their structure and biosynthesis have been published. For

leguminoses, a simplifying rule says that they contain two types of storage proteins

– legumin and vicilin. The legumins (as well as the vicilins) are very similar in dif-

ferent leguminose species. However, Gramineae contain a third type of storage

proteins – prolamin – and, depending on the origin, it is distinguished between

zein (from Zea mays) [19], hordein (from Hordeum vulgare) [20] and gliadin (from

Triticum aestivum L.). In contrast to legumins and vicilins that are mainly located in

the cotyledons of seeds, prolamines are found in the endosperm [21].

5.2.1

Pea Seed Proteins

Globulins are the main storage proteins in pea seeds [22]. These globulins were

characterized by Osborne [23] according to their insolubility in distilled water and,

on the contrary, by their solubility in buffered aqueous neutral salt solutions. When

they are fractionated by centrifugation techniques, three different fractions have

been described (with sedimentation coefficients of 2, 7 and 11S). The so-called 7

and 11S globulins represent the major pea seeds storage proteins – vicilin and

legumin, respectively. These proteins display a number of similarities, including

the adopted shape when solved in an aqueous solution and the similar size of the

domains of the subunits forming these proteins [24, 25]. However, they can be dif-

ferentiated by their molecular weight [22, 26] and different behavior at high tem-

perature. In fact, vicilin has a size of about 200 kDa, whereas legumin is about

360 kDa [22, 26]. Furthermore, legumin does not coagulate at high temperature

[27].

� Vicilin belongs to the group of so-called 7S globulins. It has a complex globular

structure composed of two different types of subunits with molecular weights of

about 50 and 60–70 kDa. These subunits form trimeric holoproteins in different

combinations [22, 28]. Vicilin is rich in acidic amino acids (aspartic and glutamic

acids), leucine and lysine [29, 30].
� Legumin belongs to the group of so-called 11S globulins [26]. This protein has a

complex globular structure made of six pairs of subunits. Each of the subunits is

composed of disulfide-linked acidic a-chains (molecular weight 40 kDa) and basic

b-chains (molecular weight 20 kDa) [31]. Although the three-dimensional struc-

ture of legumin has not been yet determined, the sequence alignment of this

protein appears to show some similarities with that of vicilin [24, 32].

5.2.2

Wheat Proteins

Storage proteins from the wheat seed are able to form a unique viscoelastic net-

work called gluten. The properties of gluten make it useful in the production of

food products such as bread, pasta and semolina, and more recently in biopackag-
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ing materials [33]. The rheological properties of gluten are dependent on the pro-

tein interactions that are formed in the network, and these properties were found

to be mainly influenced by physical parameters such as temperature and pressure

[34–36].

Two main fractions are present in gluten – gliadin, which is soluble in 70%

ethanol, made of single-chain polypeptides with an average molecular weight of

25–100 kDa linked by intramolecular disulfide bonds, and glutenin, an alcohol-

insoluble fraction consisting of gliadin-like subunits stabilized by intermolecular

disulfide bonds in large aggregates with a molecular weight greater than 106 kDa

[37]. Because they account for about half of the total wheat gluten proteins, gliadin

constitutes an important class of proteins that are involved in the various proper-

ties of the gluten [38, 39]. These proteins are polymorphic, and can be separated

and classified on the basis of their electrophoretic mobility at acid pH values [40]

in the following four fractions: a (molecular mass about 25–35 kDa), b (30–35

kDa), g (35–40 kDa) and o (55–70 kDa) groups [41–44]. All fractions have remark-

ably low solubility in aqueous solution except at extreme pH. This low water solu-

bility has been attributed to the presence of interpolypeptide disulfide bonds and to

the cooperative hydrophobic interactions which cause the protein chains to assume

a folded shape. The amino acid composition shows that gliadin has equal amounts

of apolar and neutral amino acids, mainly glutamine (about 40%). Furthermore,

gliadin also has a high proline content (14%) and a very low proportion of charged

amino acids [41, 45].

o-Gliadin presents an isoelectric point (pI) ranging from 5.5 to 7 and has a few

charged molecules with six to 11 basic amino acids per molecule. In contrast, a-, b-

and g-gliadins, with a pI range of 6.5–8, are still less charged than o-gliadin [46].

5.3

Preparation of Protein Nanoparticles

Several methods have been reported in the literature for the preparation of

nanoparticles from protein raw materials. Coacervation or controlled desolvatation

methods have been developed using solvent or electrolyte as the coacervation agent

[47, 48] or by adjusting the pH or ionic strength [49, 50]. In the coacervation meth-

ods promoted by solvents, the first step consists of dispersing the macromolecules

in an adequate solvent, then adding the mixture to a second solvent which is a

nonsolvent of the macromolecules. A required condition is that the solvent and

the nonsolvent phases are miscible.

The coacervation process is applied to a macromolecular solution to reduce the

solubility in the system to such a degree that appropriate phase separation of

the macromolecule takes place, i.e. the formation of a macromolecule-rich phase.

The desolvatation leads to macromolecule precipitation or to coacervate formation.

It is assumed that, before phase separation is observed, a conformational change in

the macromolecule occurs. The addition of a desolvating agent shrinks the macro-

molecule coil which becomes smaller and smaller until the phase separation from
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the solvent occurs. It is possible to monitor the phenomenon by turbidity measure-

ment. A desolvatation agent decreases the turbidity because of the decrease in mac-

romolecular size. To prepare small particles, it is important to maintain the system

just outside the coacervation region. The addition of the coacervation agent should

stop as soon as the Tyndall effect bounded to aggregation of macromolecules turns

the system turbid [7]

5.3.1

Preparation of Legumin and Vicilin Nanoparticles

Legumin and vicilin have an aqueous solubility that is strongly pH and ionic

strength dependent [30]. Nanoparticles from these pea proteins (Figs. 5.1 and 5.2)

can be obtained by a simple coacervation or controlled desolvatation method [50–

52]. It was observed that extreme pH values enable their solubilization in aqueous

medium. The coacervating or desolvating agent induces a progressive modification

of the tertiary structure of the proteins, giving an increasing hydrophobic material

which leads to submicronic aggregates or coacervates [53]. These coacervates are

generally unstable and must be hardened for stabilization by physical or chemical

Fig. 5.1. Scanning electron micrograph of legumin

nanoparticles. (From Ref. [52], permission pending).

Fig. 5.2. Scanning electron micrograph of vicilin nanoparticles.

(From Ref. [50]).
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crosslinkage. In the case of these pea proteins, a three-step procedure can be em-

ployed to obtain nanoparticles.

In a fist step, an unstable coacervate is obtained by mixing a solution of the

chosen protein (pH 9) with a phosphate buffer solution. In a second step, the coac-

ervates have to be hardened with a crosslinking agent in order to stabilize the just-

forming coacervates. The most popular crosslinking agent is glutaraldehyde. This

reagent reacts with the amino groups of the proteins, predominantly with the

amino group of lysines, to form a Schiff base [54]. Finally, after the crosslinking,

for pharmaceutical purposes, the obtained nanoparticles have to be purified. For

this purpose, unreacted aldehyde can be neutralize with a sulfite and nanopar-

ticles centrifuged in order to eliminate the nontransformed protein fraction onto

particles.

Some comprehensive explanations of nanoparticles formation can be given. It is

observed that, at a pH value close to 7, the coacervates show a submicronic size,

but the percentages of coacervates yields are under 40% of the added protein.

Similarly, the ionic strength of the buffer greatly influences the coacervate size

and yield. The best experimental conditions to obtain small-sized particles (average

diameter 500 nm) were found to be pH 6.8 and ionic strength 0.15 M for legumin,

and pH 6.4 and ionic strength 0.10 M for vicilin [50, 52].

The isoelectric points of the two proteins are about 4.5. Thus, the balance be-

tween negative carboxyl groups (from glutamic and aspartic acids) and positive

groups (from lysine and arginine) changes when the pH of the protein solution is

less or greater than 4.5. Consequently, under environmental conditions close to the

isoelectric point, these globulins would present a reduced interfacial charge which

may enhance coacervate precipitation and phase separation. In other respects, for

neutral pH values, legumin and vicilin would have a charge which may probably

act against coacervate formation.

Concerning vicilin, in particular, a hypothesis for protein coacervate formation

has been proposed. Under defined conditions, solubilized vicilin (7S form) may as-

sociate to yield an 11S insoluble form. This 11S form (probably a dimer of vicilin)

may be responsible for the initial precipitation of vicilin which aggregates up to a

critical size depending on environmental conditions (pH and ionic strength). The

coacervate must be quickly hardened by crosslinkage in order to prevent the aggre-

gates coalescing to a separate phase.

5.3.2

Preparation of Gliadin Nanoparticles

Gliadin nanoparticles (Fig. 5.3) can be prepared by a desolvatation method in

which a dissolution of gliadin in an organic solvent/water mixture is desolvated

by the addition of a nonsolvent aqueous phase [50, 55]. Note that gliadin nanopar-

ticles prepared in this way are stable and further treatment by heat or chemical

crosslinking is not necessary to stabilize them. This fact can be explained by the

extremely low solubility of gliadin in an aqueous medium and represents an ad-

vantage when compared with other protein nanoparticles (i.e. albumin, gelatin).
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In any case, gliadin nanoparticles can be hardened by chemical stabilization in or-

der to modulate the drug release characteristics of nanoparticles or their in vivo dis-
tribution and interaction with the body.

Once produced (and eventually hardened by chemical crosslinkage), they have

to be purified. The organic solvents are eliminated by evaporation under reduced

pressure, whereas the amounts of protein not transformed onto nanoparticles

and other impurities (i.e. the chemical crosslinker) are eliminated by dialysis,

gel-permeation chromatography or, more frequently, subsequent centrifugations.

Finally, nanoparticles can be also lyophilized to preserve their physicochemical

properties for a long period of time. For lyophilization of gliadin nanoparticles, a

solution of glucose 5% w/v has been proposed as a cryoprotector [56, 57].

In summary, this simple method allows the preparation of reproducible particle

sizes with a narrow distribution. The main advantages are the production of nano-

particles in the absence of toxic organic solvents and the possibility of avoiding

the chemical stabilization step to obtain stable nanoparticles. The selection of the

solvent phase of gliadin has a significant influence on the size of the resulting

nanoparticles. In this context, mixtures between either ethanol and water or ace-

tone and water enable production of both smaller particle sizes and reproducible

results. Another key factor concerns the nonsolvent of gliadin. In this case, an

aqueous solution of NaCl (0.9% w/v) has been proposed [50]. When a mixture of

ethanol and water is used, the size of the resulting nanoparticles is close to 450 nm

and the yield of the process, determined by gravimetry and reverse-phase high-

performance liquid chromatography (RP-HPLC), is about 90% [50, 56].

More recently, in order to understand the influence of environmental parameters

governing gliadin nanoparticles size, a thermodynamic approach was investigated,

i.e. the determination of the solubility parameter of the protein [58]. According to

Hildebrand theory [59], the solubility parameter of gliadin was determined using a

panel of solvents or mixtures of them. It is assumed that the solvent which best

solubilizes gliadin has the same solubility parameter as the protein [60]. Different

mixtures were prepared with bioacceptable solvents such as ethanol, ethylene

glycol, propylene glycol and ultra-pure water. These solvents are usually considered

Fig. 5.3. Scanning electron micrograph of a gliadin

nanoparticle. (From Ref. [8]).
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as references for the determination of the solubility parameters of biological

compounds.

When a mixture of ethanol and water is used, the size of the resulting nanopar-

ticles is close to 450 nm and the yield of the process, determined by gravimetry and

RP-HPLC, is about 90% [50, 56]. However, a mixture of propylene glycol and water

(73/27%) appears to be the best selection to obtain small gliadin nanoparticles of

about 150 nm [58].

5.4

Drug Encapsulation in Plant Protein Nanoparticles

In order to evaluate the encapsulation ability of gliadin nanoparticles, different

drugs were tested, chosen for their medical and/or pharmaceutical interest. The

objective of this research was to determine the feasibility of nanoparticles loaded

with hydrophilic or lipophilic drugs and furthermore in order to obtain as small-

sized particles as possible. Attention was focused on the drug release mechanism.

Four drugs were chosen – two lipophilic vitamins, i.e. all-trans retinoic acid [vita-

min A (RA)] and a-tocopherol [vitamin E (VE)], and two hydrophilic drugs, i.e. a

slightly polar mixture of linalool–linalyl acetate (LLA), components of the essential

lavender oil, and the cationic amphiphilic benzalkonium chloride (BZC). For all

these particulate systems, nanoparticles sizes were determined by scanning elec-

tron microscopy or photon correlation spectroscopy.

5.4.1

RA Encapsulation in Gliadin Nanoparticles

RA is involved in the proliferation and differentiation of epithelial tissues. This vi-

tamin in acidic form reduces the size of sebaceous glands and sebum secretion,

making it an attractive agent for the treatment of skin disorders such as acne, pso-

riasis, hyperkeratosis, ichtyosis and epithelial tumors [61, 62]. In the treatment

of acne, it was demonstrated that RA prevents inflammatory lesions by loosening

follicular impactions (micrcomedones) and clearing the follicular canal of retained

keratin [63]. Furthermore, RA has been proven effective against a range of malig-

nancies in human clinical trials, although many patients relapsed after a remission

[64]. In vivo studies have shown that RA is active against acute promyelocytic leu-

kemia [65, 66]. Unfortunately, the limited duration of RA activity in this leukemia

is a pharmacological adaptation resulting in reduced serum concentration after

prolonged treatment [67]. Nevertheless, in spite of a real therapeutic interest, sev-

eral drawbacks (e.g. teratogenicity) have been reported for the currently available

dosage forms [62]. To overcome these inconveniences, and in an attempt to in-

crease the therapeutic efficacy of RA, alternative dosage forms have been suggested

– microemulsions [68] and liposomes for intravenous [69] and topical administra-

tion [70]. Another system suitable for controlled drug release could be nanopar-

ticles from biopolymers. For this purpose, we have chosen nanoparticles from glia-
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din. They were prepared by the aforementioned desolvatation method [50, 58].

These particles can be obtained by using only bioacceptable solvents such as etha-

nol and water. Their size, which is one of the determinant characteristics for med-

ical purposes, can be optimized. These nanoparticles, showing good stability in

phosphate-buffered saline (PBS), were assayed as carriers for RA. They have shown

a quite good entrapment efficiency – about 75% of added drug at 60 mg (mg

gliadin)�1 and a payload of 74 mg (mg gliadin)�1 nanoparticles [58]. In order to

quantify more precisely the solvent effect, the size diameter was optimized through

a solubility parameter study. The smallest size was reached for protein solubility

solvent equal to that of gliadin. The average diameter of the particles was about

150 nm [58]. RA was released from these nanoparticles, in a two-step mechanism,

characterized by an initial rapid release followed by a continuous diffusion process.

The first release was found to be about 20% of the loaded drug and can be related

either to the release of the drug entrapped in the peripheral domains of the nano-

particle matrix or to a simple desorption of superficial RA, whilst the second slower

period was linear with respect to time and appeared to be a diffusion phenomenon.

Furthermore, in this second step, about 20% of the drug was released by diffusion

in 3 h.

These observations offer interesting prospects for the preparation of drug-loaded

carriers for medical applications.

5.4.2

VE Encapsulation in Gliadin Nanoparticles

Drug carriers are interesting systems to prevent drawbacks related to the drug

itself by decreasing its degradation rate. In order to test the protective power of

nanoparticles against environmental stresses, a second lipophilic vitamin, VE, was

encapsulated into gliadin nanoparticles. VE is known to act as a strong antioxidant

or nitrosamine blocker to prevent the build-up of cellular peroxide [71]. The expo-

sure to free oxygen species induces a rise in lipid peroxidation, which may cause

injury at different sites of the body. For instance, the action of free radicals pro-

duced by a variety of environmental stresses (among them sun exposure) may

promote skin damage, such as premature skin ageing [72], skin fragility and even

skin cancers (melanoma or others) [73] related to a decrease in cellular immunity

of the skin. VE appears to be one of the strongest free radical scavengers through

its action as a chain-breaking antioxidant in membranes [74], preventing acute or

chronic damage [75]. In addition to these biological activities, VE also exerts cos-

metic functions; notably, it helps delay the progression of aging [76] and possesses

a skin moisturizing power [77]. However, VE is degraded by oxygen, and dosage

forms must be protected from light, heat and prolonged contact with air. Previous

work has shown that the preparation of gliadin nanoparticles could be easily per-

formed by a simple coacervation method. It is for this reason that gliadin has

been chosen. Moreover, gliadin possesses the ability to interact with epidermal ker-

atin due to its richness in proline [78]. VE-loaded gliadin nanoparticles have been

characterized by their size, z potential, VE payload and entrapment efficiency.
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When loaded, the gliadin particle size is about 900 nm and their charge is close to

zero. They are suitable drug carriers with an optimum encapsulation rate of about

100 VE mg (mg gliadin)�1 with an efficiency of more than 77%. The release behav-

ior of VE-loaded nanoparticles may be interpreted as a ‘‘burst’’ effect, followed by a

diffusion process through a homogeneous sphere [3].

5.4.3

Lipophilic, Hydrophilic or Amphiphilic Drug Encapsulation

In order to study the influence of drug polarity on nanoparticle characteristics such

as particles size, drug loading and drug release, three different drugs with different

polarities were chosen [79]. VE, studied in a previous paper [3], was employed as a

model of a lipophilic drug, and the slightly polar LLA and the amphiphilic cationic

benzalkonium chloride (BZC) as hydrophilic models. Their dielectric constants

are, respectively, 4, 8 and 45 [80]. The choice of these drugs was governed by their

utilization in pharmaceutical dosage forms:

� VE, widely used as strong antioxidant in many medical and cosmetic applica-

tions, is rapidly degraded because of its light, heat and oxygen sensitivity [3].
� Linalool and linalyl acetate are the major components of essential lavender oil

used in aromatherapy. They possess antibacterial and antifungal properties [81].

They are used in topical formulations. They may cause skin irritation by reason

of a potential caustic power. Gliadin encapsulation could be a fruitful method for

LLA formulations. Furthermore, the interaction of gliadin proline with skin ker-

atin associated with the controlled release of LLA may avoid some drawbacks of

this drug.
� BZC is a quaternary ammonium used as an antiseptic and bactericide, spermi-

cide [82], and virucide [83]. However, BZC can promote some allergies followed

by mucous lesions. It is assumed that encapsulation into gliadin nanoparticles

could minimize or avoid lesions promoted by this irritant quaternary ammo-

nium and could improve the dosage form by delaying drug release.

Drug entrapment and efficiency were tested after encapsulation. The results

showed that the amount of entrapped VE and LLA is higher than that of the

cationic BZC, confirming a strong interaction between gliadins and apolar com-

pounds, due to the apolarity of the proteins. When comparing drug entrapment,

results show that the optimal VE concentration is obtained for 972.0 VE mg (mg

gliadin)�1, with an efficiency of 79.2%, the optimal LLA concentration corresponds

to 980.0 LLA mg (mg gliadin)�1, with an efficiency of 82.4%, and the optimal BZC

concentration corresponds to 550.3 BZC mg (mg gliadin)�1, with an efficiency of

52.3% (Table 5.1).

For drug release quantification, only VE and BZC were studied. The reason be-

ing that LLA should be studied under a controlled atmosphere and not in a liquid

medium. Such differences between media used did not allow an easy comparison

to other drugs. For VE and BZC, drug releases were, respectively, 13 and 11% after

126 5 Plant Protein-based Nanoparticles



1 h, and 30.6 and 11.7% after 30 h. The phenomenon observed can be interpreted

as a burst effect completed by a drug diffusion process through a homogeneous

sphere. Both release diffusion parts of the profiles have been modeled with a diffu-

sion process in a homogenous sphere. However, the diffusion coefficients are dif-

ferent according to VE or BZC, i.e. 1:12� 10�20 and 6:36� 10�21 m2 s�1, respec-

tively. This could be related to the different affinity of the gliadin for the two drugs.

In organic phases, diffusion coefficients are usually about 10�9 m2 s�1. Here, the

coefficients are clearly much lower, which confirm that the drug is retained by the

nanoparticle matrix.

In conclusion, it can be observed that whatever the polar drug character, this

gliadin nanoparticulate system is able to entrap the drug with an acceptable

payload and encapsulation efficiency [79].

5.5

Preparation of Ligand–Gliadin Nanoparticle Conjugates

In general, proteins produce biodegradable particles whose physicochemical prop-

erties can be modulated by the crosslinking process employed for their stabiliza-

tion. Furthermore, due to the presence of numerous functional groups (i.e. amino

and carboxylic residues), proteins are excellent candidates for the preparation of

conjugates, formed by the attachment of molecules capable of providing specificity

to the surface of nanoparticles. In this context, different ligands have been pro-

posed, including antibodies [84, 85], lectins [86, 87], carbohydrates [88] and other

biological ligands, in order to recognize or bind particular molecules [89, 90].

However, the association of ligands with nanoparticles can be achieved by differ-

ent procedures, including covalent linkage and adsorption processes [91]. Ideally,

the ligand should be conjugated to particles through a covalent linkage, which is

more stable than adsorption procedures, without affecting its specificity. Noncova-

lent attachment relies on a fortuitous process. Further, it is difficult to control the

amount of ligand which is associated and this process is useful only for those

proteins that will associate nonspecifically [92]. Different techniques for covalent

attachment may be envisaged, depending on the principal functional groups lo-

cated on the carrier surface. The most widely used methods of ligand coupling

are the use of cyanogen bromide [84, 93] and periodate [94, 95] for hydroxyl

Tab. 5.1. Drug encapsulation characteristics in gliadin nanoparticles.

Drug Polarity (dielectric constant) Payload

(%)

Encapsulation

efficacy (%)

VE Apolar (4) 97.2 79.2

LLA slightly polar (8) 82.4 98.0

BZC polar (amphiphilic cationic) (45) 66.0 52.3
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groups, glutaraldehyde [96, 97] and ethylene glycol diglycidyl ether [98] for amino

groups, and carbodiimide (CDI) for carboxylic groups [99, 100].

This last technique is the one preferred in order to obtain conjugates between a

ligand and protein nanoparticles [87, 101–103]. CDI involves the activation of car-

boxylic acid groups to give NH-activated carboxylic acid groups which can react

with free amino groups of the ligand polypeptide chains [104]. In proteins, these

carboxylic groups can be found on aspartic and glutamic acid residues. For vicilin,

these amino acids represent about 19 groups per 1000 amino acid residues [101].

For gliadin, these amino acids only represent 21 and 71 groups per 1000 amino

acid residues, respectively [45, 105]. In spite of gliadin having a very low proportion

of these two amino acids, it appears that the coupling reaction is efficient enough

to provide acceptable lectin binding.

Figure 5.4 summarizes the preparation of lectin–nanoparticle conjugates. In

brief, the first step of the manufacturing protocol involves the activation of the

carboxylic groups on the gliadin nanoparticles by addition of a CDI derivative [i.e.

1-(3-dimethylaminopropyl)-3-ethyl-carbodiimide hydrochloride]. After incubation,

the suspension of ‘‘activated’’ nanoparticles has to be centrifuged in order to re-

move the unreacted reagent. Then, the nanoparticles are dispersed in an aqueous

medium and incubated with the desired ligand for the coupling reaction by over-

night incubation at room temperature [101, 102]. Finally, the resulting conjugates

are purified and lyophilized using glucose as a cryoprotector [103].

Different parameters can influence the yield of the process. In spite of the fact

that the CDI reaction can effectively occur up to at least pH 7.5 without any signif-

icant loss of yield, it has been reported that the optimal pH ranges between 4.7 and

6 [106]. This fact was also observed by Arangoa et al. who showed evidence of

superior binding of a Dolichus biflorus lectin (DBA) to the surface of gliadin nano-

particles with 2-(N-morpholino)ethanesulfonic acid (MES) buffer (1 mM, pH 5.5)

rather than with PBS (1 mM, pH 7.4) [103]. This may be explained as being due

to the proton of the carboxylic group facilitating the rupture of one double link of

the CDI molecule [107], forming the O-acylisourea intermediate. This active resi-

due is then able to react directly with primary amines forming amide bonds and

Fig. 5.4. Route for the preparation of ligand–gliadin

nanoparticle conjugates by desolvation of gliadin followed by

CDI activation and further incubation with the ligand.
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releasing the CDI derivative. Moreover, at neutral pH, the overall charge of both

the nanoparticles and the ligand would be negative. Therefore, ligand approaches

to a nanoparticle surface and subsequent binding would not be favored by the

phenomenon of charge repulsion [108].

Another critical factor affecting ligand binding to the surface of protein nanopar-

ticles is the reaction time between the CDI and the gliadin. Therefore, an increase

in the reaction time induced a dramatic decrease in the amount of the ligand bind-

ing to the nanoparticle surface. This could be due to the degradation of the reactive

O-acylisourea complex. In fact, this complex is rapidly hydrolyzed in aqueous solu-

tion, having a constant rate measured in seconds [109]. If the target amine does

not interact with the O-acylisourea intermediate before its hydrolysis, the desired

binding cannot occur. This is especially problematic when the target molecule is

in low concentration [106], as usually occurs in the binding of active ligands

to the surface of nanoparticles. Another possible explanation for the DBA binding

decrease could be the formation of the stable N-acylurea derivative [110].

However, the amount of CDI used to activate functional groups on the surface of

nanoparticles is also important. A low amount of CDI may require longer reaction

periods. However, the use of high amounts of CDI may induce irreversible aggre-

gation of nanoparticles. This may be explained by the presence of both carboxylic

and amine groups on the surface of the nanoparticles. Therefore, at high CDI

concentrations, self-polymerization may take place [106]. In any case, in order to

obtain a good binding efficiency, it is necessary to find a balance between the reac-

tion time and the amount of CDI used to activate the nanoparticles.

Finally, another important factor concerns the amount of ligand used in the in-

cubation with the activated nanoparticles. For gliadin nanoparticles, a maximum of

ligand binding occurs when the amount of ligand incubated with activated nano-

particles is about 50 mg (mg gliadin)�1 nanoparticles [103].

5.6

Bioadhesive Properties of Gliadin Nanoparticles

Bioadhesion is classically defined as the ability of a material to adhere to a biologi-

cal substrate with the objective of improving the therapeutic efficiency of drugs by

increasing the residence time at the site of activity or absorption [111, 112]. It is

interesting to note that a number of drugs remain poorly available when adminis-

tered by the oral route. Among other reasons, this fact can be related either to a

low mucosal permeability for the drug or to its low solubility in the mucosal fluids.

In both cases, an important fraction of the given dose is eliminated from the ali-

mentary canal prior to being absorbed. The use of bioadhesive nanoparticles can

be an adequate strategy to improve drug bioavailability. In fact, these carriers may

enhance the drug absorption rate by reducing the diffusion barrier between the

dosage form and the site of action or absorption. Similarly, they may prolong the

residence time of the drug in the gut and, therefore, increase the time during

which absorption can occur.
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For bioadhesion studies, gliadin nanoparticles were labeled with carbazole,

which is a hydrophobic fluorescent molecule.

5.6.1

Ex Vivo Studies with Gastrointestinal Mucosal Segments

In order to evaluate the bioadhesive capacity of these carriers, nanoparticles were

incubated with fresh portions of rat gastrointestinal mucosa using a plate of alumi-

num with a slit in the center [113]. The mucosa in the slit of the plate was covered

with 1 mL of suspensions (containing 4 mg mL�1 nanoparticles) and the incuba-

tion time was fixed for 30 min. After incubation, the suspensions were sucked off

and the samples were rinsed with 5 mL 0.9% NaCl solution to eliminate the non-

attached particles. Then, the mucus layer including the adsorbed particles was

drawn from the membrane and digested with NaOH for 24 h. After total dissolu-

tion of mucus, carbazole extraction was performed with 1.5 mL methanol, vortexed

for 1 min and centrifuged at 20 000 g for 10 min. Finally, the amounts of adhered

nanoparticles or conjugates were estimated by fluorometry [103].

Gliadin nanoparticles were able to develop rapid interaction with the gut mu-

cosa. In fact, the adsorption equilibrium for nanoparticles and conjugates was

reached in less than 30 min [103]. Similarly, under the experimental conditions

used [4 mg (particles or conjugates) mL�1], no saturation was observed on the

apparent surface of mucosa delimited by the device.

Figure 5.5 shows the interactions of gliadin nanoparticles with intestinal mu-

cosa samples. Comparing the different anatomical regions, gliadin nanoparticles

Fig. 5.5. Adhesive interactions of gliadin nanoparticles in isolated intestinal segments (n ¼ 4).
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showed a high affinity for the small intestine segments. However, no significant

differences in the extent of interaction were found between the duodenum,

jejunum and ileum (P < 0:05). Therefore, for ileum or duodenum portions, the

amount of nanoparticles interacting with the mucosa was calculated to be close to

8 g m�2, which represents about 40% of the nanoparticles placed in contact with

the gastrointestinal tract. In this context, the interaction of poly(styrene) nanopar-

ticles with intestinal segments (under similar experimental conditions) was size

dependent and the largest amount of latex able to interact with the mucosa was

about 1 g m�2 [113, 114]. Similarly, gliadin nanoparticles interacted about 8-fold

more with the intestinal mucosa than poly(isobutyl cyanoacrylate) nanoparticles

[115]. For large intestine portions, the interaction of gliadin nanoparticles strongly

decreased. This may be explained by a reduction of both the mucosa surface and

the mucin concentration along the gastrointestinal tract. According to these re-

sults, it appears that gliadin nanoparticles would be useful for improving the bio-

availability of drugs. These powerfully adhesive carriers may prolong the residence

time and enhance drug absorption, thud reducing the diffusion pathway.

However, DBA–gliadin nanoparticle conjugates displayed a different ability to

develop adhesive interactions with the gut mucosa. In the small intestine, these

conjugates showed an adhesive interaction similar to the controls (P < 0:05) and,

for all segments, this interaction was close to 10% of the initial concentration

placed in contact with the mucosa. However, in the large intestine a significant in-

crease of about 100% was found for DBA conjugates. This fact can be explained by

the reported capability of DBA to strongly react with the colonic epithelial surface

[116, 117] due to the presence of N-acetyl-d-galactosamine (specific sugar for DBA)

residues, which provide the substrate for their site-specific interaction.

Finally, concerning the interaction of gliadin nanoparticles with Peyer’s patches,

it was found that gliadin nanoparticles showed 3.5 times more capacity of interac-

tion with these lymphoid tissues than DBA conjugates [103].

All of these results confirmed that gliadin nanoparticles displayed a high interac-

tive potential with biological surfaces. However, the possible interaction between

the biological substrate and these nanoparticles is of a nonspecific nature. This

fact means that these colloidal systems interact in the same way with a number of

components of the biological substrate, without showing target properties for a

particular region or cell structure [118].

5.6.2

In Vivo Studies with Laboratory Animals

In order to evaluate the in vivo bioadhesive capacity of gliadin nanoparticles and

their influence on the pharmacokinetics of the loaded drug, animals were gavaged

with a single dose of nanoparticle formulations dispersed in 0.5 mL water. For the

bioadhesion study, the gastrointestinal tract of animals was cut in different por-

tions, rinsed with saline and digested with sodium hydroxide. The fluorescent

marker was extracted with methanol and determined by spectrofluorimetry. The

amount of carbazole, determined in the mucosa segments, was used for the
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estimation of the interacted nanoparticulate fractions. For the pharmacokinetics

studies, blood samples were taken from the ophthalmic venous plexus, centrifuged

and assayed for carbazole content by an HPLC method with fluorescent detection

[57]. In vivo studies demonstrated that gliadin nanoparticles displayed a high adhe-

sive potential with a clear tropism for the stomach mucosa (Fig. 5.6). Thus, thirty

minutes post-administration, about 30% of the initial dose remained adhered with-

in the gut. However, around 90% of the adhered nanoparticles were localized in

the stomach. Similarly, 1 h after administration, only 18% of the initial dose could

be found in the stomach and their presence in other intestinal regions was also

negligible. Finally, at 2 h post-administration, only about 8% of the given dose

was found adhered to the mucosa [119]. This profile of bioadhesion (tropism for

the stomach mucosa and rapid decline of the adhered fraction over the time) was

not significantly affected when nanoparticles were coated with DBA [103].

Nevertheless, in order to study the influence of the degree of crosslinking on the

bioadhesive profile of nanoparticles and carbazole absorption, two different formu-

lations were prepared. The first one resulted from the crosslinking of gliadin nano-

particles with glutaraldehyde with 2 h prior purification (CL-NP). The second one

(DCL-NP) was obtained after treatment of gliadin nanoparticles with a CDI deriva-

tive for 1 h and subsequent treatment with glutaraldehyde for 2 h [57] (Tab. 5.2).

Within the stomach, the bioadhesive profile of gliadin nanoparticles was found

to be influenced by the crosslinkage. Thus, noncrosslinked nanoparticles displayed

a higher initial ability to develop adhesive interactions than crosslinked nanopar-

ticles. However, the elimination rate of the adhered fraction was higher for non-

crosslinked than for stabilized nanoparticles [57, 119]. On the contrary, the cross-

linking process allowed a similar amount of carriers adhered to the mucosa to be

Fig. 5.6. Gastrointestinal transit profile of gliadin

nanoparticles. Single administration of a single oral dose of 30

mg. Data expressed as the meanG SD (n ¼ 4). (Adapted from

Ref. [102]).
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maintained for at least 1 h, which was calculated to be around 15% of the given

dose (Fig. 5.7).

Another interesting point is that, within the stomach, the adhered nanoparticles

appear to accumulate in the nonglandular region [119]. In this last region, cross-

linked nanoparticles have a 1.5 times higher adhesive intensity than nonhardened

nanoparticles. Similarly, the mean residence time of the adhered fraction to the

stomach mucosa was about 95 min higher for crosslinked than for conventional

gliadin nanoparticles [119].

This high adhesive capacity of gliadin nanoparticles may be explained by the

protein composition with a high content of neutral and lipophilic residues. Neutral

amino acids may promote hydrogen-bonding interactions with the mucosa, while

Fig. 5.7. Evolution of nonhardened gliadin

nanoparticles (NP), nanoparticles crosslinked

with glutaraldehyde (CL-NP), and nanoparticles

crosslinked with CDI and glutaraldehyde (DCL-

NP) in the stomach mucosa, as a function of

time, after single oral administration 20 mg

particles (1.14 mg carbazole kg�1). The results

are expressed as the percentage of the given

dose (n ¼ 6).

Tab. 5.2. Physicochemical characteristics of the different formulations based on gliadin

nanoparticles (n ¼ 6).

Size

(nm)

z potential

(mV)

Fixed ligand

(mg mgC1)

Loaded carbazol

(mg mgC1)

NP 460G 19 27:5G 0:8 – 12:6G 1:2

CL-NP 453G 24 24:5G 0:5 – 12:2G 0:8

DCL-NP 478G 31 21:2G 1:3 – 12:1G 1:6

BSA-NP 514G 18 34:7G 1:7 20:8G 1:7 12:5G 0:6

DBA-NP 521G 13 32:4G 0:9 23:5G 2:6 12:6G 0:9

CL-NP: nanoparticles crosslinked with glutaraldehyde; DCL-NP:

nanoparticles crosslinked with CDI and glutaraldehyde; BSA-NP:

bovine serum albumin–gliadin nanoparticle conjugates (control); DBA-

NP: D. biflorus lectin–gliadin nanoparticle conjugates.
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the lipophilic components may develop hydrophobic interactions with the biologi-

cal support [115, 118, 120]. On the other hand, a more energetic crosslinking pro-

cess reduces the ability of nanoparticles to develop adhesive interactions within the

mucosa; however, this process would decrease the degradation rate of gliadin nano-

particle and, thus, provide a prolonged residence in the mucosa. For crosslinkage

with glutaraldehyde, the adhered fraction of nanoparticles is constant for at least 1

h, whereas for nanoparticles crosslinked with CDI and glutaraldehyde, the adhered

fraction (around 10% given dose) remained constant for at least 2 h.

Concerning the pharmacokinetic study, Fig. 5.8 shows the carbazole plasma con-

centration provided by nonhardened and crosslinked nanoparticles when adminis-

tered by the oral route. It is interesting to note that when carbazole was formulated

as an aqueous suspension it was not possible to determine the Tmax, Cmax and the

elimination rate. Similarly, the area under of curve (AUC) was around zero since

their absorption was negligible. This fact is typical for hydrophobic drugs with

very poor aqueous solubility [121–124].

However, when formulated in nonhardened nanoparticles, the bioavailability of

carbazole was calculated to be about 40% of the dose. For crosslinked nanopar-

ticles, the bioavailability was close to the 50%. Moreover, the crosslinkage enables

us to increase the Tmax, and to decrease the Cmax and the elimination rate. Simi-

larly, the mean residence time was significantly increased in comparison with non-

hardened nanoparticles and an aqueous solution of carbazole [57].

These pharmacokinetic results can be explained by the ability of gliadin nanopar-

ticles to develop bioadhesive interactions within the stomach mucosa. Once gliadin

nanoparticles are adhered to the mucosa, they would release the loaded molecules

to the absorbing cell layer, minimizing losses to the luminal environment and in-

creasing the local drug concentration. In this context, the active molecule (carba-

zole in this study) would be able to show a first-order absorption process. However,

Fig. 5.8. Carbazole plasma levels after the oral administration

of a single dose of 1.14 mg carbazole kg�1 loaded in NP, CL-

NP or DCL-NP (n ¼ 12).
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the digestion of nanoparticles either in luminal fluids or adhered in the mucus

may provide an instantaneous release component which may be related to a first-

order absorption. In fact, the interactions developed by gliadin nanoparticles

within the stomach mucosa are the key phenomena influencing carbazole absorp-

tion. This hypothesis was confirmed by a deconvolution model [57].

5.7

Future Perspectives

For pharmaceutical dosage forms it is well known that, whatever the administra-

tion mode, the principal objectives to be reached are the enhancement of the effi-

ciency associated with a reduced toxicity and controlled drug release. Furthermore,

if administered by a parenteral route, it is hoped that a major amount of the drug

reaches the target site avoiding undesirable side-effects, i.e. a modification of drug

distribution is required [125, 126].

Colloidal carriers in the form of nanoparticles have this potential to deliver drugs

to specific target sites and to achieve sustained drug release. The bioacceptability of

such nanoparticulate systems is strongly size dependent and, for intravessel ad-

ministration, the diameter must be smaller than that of the smallest blood capil-

lary. Consequently, size optimization is a very important parameter.

Furthermore, for medical applications, it is of interest to test their potential for

parenteral administration, and particularly the humoral and cellular responses of

protein particles after injection in animals. The first reports have been published

describing these responses for native legumin and legumin nanoparticles after

intradermal injection in rats [127]

5.7.1

Size Optimization

Bearing in mind this important condition, all the parameters involved in the prep-

aration of gliadin nanoparticles have been optimized (some results are have been

published [55]; other are in progress). The studied parameters were:

� Choice of the protein solvent
� Protein concentration
� Temperature during the experimental procedure
� Solvent/nonsolvent ratio
� Shear rate imposed during mixing
� Nanoparticle size evolution with time

Concerning the choice of the protein solvent, it was demonstrated that the closer

the solubility parameter of the protein is to that of the solvent, the smaller the par-

ticle size (and correspondingly higher the amount of protein solubilized), under

the experimental conditions chosen.

Other important experimental conditions were the solvent/nonsolvent ratio, the
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temperature and the shear rate during the procedure. The data available showed

that the best ratio must be less than unity and that an elevated temperature (com-

patible with protein thermolability, about 35 �C) decreases the particle size. More-

over, an optimum shear rate was observed for each protein concentration in the

medium.

Concerning the size evolution of the nanoparticles with time, the first results

showed that this parameter is a determinant for high protein concentrations.

For instance, for a supersaturated solution of protein, the size increases 10 times

in 100 min, ranging from 70 nm after 1 min to about 700 nm after 100 min.

This is in favor of a spontaneous nucleation which occurs as soon as the non-

solvent is added to the medium. In order to obtain a large range of nanoparticle

sizes, it now remains to resolve the stabilization of the particles whatever their

size.

In all of these abovementioned works the particle sizes of nanoparticles were

greater than 100 nm. There are currently limitations on achieving nanoparticles

with a size less than 100 nm and new developments are anticipated in the future.

5.7.2

Immunization in Animals

Preliminary experiments were performed on legumine nanoparticles in order to

evaluate the capacities of biodegradable plant protein nanoparticles as drug deliv-

ery systems. More particularly, as it is possible to think that these nanoparticulate

carriers could be considered as safe for oral or topical administrations, it was of

interest to test their potential after injection [127]. In this context, humoral and

cell-mediated responses were analyzed in rats. They were immunized with an in-

tradermal injection of legumin or legumin nanoparticles of about 250 nm. Legu-

min and legumin nanoparticles were suspended in a sterile saline solution mixed

with complete Freund’s adjuvant (CFA). A control group of rats was inoculated

only with saline solution and CFA.

Humoral responses. These responses against legumin and legumin nanoparticles

were examined by usually appropriate techniques, i.e. Western blot and ELISA

[127]. Both techniques showed that sera from rats immunized with legumin

strongly expressed antibodies against this protein. On the contrary, serum sam-

ples from rats inoculated with legumin nanoparticles did not contain detectable

amount of antibodies. Hence, legumin appears to be a potent inductor of the hu-

moral immune response, while the use of legumin nanoparticles seems able to

avoid the production of antibodies against them. However, the mechanism impli-

cated in the absence of any humoral response to the legumin nanoparticles is far

from clear. Mirshahi et al. [127] suggested some explanations: the chemical cross-

linkage with glutaraldehyde [52] may produce some irreversible conformational

changes in the protein tertiary structure making it less antigenic than the native

protein [128], glutaraldehyde release could modify the surrounding cells and thus

the lymphocyte response to antigens [129] or legumin nanoparticles were not

sufficiently degraded to allow antigen formation during the period over which
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experiment was carried out (1 month). Work is in progress to better understand

this behavior.

Cell-mediated response. This was evaluated by in vitro lymphocyte proliferation as-

say 10 and 30 days after intradermal injection. Neither legumin nor legumin nano-

particles stimulated an immunogenic response [127]. This absence of response

may be explained by a cytostatic effect of legumin. In a previous work (un-

published observations) it was noticed that legumin and legumin nanoparticles

have a suppressive effect on in vitro fibroblast proliferation. These observations

have to be confirmed.

Taking into consideration this cytostatic effect of legumin nanoparticles, it

should be interesting to use them as pharmaceutical devices for the delivery of

antitumor drugs in local cancer treatment.

Similar experimental work has to be carried out with the other plant proteins,

gliadin and vicilin, in order to explore their medical and pharmaceutical potential

as drug delivery systems.

From these in vivo and in vitro results, it can be assumed that plant proteins pos-

sess a role exceeding that of inert excipients. They have an influence on the entrap-

ment efficiency of the drug and compatibility with tissues (essentially gliadin). In

the future, it will be of interest to test these natural materials as encapsulating

agents for the protection of sensitive drug from degradation (peptides, insulin,

genes, etc.) and their ability to control drug release.

5.8

Conclusion

The method used to prepare all plant proteins nanoparticles was a controlled des-

olvatation method using only bioacceptable solvents. This procedure, avoiding toxic

solvents, allowed the preparation of submicronic nanoparticulate systems with a

narrow size distribution, and quite good yields and entrapment efficiency, making

them susceptible to scale-up and industrial use. For gliadin, either hydrophilic or

lipophilic drugs could be entrapped satisfactorily. Furthermore, gliadin nanopar-

ticles possess a high interactive potential with biological surfaces, as demonstrated

by ex vivo and in vivo animal experimentations. It appears that gliadin nanopar-

ticles are interesting oral carriers to improve bioavailability of drugs. Nevertheless,

in the future, efforts should be made to obtain a complete understanding of all the

mechanisms implicated in the metabolism of these colloidal systems at the bio-

molecular level, in order to use them for medical applications.

References

1 F. Puisieux, G. Barratt, G.

Couarraze, P. Couvreur, J. P.

Devissaguet, C. P. Dubernet, E.

Fattal, H. Fessi, C. Vauthier, S.

Benita, Polymeric micro and

nanoparticles as drug carriers. In

References 137



Polymeric Biomaterials, S. Dimitriu

(Ed.), Marcel Dekker, New York, 1994,

pp. 747–795.

2 M. J. Alonso, Nanoparticulate drug

carrier technology. Drug Pharm. Sci.
1996, 77, 203–242.

3 C. Duclairoir, A. M. Orecchioni,

P. Depraetere, E. Nakache, Alpha-

tocopherol encapsulation and in-vitro
release from wheat gliadin nano-

particles. J. Microencapsul. 2002, 19,
53–60.

4 S. Goin, Microencapsulation:

industrial appraisal of industrial

technologies and trends. Trends Food
Sci. Technol. 2004, 15, 330–347.

5 E. Nakache, N. Poulain, F. Candau,

A. M. Orecchioni, J. M. Irache,

Biopolymer and polymer nanoparticles

and their biomedical applications. In

Handbook of Nanostructured Materials
and Nanotechnology, H. S. Nalwa (Ed.),

Vol. 5: Organics, Polymers and Biological
Materials, Academic Press, New York,

2000, pp. 577–638.

6 P. A. Kramer, Albumin microspheres

as vehicles for achieving specificity in

drug delivery. J. Pharm. Sci. 1974, 63,
1646–1647.

7 W. Lin, A. G. A. Coombes, M. C.

Davies, S. S. Davis, L. Illum,

Preparation of sub 100 nm human

serum albumin nanospheres using a

pH-coacervation method. J. Drug
Target. 1993, 1, 237–243.

8 I. Ezpeleta, J. M. Irache, S. Stain-

messe, C. Chabenat, J. Gueguen,

Y. Popineau, A. M. Orecchioni,

Gliadin nanoparticles for the

controlled release of all trans- retinoic
acid. Int. J. Pharm. 1996, 131, 191–
200.

9 J. Lazko, Y. Popineau, J. Legrand,

Soy glycinin microcapsules by simple

coacervation method. Colloids Surfaces
B. 2004, 37, 1–8.

10 X. Liu, Q. Sun, H. Wang, L. Zhang,

J. Y. Wang, Microspheres of corn

protein, Zein, for an invermectin drug

delivery. Biomaterials 2005, 26, 109–
115.
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M. Jägerstad, T. Ohlsson (Eds.),

Royal Society of Chemistry,

Cambridge, 1995, pp. 159–168.

34 J. Hargreaves, Y. Popineau, M. Le

Meste, M. Hemmingga, Molecular

flexibility in wheat gluten proteins

submitted to heating. FEBS Lett. 1995,
373, 103–107.

35 A. Apichartsrangkoon, A. E. Bell,

D. A. Ledward, J. D. Scofield,

Dynamic viscoelastic behavior of high-

pressure-treated wheat gluten. Cereal
Chem. 1999, 76, 777–782.

36 J. Lefebvre, Y. Popineau, G.

Deshayes, L. Lavenant, Temperature-

induced changes in the dynamic

rheological behavior and size

distribution of polymeric proteins for

glutens from wheat near-isogenic lines

differing in HMW-glutenin subunit

composition. Cereal Chem. 2000, 77,
193–201.

37 J. A. Bietz, J. A. Rothfus, Compari-

son of peptides from wheat gliadin

and glutenin. Cereal Chem. 1970, 47,
381–392.

38 P. R. Shewry, Cereal seed storage

proteins. In Seed Development and
Germination, J. Kigel, G. Galili

(Eds.), NY Bale, Hong Kong, 1995,

pp. 45–72.

39 D. D. Kasarda, Structure and

properties of a-gliadins. Ann. Technol.
Agric. 1980, 29, 151–173.

40 J. H. Woychik, R. A. Boundy, R. A.

Dimler, Starch gel electrophoresis

of wheat gluten proteins with

concentrated urea. Arch. Biochem.
Biophys. 1961, 84, 477–482.

41 M. Byers, J. Mifflin, S. J. Smith,

A quantitative comparison of the

extraction of protein fractions from

References 139



wheat grain by different solvents, and

of the polypeptide and amino acid

composition of the alcohol-soluble

proteins. J. Sci. Food Agric. 1983, 34,
447–462.

42 D. L. Du Cros, C. W. Wrigley,

Improved electrophoretic methods for

identifying cereal varieties. J. Sci. Food
Agric. 1979, 30, 785–794.
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Duchêne, G. Ponchel, Bioadhesion

of lectin–latex conjugates to rat

intestinal mucosa. Pharm. Res. 1996,
13, 1714–1717.

115 G. Ponchel, M. J. Montisci, A.

Dembri, C. Durrer, D. Duchene,

Mucoadhesion of colloidal particulate

systems in the gastrointestinal tract.

Eur. J. Pharm. Biopharm. 1997, 44, 25–
31.

116 P. Lance, R. Lev, Colonic oligosac-

charide structures deduced from

lectin-binding studies before and after

desialylation. Hum. Pathol. 1991, 22,
307–312.

117 R. Sharma, U. Schumacher, The

influence of diets and gut microflora

on lectin binding patterns of intestinal

mucin in rats. Lab. Invest. 1995, 73,
558–564.

118 G. Ponchel, J. M. Irache, Specific

and non-specific bioadhesive particu-

late systems for oral delivery to the

gastrointestinal tract, Adv. Drug Del.
Rev. 1998, 34, 191.

119 M. A. Arangoa, M. A. Campanero,

J. M. Irache, Potencial bioadhesivo

de las nanopartı́culas de gliadina en el
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6

Peptide Nanoparticles

Klaus Langer

6.1

Introduction

The primary objective of a therapy with pharmacological active compounds is the

controlled delivery of the compound to its site of action. After administration most

drugs show a certain distribution throughout the body which depends mainly on

their physicochemical characteristics. Only a certain fraction of the drug reaches

its site of action; the other fraction may be responsible for unwanted or toxic side-

effects. Therefore, a lot of concepts and drug delivery systems for the targeting of

drugs to their specific site of action have been developed. A promising method is

drug loading to colloidal drug carrier systems such as microemulsions, liposomes

and nanoparticles. Liposomes, mainly consisting of phospholipids and cholesterol,

are characterized by good biocompatibility; however, they suffer from the disadvan-

tage of a short shelf-life and drug leakage. In comparison to liposomes, nanopar-

ticles are solid colloidal particles in the size range between 10 and 1000 nm. They

consist of macromolecular material and can be prepared by a polymerization reac-

tion starting with the corresponding monomers or by the dispersion of preformed

polymers [1]. In principle, a drug compound can be bound to the surface of such a

nanoparticulate system after particle preparation, or can be entrapped or dissolved

into the particle matrix (Fig. 6.1).

The ideal colloidal delivery system should be nontoxic and able to be degraded in
vivo after reaching its site of action. Among the different materials used for the

preparation of drug carrier systems, proteins would appear promising, since they

can lead to biodegradable and nonantigenic drug carrier systems [2]. Protein-

based nanoparticles are relatively easy to prepare and their size distribution can

be monitored easily [3]. As a result of the defined primary structure of proteins,

the protein-based nanoparticles may offer various possibilities for surface modifica-

tion as well as the attachment of drugs and compounds for drug-targeting pur-

poses such as antibodies or ligands for cell-specific receptor complexes.

This chapter gives an overview of nanoparticulate, and in some cases microparti-

culate, systems based on proteins. Only nanoparticles intended to be used as drug

carrier systems and in some rare cases for diagnostic purposes will be described.
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Biological and Pharmaceutical Nanomaterials. Edited by Challa S. S. R. Kumar
Copyright 8 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31382-6

145



The chapter provides an overview of the preparation techniques for protein-based

particle systems starting with the first attempts during the 1960s. Based on this

earlier work, the attempts to optimize the preparation techniques in order to

achieve nanoparticles instead of microparticles are outlined. Different emulsion

techniques are compared to the desolvation or coacervation techniques. After the

description of the preparation techniques the idea of particle surface modification

in order to modify the particle properties under in vivo and in vitro conditions will

be outlined. Nanoparticle systems which focus on cell-specific drug targeting are

illustrated. After the preparation and surface modification review, up-to-date appli-

cations of protein-based particle systems for clinical studies, therapy and diagnos-

tics are presented.

6.2

Starting Materials for the Preparation of Nanoparticles

Many preparation techniques for nanoparticles were established in the 1970s and

1980s, and these methods were developed further during the following years. The

starting materials for particle preparation can be subdivided depending on the

preparation technique used [4]:

I. Preparation by polymerization reactions

1. Polyacrylamide [5, 6]

2. Poly(alkyl methacrylates) [7–9]

Fig. 6.1. Schematic representation of drug binding (small

circles) to particulate drug carrier systems (large circles).
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3. Poly(alkyl cyanoacrylates) [10]

4. Polyglutaraldehyde [11]

II. Preparation by dispersion of preformed polymers

1. Natural macromolecules: serum albumin, gelatin, alginate [12–14]

2. Synthetic macromolecules: polylactic acid (PLA), polylactic-co-glycolic acid

(PLGA), polyacrylate, poly-e-caprolactone [15–17]

III. Preparation by dispersion of solid lipids [18, 19]

The structures of the most important synthetic polymers for the preparation

of nanoparticles are outlined in Fig. 6.2. For the preparation of nanoparticles as

drug delivery systems, artificial polymers such as poly(alkyl methacrylates) and

poly(alkyl cyanoacrylates) were most often used, and nanoparticles were formed

by polymerization reactions of the respective monomers. These polymers mainly

differ in their biodegradation behavior. Whereas poly(alkyl methacrylates) are

poorly biodegradable, the biodegradability of poly(alkyl cyanoacrylates) depends

mainly on the length of the ester side-chain [20]. In addition to poor biodegradabil-

ity, a further disadvantage of nanoparticle preparation by polymerization reactions

can be seen in the fact that the resulting drug carrier system may contain un-

reacted toxic monomers. To avoid this problem and to achieve particle systems of

high biocompatibility, preparation techniques involving the use of purified natural

Fig. 6.2. Schematic representation of the most important

synthetic polymers used for the preparation of nanoparticles as

drug delivery systems.
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macromolecules or preformed synthetic polymers have been developed. Due to their

enhanced biocompatibility, nanoparticles based on PLA, PLGA, solid lipids as well

as particle systems based on proteins as starting materials are of growing interest.

6.3

Preparation Methods

As previously outlined, nanoparticles based on artificial polymers such as

poly(alkyl methacrylates) and poly(alkyl cyanoacrylates) are prepared by polymer-

ization reactions starting with the corresponding monomers. Whereas poly(alkyl

methacrylate)-based nanoparticles are usually prepared by polymerization in a con-

tinuous phase in the presence of a polymerization initiator [7, 21], poly(alkyl cya-

noacrylate) nanoparticles are prepared by an emulsion polymerization technique

initiated by bases present in the polymerization medium [10]. In comparison to

these preparation conditions, nanoparticles based on proteins such as serum albu-

min, casein or gelatin are prepared by dispersion techniques of the preformed

polymer. Different methods for their preparation have been described, based on

emulsion formation, desolvation or coacervation. In addition to drug carrier sys-

tems consisting of either natural or artificial polymers, recently mixed composi-

tions consisting of bovine serum albumin (BSA) loaded gelatin nanoparticles incor-

porated in hydrophobic PLGA microspheres have been described [22].

6.3.1

Nanoparticle Preparation by Emulsion Techniques

Emulsification of an aqueous drug-containing protein solution in an oily phase

was most often used as an established method for the preparation of microspheres

(Fig. 6.3). The resulting droplets of the water-in-oil emulsion were stabilized by a

crosslinking procedure in the presence of bifunctional aldehydes such as glutaral-

dehyde or by thermal denaturation. The resulting particle size depends on the

droplet size of the protein-containing aqueous phase dispersed within the oily

phase. Most of the emulsion techniques described in the literature result in the for-

mation of particles in the size range of several micrometers (i.e. microparticles/

microspheres). In some cases the emulsion techniques can be optimized for the

preparation of nanoparticles [23]. Most often serum albumin of different origin as

well as gelatin have been used as starting materials for the preparations. In the fol-

lowing sections the preparation techniques are divided with regard to the nature of

the protein; preparation techniques leading to the formation of microparticles are

described as well as methods resulting in the formation of nanoparticles.

6.3.1.1 Emulsion Technique for the Preparation of Albumin-based Microspheres and

Nanoparticles

Human serum albumin (HSA) is widely used as a microsphere material since it is

considered nonantigenic for human use, biodegradable and readily available. Fur-
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thermore, HSA is a well-defined starting material with a well-known primary struc-

ture (Table 6.1) enabling modifications by protein chemistry under stochiometric

conditions. In addition to the use of HSA, other albumin derivatives such as BSA

[3] and rabbit serum albumin [24] have been described for the preparation of

colloidal drug carrier systems. Although microaggregates and microspheres based

on albumin derivatives were reported as early as the 1940s and 1950s, the first

descriptions of albumin-based microspheres with a uniform size and predictable

physicochemical characteristics were at the end of the 1960s by Rhodes et al.

[25] and Zolle et al. [26] who used the system in a radioactive-labeled form for di-

agnostic purposes. Several further diagnostic applications for such kinds of serum

albumin-based microspheres were published in the following years [27–29]. The

emulsification methods for the preparation of microspheres had to be modified

in order to produce nanoparticulate drug carrier systems instead of micropar-

ticles. The group of Scheffel et al. was the first to produce HSA-based particles in

the nanometer size range between 300 and 1000 nm, so-called nanospheres, by a

modified emulsion technique, and used the system after radioactive labeling to in-

vestigate the toxicity and body distribution of such a carrier system [30]. The first

description of albumin nanoparticles prepared by a modified method of Scheffel

et al. for drug delivery purposes was published by Kramer [31]. In the manuscript

the incorporation of the anticancer agent mercaptopurine was outlined, and it was

shown that over 85% of the drug present in the original emulsion was associated

Fig. 6.3. Flow chart of nanoparticle preparation by emulsion techniques.

6.3 Preparation Methods 149



with the microspheres in the size range between 200 and 1200 nm. Further experi-

ments with the more hydrophilic drug daunorubicin were performed and it was

observed that the amount of incorporated drug could be increased with the hydro-

philicity of the drug compound. Kramer outlined that such carrier systems are of

growing need for drugs with pronounced systemic toxicities and enable drug deliv-

ery to target tissues in precise dosages and with minimal interaction with normal

tissues.

The main problems with the preparation in an oil-in-water emulsion are the pu-

rification of the resulting nanoparticles and the thermal stress for the incorporated

drug in the case of particle stabilization by heat denaturation. In most cases the

nanospheres have to be washed several times with organic solvents such as diethyl

ether and these solvents have to be eliminated prior to the application of the carrier

system. To circumvent the problem of the thermal stress during particle stabiliza-

tion Widder et al. described the chemical crosslinking of HSA microspheres in the

size range of about 1 mm by the use of 2,3-butanedione [13]. The group incorpo-

Tab. 6.1. Quantitative amino acid composition of HSA divided

into different properties of amino acid side-chains (the one

letter code is given in brackets; amino acids usually used for

covalent modification by protein chemistry are outlined in

italics)

Amino acid Number/HSA

Amino acids with hydrocarbon side-chains

Gly [G] 12

Ala [A] 62

Val [V] 41

Leu [L] 61

Ile [I] 8

Phe [F] 31

Pro [P] 24

Amino acids with nonionic but polar side-chains

Ser [S] 24

Thr [T] 28

Cys [C] 35
Met [M] 6

Trp [W] 1

Tyr [Y] 18

Asn [N] 17

Gln [Q] 20

Basic amino acids

Lys [K] 59
Arg [R] 24

His [H] 16

Acidic amino acids

Asp [D] 36
Glu [E] 62
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rated doxorubicin into different particle preparations and compared the heat-

denatured microspheres with their proposed chemical crosslinked systems, and

showed that the stability of both preparations was identical, but that the drug re-

lease behavior was mainly influenced by the stabilization procedure. In the follow-

ing years the group mainly focused on the incorporation of magnetite particles as

well as the drug compound into the microsphere matrix in order to achieve drug

targeting by magnetic guidance. The applications of such magnetic microspheres

were described in the field of diagnostics [32–34] and tumor therapy [35–40].

A complete and systematic study regarding the influence of HSA concentration,

emulsification time and power, stirring rate, heat stabilization temperature, and

the type of the nonaqueous phase was carried out by Gallo et al. [14]. As an initial

procedure for particle preparation they used an aqueous solution of BSA and dis-

persed this solution in cottonseed oil by ultrasonication. The resultant emulsion

was added dropwise to a larger amount of cottonseed oil at 125 �C under stirring

in order to stabilize the resulting microspheres by heat denaturation. The influ-

ences of different preparation parameters such as albumin concentration, emulsi-

fication time, emulsification power and aqueous-to-oil phase volume ratio on the

final particle size were evaluated. They found that the procedure for preparing

albumin microspheres can withstand a large range of variability until significant

changes in the particle characteristics can be observed. Optimal conditions for the

preparation of smaller and more uniform microspheres were found by increasing

the protein concentration as well as the temperature of heat stabilization. The

group of Gupta et al. described in detail the preparation of albumin microspheres

loaded with adriamycin [41, 42] as well as adriamycin and magnetite [43]. They fo-

cused on the in vitro drug release characteristics of these kinds of microspheres

and found that the drug release was dependent on the presence of magnetite as

well as on the stabilization temperature during the preparation process.

In a systematic study based on a central composite design, Müller et al. proposed

a new emulsion method for the preparation of albumin nanoparticles [23]. They

established an emulsion method using ultrasound and static mixing for the prepa-

ration of sub-200 nm particles. The statistical method used for the evaluation of the

different process parameters revealed that only albumin concentration and aque-

ous phase volume showed a significant influence on the parameters of particle

size, polydispersity and yield.

A comprehensive review of the preparation of albumin microspheres by emul-

sion techniques was given by Gupta and Hung [44–46]. In a methodological review

Arshady et al. discussed the main basic features of the preparation procedure such

as the crosslinking technique, droplet formation and stabilization, particle size,

and size distribution [47].

6.3.1.2 Emulsion Technique for the Preparation of Gelatin-based Microspheres and

Nanoparticles

In principle, the emulsion method for the preparation of serum albumin micro-

spheres can be adapted for gelatin microsphere preparation. Gelatin offers some

advantages as a matrix material: it is a natural, inexpensive, low-immunogenic,
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nontoxic and good biodegradable macromolecule which is registered as an exci-

pient for pharmaceutical formulations. As a protein-based product, gelatin pos-

sesses several functional groups which are available for covalent modifications.

Due to the preparation of gelatin by hydrolysis of collagen, no defined primary

structure can be given and, therefore, the composition of gelatin is most often de-

scribed by the percentage amount of the respective amino acids (Table 6.2).

The influence of the preparation parameters on the physicochemical characteris-

tics of drug-loaded gelatin microspheres was investigated by Esposito et al. [48]. As

model drugs clonidine hydrochloride, TAPP-Br and bromocriptine mesylate were

chosen in order to evaluate their encapsulation efficiency and release characteris-

tics. As previously observed for drug incorporation in albumin-based particles

[31], the drug loading was mainly dependent on the hydrophilic–hydrophobic bal-

ance of the drug molecule, with hydrophobic drugs showing a reduced trapping ef-

ficiency. This was due to an increased drug concentration in the oily phase of the

emulsion system with increasing hydrophobicity of the drug. The release profile of

Tab. 6.2. Quantitative amino acid composition of gelatin A

divided into different properties of amino acid side chains (the

one letter code is given in brackets; amino acids usually used

for covalent modification by protein chemistry are outlined in

italics)

Amino acid Amount (%)

Amino acids with hydrocarbon side-chains

Gly [G] 33.0

Ala [A] 11.2

Val [V] 2.6

Leu [L] 2.4

Ile [I] 1.0

Phe [F] 1.4

Pro [P] 13.2

Amino acids with nonionic but polar side chains

Ser [S] 3.5

Thr [T] –

Cys [C] –

Met [M] 3.6

Trp [W] –

Tyr [Y] 0.3

Asn [N] 1.6

Gln [Q] 2.5

Basic amino acids

Lys [K] 2.7
Arg [R] 4.9

His [H] 0.4

Acidic amino acids

Asp [D] 2.9
Glu [E] 4.8
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the hydrophilic drug TAPP-Br was characterized by a biphasic behavior, whereas

the more hydrophobic drugs were released by a fast first-order release mechanism.

The nanoencapsulation of BSA in the matrix of gelatin-based nanoparticles was

described by Li et al. [49]. BSA-containing gelatin nanoparticles of a spherical

shape and a diameter of 840 nm were achieved. In vitro studies revealed BSA re-

lease by a diffusion-controlled mechanism. The release kinetic was mainly influ-

enced by the water content of the particles as well as by the temperature of particle

stabilization.

6.3.1.3 Emulsion Technique for the Preparation of Casein-based Microspheres and

Nanoparticles

As well as the application of albumin and gelatin for the preparation of particulate

drug carrier systems, the emulsion techniques described so far can also be applied

to other proteins. In order to achieve microspheres with an enhanced hydrophilic-

ity, casein was used as a further starting material for microsphere preparation.

Chen et al. compared casein and albumin for the preparation of microspheres

and their efficiency as a drug carrier system for doxorubicin [50]. They prepared

the microspheres based on a water-in-oil emulsion technique in combination with

glutaraldehyde stabilization. Compared with albumin, the surface charge of the

casein system was more negative and the microspheres exhibited a slower release

of drug in vitro. Under in vivo conditions in a tumor model in rats the casein sys-

tem showed greater antitumoral potency than did the albumin system at equal

amounts of the drug. Due to this observation it was considered that the carrier ma-

trix can influence the potency of the incorporated drug.

The disadvantage of the casein-based microspheres was their poor spherical ge-

ometry. Therefore, the preparation of casein microspheres was further optimized

by a new emulsion technique using aliphatic polyurethane in a mixture of hexane

and dichloromethane as the dispersion medium, which achieved spherical, gluta-

raldehyde crosslinked microspheres [51, 52]. In comparison to established emul-

sion techniques, the avoidance of surfactants during particle preparation with this

new method was advantageous. The proposed emulsion technique was used for

the preparation of microspheres loaded with the cytotoxic drug methotrexate [53].

The versatility of the method was demonstrated by the synthesis of albumin as well

as casein microspheres, leading to mean particle sizes of 54 and 172 mm, respec-

tively. They compared both preparations and observed a comparable drug loading

as well as a comparable drug release of about 35% in 24 h for both the casein and

albumin systems. The applicability of the preparation method of casein micro-

spheres in the presence of the stabilizer polyurethane was demonstrated in com-

bination with different drugs such as methotrexate [53], theophylline [54], 5-

fluorouracil [55] and progesterone [56]. Under in vivo conditions it was shown

that progesterone-loaded casein microspheres hold promise for sustained drug re-

lease up to 5 months. After intramuscular injection into rabbits over this time

period constant plasma concentrations of 1–2 ng mL�1 were observed without

any significant burst release of the drug.

With regard to surface modification, Latha et al. reported that the hydrophilicity
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of the casein spheres can be imparted by an end-capping process of the residual

aldehyde groups present from the glutaraldehyde crosslinking with glycine or 2-

aminoethanol. Comparable end-capping procedures were described earlier by

Longo et al. for the preparation of HSA microspheres which were sterically stabi-

lized by the incorporation of artificial polymers such as poly(methyl methacrylate)

[57, 58].

6.3.2

Nanoparticle Preparation by Coacervation

As previously described, the disadvantages of the emulsion methods for particle

preparation are (a) use of organic solvents for the removal of the oily residues of

the preparation process, and (b) removal of surfactants that are used for emulsion

stabilization during the preparation and remain on the particle surface. Even in the

case of optimized emulsion techniques using aliphatic polyurethane in a mixture

of hexane and dichloromethane [51, 52] the resulting nanoparticles have to be pu-

rified from the organic compounds of the dispersion medium. In addition to the

disadvantage of extensive purification steps, the emulsion techniques preferentially

lead to microparticles instead of particles in the nanometer size range, which

mostly impedes an intravenous route of administration. Therefore, as alternative

methods, the coacervation techniques and desolvation methods, derived from the

coacervation method of microencapsulation, have been described for the prepara-

tion of nanoparticles. Compared to the emulsion techniques, coacervation methods

are simpler and the resulting particles can more easily be cleaned. Beyond these

advantages, the resulting particles are mostly in the nanometer size range.

Coacervation is defined as the separation of a colloidal dispersion into a colloid-

rich and a colloid-poor phase by careful control of temperature, pH, electrolyte ad-

dition or other factors. The coacervate or colloid-rich phase forms as droplets,

which makes the system opaque. In principle, coacervation techniques can be sub-

divided in simple and complex coacervation. Simple coacervation is characterized

by the use of only one colloid and involves removal of the associated water from

around the dispersed colloid by agents with greater affinity for water, such as vari-

ous alcohols and salts. The dehydrated molecules of the colloidal dispersion tend to

aggregate with surrounding molecules to form the coacervate. Simple coacervation

techniques for the preparation of nanoparticles are often described by the term

‘‘desolvation’’. In contrast, complex coacervation involves the use of more than

one colloid. The coacervation is accomplished mainly by charge neutralization of

the colloids carrying opposite charges rather than by dehydration.

6.3.2.1 Complex Coacervation Techniques for the Preparation of Nanoparticles

An example of complex coacervation is the preparation of nanoparticles based on

albumin and heparin described by Liu and Leong [59]. The group described a coac-

ervate from complexation of HSA and heparin as the clinically used components

for the entrapment, and controlled release of drugs in the molecular weight range

between 262 and 67 000 Da. Particle preparation was performed by simply mixing
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an acidic HSA solution, which contained the respective drug, with a heparin solu-

tion. Due to the opposite charges of both polymers, phase separation under the

preparation conditions occurs leading to the formation of nanoparticles. The re-

sulting particles were stabilized by a crosslinking procedure with a carbodiimide

derivative. Drug-loading studies were performed with a multitude of compounds

showing that a high loading efficiency was observed especially with positively

charged drugs. Due to a proteolytic degradation of the carrier system, the in vitro
release of the drugs was faster in cell culture medium than in phosphate-buffered

saline. In addition to the use of albumin, complex coacervation techniques can be

carried out with different proteins such as casein [60] and gelatin [61]. In combina-

tion with gelatin, complex coacervation was most often used for the incorporation

of plasmid DNA in particulate systems. For example, a method for the incorpora-

tion of plasmid DNA into a gelatin-based nanoparticle system by salt-induced com-

plex coacervation followed by a crosslinking step with 1-ethyl-3-(3-dimethylamino-

propyl)carbodiimide (EDC) was reported [61–64]. Comparable coacervation

procedures for the preparation of plasmid DNA-containing nanoparticles based on

the polysaccharide chitosan were described by Mao et al. and Roy et al., with the

exception that the chitosan–DNA coacervate was stable without any further cross-

linking step [65, 66].

6.3.2.2 Simple Coacervation (Desolvation) Techniques for the Preparation of

Nanoparticles

As previously outlined, nanoparticle preparation by simple coacervation techniques

is often described by the term ‘‘desolvation’’. Using desolvation techniques, the

phase separation of the colloidal solution is carried out by salting out, temperature

change, pH variation or addition of water-miscible organic solvents such as alco-

hols. In the field of nanoparticle preparation, the addition of salts such as sodium

sulfate or ammonium sulfate as well as the addition of organic solvents such as

alcohols or acetone is most often used. In a second preparation step the nanopar-

ticles have to be stabilized either by chemical crosslinking using bifunctional alde-

hydes or by thermal denaturation (Fig. 6.4).

The first paper describing desolvation procedures for the preparation of nanopar-

ticles as drug carrier systems was at the end of the 1970s by Marty et al. [12]. The

group established a general method for the preparation of nanoparticles based on

HSA, BSA, ethylcellulose and casein. In principle, an aqueous macromolecule so-

lution was prepared and the desolvation was performed under the control of turbi-

dimetric measurements by the addition of either a sodium sulfate solution or etha-

nol. After the addition of a small amount of a resolvating agent the resulting

nanoparticles were stabilized by chemical crosslinking with glutaraldehyde. The re-

sulting nanoparticles could be purified by a gel-filtration procedure and stored in a

solid form after freeze-drying. For the drug loading of the nanoparticles Marty et

al. described the incorporation method in which the drug is either added to the

aqueous macromolecule solution or to the solution of the desolvating agent. A

comparable desolvation procedure was used by El-Samaligy and Rohdewald in or-

der to incorporate triamcinolone diacetate in gelatin-based nanoparticles [67, 68].
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They prepared nanospheres in the size range of about 200 nm by addition of iso-

propanol to an ammonium sulfate coacervated HSA system.

The binding and in vitro release of the nucleoside analogue ganciclovir (GCV) in

combination with BSA prepared by desolvation techniques was studied in several

publications [69–72]. The binding of the drug to preformed nanoparticles was

compared to the entrapment of GCV during nanoparticle formation. The highest

drug-loading capacity was observed for nanoparticles prepared by the addition of

the drug to a solution of albumin leading to adsorptive drug binding prior to the

formation of the carrier by desolvation. The release profile of the nanoparticle prep-

arations was characterized by a biphasic pattern with an initial and rapid release

followed by a slower step for up to 5 days [70]. The amount of rapidly released

GCV was highest for nanoparticles with drug bound by adsorption to the pre-

formed carrier. Under cell culture conditions the latter preparation was the most

active formulation in the antiviral test assays, whereas the formulation with incor-

porated drug produced the highest decrease on cytotoxicity of the free drug [72].

The nanoparticles were intended to be used after intravitreal injection as a drug de-

livery system for therapy of cytomegalovirus infection. Therefore, the ocular dispo-

sition after intravitreal injection as well as the toxicity induced by the prolonged

presence of BSA nanoparticles was studied [71]. It was observed that a significant

amount of the nanoparticles remained in the vitreous cavity for a prolonged period

of time in combination with no signs of autoimmune phenomena or alterations in

the behavior of ophthalmic cells. The same group investigated nanoparticles pre-

Fig. 6.4. Nanoparticle preparation by desolvation (simple

coacervation) of an aqueous protein solution followed by

particle stabilization by crosslinking.
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pared by the same techniques for suitability as a drug carrier system for antiviral

phosphodiester and phosphorothioate oligonucleotides [73] as well as for their abil-

ity to reach the central nervous system in an experimental allergic encephalomyeli-

tis animal model [74].

The suitability of HSA-based nanoparticles to target drugs into cells of the retic-

uloendothelial system (RES) and to establish a potential therapy of the HIV-

infection was investigated in a number of studies. The nanoparticles were prepared

by desolvation techniques and desolvation was performed by the addition of etha-

nol. After purification, the nanoparticles were incubated with primary human

monocytes/macrophages in order to evaluate cell accumulation. Nanoparticles

with a diameter of 200 nm were found to be most useful for targeting antiviral sub-

stances such as azidothymidine to macrophages [75]. It was observed that cells in-

fected with a monocytotropic HIV isolate possessed an even higher particle uptake

than noninfected cells and thus HSA nanoparticles were recommended as promis-

ing carrier systems for targeting drugs into HIV-infected cells of the RES. In an

electron microscopy study, the process of cellular particle uptake was demonstrated

to be phagocytosis [76]. In this study the intracellular degradation of the nanopar-

ticles was followed and it was observed that particle degradation started within

some hours after particle uptake. Within 3 days after particle incubation the

process was almost terminated. Based on these observations HSA nanoparticles

loaded with the drugs azidothymidine (AZT) and dideoxycytidine (ddC) were tested

for their ability to prevent HIV infection in monocytes/macrophages [77]. Accord-

ing to the proposed methods of Marty et al. [12], drug loading was performed by

the incorporation method in which the drug is added to the aqueous macromole-

cule solution prior to protein desolvation. Under cell culture conditions the nano-

particles loaded with the nucleoside analogs were effective against HIV infection,

but they showed no superiority in relation to free drug. This was attributed to a

fast and easy cellular uptake of the tested substances in free form which does not

require drug delivery by nanoparticles.

The suitability of albumin nanoparticles as drug carrier systems for antisense

oligonucleotides was studied by Arnedo et al. [78]. Nanoparticles were prepared

based on BSA by a simple coacervation process and a phosphodiester oligonucleo-

tide was either incorporated into the particle matrix by incubation with the albu-

min prior the coacervation process or adsorbed to preformed nanoparticles. Due

to the electrostatic interactions that were responsible for drug adsorption to pre-

formed nanoparticles, the adsorbed amount was susceptible to changes in pH and

ionic strength of the medium. In comparison to drug loading by adsorption, the

incorporation of the drug during nanoparticle formation resulted in a stable en-

trapment of the antisense oligonucleotide, which complies with earlier results

achieved with the nucleoside analog GCV [70]. Only the incorporative method of

drug binding was suitable for protection of the antisense compound against enzy-

matic degradation.

In most of the studies described so far the effective drug loading to the nano-

particles was of major importance, but preparation parameters influencing the

physicochemical characteristics of the particles were virtually ignored. The first sys-
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tematic investigations for selective control of particle size and size distribution dur-

ing the desolvation procedure were described in 1993 by Lin et al. [79]. They pro-

posed the preparation of HSA nanoparticles of diameter around 100 nm using a

surfactant-free pH-coacervation method. The particles were prepared by the drop-

wise addition of acetone to an aqueous HSA solution at pH values between 7 and

9, followed by glutaraldehyde crosslinking and purification by gel-permeation chro-

matography. It was found that particle size was reduced with increasing pH of the

HSA solution, apparently due to increased ionization of the HSA (isoelectric point

pI ¼ 5:3) which leads to repulsion of the HSA molecules and aggregates during

particle formation. HSA nanoparticles were obtained in a size range between 90

and 250 nm by adjusting the pH and by controlling the amount of added acetone.

The described nanoparticles were of spherical shape, but transmission electron mi-

croscopy (TEM) revealed a broad size distribution. No further data concerning the

polydispersity of the nanoparticles prepared under different conditions was given.

A major shortcoming of the paper is that the pH was adjusted in the absence of

salt, whereas it is well known that, under these conditions, pH measurements ap-

plying glass electrodes are of limited reliability, in particular in the presence of

high concentrations of protein [80].

The process of protein desolvation for the preparation of nanoparticles was

adopted and studied in more detail by the group of Langer et al. with the objective

to establish particle preparation under well-defined conditions [81–85]. In an ear-

lier study a desolvation method for the preparation of nanoparticles based on

HSA and gelatin was described, and the resulting particles were characterized

with respect to size, z potential and number of available amino groups on their sur-

face [81]. In this study the amount of the desolvating agent ethanol in the desolva-

tion process was found to control particle size, but the variability in size at a given

ethanol amount was high. The high size variability was confirmed by sedimenta-

tion velocity analysis in an analytical ultracentrifuge and electron microscopy [84].

In part, this variability has to be attributed to the manual performance of the des-

olvation process, characterized by a drop-by-drop addition of the desolvating agent.

The conditions of particle stabilization by chemical crosslinking in the presence of

the bifunctional compound glutaraldehyde or by heat denaturation showed no in-

fluence on the resulting particle size, but the degree of chemical crosslinking

mainly influenced the number of amino groups on the surface of HSA nanopar-

ticles as well as the z potential of the colloid. With regard to a controllable particle

size in combination with a reproducible desolvation method, a pump-controlled

preparation method was established in a following study which enabled particle

preparation under defined conditions (Fig. 6.5) [85]. Based on this new preparation

procedure several factors of the preparation process such as rate of ethanol addi-

tion, pH value and ionic composition of the HSA solution, protein concentration,

and conditions of particle purification were evaluated. Most of the parameters

studied showed only a minor influence on the particle characteristics. Only the

pH value of the HSA solution prior to the desolvation procedure was identified

as the major factor determining particle size. These observations were in good

agreement with the earlier work of Lin et al. [79] which was described above. By
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sedimentation velocity analysis it was demonstrated that application of a pump-

controlled system in combination with a defined pH adjustment leads to well-

defined mean particle sizes as well as narrow size distributions.

6.4

Basic Characterization Techniques for Peptide Nanoparticles

A rational development of a protein-based colloidal carrier system requires a sys-

tematic characterization of the resulting nanoparticles. In particular, physicochem-

ical parameters such as particle size, size distribution, z potential and surface mor-

phology are of major importance.

Photon correlation spectroscopy (PCS) was used in most of the pharmaceutical

studies as the standard method for determination of particle size and size distribu-

tion. In principle, PCS uses Brownian motion to measure the size of particles. In

brief a diffusion coefficient D of the particles in suspension is determined by laser

light scattering. Based on this coefficient D and the well-known Stokes–Einstein

equation, a ‘‘Stokes’ diameter’’ or hydrodynamic diameter is calculated, which is

not equivalent to a weight or number diameter. The advantage of PCS can be

seen in a rapid determination of particle size within several seconds or minutes.

However, the user has to be aware of the limitations of PCS, such as low resolving

power and well-known problems of mathematically ill-conditioned analysis of the

autocorrelation function. The resulting particle size distributions can be strongly

biased, being critically dependent on the model used for raw data analysis.

As well as PCS, sedimentation velocity analysis in an analytical ultracentrifuge, a

standard technique for characterizing particle size distributions in macromolecular

chemistry, can also be used in the field of pharmaceutics as an appropriate tech-

nique for particle sizing. In principle, during the centrifugation process the appar-

ent absorbance (turbidity) of the nanoparticle sample versus radius is measured

followed by data modeling as a distribution of nondiffusing spherical particles. As

Fig. 6.5. Simple pump-controlled system for reproducible protein desolvation.
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the migration of particles in a gravitational field of an ultracentrifuge shows a

stronger size dependence than the diffusion coefficient D measured by PCS, this

method has the potential for significantly higher resolution [86, 87] and therefore

is much less mode dependent. Therefore, due to the superior resolving power of

this technique more detailed information about the particle size distribution can

be obtained. The suitability of ultracentrifugation for characterization of HSA

nanoparticles was confirmed by Vogel et al. [84]. The study revealed that HSA

nanoparticles prepared by a manual performed desolvation process, characterized

by a drop-by-drop addition of the desolvating agent, showed a high variability in

particle size. The same technique can also be applied to confirm the reproducibility

of particle preparation under optimized preparation conditions [85].

Different microscopic techniques such as electron microscopy (reflection and

transmission) and atomic force microscopy (AFM) are useful for determination of

particle shape and surface morphology. For example, knowledge of particle shape

is a basic requirement for reasonable application of analytical techniques such as

PCS and analytical ultracentrifugation – spherical particle shape is an imperative

prerequisite for particle size analysis by PCS. In the field of analytical ultracentri-

fugation, information about particle shape is necessary to apply the proper mathe-

matical model to the apparent absorbance versus radius raw data. For instance, us-

ing TEM, it was confirmed that the process of protein desolvation described above

for the preparation of HSA nanoparticles led to a spherical particle shape [84].

Therefore, the particle system was well suited for size analysis using PCS or sedi-

mentation velocity analysis. Directly after manual particle preparation and purifica-

tion, the samples showed a slightly broader size distribution which could be frac-

tionated into narrow distributions by preparative density gradient centrifugation

(Fig. 6.6).

In addition to TEM, AFM is another useful technique to obtain more detailed in-

formation about surface morphology. AFM is a widely used experimental tech-

nique for the characterization of nanostructures. In particular, due to its ability to

map variations in material properties with nanometer resolution, AFM is well

suited to probe potential subcomponents or substructures of nanoparticles. An

AFM picture of HSA nanoparticles prepared by protein desolvation under the

same conditions described for the sample in Fig. 6.6 is depicted in Fig. 6.7. The

height image of the sample confirms the spherical nature of the nanoparticles,

whereas the phase image reveals a substructure in the size range of about 15 nm,

showing the crosslinked nature of these particles.

The stability and electrical behavior of nanoparticles can be assessed by determi-

nation of the z potential of the particle colloid under varying pH and buffer condi-

tions. Titration experiments are useful to find the optimal handling and storage

conditions for the particle system as well as to determine the isoelectric point of

the nanoparticles. For example, the group of Langer et al. used titration experi-

ments for the determination of the z potential in order to take a more detailed

look at the effect of pH and buffer variation on the stability of HSA nanoparticles

[85]. They observed positively charged nanoparticles at a pH of 3. With increasing

pH value the z potential was reduced to about �50 mV at pH values between 7 and

10. The salt dependency of the z potential was determined by titration experiments
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with concentrated buffer systems. As could be expected, due to a shielding of the

surface charge with increasing buffer concentration the z potential of the colloid

was reduced. However, it became obvious that a phosphate buffer can be used at

least up to concentrations of 150 mM without reducing particle surface charge to

a degree that leads to isoelectric aggregation of the particles. Furthermore, the ef-

fect of crosslinking on the isoelectric point (pI) of HSA nanoparticles was deter-

mined. Glutaraldehyde crosslinking of the particle matrix was found to decrease

the pI value of the particles significantly. Such a reduction could be expected for a

covalent reaction of glutaraldehyde with lysine side-chains of the protein HSA.

In addition to the basic characterization techniques outlined within this chapter,

drug-loading efficiency as well as characterization of the chemical surface structure

is of major importance. The influence of drug properties and particle preparation

techniques on the drug-loading efficiency was described above within the overview

of preparation methods. The analysis of the chemical surface structure depends

mainly on the nature of the functional groups on the particle surface or the surface

modification strategy used. Different ways of surface modification and the meth-

ods suitable for characterization of the resulting particle surface structures are out-

lined below.

6.5

Drug Targeting with Nanoparticles

Most often nanoparticulate drug carrier systems were prepared in order to modify

the body distribution of the entrapped drug and to transport the drug to its site of

Fig. 6.6. Morphology of HSA nanoparticles by

means of TEM of negatively stained samples:

(a) unfractionated particles, (b) particles in the

fraction of highest turbidity from a sucrose

gradient and (c) three arbitrary selected

particles of sample (b) on films glow

discharged for 30 s. Bar length ¼ 200 nm.

(From Ref. [84].)
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Fig. 6.7. Morphology of HSA nanoparticles

by means of AFM in tapping mode on a

Nanoscope IIIa (Digital Instruments, Santa

Barbara, CA) with rotated tapping mode etched

silicon probe (RTESP) tips. (a) Height image of

nanoparticles on mica. (b) Phase image of the

central part of (a) with crosslinked substruc-

ture visible. (From Professor U. S. Schubert,

Eindhoven University of Technology, Labora-

tory of Macromolecular Chemistry and

Nanoscience, Eindhoven, The Netherlands.)
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action (i.e. drug targeting). When nanoparticles are administered intravenously

they are quickly recognized by the mononuclear phagocyte system (MPS) and

cleared from the circulation. The size of the nanoparticles as well as the hydropho-

bicity of their surface determine the in vivo fate of the system, with larger particle

size and higher hydrophobicity leading to a more pronounced adsorption of blood

components (i.e. opsonization) followed by a more rapid clearance from circula-

tion. Therefore, hydrophilic surface structures in combination with small particle

sizes (100–200 nm) are crucial parameters for developing nanoparticular drug car-

riers with extended half-lives in blood.

6.5.1

Passive Drug Targeting with Particle Systems

After intravenous injection, unmodified nanoparticles enable passive drug target-

ing, which is characterized by particle uptake in cells of the MPS. Particle accumu-

lation in macrophages of the liver, spleen and bone marrow as well as in circulat-

ing monocytes is observed. The resulting body distribution of the particulate

carrier systems is mainly influenced by two physicochemical properties – particle

size and surface characteristics [88]. Concerning particle size, the particles should

be small enough not to be removed by simple filtration mechanisms in a capillary

bed after intravenous injection. On the other hand, surface characteristics such as

hydrophilicity/lipophilicity represent the major determinants for protein adsorp-

tion in biological fluids and may modify particle interaction with specific plasma

membrane receptors, thus leading to elimination of the particles from the systemic

circulation. The mechanism of protein adsorption on particle surfaces in conjunc-

tion with the recognition of such coated particles by monocytes and macrophages

is named opsonization. After intravenous administration of nanoparticle suspen-

sions the particles are normally rapidly coated by adsorption of specific blood com-

ponents known as opsonins. After this coating the particles are recognized by the

MPS and are rapidly eliminated from the central blood circulation. As well as the

surface characteristics, the opsonization process seems to be influenced by the sur-

face curvature of the carrier system, with smaller carriers leading to a reduced ad-

sorption of proteins and opsonins, and in turn to a reduced uptake of such systems

by phagocytic cells [89].

Therefore, a reduction of the opsonization process leading to a prolongation of

the plasma half-live is of major importance in order to achieve a modified body dis-

tribution. Coating of the particles with opsonins can be reduced by the introduc-

tion of a more hydrophilic surface structure in combination with a reduced particle

size. Different techniques to achieve a hydrophilic particle surface are outlined

below.

6.5.2

Active Drug Targeting with Particle Systems

In contrast to passive drug-targeting strategies, active drug targeting enables the

transport of the particle system to body compartments not accessible to the un-
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modified system. Therefore, in a first step of particle preparation it is required to

achieve a more hydrophilic surface structure which leads to a prolongation of the

plasma half-live. In a second step, the particle system has to be equipped with li-

gands, so-called drug-targeting ligands, which enable cell-specific accumulation of

the particle system.

6.5.3

Surface Modifications of Protein-based Nanoparticles

In order to achieve a prolonged circulation half-life and to enable active drug tar-

geting the opsonin adsorption has to be reduced by (a) the choice of a suitable par-

ticle size and (b) surface modification of the drug carrier system. An appropriate

approach in this direction is the modification of the particle surface by different

hydrophilic compounds.

As well as modification of the particle surface with hydrophilic compounds in

order to modify the pharmacokinetic behavior, surface modification techniques

with the aim of enhanced drug loading have also been described. For example, in

a paper by Hnatowich and Schlegel, albumin microspheres were synthesized and

the particle surface was modified by the covalent attachment of the chelating

agents EDTA and DTPA [90]. The resulting particles were used for the attachment

of the radionuclide 67Gd by transcomplexation from a gadolinium acetate solution.

6.5.4

Surface Modification by Different Hydrophilic Compounds

In the field of protein-based nanoparticles the first attempts to achieve a more hy-

drophilic particle surface were made on the basis of albumin nanoparticles [91,

92]. Based on the method of Longo et al. [57], microspheres were prepared and sta-

bilized by glutaraldehyde crosslinking. Hydrophilic surface modifications were

achieved by quenching free aldehyde groups of glutaraldehyde with different

amino-functional compounds such as ethanolamine and glycine. The stability of

the chemical surface modification was confirmed in fresh human serum and in

aqueous solutions of different pH values. Under cell culture conditions the phago-

cytic uptake of the surface-modified nanoparticles was mainly dependent on the

resulting z potential, with a higher particle charge leading to a more pronounced

cellular uptake. Contrary to the results of the cellular uptake study, no differences

in blood circulation times and organ accumulation between different nanoparticle

preparations were observed after intravenous injection in rats [93]. Therefore, the

effect of surface modification by hydrophilic low-molecular-weight compounds re-

mained questionable.

With regard to active drug targeting with nanoparticles (see below), hydrophilic

systems with functional groups at their surface are necessary to which ligands

such as antibodies can be attached. The emulsion methods for particle prepara-

tions employ a lipophilic external phase and therefore produce microspheres with

a hydrophobic surface due to the preferential orientation of lipophilic amino acids
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of the albumin molecules to the outer lipophilic phase of the water-in-oil emulsion.

MacAdam et al. developed a method for the preparation of albumin microspheres

which had chemically reactive groups such as carboxylic and amino groups on the

surface to which ligands could be attached [3]. Carboxylic groups were introduced

by the reaction of amino groups with iodoacetic acid under alkaline conditions.

The group described methods for the quantitative determination of these groups

at the particle surface using the radioactive probes [14C]glycine ethyl ester and

[14C]sodium acetate.

6.5.5

Surface Modification by Polyethylene Glycol (PEG) Derivatives

In addition to the modifications with low-molecular-weight compounds described

above, several approaches were taken to introduce a hydrophilic steric barrier at

the particle surface, i.e. by modification of the particle surface with PEG deriva-

tives. Lin et al. performed several approaches for the introduction of PEG chains

onto the surface of HSA nanoparticles. Based on their established preparation

method for HSA nanoparticles [79] outlined above, Lin et al. compared HSA nano-

particles either stabilized by the glutaraldehyde method or a novel Dextranox-

MPEG crosslinking procedure [94]. Dextranox-MPEG is a methyl PEG-substituted

oxidized dextran which created a sterically stabilizing polyethylene oxide surface

layer surrounding the nanospheres. They tested the electrolyte- and pH-dependent

flocculation of both preparations, and concluded that the higher stability of the

proposed nanospheres depended mainly on a hydrated steric barrier surrounding

the Dextranox-MPEG crosslinked nanospheres, whereas the glutaraldehyde cross-

linked system was mainly stabilized by electrostatic repulsive forces. As an alterna-

tive method for steric stabilization of HSA nanoparticles, Lin et al. established a

nanoparticle preparation based on two different PEG–HSA conjugates, namely

a poly(amidoamine)–poly(ethylene glycol) copolymer grafted HSA (HSA–PAA–

PEG) and a poly(thioetheramido acid)–poly(ethylene glycol) copolymer grafted

HSA (HSA–PTAAC–PEG) [95]. As with the Dextranox-MPEG crosslinked nano-

particles, they confirmed the existence of a hydrated steric barrier surrounding

the nanospheres by electrolyte- and pH-dependent flocculation tests, and showed

a reduced plasma protein adsorption on the particle surface compared with un-

modified nanoparticles. More recently, Lin et al. developed a third method for sur-

face modification of HSA nanoparticles with PEO chains on the basis of methoxy-

PEG modified HSA (HSA–mPEG) and evaluated the resulting nanoparticles as

outlined for copolymer grafted HSA [96]. The z potential of the resulting nanopar-

ticles was significantly lower than that of unmodified nanoparticles and the exis-

tence of a hydrated steric barrier was confirmed. The two PEG-modified albumin

nanoparticle systems prepared on either HSA–PTAAC–PEG or HSA–mPEG were

compared to HSA-based nanoparticles with regard to drug loading and in vitro
drug release using the model compound rose Bengal [97]. The drug-loading effi-

ciency of HSA–mPEG-based nanoparticles was much lower than that of nanopar-

ticles prepared with unmodified HSA, indicating that less drug–protein binding
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sites were available in the HSA–mPEG molecule as compared to the HSA mole-

cule. The in vitro drug release of the different particle preparations in the presence

of trypsin was mainly dependent on the PEG modification, with a slower drug re-

lease in the case of PEG-modified nanoparticles. This observation suggests that not

only the behavior in biological systems will be modified by surface modification,

but that the existence of a steric barrier on the surface of the nanoparticles mainly

influences the enzymatic degradation and consequently the drug release properties

of the particles.

6.5.6

Surface Modification by Drug-targeting Ligands

In order to achieve a system which enables active drug targeting, in addition to a

hydrophilic steric barrier at the particle surface which prevents opsonization, the

particle system has to be equipped with drug-targeting ligands. In combination

with nanoparticulate systems, in most cases antibodies were described as drug-

targeting ligands. The first conjugation reactions between particle surfaces and

cell-specific antibodies were described in the 1970s for latex particle systems based

on synthetic polyacrylates [98, 99]. The first reports of antigen-specific binding

were achieved with these particles. In a further step, the nanoparticles were loaded

with magnetite, and were used as magnetic microspheres for labeling and sepa-

ration of lymphocytes and erythrocytes [100]. In the following years antibody-

modified synthetic nanoparticles intended for active drug targeting have been

synthesized and characterized in detail [101–104]. Apart from polyacrylate-based

nanoparticles, other starting materials such as silica [105], PLA [106] and proteins

[107–109] were used for the preparation of ligand-modified nanoparticles in later

studies.

A first study with protein-based nanoparticles surface modified with cell-specific

antibodies was described by Akasaka et al. [107]. An antitumoral antibody was co-

valently attached to primary amino groups of BSA nanoparticles prepared with glu-

taraldehyde crosslinking by covalent linkage (Schiff ’s base formation) of aldehyde

groups at the surface of the nanospheres with amino groups of the antibody. Al-

though in this first study with antibody-modified albumin nanoparticles the specif-

icity of the free antibody for tumor cells was clearly demonstrated, tumor cell bind-

ing after conjugation of the respective antibody to the nanoparticles remained

unclear. After intravenous administration of the antibody-modified nanoparticles

in tumor-bearing mice the carrier system was found to be localized mainly in the

liver, lungs and kidneys of the animals.

In a further study, antimucus polyclonal antibodies were covalently linked to the

surface of albumin microspheres in order to achieve an oral drug delivery system

with delayed gastrointestinal transit [110]. Three different particle systems with ei-

ther a hydrophobic, a hydrophilic or a carboxymethylated surface were used [3] and

the linkage was performed by the carbodiimide reaction using 1-ethyl-3(3-dimethyl

aminopropyl)carbodiimide. The group observed that only hydrophilic and carboxy-

methylated microspheres with surface-attached antibody bound significantly more

mucin from suspension. The same particle preparations also showed stronger

166 6 Peptide Nanoparticles



binding to isolated gut segments than the other control preparations. The results

supported the finding that the combination of a hydrophilic particle surface with

a drug-targeting ligand is a precondition for a site-specific carrier system.

In a recent study by Wartlick et al., gelatin as well as HSA nanoparticles were

described for cell-type-specific targeting of different breast cancer cells with varying

HER2 expression levels [108]. Both particle preparations were prepared by estab-

lished desolvation techniques and were surface modified in a first step by the cova-

lent attachment of the avidin derivative NeutrAvidinTM. The avidin binding was

performed with the heterobifunctional PEG-based crosslinker NHS-PEG3400-Mal.

The humanized monoclonal antibody trastuzumab (HerceptinTM) was used as

drug targeting ligand. For the attachment of the antibody to the nanoparticle sur-

face trastuzumab was biotinylated and bound to the particle surface by avidin–

biotin complex formation (Fig. 6.8). Under cell culture conditions the resulting

antibody-modified nanoparticles showed a highly specific targeting to HER2-

overexpressing breast cancer cells. The attachment to the surface of the cells was

time and dose dependent, and effective intracellular uptake by receptor-mediated

endocytosis was demonstrated. The results indicated that the proposed prepara-

tions hold promise for selective drug targeting of tumors expressing a specific

tumor antigen.

The same group described a comparable nanoparticulate system based on

gelatin for specific drug targeting to T lymphocytes [109]. Using avidin–biotin

complex formation a biotinylated anti-CD3 antibody was bound to the surface of

NeutrAvidin-modified nanoparticles. The objective of the work was the comprehen-

sive quantification of every chemical reaction step during the preparation proce-

dure of the nanoparticles, including determination of the molecular weight distri-

bution of the starting material gelatin, characterization of the particle surface and

determination of the integrity of the covalently attached proteins after conjugation

reaction. High compatibility of the nanoparticles with tumor cells was demon-

strated under cell culture conditions. The suitability of the proposed particles for

receptor-mediated cellular uptake in lymphocytic cells was demonstrated in a sepa-

rate paper [111].

Fig. 6.8. Schematic representation of antibody-loaded avidin-

modified nanoparticles for cell-type-specific targeting.
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6.5.7

Different Surface Modification Strategies

In the case of protein-based nanoparticles the covalent attachment needs a well-

defined particle system with functional groups on its surface, which can be used

for the respective coupling reaction with the drug-targeting ligand. Therefore, in a

number of papers the characterization of the particle surface with regard to func-

tional groups as well as techniques for the introduction of functional groups was

described. In the field of protein chemistry, it is mainly amino groups and carbox-

ylic groups that can be used for covalent coupling reactions. In example, proteins

such as HSA offer several target sites for covalent modification such as the e-amino

groups of lysine and the carboxylic groups of asparaginic and glutaminic acid. For

glutaraldehyde-stabilized nanoparticles the remaining carbonyl residues of the

crosslinker can be used as a further target site.

In a first study by Weber et al., as well as the optimization of the desolvation pro-

cess for the preparation of HSA and gelatin nanoparticles, the number of available

amino groups on the surface of the nanoparticles was determined spectrophoto-

metrically using the reagent 2,4,6-trinitrobenzenesulfonic acid (TNBS) [81]. It was

observed that the number of amino groups was mainly dependent on the amount

of the crosslinking agent glutaraldehyde used for particle stabilization. As could be

expected, increasing amounts of glutaraldehyde led to a decreasing number of

available amino groups on the particle surface.

Protein conjugation most often is achieved by the use of established bifunctional

crosslinkers, which can be subdivided into homobifunctional and heterobifunc-

tional crosslinkers (Fig. 6.9). Most often heterobifunctional crosslinkers were used

which combine two different specific binding sites – one for primary amino groups

and one for sulfhydryl groups – in one molecule. Examples for such bifunctional

crosslinkers are the homobifunctional substances 1,6-bis-maleinimidohexane

(BMH) [112], disuccinimidyl tartrate (DST) [113] and the heterobifunctional com-

pounds m-maleimidobenzoyl-N-hydroxysulfosuccinimide ester (sulfo-MBS) [108,

109, 114] or sulfosuccinimidyl-4-N-maleimidomethylcyclohexane-1-carboxylate

(sulfo-SMCC) [115]. In order to attach an amino group-containing compound to

protein-based nanoparticles by the use of such crosslinkers, it is imperative that

the nanoparticles expose reactive sulfhydryl groups on their surface. However, as

the primary structure of most proteins reveal, there is only a negligibly small num-

ber of reactive sulfhydryl groups available in the genuine protein. Therefore, differ-

ent methods for the introduction of reactive sulfhydryl groups onto the particle sur-

face were described. The objective of a study by Weber et al. was to establish several

methods for the introduction of thiol groups onto the surface of HSA nanopar-

ticles [116]. In addition to the e-amino groups of lysine, the carboxyl groups of

asparaginic and glutaminic acid, and the carbonyl groups of the crosslinker glu-

taraldehyde were used for the introduction of reactive sulfhydryl groups. In prin-

ciple, the thiol groups were introduced by the reaction with dithiothreitol or

2-iminothiolane, by quenching reactive aldehyde residues with cystaminiumdi-

chloride, or by coupling l-cysteine and cystaminiumdichloride by the aqueous car-
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bodiimide reaction. The resulting nanoparticulate systems were characterized with

regard to the number of available sulfhydryl groups and it was shown that the pro-

posed reaction conditions enabled surface modification under well-defined condi-

tions.

In a further step, the sulfhydryl-modified nanoparticles were used for the cova-

lent attachment of functional proteins via bifunctional crosslinkers which reacted

in a first step with amino groups of the protein and in a second step with the sulf-

hydryl groups introduced onto the particle surface [109, 114].

6.6

Applications as Drug Carriers and for Diagnostic Purposes

Protein-based nanoparticles as well as microspheres have been described as drug

carrier systems and for diagnostic purposes under in vitro and in vivo conditions

in many studies. A brief overview over the different fields of application will be

given below. The main focus is on particle preparations tested under in vivo condi-

Fig. 6.9. Examples of different bifunctional crosslinkers in use

for protein chemistry. The reactive groups of the respective

crosslinker are outlined in grey.
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tions in animals or under clinical conditions in humans; the overview of the in vivo
studies is divided by the route of application. As well as the often used parenteral

application route, topical or peroral administration of the nanoparticles and micro-

spheres was described in some studies.

6.6.1

Protein-based Nanoparticles in Gene Therapy

The main goal in gene therapy is the formulation of optimal gene delivery vehicles

that can achieve efficient gene transfer without immunogenic, cytotoxic and in-

flammatory effects. In a multitude of previous studies different vectors of viral ori-

gin were described, based on either recombinant forms of viruses such as retrovi-

rus, adenovirus or adeno-associated virus (AAV) [117, 118]; however, these systems

often suffered from the above-mentioned disadvantages. Nonviral approaches, in-

cluding lipoplexes, polyplexes and nanoparticles, have advantages over viral sys-

tems such as safety, low cost, stability, ease of manufacturing and high flexibility

concerning the size of the delivered transgene. However, their lack of specificity

and their inability to deliver prolonged gene expression have proved to be draw-

backs. Although the current synthetic systems are less efficient than viral vectors,

rapid advances have achieved efficient levels of gene transfer. One promising

approach is the development of nanoparticles which contain a gene construct in-

side a protective matrix, which protects them from immune recognition and de-

struction after systemic application.

In the field of protein-based nanoparticles there are many papers describing the

preparation of plasmid DNA-loaded nanoparticles by different coacervation meth-

ods, and the subsequent quantification of the transfection efficiency under in vitro
and in vivo conditions. For example, Truong-Le et al. reported a method for the in-

corporation of plasmid DNA coding for firefly luciferase into gelatin-based nano-

particle system. The nanoparticles were prepared by a salt-induced complex coacer-

vation and were stabilized by crosslinking with EDC [61]. The authors described

the incorporation of chloroquine in the particle matrix as well as the binding of

transferrin and calcium ions to the resulting system. The transfection efficacy

was tested in human kidney epithelial (HEK) 293 cells, and it was shown that the

highest gene transfer efficiency was seen when transferrin, CaCl2 and chloroquine

were simultaneously built into the microspheres.

In 1997, the same group described a crosslinked DNA–gelatin nanosphere

preparation containing a b-galactosidase plasmid construct driven by an AAV pro-

moter [62]. The nanospheres showed improved stability of the incorporated DNA

in comparison to free DNA in the presence of serum. The in vivo application of

the plasmid-loaded nanospheres in mice resulted in a 10–30 times higher b-

galactosidase expression than that observed for naked DNA whereas the injection

of a AAV preparation showed a 50–100 times higher expression. The application of

the nanoparticle preparation was characterized by a modest anti-b-galactosidase an-

tibody response and a potent cytotoxic T lymphocyte response.

Comparable nanoparticle preparations containing either a cystic fibrosis [cystic
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fibrosis transport regulator (CFTR)] or a green fluorescent protein (GFP) gene con-

struct were describe by the same group as gene delivery systems for the treatment

of cystic fibrosis [119, 120]. The preparations were administered to the lung of rab-

bits by the use of a bronchoscope. Gene expression of the GFP reporter gene was

observed in 43% of the brushed airway epithelial cells from the nanosphere-treated

animals. The coencapsulation of sodium 4-phenylbutyrate into DNA–gelatin nano-

particles led to a correction of the cAMP-stimulated chloride conductance in cystic

fibrosis epithelial cells. In 1998, Truong-Le et al. described the application of their

DNA–gelatin nanospheres for the transfection of HEK 293 cells [63]. The nano-

spheres were characterized with regard to their DNA encapsulation efficiency, par-

ticle size, particle matrix structure as well as their stability in different media. The

DNA release was mainly influenced by the nature of the incubation medium as

well as by the amount of EDC used for particle stabilization. The highest DNA re-

lease was observed in trypsin solution and with low amounts of crosslinking re-

agent EDC, indicating the possibility to prepare a controlled release nanosphere

preparation by variation of the crosslinking conditions. The results of the in vitro
transfection showed that the most effective nanosphere preparation consisted of a

DNA–gelatin coacervate, which was surface modified by the attachment of trans-

ferrin, and exhibited incorporated chloroquine and calcium chloride. The cell incu-

bation with the optimal nanosphere preparation achieved a transfection level com-

parable to LipofectamineTM, LipofectinTM and Ca–DNA coprecipitate techniques.

The quantification of in vivo b-galactosidase expression subsequent to an intramus-

cular injection in mice revealed that the nanosphere preparation was much more

effective than naked DNA or DNA in Lipofectamine complexes, but that the ex-

pression rate was significantly lower than that after DNA delivery with an AAV vec-

tor system.

Leong et al. compared the gelatin–DNA nanospheres with chitosan–DNA nano-

spheres surface modified by the covalent introduction of PEG and transferrin

[121]. In comparison to the gelatin–DNA nanospheres the chitosan–DNA nano-

spheres showed enhanced in vitro transfection efficiency in HEK 293 cells, but

without further enhancement effects of transferrin or by coencapsulated chloro-

quine. The authors showed that the optimal DNA delivery preparation mainly de-

pended on the respective cell line and marker gene under evaluation: gelatin–DNA

nanospheres were effective in transfecting HeLa cells; however, as mentioned

above, when compared to chitosan, nanospheres showed only a reduced effect in

HEK 293 cells. The group showed that the transfection efficiency of chitosan–

DNA nanospheres was neither influenced by the storage time in suspension nor

by a lyophilization step after particle preparation.

In 1999, Truong-Le et al. further characterized the coacervation conditions for

the preparation of gelatin–DNA nanospheres of defined physicochemical charac-

teristics [64]. The biological integrity of the proposed nanosphere preparations

was demonstrated by a more than 50% transfection of human tracheal epithelial

cells with DNA encoding CFTR. The DNA-loaded nanospheres were able to com-

plement human bronchial epithelial cells defective in CFTR-mediated chloride

transport activity with a functional CFTR.
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Apart from the application of gelatin as the starting material for the preparation

of plasmid DNA-loaded systems, nanoparticles based on albumin were described

as well. In a study by Rhaese et al., the preparation and characterization of nano-

particles consisting of DNA, HSA and polyethyleneimine was described, and their

transfection efficiency was tested in HEK 293 cells [122]. A high transfection effi-

ciency that was nearly in the range of commercially available transfection reagents

such as SuperfectTM and DOTAPTM was observed when the particles were pre-

pared at a N/P ratio of 6.0. The efficiency was comparable to that exerted by the

classical calcium phosphate-mediated transfection.

6.6.2

Parenteral Application Route

The body distribution of particulate systems after parenteral administration and

the modification of the distribution by variation of the particle characteristics have

been determined in many studies. Some of these studies that used magnetite-

loaded particles under external magnetic guidance have been addressed previously

[35–40]. These studies used albumin-based particles as drug carrier systems for cy-

tostatic agents such as doxorubicin for tumor therapy. However, such particles sys-

tems are also well suited as superparamagnetic resonance contrast material for the

diagnosis of organs of the MPS and tumor diagnosis [34].

6.6.2.1 Preclinical Studies with Protein-based Particles

The influence of covalent surface modification on the body distribution of albumin

nanoparticles after intravenous application was studied by Roser et al. [93]. An ac-

cumulation of the particles in the central nervous system of rats was observed in

an experimental animal model of allergic encephalomyelitis. A later immunohisto-

chemical study of Merodio et al. revealed that circulating macrophages, which mi-

grated to the damaged sites, and resident activated microglial cells were involved in

the distribution of the nanoparticles [74].

Albumin-based particles have been used for varying applications. For example,

Martodam et al. studied albumin microspheres as drug carriers for an inhibitor of

the leukocyte elastase (EC 3.4.21.11) leading to drug accumulation in the lung of

rats [123]. Kinsey et al. used albumin particles for transfection under in vivo condi-
tions [124]. They described a covalent conjugation between HSA and polyethylene-

imine using a reductive cleavable spacer structure. Under elevated temperature and

acidic reaction conditions the resulting conjugate was transferred to macroaggre-

gates which were drug loaded with plasmid DNA encoding for GFP. The intrave-

nous application of the preparation in mice resulted in a local transfection in the

lung, whereas other tissues were not affected.

6.6.2.2 Clinical Studies with Protein-based Particles

The clinical application of particle systems based on HSA has also been described.

In all of these studies the administration of the particle systems was by the paren-

teral route.
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In an early study cisplatin-loaded albumin microparticles were used for clinical

chemotherapy. An infusion of the particle system through the lingual artery was

performed in seven patients with advanced carcinoma of the tongue [125]. Due to

a particle size of about 56 mm an arterial embolism in the tumor area was achieved.

Specimens were taken at different time intervals after administration, and it was

observed that by the fourth week almost all carcinoma cells were killed and that

microspheres were hydrolyzed and vanished within 6 weeks. A combined effect

of cytotoxicity and ischemic necrosis of the tumor after microembolism was

discussed.

The ability of albumin nanoparticles to act as a carrier system for paclitaxel was

investigated in many clinical studies. The albumin-stabilized nanoparticle formula-

tion ABI-007 (American Bioscience, Santa Monica, CA) was designed to overcome

insolubility problems encountered with paclitaxel and eliminates the need for toxic

solvents such as Cremophor EL, which is part of the commercially available pacli-

taxel formulation TaxolTM. Toxicities and antitumor activity of intra-arterial admin-

istration of paclitaxel-loaded albumin nanoparticles were determined in patients

with advanced head and neck carcinoma [126]. The intra-arterial administration

of the particles to 43 patients was well tolerated by most of the patients and re-

quired no premedication. In total, 120 treatment cycles were completed and the

cytostatic activity of the particulate preparation was compared with Taxol. The max-

imum tolerated dose of the particle formulation in a single administration was 270

mg m�2 and most dose levels showed considerable antitumor activity. Complete

and partial response was observed in 80.9% of the patients. In a later study, the

antitumor activity of the same preparation ABI-007 was studied in patients with

advanced squamous cell carcinoma of the tongue [127]. Twenty-three previously

untreated patients received intra-arterial therapy with paclitaxel-loaded albumin

nanoparticles. Within this study about 78% of the patients had a clinical and radio-

logic objective response, 13% showed a stable disease, and 9% showed disease pro-

gression. The pharmacokinetic behavior and toxicity profile of ABI-007 was studied

by Ibrahim et al. [128]. In comparison to the commercially available preparation

Taxol, no acute hypersensitivity reactions were observed during the infusion of the

nanoparticle formulation. Compared to Taxol, the nanoparticle formulation offered

several features of clinical interest such as rapid infusion rate, no requirement for

premedication and a high maximum tolerated dose. Further clinical trials in meta-

static breast cancer patients were completed, and the evaluation for the treatment

of other tumors such as nonsmall lung cancer, ovarian cancer, melanoma and cer-

vical cancers was reported [129, 130]. Based on the promising results of the clinical

trials, the FDA recently approved ABI-007 under the trade mark AbraxaneTM as a

new protein-bound breast cancer drug.

In the field of diagnostic applications, protein-based nanoparticles are mainly

used as ultrasound contrast agents. The concept of contrast enhancement using

gas-filled microspheres was developed during the past two decades. A multitude

of clinical trials were performed and different commercially preparations are avail-

able. In the field of protein-based systems, AlbunexTM was described as air-filled

albumin microspheres prepared from sonicated 5% HSA. After intravenous or in-
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tracoronary injection the microspheres are ideal agents for myocardial contrast

echocardiography. Animal studies showed that although the microspheres are

mainly in the size range of several micrometers, Albunex did not alter coronary

blood flow, left ventricular function or systemic hemodynamics [131]. Comparable

results were achieved under clinical conditions, and it was demonstrated that intra-

venous injection of Albunex appears to be safe without any adverse hemodynamic

and respiratory effects [132]. After intravenous injection the albumin microspheres

were found to cross the pulmonary circulation. A further clinical study in 71 pa-

tients with three intravenous doses of Albunex showed that all injections were

well tolerated and no serious side-effects were noted in any of the patients [133].

An extensive physical and biochemical characterization of Albunex microspheres

was described by Christiansen et al. [134]. They found out that the preparation con-

tains mainly air-filled microspheres in a size range from 1 to 15 mm with less than

5% being larger than 10 mm. In particular, the microsphere fraction between 4 and

10 mm was assumed to give the main contribution to the ultrasound signal in the

left ventricle of the heart after intravenous injection. Only 1.5% of the total protein

in suspension represents the microsphere protein, whereas the remaining protein

was soluble albumin molecules. In addition to Albunex, a second preparation

based on heat-denatured HSA was licensed as an echocardiographic contrast agent:

OptisonTM consist of gas-filled albumin microspheres, but contains octafluorpro-

pane instead of air entrapped in the particle system. Due to incorporation of the

less soluble octafluorpropane the microspheres persist much longer in vivo as com-

pared to microspheres filled with air [135].

As well as the diagnostic applications, several attempts have been made at

therapeutic applications of gas-filled microspheres such as Albunex, including

ultrasound-intensified thrombolysis, tissue targeting and drug delivery [136, 137].

For example, albumin-coated microbubbles were used as a drug carrier system for

plasmid DNA [138]. The preparation was injected intramusculary in mice and even

in the absence of ultrasound significantly improved transfection efficiency was ob-

served. In the presence of ultrasound the transfection efficiency was significantly

increased in older animals. Therefore, protein-based microbubbles are considered

as a promising approach for gene delivery in muscle.

6.6.3

Topical Application of Protein-based Particles

Apart from parenteral application, other routes such as topical or peroral appli-

cations have been described for protein-based particle systems. With regard to

topical application, albumin particles were used as drug carrier systems for the

ophthalmic administration of pilocarpine [139–141]. After drug binding to the

particulate systems a significant prolongation in reduction of the intraocular pres-

sure (IOP) was observed. Based on the kinetic data of IOP reduction and miosis,

an increase in pilocarpine bioavailability of 50–70 and 50–90% was calculated,

respectively.
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6.6.4

Peroral Application of Protein-based Particles

At first sight, due an enzymatic degradation in the gastrointestinal tract, peroral

administration of protein-based particles seems to be a difficult approach. How-

ever, the peroral application was investigated in a number of studies. Widder et al.

described a suspension of magnetite-loaded albumin microspheres as a paramag-

netic oral magnetic resonance contrast agent [34]. Under in vitro conditions the

proposed microspheres were stable over a broad range of pH and tolerated pro-

teolytic enzyme exposure over 24 h. The peroral administration of the micro-

spheres was studied under in vivo conditions in rabbits and dogs, and the system

appeared effective as a small bowel contrast material.

In a further study, protein microspheres were described as adjuvants for oral vac-

cination [142]. The model antigen ovalbumin was entrapped into gelatin micro-

spheres which were stabilized with different amounts of the bifunctional aldehyde

glutaraldehyde. In comparison to ovalbumin in solution, the oral administration of

the particulate system in mice led to a significantly increased secretion of anti-

ovalbumin IgA antibodies at the intestinal mucosa as well as by urinal excretion.

This effect was attributed to an effective accumulation of the particles in immuno-

competent regions of the gastrointestinal tract the so called Peyer’s patches.

The body distribution after peroral administration of radioactively labeled algi-

nate BSA nanoparticles to rats was investigated by Yi et al. [143]. Nanoparticles

about 166 nm and drug loaded with 5-fluorouracil were used for the pharmacoki-

netic study. After oral administration the nanoparticles were mainly distributed in

the liver, spleen, lungs and kidneys of the rats. Using micro-autoradiographic ex-

periments, particle accumulation in Kupffers cells of the liver, liver parenchymal

cells and phagocytes of the spleen was observed. Therefore, the group proposed

protein-based nanoparticles suitable to enter the body circulation after gastrointes-

tinal passage.

6.7

Immunological Reactions with Protein-based Microspheres

As was outlined previously, the formulation of a device for the controlled release of

biologically active substances has been a goal for many researchers. For injectable

preparations it is advantageous to use a matrix material that is well tolerated and

produces no adverse immunological reactions. Since protein-based particle sys-

tems undergo structural alterations induced during the preparation process of the

colloid the formation of new epitopes that may provoke an immunological re-

sponse in recipients may occur. Different animal and clinical studies have been de-

scribed in order to access the possible immunogenicity of particulate systems.

In 1981, Lee et al. reported the preparation of hormone-containing albumin mi-

crospheres as a sustained release drug delivery system for progesterone [24]. For

their immunological studies they prepared a particle matrix based on rabbit serum

albumin in the size range of about 100 mm, and injected the resulting spheres in-
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tramuscularly and subcutaneously in male rabbits. They described a good tolerance

of the carrier system after application. No significant fluctuations of body tempera-

ture or weight were observed during the experiment. Rabbits that had received in-

jections for several months did not show any adverse immunological symptoms.

The immune response of Albunex microspheres was studied by Christiansen

et al. [144]. Within this study 34 healthy volunteers received four injections of ei-

ther Albunex or 5% HSA at 4-week intervals. Analysis of blood samples did not re-

veal any formation of IgE or IgG antibodies directed against the microsphere pro-

tein or albumin in any of the recipient. Likewise, no adverse reaction was observed

when Albunex was administered to allergic individuals having cat albumin as one

of their allergens. The authors concluded from their data that there is no evidence

that heat-aggregated albumin of the Albunex microspheres may provoke an immu-

nological reaction upon repeated injection of the preparation. In a following study,

the safety of Albunex administration was confirmed [145]. Within this study the

albumin microspheres were repeatedly administered to 12 healthy volunteers over

a period of time long enough to allow development of immune reactions. No for-

mation of microsphere-specific IgE and IgG antibodies was observed after multiple

Albunex exposure.

Clinical evaluations of adverse reactions were performed in the preliminary

stages of ABI-007 (Abraxane) approval as a new protein-bound breast cancer drug.

Within these studies adverse reactions against the particulate formulation were

compared to events after administration of the commercial paclitaxel formulation

Taxol. The particulate formulation was characterized by a reduced number of total

and severe hypersensitivity reactions.

6.8

Concluding Remarks

Many studies have described nanoparticles and microparticles promising drug car-

rier systems. Among the different materials used for particle preparation, proteins

are especially promising, since they can lead to biodegradable carrier systems for a

multitude of application routes. This chapter has summarized the preparation

techniques of protein-based particle systems as well as the potentials of surface

modifications and drug targeting. The promising results of the particle systems

under preclinical and clinical evaluation have been outlined. Recently, the first

protein-based particle system was approved by the FDA for tumor therapy. There-

fore, there is hope that in future years protein-based particle systems will improve

the treatments of several disease and will give patients a better quality of life.
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7

Albumin Nanoparticles

Juan Manuel Irache and Socorro Espuelas

7.1

Introduction

Albumin is generally regarded to mean serum albumin or plasma albumin; how-

ever, the word albumin is also used to describe a protein or a group of proteins

defined by its solubility in water [1, 2]. The albumin literature, already vast, is

well served by a number of comprehensive reviews [3–7]. This particular contribu-

tion will focus solely on the use of serum albumin as a structural material to pre-

pare nanoparticles, and their possible applications in pharmacy and medicine.

Albumin has substantial value in physicochemical and immunochemical appli-

cations. Since serum albumin is so common in the blood and so easy to purify, it

was one of the first proteins to be studied by scientists. Its stabilizing and growth

supplement properties make albumin ideal for use in cell culture and other com-

mercial applications in which expensive reagents, such as hormones, enzymes and

antibodies, require stabilization and/or dilution to maintain their functional integ-

rity for long periods of time [3]. Clinically, albumin is indicated for use as a volume

expander for hypovolemia, for treatment of hypoalbuminemia, thermal injuries

and certain edematous states, and as an adjunct to cardiopulmonary surgery [8–

11]. In North America alone, where it is estimated that the amount of albumin

required for a 70-kg patient is approximately 175 g, around 100 000 kg year�1 are

consumed in surgery and shock trauma [12].

Another important field of application is the use of this material in the develop-

ment of drug delivery systems. In the last 30 years, both bovine serum albumin

(BSA) and human serum albumin (HSA) have been widely employed to prepare

microparticles and nanoparticles. More than 100 different drugs or diagnostic mol-

ecules have been incorporated in albumin particles to be administered by different

routes, including intravenous, intramuscular, ophthalmic and nasal routes. A great

deal of research has already been conducted in the field of microparticles to deter-

mine and evaluate the different possibilities of their use as drug delivery systems

and diagnosis tools. Some of these successful efforts have enabled the develop-

ment of new products as contrast agents for diagnostic purposes (i.e. OptisonTM).

However, albumin nanoparticles, whose development was later than that for mi-
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croparticles, are currently being studied by a number of research groups. These

carriers appear to offer promising applications, including new therapeutic strat-

egies for both the treatment of cancer and neurological diseases.

This chapter presents an overview of the fabrication and applications of both

conventional and ‘‘decorated’’ albumin nanoparticles. After a description of the dif-

ferent preparative processes, representative applications of the albumin nanopar-

ticles are also presented.

7.2

Serum Albumin

Serum albumin or plasma albumin is an abundant, multifunctional protein. It is

the major protein component of blood plasma, occurring there at a concentration

of around 0.6 mM (range 35–50 g L�1), but this represents only approximately

40% of the albumin present in the body. The remainder is found in the extravascu-

lar space of tissues.

Serum albumin is a single-chain protein, soluble in water, without any prosthetic

groups or covalently bound carbohydrate and lipid [7]. HSA has 585 amino acid

residues, whereas BSA is built from 583 amino acid residues [7, 13]. The molecu-

lar mass of both molecules is 66.5 kDa. In contrast, the secondary and tertiary

structures are not completely known. Based on hydrodynamic experiments [14,

15] and low-angle X-ray scattering [16], serum albumin was postulated to adopt

an oblate ellipsoid with dimensions of 140� 40 Å [17, 18]. However, studies using
1H nuclear magnetic resonance indicated that this structure was unlikely; rather, a

heart-shaped structure has been proposed [19]. This last structure of serum albu-

min was also confirmed from X-ray crystallographic data [20].

On the basis of the amino acid sequence, Brown proposed a three-domain model

for the protein [21]. Each domain is believed to consist of six helices forming a hy-

drophobic channel with basic and hydrophobic amino acid residues placed at the

ends. According to Fourier transform IR (FT-IR) spectra, X-ray crystallographic

and differential scanning calorimetry analyses, albumin has about 67% a-helix,

10% turn and 23% extended chain, but no b-sheet [22, 23]. The analyses have also

shown that the three homologous domains (I, II and III) are comprised of two sub-

domains (A and B) with distinct helical folding patterns that are connected by flex-

ible loops [6, 24]. In addition, albumin domains appear to be stabilized by an inter-

nal network of disulfide bonds, bearing a number of ionizable groups with

opposite signs [7, 23].

Modifications in the secondary as well as tertiary structures of BSA and HSA oc-

cur in dependence of pH, temperature and various kinds of denaturants. A num-

ber of studies have been carried out by use of various spectroscopic techniques to

explore heat-induced denaturation of albumin [25–29]. The major conclusions

reached from them were that conformational changes of the albumin molecule

are reversible in the temperature range of 42–50 �C, but unfolding of alpha-helices
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are irreversible in the temperature range of 52–60 �C. Above 70 �C, the gel forma-

tion by unfolding of albumin advances further [23, 30].

Albumin is synthesized by the liver and released into the circulation, where it

possesses a half-life of 19 days [31, 32]. In the blood, serum albumin slowly dif-

fuses across the endothelial linings of the capillaries. The bulk flow of water in

the interstitial fluids and lymphatic vessels provides a means of removing albu-

min from the tissues. Albumin also diffuses into the cerebrospinal fluid, but the

rate is so slow compared to the rate of production of the fluid that the concen-

tration is virtually immeasurable [32]. When there is a breakdown in the blood–

cerebrospinal fluid barrier, e.g. as occurs in meningitis [33] or multiple sclerosis

[34], albumin is found in the fluid as a result of an increased rate of entry.

In mammalians, the principal function of albumin is to provide colloid osmotic

pressure, preventing plasma loss from the capillaries [6]. Other important func-

tions of serum albumin are to maintain the pH between physiological limits and

act as a source for rapid replacement of tissue proteins [35, 36]. Perhaps the most

outstanding property of albumin is its ability to bind reversibly to an incredible va-

riety of ligands. Albumin is the principal carrier of fatty acids that are otherwise

insoluble in circulating plasma [37]. In fact, each albumin molecule can carry

seven fatty acid molecules in deep crevices of the protein, burying their carbon-

rich tails safely away from the surrounding water. More recently, serum albumin

has been shown to be an important reservoir of the biological regulator and neuro-

modulator, nitric oxide [38].

Serum albumin is also a versatile carrier protein, active against a variety of sub-

stances with widely differing properties (hydrophobic or hydrophilic, anionic or

cationic, etc.). Thus, albumin assists in the distribution, metabolism or regulation

of many marginally soluble substances such as calcium ions, tryptophan, various

steroid hormones and many drugs [39]. In fact, serum albumin possesses a unique

capability to bind, covalently or reversibly, a great number of various endogenous

and exogenous compounds. Binding to serum albumin controls the free, active

concentration of a drug, provides a reservoir for a long duration of action, and ulti-

mately affects drug absorption, metabolism, distribution and excretion.

7.3

Preparation of Albumin Nanoparticles

Albumin nanoparticles (Fig. 7.1) have been studied as suitable carriers for drug de-

livery. The major reported advantages are their biodegradability [40, 41], absence of

toxicity [42] and easy preparation by relatively simple methods [43]. Because of

their defined primary structure, albumin-based nanoparticles may offer various

possibilities for surface modification and covalent attachment of drugs and ligands.

Furthermore, the albumin-based nanoparticles could allow the electrostatic adsorp-

tion of positively or negatively charged molecules without the requirements of

other compounds. In addition, protein nanoparticles can be easily prepared under
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soft conditions and incorporate several types of molecules [44, 45]. All of these ad-

vantages make albumin one of the most versatile materials to prepare nanopar-

ticles.

7.3.1

‘‘Conventional’’ Albumin Nanoparticles

Several different methods for the preparation of albumin nanoparticles have been

described in the literature; however, many of them are modifications of the two

basic techniques – emulsification and coacervation or controlled desolvation.

Emulsification is a relatively simple method to prepare albumin particles; how-

ever, control of the particle size is difficult. In fact, albumin particles below 500

nm are difficult to obtain by this procedure [46]. On the other hand, coacervation

is more versatile and permits a certain control of the particle size, although careful

selection of encapsulation conditions and materials is needed to yield high encap-

sulation efficiencies.

Once albumin particles have been prepared, the carriers have to be stabilized.

Two main methods are used in the stabilization of albumin nanoparticles –

thermal treatment at elevated temperatures (95–170 �C) or via the use of chemical

reagents. This stabilization or ‘‘hardening’’ process affects the biodegradability and

stability of nanoparticles and, thus, their drug release properties [40, 47, 48]. In

fact, this step is necessary to prolong the in vitro and in vivo half-life of the result-

ing albumin nanoparticles [49].

In heat stabilization, albumin particles are hardened by thermal means, render-

ing the albumin insoluble by formation of interchain amide links between neigh-

boring amino and carboxylic groups of the protein. [50–52]. This method of

stabilization is usually associated with the preparation of nanoparticles by emulsi-

fication [40, 43, 47, 53]. The major drawback of the heat-stabilization method re-

lates to the fact that during the formation of the particles and the drug-entrapment

Fig. 7.1. Scanning electron microscope image of albumin

nanoparticles with an average diameter of about 250 nm.

(From Ref. [48].)
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process, the temperature is sometimes very high. Although a higher temperature

may be of little consequence for highly stable drugs, it can potentially lead to deg-

radation and loss of drug efficiency.

To alleviate this problem, room-temperature chemical stabilization methodolo-

gies have been developed involving the use of formaldehyde [54, 55], glutaralde-

hyde [46–48, 50, 51, 56–58], 2,3-butadione [54] and, more recently, methyl poly-

ethylene glycol (PEG)-modified oxidized Dextram (Dextranox-MPEG) [59]. Among

all these chemicals, glutaraldehyde is the most popular agent for chemical cross-

linkage. The reaction between albumin (proteins in general) and glutaraldehyde

leads to the coupling of two amino groups located in the same protein molecule

or to form bridges between albumin chains [51]. Glutaraldehyde predominantly re-

acts with the e-amino group on lysine and the N-amino terminal groups of the al-

bumin [47, 60, 61].

Table 7.1 summarizes some of the studies concerning the optimization and

preparation of unmodified or conventional albumin nanoparticles.

7.3.1.1 Preparation of Albumin Nanoparticles by Desolvation or Coacervation

The desolvation of albumin with organic solvents followed by chemical crosslink-

age is a commonly used method for the preparation of protein nanoparticles. In

general, the coacervating agent induces some progressive modifications of the pro-

tein’s tertiary structure to give an increasingly hydrophobic material, which tends

to form submicronic aggregates of desolvated protein (coacervates) [68]. These co-

Tab. 7.1. Studies describing the preparation of conventional albumin nanoparticles

Type of

albumin

Method of

preparation

Desolvating

agent

Crosslinking

agent

Size (nm) Yield (%) Reference

BSA emulsification with

ultrasound and

chemical stabilization

– glutaraldehyde 160–2000 7–99 62

BSA pH coacervation method

(pH 5.5) and chemical

stabilization

ethanol glutaraldehyde 225–300 60–80 48, 63, 64

HSA pH coacervation method

(pH 9) and chemical

stabilization

acetone glutaraldehyde 120–135 ND 44

HSA pH-coacervation method

(pH 7–9) and

chemical stabilization

ethanol glutaraldehyde 150–280 66–95 65

HSA desolvation and chemical

stabilization

ethanol glutaraldehyde 236 ND 66

HSA pH control and heat

treatment

– – 240 90 67

ND: not determined.
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acervates are usually unstable and have to be hardened by physical or chemical

crosslinkage. Stabilized coacervates are known as nano- or microparticles depend-

ing on their size.

The preparation of albumin nanoparticles by desolvation involves a three-step

procedure. In the first step, an unstable dispersed system (coacervates) is obtained

by addition of a desolvating agent of albumin (usually, acetone or ethanol) to an

aqueous solution of the protein. Then, the coacervates are hardened by thermal sta-

bilization or, more frequently, chemical crosslinkage and, finally, the resulting

nanoparticles are purified and lyophilized. Figure 7.2 summarizes this process.

(a) First step: preparation of albumin coacervates. Albumin coacervates are obtained

from an aqueous solution of the protein and after the addition of a desolvating

agent of albumin. Among the different desolvating agents of proteins, acetone

and ethanol have been widely employed. The reasons for this selection are their ac-

ceptability by pharmaceutical regulations and their easy elimination from the aque-

ous medium containing the albumin coacervates.

In 1993, Lin et al. described the preparation of HSA nanoparticles using a

surfactant-free pH coacervation method [44]. These particles, in a size range be-

tween 90 and 250 nm, were prepared by the dropwise addition of acetone to an

aqueous albumin solution at pH values between 7 and 9. The size of the resulting

nanoparticles appeared to be dependent on the pH and the protein concentration

[44].

Another interesting desolvating agent is ethanol. In this case, the addition of

ethanol to an aqueous solution of albumin induces the formation of coacer-

vates, whose size increased by increasing the volume of ethanol added up to

a ethanol:water ratio of 1.5. Above this ratio, the particle size of albumin coacer-

vates remains constant, but the particle concentration (yield of the process) contin-

ues to increase [48, 52]. Similarly, the rate of ethanol addition may influence the

width of the particle size distribution – a higher rate of ethanol addition leads to a

decrease of the heterogeneity of the albumin coacervates [65].

As a function of the pH and ionic strength of the albumin solution, the appear-

Fig. 7.2. Route for the preparation of albumin nanoparticles by

a coacervation method followed by chemical stabilization with

glutaraldehyde.
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ance of the coacervate changed markedly and it is possible to prepare coacervates

with different sizes. Thus, higher pH values lead to smaller nanoparticles; how-

ever, the yield of the process decreases [44, 48, 65]. Using acetone as a desolvating

agent, the key parameter controlling the size of the resulting nanoparticles appears

to be the pH of the medium. It was found that with increasing pH value of the al-

bumin solution, particle size was reduced. This fact can be explained to an in-

creased ionization of the HSA, by increasing the pH of the medium (the isoelectric

point of albumin is 5.3) which leads to a repulsion of the albumin molecules and

aggregates during particle formation. However, increasing salt concentration of the

aqueous solution of the protein induces the formation of large particles. The pres-

ence of salts or the use of buffers interferes with the desolvation process. With

phosphate buffers (pH 7–8), salt precipitation occurs during desolvation with etha-

nol. On the contrary, alkaline borate buffers (pH 8–9) or HEPES (pH 7.5) induce

the precipitation of albumin in large aggregates [65].

Another important factor affecting the size and yield of nanoparticles produced

by desolvation is temperature. Thus, preparation at 4 or 40 �C produces signifi-

cantly smaller particles than at 20 and 30 �C. In addition, at 30 and 40 �C, clearly

more particles are produced than at lower temperatures due to the lower solubility

of albumin at higher temperatures under these conditions [52].

(b) Second step: stabilization of albumin coacervates. Once albumin coacervates are

generated they have to be stabilized to reduce the rate of dissolution of albumin in

water. The most popular technique is chemical stabilization with glutaraldehyde.

In principle, two factors are important to consider – reagent concentration and du-

ration of the crosslinking process. For the production of stable nanoparticles, the

lowest required concentration appears to be at least up to 40% of the theoretical

amount of glutaraldehyde that is necessary for the quantitative reaction with the

amino groups in the albumin molecule [6, 46, 52]. The crosslinker reacts during

variable periods of time ranging from 1 to 24 h. In any case, a large amount of glu-

taraldehyde or a long reaction time may result in a significant increase in both the

size and polydispersion of the resulting nanoparticles [48]. Recently, the chemical

stabilization process of albumin nanoparticles was optimized with 1.56 mg glutaral-

dehyde (mg protein)�1 for 2 h. Under these conditions, no significant differences

in the size, polydispersity and yield of albumin coacervates and nanoparticles were

observed [63].

Again, the presence of buffers may negatively affect the stabilization process.

Thus, the use of a Tris buffer (pH 8–9), characterize by the presence of amino

groups, may negatively affect the efficacy of the crosslinking process with glutaral-

dehyde [65].

Another possibility is thermal stabilization. Chen et al. described the stabiliza-

tion of HSA microspheres prepared by desolvation in acetone/water mixtures at

75 �C for 15–30 min [69]. Similar results were obtained by Weber et al. preparing

albumin nanoparticles by desolvation with ethanol [52].

(c) Third step: purification. Purification of nanoparticles for pharmaceutical

purposes is mandatory. The addition of sodium metabisulfite can be a good strat-

egy to block unreacted aldehyde groups [70]. Other possibilities are dialysis, gel-
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permeation chromatography or, more frequently, subsequent centrifugations to

eliminate any remaining protein molecules not transformed onto nanoparticles.

Finally, nanoparticles can be also lyophilized to preserve their physicochemical

properties for a long period of time. For lyophilization of albumin nanoparticles,

glucose [71], mannose [72] and mannitol [48, 73] have been proposed as cryo-

protectors.

In summary, the main advantage of the desolvation process is the absence of

toxic organic solvents and its application to the encapsulation of hydrophilic mole-

cules. However, one of the main drawbacks appears to be that there is a close rela-

tionship between the size and yield of nanoparticles obtained by this manufactur-

ing method. Therefore, a smaller particle size corresponds to a smaller amount of

protein transformed into the nanoparticles.

7.3.1.2 Preparation of Albumin Nanoparticles by Emulsification

Figure 7.3 summarizes a flow diagram of the preparation of albumin nanoparticles

by an emulsification technique. For this purpose, an aqueous solution containing

the protein is first emulsified in a lipophilic phase (i.e. cotton seed oil or an organic

solvent). The two nonmiscible phases are dispersed with the help of high surfac-

tant concentrations and/or energetic stirring procedures (i.e. ultrasounds). Thus,

the albumin droplets are thermally stabilized by heating at a temperature higher

than 110 �C for a variable period of time (10–30 min) [74, 75]. Then, nanoparticles

are centrifuged, washed several times with organic solvents (i.e. diethyl ether or al-

cohol) and resuspended by sonication to remove residual oil [74, 76, 77].

With respect to emulsion techniques applying serum albumin, a complete and

systematic study concerning the influence of protein concentration, emulsification

time and power, stirring rate, heat stabilization temperature, and the type of non-

aqueous phase was carried out by Gallo et al. [54]. More recently, a method for the

preparation of BSA nanoparticles in the sub-200 nm range was described by Mül-

ler et al. [62]. In this case the aqueous solution of albumin was injected with a

syringe in a solution of organic solvents containing a thickening agent (hydroxy-

propylcellulose). This emulsion was sonicated and forced to circulate during ho-

mogenization through a static mixing device. Finally, nanoparticles were cross-

Fig. 7.3. Route for the preparation of albumin nanoparticles by

an emulsification method followed by thermal stabilization.
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linked with glutaraldehyde, isolated by centrifugation and washed with n-hexane.
The emulsification process was carried out in a home-made apparatus, allowing

transfer to larger scales [62].

The preparation of nanoparticles by this technique is not easy and involves a

number of important drawbacks, including the use of surfactants for emulsion sta-

bilization and the use of organic solvents to eliminate oil residues. In addition, the

complete removal of the dispersion agents or oil residues remaining on the particle

surface is difficult and time consuming.

7.3.1.3 Other Techniques to Prepare Albumin Nanoparticles

Recently, a new procedure to produce albumin nanoparticles of about 250 nm has

been proposed by pH control and heat treatment [67]. In this new procedure, an

aqueous solution of albumin at pH 10.65 is heated at 80 �C for a set period.

Then, the solution is rapidly cooled to room temperature, the pH of the solution

adjusted to 6.04 and the resulting solution stirred for 90 min. Under these condi-

tions, the solution becomes turbid and the albumin nanoparticles are formed.

Another possibility to obtain albumin nanoparticles is by using the sonochemi-

cal method. This method was developed by Suslick et al. for the synthesis of non-

aqueous liquid-filled microcapsules and air-filled microbubbles [78, 79]. According

to this process, the particles are formed by chemically crosslinking cysteine resi-

dues of the protein with an HO2 radical formed around a micrometer-sized gas

bubble or a nonaqueous droplet. The chemical crosslinking is responsible for the

formation of the albumin particles and is a direct result of the ultrasound radiation

on an aqueous medium [80]. However, this technique yields heterogeneous

batches with wide size distributions, i.e. between 400 and 2800 nm [81].

7.3.2

Surface-modified Albumin Nanoparticles

The surface of albumin nanoparticles possesses several amino and carboxylic

groups which are available for covalent modification and drug or protein attach-

ment [82]. These functional groups can be employed to couple targeting ligands

such as primary amines [83], avidin [84] and PEG derivatives [59] as well as to co-

valently bind a variety of drugs.

An interesting approach to modify the surface of albumin nanoparticles is their

association with PEG derivatives (or pegylation). PEGs are one of the most popular

polymers for surface modification of colloidal drug carriers. In fact, PEGs were

found to reduce interactions of the nanoparticles with the cells of mononuclear

phagocyte system (MPS), thereby prolonging nanoparticle circulation in the blood

stream after parenteral administration [85–87]. The steric repulsion resulting from

a loss of conformational entropy of the bound PEG chains upon the approach of a

foreign substance and the low interfacial free energy of PEG in water contribute to

the extraordinary physiological properties of nanoparticles covered with PEG [85,

88]. Similarly, PEG grafted to surfaces of biomedical devices showed an increase

of their biocompatibility [89, 90].
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Concerning the preparation of pegylated albumin nanoparticles, little differences

with respect of the preparative methods of conventional nanoparticles are ob-

served. The mode of PEG attachment to these nanoparticles is carried out mainly

by covalent grafting [91, 92], which is preferable than simple adsorption because of

the higher stability of the resulting PEG layer around particle surface. This co-

valent attachment can be obtained by either synthesis of the PEG–albumin com-

plex before manufacture of nanoparticles or by direct pegylation during the process

of nanoparticle formation. The first attempt to prepare pegylated nanoparticles was

developed by Lin et al. [59]. In this case HSA nanoparticles with a size of about 170

nm were prepared by a pH coacervation method, using acetone as desolvating

agent and crosslinking with Dextranox-MPEG, which created a sterically stabilizing

polyethylene oxide surface layer surrounding the nanoparticles.

Later, this same research group proposed the preparation of surface-modified

albumin nanoparticles with PEG–albumin conjugates previously synthesized.

Thus, pegylated albumin nanoparticles of around 100–140 nm were prepared

from either poly(amidoamine)–PEG copolymer-grafted HSA (HSA–PAA–PEG) or

poly(thioetheramido acid)–PEG copolymer-grafted HSA (HSA–PTAAC–PEG).

These nanoparticles were produced using a pH coacervation method and cross-

linked with glutaraldehyde [93].

In all cases, the existence of a hydrated steric barrier surrounding the nanopar-

ticles was confirmed and these pegylated nanoparticles showed reduced plasma

protein adsorption on their surface compared with unmodified particles. However,

the use of PEG–albumin conjugates, rather than crosslinkage with Dextranox-

MPEG, was more useful to obtain nanoparticles with a sole polyoxyethylene barrier

on albumin nanoparticles [94]. More recently, pegylated nanoparticles prepared

from mPEG–albumin conjugates have been reported [94]. However, when albu-

min is modified with mPEG, the amphipatic nature of the PEG molecule confers

a higher solubility of albumin–PEG conjugates in organic solvents. This fact

makes it difficult to induce coacervation of albumin, and thereby form nanopar-

ticles, by using water miscible solvents. To solve this problem, ethyl acetate was in-

troduced in the coacervation method [94]. Table 7.2 summarizes some of the re-

ported methods to prepare pegylated albumin nanoparticles.

7.3.3

Drug Encapsulation in Albumin Nanoparticles

Albumin particles can load a high variety of drugs; however, the best results are

obtained with hydrophilic molecules having high albumin-binding abilities. The

association of a given drug or active molecule with albumin nanoparticles can be

carried out by simple adsorption to the surface of the freshly prepared nanopar-

ticles or during the process of fabrication of these carriers. In any case, the drug-

loading efficiency is significantly influenced by the degree of binding between the

drug and the albumin molecule [95, 96]. The higher the degree of binding between

drug and the albumin molecules, the greater the loading capacity.

194 7 Albumin Nanoparticles



The incorporation of a drug (or active molecule) into the albumin nanoparticles

by adsorption postparticle preparation can be carried out by simple dispersion of

nanoparticles in an aqueous solution of the drug. This process is quite simple

and has been used to load pilocarpine nitrate [71, 97] or hydrocortisone [70]. The

adsorption capacity of molecules on the surface of albumin nanoparticles appears

to be dependent on both their polarizability and hydrophobic properties [98]. For

diluted solutions of model dyes (as generally used in drug delivery), the adsorption

isotherms of these molecules on unloaded albumin particles exhibited Langmuir

behavior suggesting monolayer formation in the initial stages of the sorption pro-

cess. In addition, the amount of dye adsorbed to the surface of albumin particles

increased with increasing hydrophobicity [98].

Adsorption and chemical stabilization can also be performed at the same time.

Furthermore, in some cases, chemical crosslinkage can be also used to bind the

given drug to the surface of albumin nanoparticles. This fact can be of interest to

increase the loading capacity of albumin nanoparticles and to obtain more sus-

tained drug release profiles. This strategy was applied for the loading of urokinase

[99], ganciclovir (GCV) [48] and interferon-g [64]. Finally, albumin nanoparticles

can be also used as a substrate to covalently bind active molecules by means of

other chemical reactions involving different functional groups than that used by

glutaraldehyde. This is case for the binding of the chelating agent diethylenetriami-

nepentaacetic acid [100] and cytochrome c [67] to the surface of albumin nano-

particles.

The second possibility consist of simultaneous incubation between the drug and

protein before emulsification or desolvation. This strategy was followed for the

loading of a number of drugs, including rose Bengal [72], GCV [48], 5-fluorouracil

(5-FU) [101], methotrexate [102] and antisense oligonucleotides [63, 103]. An inter-

esting modification of this ‘‘incubation step’’ consist of the use of a complex coacer-

Tab. 7.2. Studies describing the preparation of pegylated albumin nanoparticles

Type of albumin Method of

preparation

Desolvating

agent

Crosslinking

agent

Size (nm) Reference

HSA pH coacervation (pH 9)

and chemical

stabilization

acetone Dextranox-mPEG 170 59

HSA–PTAAC–PEG pH coacervation (NaOH

0.5 M, 10 mL) and

chemical stabilization

acetone glutaraldehyde 128–130 93

HSA–PAA–PEG pH coacervation (NaOH

0.5 M, 10 mL) and

chemical stabilization

acetone glutaraldehyde 106–138 93

HSA–mPEG coacervation and

chemical stabilization

acetone/

ethylacetate

glutaraldehyde 155 94
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vation method to load DNA. In this case, albumin nanoparticles can be formed by

interaction of DNA with albumin in the presence of polyethylenimine (PEI) with

the aid of sodium sulfate as a desolvating agent. It is assumed that during complex

formation DNA and PEI get entangled into the forming matrix of albumin, thus

building up nanoparticles of a spherical shape. The particles were stabilized by us-

ing a carbodiimide derivative as crosslinking agent [104]. A more simple method to

load oligonucleotides in nanoparticles containing albumin was developed by Vogel

et al. [105]. In this case, nanoparticles or proticles (as they were called by the au-

thors) were obtained by simple incubation of protamine, oligonucleotide and albu-

min in an aqueous solution buffered at pH 7.0.

In general, the incubation method is preferred because it is simpler and gives

higher encapsulation efficiencies than the adsorption procedure. Furthermore,

this incubation previous to the protein coacervation or emulsification permits the

dispersion of drugs or materials with low aqueous solubility and, thus, their incor-

poration to albumin nanoparticles.

However, the presence of modified albumins or surface ‘‘decorated’’ nanopar-

ticles can also negatively affect the encapsulation or adsorption of the given drug.

Thus, Lin et al. reported the lower incorporation of rose Bengal in pegylated nano-

particles when compared with undecorated nanoparticles. This fact appears to be a

consequence of the blockage of active binding sites in the albumin molecule by the

PEG derivative [72].

7.4

Biodistribution of Albumin Nanoparticles

Few biodistribution or pharmacokinetic studies of albumin nanoparticles have

been conducted. In healthy animals, no significant differences in the targeting

properties of nanoparticles from albumin or from other materials have been re-

ported. Thus, 15 min after the intravenous injection of a single dose of albumin

nanoparticles, around 80% of the given dose was localized in the liver [83]. Figure

7.4 shows the capture of fluorescently labeled albumin nanoparticles for phagocyte

cells in the liver. Similarly, no significant differences were found in the distribution

of albumin nanoparticles when these carriers were coated to render them with pos-

itive, neutral or negative surface charges [83].

Nevertheless, the coating of polymer nanoparticles with albumin has been used

as strategy to prevent their rapid clearance by mononuclear phagocyte system

in vitro [106] and in vivo [107, 108]. It appears that albumin coating of nanopar-

ticles may impair the adsorption of other serum proteins, such as opsonins C3b

or IgG, that promote the receptor-mediated uptake by phagocyte cells. However,

some evidence suggests that albumin, during nanoparticles formation, undergoes

conformational changes (unpublished data) and the behavior of albumin nanopar-

ticles would not be comparable with albumin-coated particles.
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Merodio et al. studied the distribution of albumin nanoparticles in a model of

multiple sclerosis in order to evaluate the potential of these carriers to cross the

blood–brain barrier (BBB) [109]. The BBB is a unique membranous barrier that

tightly separates the brain from the circulating blood. The capillaries of the brain

and spinal cord lack the small pores and fenestrations of general capillaries, and

are sealed with tight junctions [110]. The endothelial cells together with glial cells

(i.e. astrocytes and pericytes) and the basal membrane constitute this barrier [111].

The result is a complex obstacle for many drugs. Many neurological disorders are

characterized by significant alterations in the BBB, such as Alzheimer’s disease,

multiple sclerosis, tumors, cytomegalovirus (CMV) or HIV infections [112].

The pathogenesis of multiple sclerosis includes white and grey mater lesions,

myelin breakdown, and active inflammation [113]. The study of this disease was

extensively performed with the induction in mice of experimental allergic enceph-

alomyelitis (EAE), which displays similar neurological disorders to those observed

in the multiple sclerosis disease [114]. Different strategies have been proposed to

target pathological tissues within the central nervous system (CNS), including lip-

osomes [115] and recombinant adeno-associated virus [116]. Similarly, Kumagai

et al. proposed that cationized albumin is able to traverse the capillary walls of iso-

lated brain capillaries and can be used for brain delivery [117].

More recently, the distribution of albumin nanoparticles (of about 300 nm) in

the EAE animal model was carried out [109]. These nanoparticles were adminis-

tered intraperitoneally, and 4 h after their administration were localized in the

damaged and inflamed areas of the CNS, mainly in the lumbar portion of the spi-

nal cord, the optic chiasma or the cerebellar lobules [109]. Immunohistochemical

Fig. 7.4. Capture of fluorescently labeled albumin nanoparticles by cells of the MPS in the liver.
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studies revealed that circulating macrophages, which migrate to the damaged areas

within the CNS, and resident activated microglial cells were involved in the distri-

bution of albumin nanoparticles.

7.5

Pharmaceutical Applications

Albumin micro- and nanoparticles have a wide range of biomedical applications,

including their use as diagnostic agents, oligonucleotide and DNA delivery, cancer

treatment, and ocular drug delivery.

7.5.1

Albumin Nanoparticles for Diagnostic Purposes

Albumin nanoparticles have been proposed for imaging purposes because of a

number of advantages, including their increased stability, prolonged in vivo half-

life, reduction of possible adverse effects, concentration of the agent resulting in

lower doses and ease of administration [118]. Their main uses are as radiopharma-

ceuticals and echo-contrast agents.

7.5.1.1 Radiopharmaceuticals

One of the first attempts to use albumin nanoparticles as diagnostic tools was car-

ried out by Scheffel et al. in 1972 [76]. In this case, 99mTc-labeled albumin nano-

particles (of about 0.3–1 mm size) were successfully used to visualize the liver and

spleen by measuring gamma-rays coming from the isotope with a gamma camera

[76]. Later, albumin nanoparticles were proposed for the study of the lymphatic

system and identify sentinel nodes in breast cancer [119]. The sentinel node proce-

dure for breast cancer allows for accurate staging of the axilla, while axillary node

dissection can be avoided in patients with no sentinel node metastasis [120]. For

this purpose, the radioactive tracers most commonly used are 99mTc sulfur colloid

(US) and 99mTc-labeled albumin nanoparticles (Europe) [121]. They are distinctly

different in size, and the smaller albumin nanoparticles show earlier retention

and higher uptake into the sentinel nodes [122]. Nevertheless, both have been

shown to be more effective in the identification of these nodes than microparticles,

which show a tendency to remain in the injection site and a lower ability to enter

into the lymphatic system [123, 124]. In addition, with albumin nanoparticles the

subdermal/intradermal injection appears to be a reliable alternative [125, 126].

These albumin nanoparticles appear also to be effective in the diagnosis of mela-

noma [127], head and neck squamous cell carcinoma [128], and cervical cancer

[129]. Finally, it is interesting to note that these radiopharmaceutical agents have

also been proposed for the treatment of solid cancers [130, 131].
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7.5.1.2 Echo-contrast Agents

Albumin nanoparticles, containing very small amounts of gas, are adequate echo-

contrast agents [80, 132, 133]. These particles are prepared by sonication and can

be used an ultrasound contrast agent in echocardiography for the diagnosis of

cardiac disease [134] and monitoring of myocardial perfusion [132, 135]. Two-

dimensional contrast echocardiography uses the reflection of ultrasound to image

heart tissue in vivo. To enhance image quality, a solution containing micro- or

nanobubbles of albumin (size lower than 10 mm) may be injected intravenously to

perfuse the cardiovascular system; these bubbles change the acoustic impedance of

the blood flow, resulting in dramatically improved echo contrast with the surround-

ing tissues [136].

7.5.2

Albumin Nanoparticles as Carriers for Oligonucleotides and DNA

Antisense oligonucleotides are very potent drugs for the treatment of important

diseases such as oncogene-related cancers or viral infections. Although antisense

therapy provides a level of selectivity not available with traditional drugs, their

therapeutic potential is currently hampered by their poor biological stability,

limited cellular uptake and the poor cytoplasm delivery, where they have to reach

their complementary targets. The use of colloidal carriers is a possible strategy

to circumvent both stability and permeability problems. Cationic lipids and lip-

osomes have been the most widely exploited, as long as polyanionic oligonucleo-

tides interact spontaneously with positive molecules. However, they are toxic and

show instability in presence of serum. Biodegradable nanoparticles made of sev-

eral types of polymers have been also studied, i.e. polylactic acid (PLA)–PEG,

poly(alkylacrylates), chitosan or alginates. Several groups have reported the advan-

tages of using albumin nanoparticles as carriers for oligonucleotides, as compared

with other types of polymers [63, 103, 137, 138]. Apart from protecting unmodified

oligonucleotides from degradation [63, 138] and improving the cellular uptake

[103] protein nanoparticles were able to load appreciable amounts of oligonucleo-

tides without additional positive components [63]. What is more, albumin nano-

particles not only improved the cellular uptake of the oligonucleotides, but led to

a significant accumulation of the oligonucleotide in the cytosol compartment of

cells, in the absence of endosomolytic agents [103, 138].

The rational for using albumin nanoparticles for cytoplasmic delivery of oligo-

nucleotides is supported by the spontaneous interaction between these molecules

and the protein as well as the fusogenic activity of albumin at low pH. Plasmatic

albumin is their endogenous carrier that governs their transport and tissue distri-

bution. Srinivanan et al. [139] (for HSA) and Arnedo et al. [137] determined values

of binding constants that confirmed the high affinity between the protein and the

oligonucleotides. It seems that the oligonucleotides bind to site I within the albu-

min [139]. The affinity was affected by the presence of other molecules associated

to the protein (e.g. fatty acids). Also, the length and nature of the backbone in the
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oligonucleotides and the drug/albumin ratio had an influence in the stoichiometry

of the interaction [103, 137, 139]. The consequence was that albumin nanoparticles

were able to load oligonucleotides by simple incubation between the protein and

the polyanions before desolvation, and further crosslinking of the protein coacer-

vates with glutaraldehyde [63, 103]. Also, the adsorption of the oligonucleotides

onto preformed nanoparticles was possible [63] and mainly addressed by electro-

static interactions. In addition, albumin nanoparticles encapsulated modified oligo-

nucleotides with more efficiency that unmodified ones in accordance with a higher

binding affinity of the native protein with a phosphorotioate backbone [103, 138].

The influence of albumin nanoparticles in cellular uptake and further intracellu-

lar distribution has also been evaluated. With an unmodified oligonucleotide Ar-

nedo et al. [138] observed that albumin nanoparticles delayed and decreased the

uptake of the oligonucleotide in MRC-5 cells. More important was the effect of al-

bumin nanoparticles in the pattern of intracellular distribution of the oligonucleo-

tide, from a punctuate pattern for being concentrated in vesicular compartments

to a more diffused cytoplasmic distribution [66, 103, 138]. Figure 7.5 shows this

distribution of albumin nanoparticles within the cytoplasm of fibroblasts. This

modification in the pattern of intracellular distribution was attributed to fusogenic

properties of albumin at low pH, as previously tested in artificial systems with lipo-

somes [140]. Figure 7.6 summarizes the proposed mechanism for the cell internal-

ization and transport of antisense oligonucleotides by albumin nanoparticles.

The oligonucleotides are small molecules that bind to site I in the molecule of

native albumin, DNA forms a complex much better with cationized albumin

[141]. The system was less toxic that other positive molecules [142], but also it

was unable to transfect cells. More frequently, the native protein has been co-

associated to DNA–PEI complexes [104] or DNA–protamine lipoplexes [143, 144].

The presence of albumin stabilized the complexes through a decrease in their

positive charge that prevented their aggregation in the presence of serum. With

similar stabilization role, albumin was also incorporated into oligonucleotide–

protamine particles [105].

Fig. 7.5. Effect of albumin nanoparticles on the subcellular

distribution pattern of a fluorescent phosphodiester

oligonucleotide loaded in albumin nanoparticles after 24 h

incubation time at 37 �C with MRC-5 fibroblasts.
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7.5.3

Albumin Nanoparticles in the Treatment of Cancer

Albumin nanoparticles have been proposed as carriers for different antitumor

drugs, including 5-FU, methotrexate and paclitaxel.

7.5.3.1 Fluorouracil and Methotrexate Delivery

The use of albumin nanoparticles of about 660 nm containing 5-FU for cancer che-

motherapy was investigated several years ago [145–147]. Upon intravenous injec-

tion into healthy mice, the nanoparticles were found accumulated in the liver and

other elements of the MPS. However, when nanoparticles were injected intraperi-

toneally in Ehrlich ascites carcinoma-bearing mice, phagocytosis of the albumin

carriers by tumoral cells was observed and suppression of tumor growth was noted

[146]. Furthermore, following injection of multiple doses of 5-FU-loaded albumin

nanoparticles, the lifespan of the mice increased by about 30% compared to a

control treatment with the free drug [146]. More recently, a similar formulation of

5-FU-loaded albumin nanoparticles (size about 640 nm) was found effective in

mice with a 2-fold increase in the antitumor activity of this drug compared with a

free 5-FU solution [101]. Another interesting work concerns the ability of sodium

alginate–BSA nanoparticles to increase the oral bioavailability of 5-FU. These car-

riers (about 170 nm) were able, after oral administration, to enter into the circula-

tion and target the tissues rich in phagocytes, such as the liver and spleen [148].

However, albumin nanoparticles induced a markedly different biodistribution of

Fig. 7.6. Proposed mechanism of the protective effect of

albumin nanoparticles on the cell internalization and transport

of antisense oligonucleotides (PO).
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methotrexate when administered in animals by an intravenous route [102]. In fact,

the incorporation of this drug in albumin nanoparticles increased its accumulation

in the lungs of animals [102].

7.5.3.2 Paclitaxel Delivery

The more interesting and complete studies of the potential of albumin nanopar-

ticles to deliver antitumor drugs have been carried out with paclitaxel. Paclitaxel

(Taxol1) is used extensively in the treatment of breast cancer [149], and, due to its

low aqueous solubility, is currently formulated with ethanol and the nonionic sur-

factant Cremophor EL (polyoxyethylated castor oil) to enhance drug delivery [150].

However, these excipients may contribute to the side-effects associated with the use

of paclitaxel, ultimately reducing the quality of life in patients undergoing treat-

ment. Cremophor may contribute to side-effects induced by paclitaxel, as well as

the hypersensitivity reactions that occur in 25–50% of patients during infusion

that require premedication with histamine blockers and glucocorticoids [151]. Fur-

thermore, the formulation including Cremophor and ethanol leaches plasticizers

from PVC bags and infusion sets, resulting in the need for preparation and admin-

istration of paclitaxel in glass bottles or non-PVC infusion systems [152].

In order to overcome these drawbacks and to increase its antitumor efficacy, pa-

clitaxel was covalently bound to albumin nanoparticles. This new formulation of

about 150 nm allows for a higher concentration of paclitaxel, resulting in a de-

creased infusion volume and time, and does not require nonstandard infusion

sets [149, 153]. In animal models, paclitaxel–albumin nanoparticles resulted in in-

creased delivery of chemotherapeutic drugs to the tumor compared with solvent-

based drugs. The mechanism for this advantage is being actively studied and may

be related to albumin-activated transport of molecules into tissues by binding to

the gp60 albumin receptor on blood vessels with subsequent accumulation of albu-

min nanoparticles in tumors [154].

In metastatic breast cancer, a pivotal randomized controlled phase III clinical tri-

al was recently completed comparing the safety and efficacy of 260 mg m�2 of

paclitaxel–albumin nanoparticles versus paclitaxel injection (Taxol) at a dose of

175 mg m�2. Despite a 50% higher dose of chemotherapy infused over 30 min

without premedication for hypersensitivity, paclitaxel–albumin nanoparticles were

well tolerated and provided better results that the conventional formulation [154,

155]. In January 2005, the FDA approved this new albumin nanoparticle formula-

tion (AbraxaneTM) for metastatic breast cancer [156].

Paclitaxel-loaded albumin nanoparticles have also been proved to be effective in

the treatment of squamous carcinomas of the head and neck, uterus, and anal ca-

nal. In phase I/II studies, complete pathological responses occurred in 1.16, 20 and

18.8% of patients, respectively [157, 158]. In another study, the intra-arterial infu-

sion of paclitaxel incorporated into human albumin nanoparticles for use as induc-

tion chemotherapy before definitive treatment of advanced squamous cell carci-

noma of the tongue proved to be reproducible and effective to preserve this organ

[159]. In fact, 78% of the treated patients had a clinical and radiological objective

response (complete, 26%; partial, 52%) and only 9% showed disease progression.

202 7 Albumin Nanoparticles



Another interesting attempt concerning the delivery of paclitaxel is its asso-

ciation with pegylated albumin nanoparticles. Due to their low interaction and

recognition by the MPS, these pegylated carriers appear to be of interest to pas-

sively target inflamed regions within the body, including the CNS and the colon

[160].

7.5.3.3 Albumin Nanoparticles in Suicide Gene Therapy

In recent years, suicide gene therapy has been proposed for the treatment of a

number of cancers. This therapy implies the use of suicide genes that code for

enzymes which can transform a prodrug into a cytotoxic product [161]. Thus, the

tumoral cell is rendered sensitive to a type of chemotherapy which is relatively

nontoxic for the rest of the body [162]. In this context, the therapeutic combination

of the herpes virus thymidine kinase (HSV-tk) and GCV has shown great clinical

promise as gene therapy for the treatment of a number of cancers including hepa-

tocarcinoma [163], neuroblastoma [164], ovarian [165], pancreatic [166] and pros-

tate cancers [167]. The viral transfection can be carried out by adenoviruses [162,

163, 165, 166] and the expression of this gene in the cell yields the enzyme that

converts the nontoxic prodrug GCV into a highly toxic metabolite [168].

In a recent work, the ability of albumin nanoparticles to concentrate GCV in the

hepatocytes evidenced by the increase in the antitumoral efficacy of the HSV-tk/

GCV combination [169]. In this work, mice were previously treated with 4� 1010

pfu kg�1 adenovirus (AdCMV-tk) by intravenous administration and 48 h later

received the GCV treatment. The use of albumin nanoparticles demonstrated a

higher ability to concentrate this drug in the liver of animals as compared with

the conventional formulation. In addition, the histologic analysis of the liver also

revealed great cellular damage in terms of necrotizing area and perivascular in-

flammatory reactions (Fig. 7.7). It seems that the greater and more prolonged he-

patic concentration of GCV released from the nanoparticles led to the accumula-

tion of the toxic metabolite of GCV in the liver. These nanoparticulate carriers

offered the additional advantage of increasing the plasma half-life of the drug and

its tissue distribution, as determined by the pharmacokinetic analysis [169]. There-

Fig. 7.7. (a) Liver section from mice that were

treated with 4� 1010 pfu kg�1 AdCMV-tk and,

48 h later, received GCV-loaded albumin

nanoparticles. (b) Liver section of a nontreated

mouse. Hematoxylin & eosin dye;

magnification: �100. Green arrows: ballooning

and acidophilic bodies; yellow arrow: apoptotic

bodies; V: vessel. (From Ref. [169].)
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fore, the use of these nanoparticles permits a higher distribution to the liver, which

can be of interest to decrease the drug dose and frequency of administration.

7.5.4

Magnetic Albumin Nanoparticles

Magnetic drug delivery by particulate carriers is a very efficient method of deliver-

ing a drug to a localized disease site. Very high concentrations of chemotherapeutic

or radiological agents can be achieved near the target site, such as a tumor, without

any toxic effects to normal surrounding tissue or to the whole body [170]. It is thus

possible to replace large amounts of freely circulating drug with much lower

amounts of drug targeted magnetically to localized disease sites, reaching effective

and up to several-fold increased localized drug levels [55, 74, 171, 172].

In magnetically targeted therapy, a cytotoxic drug is attached to a biocompatible

magnetic nanoparticle carrier (size in the range of 10–500 nm), such as albumin-

coated magnetite [170]. When the particles are administered intravenously, exter-

nal, high-gradient magnetic fields are used to concentrate the complex at a specific

target site within the body. The process of drug localization is based on the compe-

tition between forces exerted on the particles by the blood compartment and mag-

netic forces generated from the magnet, i.e. the applied field. When the magnetic

forces exceed the linear blood flow rates in arteries (10 cm s�1) or capillaries (0.05

cm s�1), the magnetic particles are retained at the target site and may be internal-

ized by the endothelial cells of the target tissue [173, 174]. The drug can be re-

leased from drug/carrier either via enzymatic activity or changes in physiological

conditions such as pH, osmolality or temperature [175] and be taken up by the

tumor cells. This system, in theory, has major advantages over the normal, non-

targeted methods of cytotoxic drug therapy.

The use of magnetic particles for the treatment of liver cancer was proposed for

the first time at the end of the 1970s by Widder et al. The intra-arterial injection of

these particles containing ultrafine ferroferric oxide and a prototype drug, doxoru-

bicin hydrochloride, in the same target site resulted in 100-fold higher dose com-

pared to free doxorubicin administered intravenously [78, 176–178]. Since those

studies, success in cytotoxic drug delivery and tumor remission has been reported

by several groups using animals models including pigs [179, 180], rabbits [175]

and rats [181]. This technique has also been employed to target cytotoxic drugs

to brain tumors [182]. More recently, magnetic albumin nanoparticles containing

adriamycin have shown their ability to target a malignant liver tumor in rats

[183]. In the presence of the magnetic field, these albumin nanoparticles accumu-

late in the liver tumor rather than in the normal tissue. Even if the magnetic field

is not applied, magnetic albumin nanoparticles in tumor tissues still increase to

2.8 times that of normal liver tissues. In addition, the authors report that, in the

presence of magnetic fields, these albumin nanoparticles may drive the drug to

the tumoral tissues, preserving normal organs against exposure to chemotherapeu-

tic drugs [183].
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7.5.5

Albumin Nanoparticles for Ocular Drug Delivery

7.5.5.1 Topical Drug Delivery

Ocular administration is associated with rapid elimination of drug formulations

from the precorneal area due to drainage through the naso-lacrimal duct and dilu-

tion by tear turnover. These processes result in a very low percentage of the drug

administered (less than 5%) that could penetrate through the cornea and reach the

intraocular tissues. Many studies have demonstrated an enhanced accumulation of

nanoparticles in the conjunctival cul-de-sac and better drug bioavailability com-

pared to conventional ophthalmic dosage forms, such as solutions and ointments

[184, 185]. The colloidal systems can be administrated as simple eye drops and,

due to their low viscosity, minimize the temporary hindrance of the patient sight.

The frequency of application could be reduced due to sustained drug delivery from

the nanoparticle matrix.

Albumin nanoparticles have proved effective for the administration of pilocar-

pine and hydrocortisone in the interior of the eye [70, 72, 186]. In inflamed con-

juntiva, the application of hydrocortisone-coated albumin nanoparticles (size be-

tween 100 and 300 nm) led to a higher drug bioavailability than the reference

solution, which was rapidly eliminated by lacrimation. In addition, the albumin

particles were more efficiently retained at the inflamed area than the normal con-

junctiva. Consequently, in the inflamed eye, hydrocortisone-loaded nanoparticles

enabled targeting to the precorneal area away from the inner segments of the eye

[70].

Similarly, pilocarpine-coated albumin nanoparticles dramatically increased the

ocular bioavailability of the drug compared with a reference solution [71]. The as-

sociation of albumin nanoparticles with bioadhesive polymers was proved effective

to increase the residence time of nanoparticles in contact with the eye and, thus,

increase drug bioavailability [97]. In the presence of bioadhesives, the nanopar-

ticles induced a significant improved pharmacological response in rabbits (i.e. mio-

tic activity and reduction in the intraoccular pressure) when compared with parti-

cle dispersions in buffer or free solutions. The best results were obtained with the

association of albumin nanoparticles with either bovine submaxyllary mucin or

carbopol. This fact was due to the higher interaction of these bioadhesive polymers

with both nanoparticles and precorneal mucus than other viscosity-enhanced poly-

mers [97].

7.5.5.2 Intravitreal Drug Delivery

Another problem associated with the treatment of ocular pathologies is the diffi-

culty for a given drug, topically administered, to absorb and reach therapeutic con-

centrations in the inner tissues of the eye for prolonged periods of time. Some-

times, when chronic treatment is necessary, local intravitreal administration

becomes necessary. However, due to the short half-life of the given drugs, frequent

injections are necessary to maintain the therapeutic levels. These continuous ad-
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ministrations increase the risk of cataracts, retinal detachments, hemorrhages or

endophthalmitis [187, 188].

Human CMV (HCMV) is a member of the Herpesviridae family of viruses,

which are large DNA viruses that share biological properties of latency and reacti-

vation [189]. In patients with AIDS and those immunocompromised due to hema-

topoietic stem cell transplantation or solid organ transplantation, HCMV is a major

cause of morbidity and mortality [189, 190]. HCMV infections are the major cause

of visual loss in these patients. Thus about 20–25% of patients with AIDS develop

CMV retinitis during the course of their illness [191]. Without treatment this ne-

crotizing retinitis progresses, resulting in irreversible blindness [192]. In cardiac

and liver transplant patients, HCMV infection doubles the 5- and 3-year rates of

graft failure, respectively [193]. In the absence of antiviral prophylaxis, symptom-

atic infections occur in approximately 39% of heart/lung recipients, 25% of heart

transplants, 29% of liver transplants and 8% of patients receiving renal transplants

[194].

For the treatment of HCMV retinitis, local intravitreal therapy with different

antivirals is currently used. In this context, albumin nanoparticles have been

proposed as carriers for intravitreal controlled delivery of diethylenetriaminepenta-

acetic acid (DTPA) [100], GCV [48, 73, 195] and the antisense oligonucleotide fo-

mivirsen [138]. In all cases, these carriers allowed significant increases of the anti-

HCMV activity of the loaded drug in vitro. These results of antiviral activities

seemed to be directly correlated to drug internalization by infected cells [73, 100,

138]. For DTPA-loaded nanoparticles, it appears that these particles were internal-

ized by UKF-NB-3 cells and HFF. This cellular uptake mediated by the drug carrier

systems may explain the increased anti-HCMV and cytotoxic effects of DTPA

coupled to protein-based drug carrier systems. Another interesting key point is

that the improvement of the antiviral activity of GCV when loaded in albumin

nanoparticles was not related to any cytotoxic effect on fibroblasts or corneal cells

[73].

In order to study the distribution and toxicity of albumin nanoparticles within

the eye, these carriers were dispersed in saline and administered to laboratory ani-

mals by the intravitreal route [196]. Two weeks after the single injection, a large

portion of the administered dose appeared to be localized, quite broadly distrib-

uted, overlying the inferior portion of this cavity (see Fig. 7.8). However, some mi-

nor fractions were also located in the iris and ciliary body, which can be explained

by the higher porosity of these ocular organs and, probably also, by an elimination

mechanism of the particles via the ophthalmic anterior chamber. This route of

elimination has been described for macromolecules and takes several days to be

completed [197]. However, the histological evaluation of the different ocular tissues

suggested that albumin nanoparticles are well tolerated after their intravitreal in-

jection. These analyses were confirmed by the absence of cellular infiltrations fol-

lowing the association of the nanoparticles to ocular cells. In addition, no sign of

degeneration of the eye receptors was observed [196]. In all cases, the retina kept

its cytoarchitecture, with no signs of alteration in the photoreceptor and neuronal
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layers of the retina. Finally, immunohistochemistry studies also confirmed the

lack of ability of albumin nanoparticles to generate autoimmune phenomena,

which can stimulate the generation of pathogenic immune responses such as

‘‘retinitis pigmentosa’’ [198] and autoimmune uveoretinitis [199]. In summary,

albumin nanoparticles appear to be safe carriers for the intravitreal delivery of

drugs.

7.6

Concluding Remarks

This chapter summarizes the preparation and main applications of albumin nano-

particles for pharmaceutical purposes. The use of albumin nanoparticles can offer

a number of advantages, including their biodegradability, and the simplicity of

preparation in an aqueous environment without the need for harmful solvents

and chemicals. Furthermore, the inherent ability of albumin to spontaneously

bind a high variety of molecules facilitates their loading in the resulting nanopar-

ticles. In addition, drugs or ligands can also be easily bound to the protein and,

thus, modify the surface properties of the resulting nanoparticles. All of these

possibilities make albumin nanoparticles versatile carriers for pharmaceutical pur-

poses.

Albumin nanoparticles are currently used as diagnostic tools and as adjuvants to

improve the efficacy of the treatment with paclitaxel. However, in the future, the

possibility exists that albumin nanoparticles may offer adequate solutions to some

pharmaceutical problems such as the delivery of antisense oligonucleotides (and

DNA) and the targeting of the CNS for the adequate treatment of neurological

disorders.

Fig. 7.8. Immunochemical detection of

albumin nanoparticles by streptavidin–FITC

staining 2 weeks after their injection in the

vitreous cavity (a) and in the blood–aqueous

barrier adjacent area and ciliary muscle (b).

Total magnification: �200. B: Bacillary layer; C:

ciliary muscle; NE: neuronal interplay area;

NU: outer and inner nuclear layers; R: retina;

RE: retinal epithelium; V: vitreous cavity. (From

Ref. [196].)
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8

Nanoscale Patterning of S-Layer Proteins as a

Natural Self-assembly System

Margit Sára, D. Pum, C. Huber, N. Ilk, M. Pleschberger

and U. B. Sleytr

8.1

Introduction

Nanobiotechnology uses concepts from molecular biology, biochemistry and chem-

istry to identify components, processes and principles for the construction of self-

assembling materials and devices. In particular, biological systems provide an enor-

mous diversity of higher-order functional structures and patterns arising from

molecular self-assembly. Most frequently, the initial step of molecular organization

into functional units and complex supramolecular structures requires arrangement

of molecules into ordered arrays. Recently, considerable efforts have been devoted

to exploit natural self-assembly systems and to introduce variations into natural

molecules (e.g. proteins and DNA) to achieve basic building blocks for specific

structures and applications [1–8].

This chapter is intended to provide a survey of the unique general principles of

crystalline bacterial cell surface layer (S-layer) proteins and fusion proteins thereof.

In general, S-layer proteins form the outermost cell surface structure of many

bacteria and archaea. Monomolecular S-layer protein lattices are composed of

single species of protein or glycoprotein subunits with the inherent ability to self-

assemble into two-dimensional arrays on the bacterial cell surface, or after isola-

tion, on artificial supports, such as silicon wafers, noble metals, plastics, Langmuir

lipid films or liposomes [4–8]. Thus, genetically and/or chemically modified S-

layer proteins are exploited as building blocks and templates for generating func-

tional nanostructures at the meso- and macroscopic scale for both life and nonlife

science applications. In addition, S-layer-specific heteropolysaccharides are used as

biomimetic linkers to solid supports and lipid layers to achieve binding and recrys-

tallization in uniform orientation.
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8.2

General Properties of S-Layers

8.2.1

Structure, Isolation, Self-Assembly and Recrystallization

Transmission electron microscopic (TEM) studies on the mass distribution of S-

layers and subsequent two- and three-dimensional analysis including computer

image enhancement led to structural information down to a range of 0.35–1.5 nm

[4, 9]. Bacterial S-layer lattices are generally 5–20 nm thick, whereas S-layer lattices

of archaea reveal a thickness up to 70 nm. High-resolution images of the sur-

face topography of S-layers under biological conditions were obtained by applying

scanning force microscopy (SFM) [4, 9, 10–12]. A common feature of S-layers

is, with respect to the orientation on the cell, their smooth outer surface and

more corrugated inner surface. The proteinaceous subunits of S-layers are aligned

either in lattices with oblique (p1, p2), square (p4) or hexagonal (p3, p6) symmetry

with a center-to-center spacing of the morphological units of approximately 3.5–

35 nm. Hexagonal lattice symmetry is predominant among archaea [13, 14].

S-layers are highly porous protein lattices with a surface porosity of 30–70%. As

S-layers are mostly composed of a single species of subunits, they exhibit pores

of identical size and morphology [4]. However, in many S-layer proteins, two or

even more distinct classes of pores with diameters in the range of 2–8 nm were

identified.

Most techniques for isolation and purification of S-layer proteins involve me-

chanical disruption of bacterial cells and subsequent differential centrifugation to

separate cell wall fragments [4, 15]. Complete solubilization of S-layers into their

constituent subunits and release from the bacterial envelope can be achieved by

treatment with high concentrations of hydrogen bond breaking agents (e.g. guani-

dine hydrochloride) or by dramatic changes in the pH value of the environment.

Bacterial S-layer proteins are not covalently linked to each other or to the support-

ing cell wall component. While different combinations of weak bonds (hydropho-

bic, ionic and hydrogen bonds) are responsible for the structural integrity of S-

layers, bonds holding the S-layer subunits together are stronger than those binding

S-layer proteins to the underlying cell envelope layer [15, 16]. S-layer proteins reas-

semble into two-dimensional arrays during removal of the disrupting agent used

in the dissolution procedure. Self-assembly products may have the form of flat

sheets, open-ended cylinders or closed vesicles [4–8, 15].

Recrystallization of S-layer proteins on technologically relevant substrates, such

as silicon wafers, noble metals, plastics, flat lipid layers or liposomes, revealed

a broad application potential for these crystalline arrays in micro- and nano-

technology [4–8]. The formation of coherent crystalline arrays strongly depended

on the S-layer protein species, the environmental conditions of the bulk phase

(e.g. temperature, pH, ion composition and ionic strength) and, in particular, on

the surface properties of the substrate [17, 18]. Crystal growth was simultaneously

initiated at many randomly distributed nucleation points and proceeded in-plane
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until the crystalline domains met, thus leading to a closed, coherent mosaic of in-

dividual, several micrometer large S-layer patches [17, 18].

Reassembly of isolated S-layer subunits at the air/water interface and on Lang-

muir films proved to be an easy and reproducible way for generating coherent

S-layer lattices at a large scale [19, 20]. In accordance with S-layer proteins recrys-

tallized on solid surfaces, the orientation of the protein arrays at liquid interfaces

was determined by the anisotropy in the physicochemical surface properties of

the protein lattice. Electron microscopic examination revealed that recrystallized

S-layer proteins were oriented with their outer charge neutral, more hydrophobic

surface against the air/water interface and with their negatively charged, more hy-

drophilic inner surface against the positively charged or zwitterionic head groups

of phospholipid or tetraether lipid films [19, 20]. According to the recrystallization

on solid supports, a closed mosaic of individual monocrystalline domains was

formed.

Furthermore, isolated S-layer proteins were capable to recrystallize on liposomes

and on nanocapsules [21–25], thereby forming closed S-layer cages. However, elec-

tron microscopic investigations showed that numerous lattice faults were intro-

duced into the crystalline array as necessary for bending the two-dimensional

protein lattice.

8.2.2

Chemistry and Molecular Biology

Chemical analyses and genetic studies revealed that the monomolecular S-layer is

the result of the secretion and subsequent crystallization of a single homogeneous

protein or glycoprotein species with a molecular mass ranging from 40 to 200 kDa

[4, 26]. Most S-layer proteins are weakly acidic with isoelectric points (pIs) in the

range of 4–6 [26]. Exceptions were reported for the S-layer proteins of lactobacilli

[27] and that of Methanothermus fervidus [28] which possess pIs of 9–11 and 8.4,

respectively. Typically, S-layer proteins have a large portion of hydrophobic amino

acids (40–60 mol%), possess little or no sulfur-containing amino acids and consist

of about 25 mol% charged amino acids. The most frequent posttranslational mod-

ification of S-layer proteins is glycosylation [29–31]. The glycan chains of S-layer

proteins from Gram-positive bacteria closely resemble the architecture of lipopoly-

saccharides (LPS) occurring in the outer membrane of Gram-negative bacteria

than that of eukaryotic glycan structures.

Information regarding the secondary structure of S-layer proteins is either derived

from the amino acid sequence or from circular dichroism (CD) measurements indi-

cating that approximately 20% of the amino acids are organized as a-helices and

about 40% occur as b-sheets. Aperiodic foldings and b-turn content may vary be-

tween 5 and 45%. Secondary structure predictions based on protein sequence data

revealed that most a-helical segments are arranged in the N-terminal part.

During the last two decades, numerous S-layer genes from bacteria and archaea

of quite different taxonomical position were sequenced and cloned [26]. At least for

S-layer proteins of Bacillaceae, common structural organization principles were
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identified, as they typically contain three S-layer homology (SLH) motifs [32] on

the N-terminal part. Each SLH motif consists of 50–55 amino acids, from which

10–15 are conserved. In most S-layer proteins, three SLH motifs form the SLH

domain which specifically recognizes a distinct type of pyruvylated cell wall hetero-

polysaccharide, termed secondary cell wall polymer (SCWP), as the proper anchor-

ing structure to the rigid cell wall layer [33–41]. This binding mechanism between

SLH domains and pyruvylated SCWPs is widespread amongst prokaryotes, and is

considered as having been conserved during evolution [40]. The construction of

knockout mutants in Bacillus anthracis and Thermus thermophilus in which the

gene encoding a putative pyruvyl transferase was deleted demonstrated that the

pyruvic acid residues play an essential role for the binding process [34, 40]. This

observation was supported by surface plasmon resonance (SPR) spectroscopy

measurements in which native and chemically modified SCWPs devoid of pyruvic

acid residues were used for interaction studies [38]. By applying the dissection

approach [41], it became apparent that at least in the case of the S-layer protein

SbsB of Geobacillus stearothermophilus PV72/p2, the SLH domain (rSbsB32a208)

corresponded to the SCWP-binding domain, whereas the larger C-terminal part

(rSbsB209a920) represented the self-assembly domain [38, 41].

Although the S-layer proteins SbsA, SbsC and SgsE from G. stearothermophilus
wild-type strains do not posses an SLH domain on the N-terminal part [42–45],

they reveal a highly conserved N-terminal region which specifically recognizes a

cell wall heteropolysaccharide containing 2,3-dideoxy-diacetamido mannosamine

uronic acid [46] as negatively charged component [42–44]. In these S-layer pro-

teins, arginine and tyrosine typically occurring in carbohydrate binding proteins

such as lectins [47] are accumulated on the N-terminal part. In S-layer proteins

of Lactobacillus helveticus, L. crispatus and L. acidophilus strains, the conserved C-

terminal part was found to be responsible for cell wall anchoring [48], which is

most probably mediated by a neutral cell wall polysaccharide [49]. According to

the suggestion that S-layer proteins represent cell surface located, carbohydrate-

binding, lectin-like proteins [50], the N-terminal region of the S-layer protein

from the Gram-negative bacterium Caulobacter crescentus recognizes a distinct type

of LPS as a binding site to the outer membrane [51, 52]. In Campylobacter fetus, a
pathogenic organism, two serotypes are distinguished that depend on the type

of LPS in the outer membrane. In type A cells, the S-layer protein SapA and its

homologs are bound via a conserved N-terminal region to type A LPS, while in

type B cells, specific binding was observed between the N-terminal part of SapB

and its homologs and type B LPS [53].

For S-layer-carrying bacteria with a generation time of 20 min, about 500 sub-

units must be synthesized per second, translocated through the plasma membrane

and incorporated into the existing protein lattice [15, 16]. Thus, promoters preced-

ing S-layer genes must be very strong [26]. For some S-layer genes, two or even

more promoters were identified which are most probably used in different growth

stages [26, 27, 37, 43]. With the exception of the S-layer proteins from the Gram-

negative bacteria C. crescentus and C. fetus, all others sequenced so far are produced

with an N-terminal secretion signal peptide. For C. crescentus and C. fetus, type I
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secretion signals were detected on the C-terminal part [54]. In contrast, a con-

served gene (abcA) was identified in the downstream region of the genes encoding

the S-layer proteins of the Gram-negative bacteria Aeromonas salmonicida and Aero-
monas hydrophila. This gene encodes a protein that has ATP-binding activity and

belongs to the ABC family of transporter proteins, regulates the synthesis of

S-layer-specific O-polysaccharide chains in LPS and activates transcription of the

S-layer genes [55, 56]. The existence of a translational autoregulation system was

reported for T. thermophilus [57]. Three genes specifically repressing the expres-

sion of the S-layer gene promoter were identified. One of these genes corre-

sponds to the C-terminal fragment of the S-layer protein SlpA which binds to the

5 0-untranslated region of the slpA mRNA [57].

S-layer variation leads to the expression of alternate S-layer proteins, and was

described for pathogens and non-pathogens. In non-pathogens, S-layer variation

is frequently induced in response to altered environmental conditions, such as in-

creased oxygen supply [58–60], whereas in pathogens, altered cell surface proper-

ties most probably protect the cells from the lytic activity of the immune system

[53]. In general terms, two different types of S-layer variation can be distinguished.

In the first type, which was observed for C. fetus [53, 61] and G. stearothermophilus
ATCC 12980 [62], only the C-terminal part of the S-layer protein was exchanged,

but both the N-terminal region and the S-layer-specific LPS or SCWP remained

conserved. In the second type of S-layer variation, which was described for various

G. stearothermophilus strains, a completely new type of S-layer protein and SCWP

was synthesized, and S-layer variation also led to a change in the lattice type [59,

60]. At the molecular level, S-layer variation was either caused by intrachromoso-

mal DNA rearrangement, as observed for C. fetus [53, 63], or variant formation de-

pended on recombinational events between a naturally occurring plasmid and the

chromosome [64]. In contrast, in Lactobacillus brevis, S-layer variation involved acti-

vation of transcription by a soluble factor rather than by DNA rearrangement [58].

Regarding the development of S-layer-deficient strain variants, the importance of

insertion sequence (IS) elements was demonstrated for various organisms [65–67].

8.2.3

S-Layers as Carbohydrate-binding Proteins

As described above, the interaction between the N-terminal part of the S-layer pro-

teins SbsB and SbpA and the corresponding SCWP was found to be highly specific

[35, 38, 41]. The most detailed interaction studies were carried out with the SLH

domain of SbsB (rSbsB32a208) and the corresponding SCWP of G. stearothermophi-
lus PV72/p2 [38]. Data evaluation from SPR measurements and the setup where

the SLH domain was immobilized to the sensor chip indicated the existence of

at least two binding sites on a single SCWP molecule with an overall Kd ¼ 7:7�
10�7 M. In order to distinguish between the different binding sites, the inverted

setup where the SCWP was immobilized to the sensor chip and the SLH domain

represented the soluble analyte was investigated. Data analysis was performed

according to an extension of the heterogeneous ligand model which allowed us to
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discriminate between three different kinds of binding sites with low (Kd ¼
2:6� 10�5 M), medium (Kd ¼ 6:1� 10�8 M) and high (Kd ¼ 6:7� 10�11 M) affin-

ity. Although the existence of three different kinds of binding sites can be explained

by structural heterogeneities frequently associated with naturally occurring poly-

saccharides, it cannot be excluded that the high-affinity binding site resulted from

avidity effects caused by binding of at least SLH dimers (Table 8.1) [38]. The exis-

tence of three potential binding sites and similar affinity constants were demon-

strated for the S-layer protein SbpA and the SCWP of Bacillus sphaericus CCM

2177 [35]. However, in the case of SbpA, the three SLH motifs and an SLH-like

motif were required for reconstituting the functional SCWP-binding domain (Table

8.1).

For the exploitation of SCWPs as biomimetic linkers to solid supports to guaran-

tee an oriented binding and recrystallization of S-layer proteins, these heteropoly-

saccharides were extracted from peptidoglycan-containing sacculi with hydrofluoric

acid and precipitated with ethanol [68, 69]. After purification by size-exclusion

chromatography, the latent aldehyde group of the reducing end of the polymer

chain was modified with carbodihydrazide and the Schiff base was reduced with

sodium borohydride [38]. Sulfhydryl groups were introduced by reaction of the

free amine group with 2-methyl mercaptobutyrimidate (2-iminothiolane). Such

modified SCWPs carrying a free terminal sulfhydryl group were used for direct ad-

sorption to gold substrates, as required for SPR [70–72] or surface plasmon field

enhanced spectroscopy [73]. For covalent binding to supports carrying free amine

groups, the sulfhydryl group of the polymer chain (termed thiolated SCWP) was

activated with m-maleimidobenzoyl-N-hydroxysuccinimide ester (MBS) which, as

a heterobifunctional crosslinker, could react with amine groups, e.g. of amine-

modified cellulose microbeads [72]. Another possibility to activate thiolated SCWP

can be seen in the use of the heterobifunctional crosslinker sulfosuccinimidyl

6-[3 0-2(-pyridyldithio)-propionamido]hexanoate (Sulfo-LC-SPDP) [38].

8.3

Nanoscale Patterning of S-Layer Proteins

8.3.1

Properties of S-Layer Proteins Relevant for Nanoscale Patterning

S-layers represent a first order self-assembly system that has been optimized in the

course of evolution. As S-layers are composed of single protein or glycoprotein spe-

cies, they have repetitive (physicochemical) properties down to the subnanometer

scale [4–8, 74]. Furthermore, functional groups such as amine and carboxylic acid

Tab. 8.1. Kd values for rSbpA31a1268, rSbpA31a318 and rSbsB32a209

S-layer protein Kd1 Kd2 Kd3

rSbpA31a1268 8:4� 10�12 7:0� 10�9 2:1� 10�4

rSbpA31a318 1:2� 10�11 3:0� 10�8 2:4� 10�2

rSbsB32a209 6:7� 10�11 6:1� 10�8 2:6� 10�5
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groups have identical positions and orientation on each subunit in the protein

lattice. In the case of S-layer glycoproteins, the carbohydrate chains are attached to

the same amino acid positions in the primary sequence [45]. Isolated S-layer sub-

units frequently maintain the ability to self-assemble in suspension and to recrys-

tallize into a monomolecular protein lattice on various types of solid supports, such

as gold chips, silicon wafers, plastics or glass, as well as on flat lipid layers or lipo-

somes [4–8, 74]. The N-terminal region of S-layer proteins specifically recognizes

a distinct type of SCWP as the proper anchoring structure in the rigid cell wall

layer. These heteropolysaccharides can be exploited as biomimetic linkers to solid

supports [38, 70–72], so that the S-layer subunits attach with their inner surface

carrying the N-terminal region. S-layer proteins are ideal candidates for genetic en-

gineering. So far, a single cysteine residue has been inserted at various amino acid

positions, leading to numerous mutated S-layer protein forms [75]. As S-layer pro-

teins usually do not possess sulfur-containing amino acids, this modification is

particularly attractive, since the whole spectrum of sulfur chemistry can be applied

to covalently link functional entities via the cysteine residue to the S-layer subunits.

Studies on the structure–function relationship of selected S-layer proteins by pro-

ducing N- or C-terminally truncated forms revealed that the N-terminal region

functions as cell wall anchoring domain, whereas the middle and C-terminal part

are responsible for lattice and pore formation [35]. However, in some S-layer pro-

teins even more than 200 amino acids in the C-terminal part could be deleted with-

out any influence on the self-assembly and recrystallization properties [37, 44].

To sum up, S-layer lattices are composed of identical protein or glycoprotein

species. This implies that functional sequences introduced by genetic engineering

and/or chemical modification are repetitively aligned in exact positions down to

the subnanometer scale. This cannot be achieved with amorphous polymers which

are three-dimensional networks where only random immobilization can occur [4].

In contrast, functional sequences fused to S-layer proteins or inserted into their

primary sequence have identical positions and orientation on each S-layer subunit.

Moreover, two or even more sequences with different functionalities can be fused

to or inserted into a single S-layer protein, leading to multifunctional S-layer fusion

proteins. Another possibility can be seen in the co-recrystallization of different

types of engineered S-layer proteins which would also lead to multifunctional pro-

tein lattices. Apart from this variability, it is possible that the functional sequences

or domains are exposed on the outermost surface of the monomolecular protein

lattice and are therefore easily accessible to further binding and reaction partners

or they may be inserted inside the pores, which could be advantageous for nano-

particle binding. Thus, S-layer proteins can be considered as an extremely versatile

and flexible self-assembly system with considerable application potential in nano-

biotechnology.

8.3.2

Immobilization of Functionalities by Chemical Methods

Chemical modification and labeling experiments revealed that S-layer lattices pos-

sess a high density of functional groups on the outermost surface. For covalent at-
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tachment of foreign (macro)molecules, the carboxylic acid groups originating from

either aspartic acid or glutamic acid were activated with carbodiimide and subse-

quently reacted with free amine groups of functional macromolecules, such as Pro-

tein A [76–78], monoclonal antibodies [70, 79–82] or various enzymes [4]. In order

to prevent inter- and intramolecular crosslinking reactions, the e-amine groups

from lysine residues were first modified with monofunctional imidoesters or the

S-layer lattice was crosslinked with amine group-specific bifunctional reagents,

such as imidoesters or glutaraldehyde. For immobilization of macromolecules, S-

layers were either used as self-assembly products which were mostly double layers

or as S-layer-carrying cell wall fragments which consisted of the peptidoglycan-

containing layer and two mirror-symmetrically arranged S-layer lattices [76]. The

amount of monoclonal antibodies, enzymes and streptavidin that could be immo-

bilized to S-layer lattices corresponded approximately to a monolayer of randomly

oriented molecules [4]. Quantification of immobilized Protein A, which is ex-

tremely elongated, revealed that the molecules were bound in preference with their

long axis perpendicularly to the plane of the S-layer lattice [76, 78, 79]. Thus, bind-

ing capacities of 290 ng Protein A cm�2 S-layer lattice were obtained, which was

more than 3 times above the theoretical saturation capacity of a planar surface of

90 ng cm�2 when calculated with the Stoke’s radius. S-layer-carrying cell wall frag-

ments deposited on microporous supports and carrying a monolayer of mono-

clonal antibodies were exploited for the development of novel types of dipstick-style

solid-phase immunoassays, which due to the low nonspecific adsorption of S-layer

proteins for serum components showed excellent signal-to-noise ratios [80, 81]. In

the case of Protein A, affinity microparticles with a size of approximately 1 mm

were prepared, which represented cup-shaped structures with a complete outer

and inner S-layer arranged in mirror symmetric fashion [76]. Such affinity micro-

particles were used as IgG-specific adsorbents in affinity crossflow filtration sys-

tems for the removal of human IgG from serum [77], as required for blood purifi-

cation of patients suffering from autoimmune disease [78]. Due to their high

surface to volume ratio and the high density of immobilized Protein A, affinity

microparticles revealed an excellent binding capacity for IgG which was in the

range of 40 mg mg�1 wet pellet [76–78].

8.3.3

Patterning by Genetic Approaches

8.3.3.1 The S-Layer Proteins SbsA, SbsB and SbsC

The S-layer protein SbpA of B. sphaericus CCM 2177 consists (including a 30-

amino-acid long signal peptide) in total of 1268 amino acids [37]. SbpA self-

assembles into a square (p4) lattice structure with a center-to-center spacing of

the morphological units of 13.1 nm. The self-assembly process is strongly depen-

dent on the presence of bivalent cations, such as calcium ions [36]. In the absence

of bivalent cations, this S-layer protein stays in the water-soluble state. The N-

terminal part of SbpA comprises three typical SLH motifs, but for reconstituting

the functional SCWP-binding domain, an additional 58-amino-acid long SLH-like
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motif located behind the third SLH motif was required [35]. The SCWP of B.
sphaericus CCM 2177 consists of disaccharide repeating units that are composed

of N-acetyl glucosamine (GlcNAc) and N-acetyl mannosamine (ManNAc). The

ManNAc residues carry a pyruvate ketal which endows the polymer chains with a

negative net charge [36]. Studies on the structure–function relationship revealed

that up to 237 C-terminal amino acids could be deleted without influencing the for-

mation of the p4 lattice structure [35, 36]. However, the deletion of 350 C-terminal

acids was linked to a change from square (p4) to oblique (p1) lattice symmetry. By

producing various C-terminally truncated forms and performing surface accessibil-

ity screens, it became apparent that amino acid position 1068 is located on the

outer surface of the square lattice [37]. This was the reason why the C-terminally

truncated form rSbpA31a1068 was exploited as base form for the construction of sev-

eral S-layer fusion proteins [70–72, 83]. An N- and C-terminally truncated form

(rSbpA203a1031) was capable of self-assembly into the square (p4) lattice structure

with a center-to-center spacing of the morphological units and a protein mass dis-

tribution similar to that formed by full-length rSbpA [35]. These findings indi-

cated that the segment between amino acids 203 and 1031 is responsible for the

self-assembly process and for pore formation.

The S-layer protein SbsB of G. stearothermophilus PV72/p2 consists (including

a 31-amino-acid long signal peptide) in total of 920 amino acids [84]. By apply-

ing the dissection approach, it could be demonstrated that SbsB is composed of

the N-terminal SCWP-binding domain which corresponds to the SLH domain

and the C-terminal self-assembly domain [38, 41]. As the removal of fewer

than 10 C-terminal amino acids led to water-soluble rSbsB forms, the C-terminal

part can be considered extremely sensitive against deletions [75, 85]. When the

C-terminal end of full-length SbsB was exploited for linking foreign functional

sequences, water-soluble S-layer fusion proteins were obtained [85], which re-

crystallized into the oblique (p1) lattice only on solid supports precoated with

SCWP of G. stearothermophilus PV72/p2. As demonstrated by SPR spectroscopy,

the SLH domain comprising the three SLH motifs specifically recognizes the

SCWP of G. stearothermophilus PV72/p2 as a binding site [35]. The polymer chains

are composed of GlcNAc and ManNAc in the molar ratio of approximately 2:1 [69],

and contain pyruvate ketals which provide a net negative charge. The use of chem-

ically modified SCWP in SPR interaction studies clearly showed that it is not the

N-acetyl groups of the amino sugars, but the pyruvic acid residues that play a cru-

cial role in the recognition and binding process [38]. Furthermore, thermal as well

as guanidine hydrochloride-induced equilibrium unfolding profiles monitored by

intrinsic fluorescence and CD spectroscopy allowed us to characterize the SLH do-

main (rSbsB32a208) as an a-helical protein with a single cooperative unfolding tran-

sition. The C-terminal self-assembly domain (rSbsB209a920) could be characterized

as a b-sheet protein with typical multidomain unfolding and a lower stability as

stand-alone protein [41].

Recently, chimeric S-layer proteins either comprising the N-terminal part of

SbpA and the C-terminal part of SbsB (rSbpA–SbsB), or vice versa, the N-terminal

part of SbsB and the C-terminal part of SbpA (rSbsB–SbpA), have been con-
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structed [35]. The aim was to create a spectrum of S-layer proteins that bind to the

same type of SCWP, but assemble into different lattice types. Accordingly, rSbsB

and rSbsb–SbpA specifically recognized the SCWP of G. stearothermophilus PV72/
p2 as a binding site, but in contrast to rSbsB which assembled into an oblique (p1)

lattice, the chimeric protein rSbsb–SbpA formed a square (p4) lattice structure. In

addition, in rSbsB–SbpA the surface-located amino acid position 1068 of the SbpA

primary sequence was exploited as a fusion site for foreign functional sequences

[37, 74]. However, rSbpA and the chimeric protein rSbpA–SbsB recognized the

SCWP from B. sphaericus CCM 2177 as a binding site, but they self-assembled

into different lattice types, i.e. square (p4) for rSbpA and oblique (p1) for rSbpA–

SbsB [35].

SbsC is the S-layer protein of G. stearothermophilus ATCC 12980 and consists

(including a 30-amino-acid long signal peptide) in total of 1099 amino acids

[43]. Isolated SbsC self-assembles into an oblique lattice. SbsC does not possess

an SLH domain on the N-terminal part, but reveals a conserved N-terminus re-

gion which was also found in S-layer proteins of other G. stearothermophilus wild-
type strains, such as PV72/p6, DSM 2358 [42] and NRS 2004/3a [45], as well as

in a temperature-derived strain variant of strain ATCC 12980 [62]. This type of

N-terminal part which comprises amino acids 31–257 specifically recognizes the

SCWP that contains 2,3-dideoxy-diacetamido mannosamine uronic acid as a nega-

tively charged component [42, 46]. Studies on the structure–function relationship

of SbsC revealed that the N-terminal part is responsible for cell wall anchoring

via the specific SCWP. In the C-terminal part, up to 179 amino acids leading to

rSbsC31a920 could be deleted without interfering with the formation of the oblique

lattice structure [44]. Further deletion of C-terminal amino acids led to SbsC forms

that were still able of self-assembling, but such self-assembly products did not

show a regular lattice structure (rSbsC31a880), whereas rSbsC31a844 even repre-

sented a completely water-soluble form which was used for three-dimensional crys-

tallization experiments [86].

8.3.3.2 S-Layer Fusion Proteins

In general, a broad spectrum of chimeric S-layer fusion proteins was constructed

and heterologously expressed in Escherichia coli. S-layer fusion proteins were based

on the S-layer proteins SbsB, SbpA and SbsC. For generating a universal affinity

matrix for binding any kind of biotinylated molecules, S-layer–streptavidin fusion

proteins were constructed [73, 85]. The strong interaction between streptavidin and

biotin as a biomolecular coupling system is commonly used in biotechnology

[86]. Minimum-sized core streptavidin (118 amino acids) was either fused to N-

or C-terminal positions of SbsB, the S-layer protein of G. stearothermophilus PV72/
p2, or to the C-terminal end of rSbpA31a1068 [37]. The S-layer proteins SbsB and

SbpA show different lattice characteristics. SbsB forms an oblique S-layer lattice

with p1 symmetry and lattice parameters of a ¼ 10:4 nm, b ¼ 7:9 nm and a base

angle of g ¼ 81�, while SbpA forms a square S-layer lattice with a center-to-center

spacing of 13.1 nm.

The genes encoding the fusion proteins and core streptavidin were expressed in-
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dependently in E. coli and isolated from the host cells [73, 85]. To obtain functional

heterotetramers, a refolding procedure was developed by subjecting a mixture of

fusion protein with excess core streptavidin to denaturing and renaturing (Fig.

8.1). Two dominant tetramer species, one consisting of one molecule of fusion pro-

tein and three molecules of streptavidin (heterotetramers), and the other one con-

sisting of four molecules of streptavidin (homotetramers) were formed during

rapid dilution. Heterotetramers were separated from homotetramers and from the

S-layer-streptavidin fusion protein by gel-permeation and affinity chromatography.

In the latter, the pH-dependent affinity of iminobiotin to streptavidin was ex-

ploited. The exceptional stability of streptavidin in 5% SDS at room temperature

and denaturation upon boiling allowed the application of the gel-shift assay to con-

trol rapid dilution and purification (Fig. 8.2). The desired properties of hetero-

tetramers consisting of one chain of S-layer–streptavidin fusion protein and three

chains of streptavidin were the maintenance of the recrystallization properties of

the S-layer protein moiety, as well as biotin binding.

Recrystallization experiments were either performed in suspension, on

peptidoglycan-containing sacculi, on liposomes or on various solid supports, such

as silicon or gold chips which were optionally precoated with thiolated SCWP of

B. sphaericus CCM 2177 or G. stearothermophilus PV72/p2. Heterotetramers com-

prising the N-terminal rSbsB–streptavidin fusion protein formed self-assembly

products in suspension, and recrystallized on liposomes and silicon wafers [85],

whereas heterotetramers based on the C-terminal rSbpA31a1068–streptavidin fusion

protein showed dirigible self-assembly formation due to the calcium ion depen-

dency of lattice formation of SbpA. Such heterotetramers recrystallized on gold

surfaces which were optionally precoated with SCWP [73] (Fig. 8.3). Analysis

of negatively stained preparations of self-assembly products formed by hetero-

tetramers revealed that neither the oblique S-layer lattice of SbsB nor the square

lattice of SbpA was changed due to the presence of the fusion partner. Due to

unhindered lattice formation and unchanged lattice parameters, the streptavidin

moiety was considered as being located above the plane on the outer surface of

Fig. 8.1. Schematic drawing illustrating the disintegration and

rapid dilution step leading to functional heterotetramers of a C-

terminal S-layer–streptavidin fusion protein.
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the protein lattice. Digital image reconstructions of self-assembly products of het-

erotetramers containing the N-terminal rSbsB–streptavidin fusion protein in com-

parison to the SbsB lattice showed an additional protein mass on the SLH domain

which resulted from the fused streptavidin [85] (Fig. 8.4). All self-assembly ex-

periments confirmed that the first of the desired properties was present, i.e. un-

hindered recrystallization of the fusion protein into a two-dimensional crystalline

array.

Since the fusion proteins were constructed from the wild-type streptavidin se-

quence, the biotin-binding sites were assumed to show the typical high affinity to

Fig. 8.2. Gel-shift assay of SDS extracts from

heterotetramers purified by gel-permeation and

affinity chromatography. The heterotetramers

show the specific property of remaining in the

native state in 5% SDS at 25 �C, but dissociate
into the S-layer–streptavidin fusion protein and

streptavidin in 5% SDS at 100 �C.

Fig. 8.3. SFM image of heterotetramers

consisting of one chain of rSbpA31a1068–

streptavidin fusion protein and three chains of

streptavidin. The heterotetramers recrystallized

into the square lattice structure on gold chips

precoated with thiolated SCWP of B. sphaericus

CCM 2177. Right: deflection mode. Left: height

mode.
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biotin. However, it remained to be investigated if biotin-binding sites were steri-

cally blocked by the large fusion partner SbsB or SbpA. The biotin-binding ability

of soluble heterotetramers was determined by fluorescence quenching of trypto-

phan residues in the binding pockets of streptavidin upon biotin binding [73, 85,

87, 88]. Biotin, as well as biotinylated insulin (Mr 6 kDa), biotinylated horserad-

ish peroxidase (Mr 44 kDa) and biotinylated serum albumin (Mr 66 kDa) were used

for the fluorescence titration experiments. In comparison to free streptavidin

which was used as reference protein, heterotetramers showed an even higher bind-

ing capacity for d-biotin, biotinylated insulin and biotinylated horseradish peroxi-

dase. For biotinylated serum albumin, a similar binding capacity was determined.

In general, heterotetramers based on S-layer streptavidin fusion proteins are

considered a universal affinity matrix for binding biotinylated molecules. As

proof-of-principle, heterotetramers comprising C-terminal S-layer streptavidin fu-

sion proteins were recrystallized on peptidoglycan-containing sacculi which were

subsequently incubated with biotinylated ferritin as a marker that can be visual-

ized by TEM. As shown in Fig. 8.5, heterotetramers based on the rSbpA31a1068–

streptavidin fusion protein showed excellent recrystallization properties, as well as

high affinity to biotinylated ferritin.

As a first application approach, monolayers of heterotetramers based on the

rSbpA31a1068–streptavidin fusion protein were recrystallized on gold surfaces which

were optionally precoated with thiolated SCWP. The obtained affinity matrix was

used to perform hybridization experiments. In a first step, biotinylated oligonucleo-

tides (30mers) were bound to the streptavidin moiety of the heterotetramers. Sub-

sequently, complementary oligonucleotides were hybridized carrying one or two

mismatches or they were without any mismatch (Fig. 8.6). Evaluation of the

Fig. 8.4. Digital image reconstructions of

electron micrographs taken of negatively

stained preparations of self-assembly products

formed by SbsB (left) and heterotetramers

consisting of one chain of the N-terminal

rSbsB–streptavidin fusion protein and three

chains of streptavidin (right). The streptavidin

moiety of the heterotetramers can be seen as

the additional protein mass above the plane of

the oblique (p1) lattice structure.

8.3 Nanoscale Patterning of S-Layer Proteins 231



hybridization experiments were performed by applying surface-plasmon-field-

enhanced fluorescence spectroscopy which combines the advantages of the high

optical field intensities of surface plasmon waves with the sensitive detection of

fluorescence light emission [89, 90]. For generating functional monomolecular

protein lattices, two strategies were pursued – direct recrystallization of hetero-

tetramers on plain gold chips or recrystallization on SCWP-coated gold chips. In

both cases, the amount of recrystallized heterotetramers corresponded well to the

theoretically calculated value for a monolayer [85]. The advantage of recrystalliza-

tion on plain gold chips was seen in the strong interaction between the inner sur-

face of the S-layer subunits and gold. This fact could be exploited to regenerate the

Fig. 8.5. Electron micrographs of negatively-

stained preparations of heterotetramers

consisting of one chain of rSbpA31a1068–

streptavidin fusion protein and three chains of

streptavidin. The heterotetramers were

recrystallized on peptidoglycan-containing

sacculi of B. sphaericus CCM 2177 (left) and

subsequently incubated with biotinylated

ferritin (right).

Fig. 8.6. Schematic drawing of

heterotetramers consisting of one chain of

rSbpA31a1068–streptavidin fusion protein and

three chains of streptavidin, either

recrystallized on plain gold chips or on gold

chips precoated with thiolated SCWP. After

recrystallization into a monomolecular protein

lattice, biotinylated oligonucleotides were

bound to which fluorescently labeled

oligonucleotides could hybridize.
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sensor surface without any loss of heterotetramers, which could not be removed

from the gold chip even with ethanol or chaotropic agents such as urea or guani-

dine hydrochloride. However, the advantage of using SCWP-coated gold chips lies

in the unambiguously oriented recrystallization of the heterotetramers via their

SCWP-binding domain located on the inner surface, as well in the lower detection

limit for fluorescently labeled oligonucleotides. The latter can be explained by the

fact that a higher distance between the gold surface and the fluorescently labeled

oligonucleotides reduces quenching of fluorescence signals caused by the gold

layer. However, monolayers generated on SCWP-coated gold chips were less stable,

which was attributed to the rather labile gold-thiol linkage acting between the thio-

lated SCWP and the gold support. Nonspecific adsorption of DNA did not play a

role which could be demonstrated by incubation of the sensor surface with oligo-

nucleotides carrying two mismatches. For hybridization experiments on mono-

layers generated by recrystallization of heterotetramers on gold chips precoated

with thiolated SCWP, fluorescently labeled oligonucleotides carrying one mis-

match were used. The fluorescence intensity increased linearly at the beginning

of the hybridization reaction, so that the linear slope of the increase in fluorescence

intensity plotted versus the concentration of the hybridizing oligonucleotides

showed a linear correlation [73]. In a different set of hybridization experiments

which were performed on monolayers generated by direct recrystallization of

heterotetramers on plain gold chips, the concentration of oligonucleotides carrying

one mismatch was stepwise increased. The Langmuir isotherm which indicated

that oligonucleotides in solution were in equilibrium with those bound to the

monolayer carrying the biotinylated oligonucleotides could be established from

the obtained fluorescence intensities (Fig. 8.7) [73]. The detection limit was found

to be 1.57 pM on monolayers generated by recrystallization of heterotetramers on

gold chips precoated with thiolated SCWP, whereas on plain gold chips the detec-

tion limit was determined to be at least 8.2 pM.

To conclude, the results obtained with heterotetramers consisting of one chain of

S-layer streptavidin fusion protein and three chains of core streptavidin showed

that the self-assembly properties of the S-layer protein moiety could be combined

with the biotin-binding properties of streptavidin. First hybridization experi-

ments indicated that a functional sensor surface could be generated by recrystalli-

zation of heterotetramers on gold chips, which could find numerous applications

in (nano)biotechnology.

In a first approach, an S-layer fusion protein comprising the C-terminally trun-

cated form rSbpA31a1068 and the variable region of a heavy chain camel antibody

directed against lysozyme was constructed. The Camelidae is the only taxonomic

family known to possess functional heavy chain antibodies lacking light chains

and the first constant region. These unique antibody isotypes interact with the an-

tigen by virtue of a single variable domain, termed VHH. A single VHH domain

has a molecular mass of only 15 000 and is the smallest known complete antigen-

binding fragment from a functional immunoglobulin (Fig. 8.8). The single-

domain nature of VHHs gives rise to several unique features as compared to

antigen-binding derivatives of conventional antibodies. As well as the advantage of
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single-gene cloning and selection from an in vivo matured library, recombinant

VHHs have other technological, functional and physicochemical advantages, such

as (a) high expression yields and ease of purification, (b) a highly soluble and stable

single domain immunoglobulin fold, (c) the generation of antigen-specific, high-

affinity binders, (d) the recognition of unique conformational epitopes with the

dominant involvement of its enlarged complementary determining regions, and

Fig. 8.7. Langmuir adsorption isotherm

experiment of fluorescently labeled

oligonucleotides carrying one mismatch

hybridizing to complementary, biotinylated

oligonucleotides bound to heterotetramers

consisting of one chain of rSbpA31a1068–

streptavidin fusion protein and three chains of

streptavidin. By increasing the concentration of

the fluorescently labeled oligonucleotides,

higher equilibrium levels were reached (left

side). The fluorescence intensities at the

equilibrium are plotted against the

concentrations of the solutions giving the

Langmuir adsorption isotherm (right side).
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(d) the close homology to human VHs (variable domain of the heavy chain) frag-

ments [91, 92]. These features can be expected to lead to a number of applications

in which VHHs perform better than conventional antibody fragments, e.g. as en-

zyme inhibitors, as modular building units for multivalent or multifunctional con-

structs, or as immunoadsorbents and detection units in biosensors. Due to these

properties, VHHs clearly offer an improvement over conventional, more complex,

antibody fragments, e.g. in diagnostic applications, for which the stability of the

biomolecular probes is critical. Moreover, VHHs constitute ideal modular building

blocks for manifold molecular constructs [91, 92]. To explore the potential advan-

tages of camel single-domain antibodies and to gain insight into how they recog-

nize their target, the crystal structure of a camel VHH complexed with hen’s egg

lysozyme was solved [93].

For construction of an S-layer fusion protein comprising the sequence of a single

variable region of a camel heavy chain antibody directed against lysozyme (cAb-

Lys3), the C-terminal truncation rSbpA31a1068 was selected as the base form. The

obtained S-layer fusion protein, termed rSbpA31a1068/cAb-Lys3 was considered as

a model system for the construction of further chimeric proteins, which comprised

rSbpA31a1068 and cAbs directed against various antigens. Independent of the use of

soluble or self-assembled rSbpA31a1068/cAb-Lys3, the camel antibody sequence re-

mained accessible to lysozyme binding [70]. This was also observed for monolayers

which were generated by recrystallization of the S-layer fusion protein on poly-

styrene substrates or on gold chips precoated with thiolated SCWP. In both cases,

cAb-Lys3 was located on the outer S-layer surface and remained functional. As

proof-of-principle could be provided with this model system, an S-layer fusion

Fig. 8.8. Schematic drawing showing

conventional (top) and heavy chain IgG

antibodies (bottom) present in the serum of

Camelidae. The complete light chains (dotted

areas) and CH1 domains (black areas) are

absent in heavy chain camel antibodies. The

antigen-binding domains (Fv) of conventional

antibodies as obtained after proteolysis or after

expression of the gene encoding VH or VL

fragments are shown. The recombinant VHH

(curved areas), the variable domain of a heavy

chain camel antibody, can be obtained after

cloning and expression. The VHH is the

minimal intact antigen-binding fragment that

can be generated.
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protein incorporating the sequence of a variable domain of a heavy chain camel

antibody (cAb-PSA-N7) directed against the prostate-specific antigen (PSA) was

constructed [71]. PSA is a useful marker to screen potential prostate cancer pa-

tients. The current diagnostic test systems determine the concentration of total

PSA with monoclonal antibodies that recognize free as well as PSA complexed

with a1-antichymotrypsin (ACT). For their application in a PSA biosensor, VHHs

recognizing free and complexed PSA are desired. Moreover, the kinetic require-

ments in the biosensor impose a high probe density that can probably only be

achieved with single domain VHHs.

To generate a PSA-specific sensing layer for SPR measurements, the S-layer fu-

sion protein rSbpA31a1068/cAb-PSA-N7 was recrystallized on gold chips precoated

with thiolated SCWP [71]. The formation of the monomolecular protein lattice

was confirmed by SFM, as well as by the level of the measured SPR signal. As de-

rived from response levels measured for binding of PSA to a monolayer consisting

of rSbpA31a1068/cAb-PSA-N7, the molar ratio between bound PSA and the S-layer

fusion protein was 0.78, which means that at least three PSA molecules were

bound per morphological unit of the square S-layer lattice [71]. To summarize, by

using thiolated SCWP as a biomimetic linker to gold chips, a sensing layer for SPR

could be generated by recrystallization of this S-layer fusion protein (Fig. 8.9). Due

to the crystalline structure of the S-layer lattice, the fused ligand sequence showed

a well-defined distance in the protein lattice and, according to the selected fusion

site in the S-layer protein, they were located on the outermost surface, which re-

duced diffusion-limited reactions. A further advantage can be seen in the constant

and low distance of the ligands from the optically active gold layer, which is exclu-

sively determined by the thickness of the S-layer and lies in the range of only 10–

15 nm. Thus, S-layer fusion proteins incorporating camel antibody sequences can

be considered as key elements for the development of label-free detection systems

such as SPR, surface acoustic wave (SAW) or quartz crystal microbalance (QCM-

D), in which the binding event can be measured directly by the mass increase with-

out the need of any labeled molecule.

The sequence encoding rSbpA31a1068 was also used as a base form for the con-

struction of an IgG-binding fusion protein [72]. As fusion partner, the sequence

Fig. 8.9. Schematic drawing of the S-layer fusion protein

rSbpA31a1068/cAb-PSA-N7 which was recrystallized on gold

chips precoated with the thiolated SCWP. The monomolecular

protein lattice was able to specifically bind PSA on the

outermost surface.
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encoding the Z domain, a synthetic analog of the IgG-binding domain of Protein A

from Staphylococcus aureus was used. Protein A consists of a cell-wall-targeting do-

main and five other domains, termed C, B, A, D and E, with C next to the cell wall.

X-ray analysis revealed that the B domain of Protein A consists of two contact sites

that interact with the Fc part of IgG [94], leaving the Fab regions free for binding

the antigen. Based on this knowledge, the synthetic Z domain which is 58 amino

acids long and binds to the Fc part of IgG was constructed [95]. To generate the S-

layer fusion protein, the 5 0-end of the sequence encoding two copies of the Z do-

main was fused via a short linker to the gene encoding rSbpA31a1068 [72]. After het-

erologous expression in E. coli, the S-layer fusion protein was isolated from the

host cells, purified by size-exclusion chromatography under denaturing conditions

in guanidine hydrochloride, dialyzed and recrystallized on SPR gold chips which

were precoated with thiolated SCWP of B. sphaericus CCM 2177. As shown by

SFM, a monomolecular protein lattice with square symmetry was formed. The

resonance units indicating the amount of bound protein corresponded to 4:3�
10�5 nM mm�2, which was in good accord with the theoretical value for a mono-

layer of 3:9� 10�5 nM mm�2. Native monolayers or monolayers crosslinked with

the bifunctional imidoester dimethylpimelinimidate (DMP) were finally exploited

for binding of human IgG. The amount that could be bound by the native

monolayer was 2:9� 10�5 nM or 4.35 ng IgG mm�2, whereas in the case of the

DMP-crosslinked monolayer 2:8� 10�5 nM or 4.20 ng IgG mm�2 could attach.

These values corresponded to 65 and 67% of the theoretical saturation capacity of

a planar surface for IgG (6.5 ng mm�2) with the Fab regions in the condensed

state. As derived from these binding capacities, on average 2.7 and 2.6 IgG mole-

cules were bound per morphological unit of the square S-layer lattice consisting of

four identical subunits of the S-layer fusion protein.

For preparing biocompatible microparticles for the microsphere-based detoxifica-

tion system (MDS) [78] to remove autoantibodies from sera from patients suffering

from autoimmune disease, the S-layer fusion protein was recrystallized on SCWP-

coated, 3-mm cellulose-based microbeads. The MDS is an alternative approach to

conventional immunoadsorption systems, in which the plasma does not perfuse

on an adsorption column, but is recirculated into a filtrate compartment of a mem-

brane module (Fig. 8.10). The addition of microbeads to the plasma circuit allows

the rapid removal of the pathogenic substrates. In the case of microbeads that were

covered with a native monolayer, the binding capacity was 1065 mg human IgG

mg�1 S-layer fusion protein. For DMP-treated microbeads, a binding capacity of

870 mg IgG mg�1 S-layer fusion protein was determined. These values corre-

sponded to 78 or 65% of the theoretical saturation capacity of a planar surface for

IgG having the Fab regions in the condensed state. Bound IgG could be eluted

with glycine–HCl buffer at a pH value of 2.2 and the microbeads were used for

further IgG-binding experiments [72].

The major birch pollen allergen Bet v1 shares IgE epitopes with all tree pollen

allergens from closely related species (e.g. alder hazel, hornbeam, beech). Because

of high sequence identities among these allergens and well-studied cross-reactions

with B cell epitopes, Bet v1 represents a model allergen [96]. The gene encoding
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the chimeric S-layer proteins rSbsC31a920/Bet v1 and rSbpA31a1068/Bet v1 carrying

Bet v1 at the C-terminal end were cloned and expressed in E. coli. Ultrathin sec-

tions of whole E. coli cells induced to express the gene encoding rSbsC31a920/Bet

v1 revealed the presence of intracellular sheet-like or cylindrical structures [97],

whereas rSbpA31a1068/Bet v1 accumulated in the form of inclusion bodies in the

cytoplasm of the host cells [37]. The fusion proteins maintained the ability to self-

assemble, as well as the functionality of the fused allergen to bind a Bet v1-specific

monoclonal mouse antibody BIP1 (Fig. 8.11). The location and accessibility of the

allergen moiety on the outer surface of the S-layer lattice were demonstrated by

immunogold labeling of rSbsC31a920/Bet v1 or rSbpA31a1068/Bet v1 recrystallized

on native peptidoglycan-containing sacculi of G. stearothermophilus ATCC 12980 or

B. sphaericus CCM 2177 [37, 97]. Thereby, the specific interaction between the

N-terminal part of the S-layer proteins and the corresponding SCWP was exploited.

The aim for the production of these S-layer fusion proteins was to use them for

the development of diagnostic test systems to determine the concentration of Bet

v1-specific IgE in patients’ whole blood, plasma or serum. For that purpose,

rSbpA31a1068/Bet v1 recrystallized as a monolayer on SCWP-coated plastic foils

Fig. 8.10. (a) Schematic drawing

demonstrating the working principle of the

MDS. (b) Amine-modified cellulose

microbeads. (c) Schematic drawing of

microbeads covered with a monolayer

consisting of rSbpA31a1068/ZZ. The S-layer

fusion protein was recrystallized on amine-

modified cellulose microbeads to which

thiolated SCWP had been covalently bound

before. The fused ZZ domains could bind

human IgG via the Fc part.
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was used as reaction zone in dipstick-style solid-phase immunoassays for determi-

nation of Bet v1-specific IgE in serum samples of patients suffering from atopic al-

lergy. In a recent study, the applicability of rSbsC31a920/Bet v1 as a novel approach

to design vaccines with reduced allergenicity in combination with strong immuno-

modulating capacity for immunotherapy of type I allergy was demonstrated [98].

This fusion protein exhibited all relevant Bet v1-specific B and T cell epitopes, but

was significantly less efficient in releasing histamine than free Bet v1. In cells of

birch pollen-allergic individuals, the fusion protein was capable of modulating the

allergen-specific Th2-dominated response into a more balanced Th1/Th0-like phe-

notype accompanied by enhanced production of interferon-g and interleukin-10

[98]. To conclude, rSbsC31a920/Bet v1 could find applications as carrier/adjuvants

to design vaccines for specific immunotherapy of type 1 allergy with improved effi-

cacy and safety.

Artificial lipid vesicles termed liposomes are widely used as delivery systems for

enhancing the efficiency of various biologically active molecules [99]. S-layer-coated

liposomes (S-liposomes) revealed an enhanced stability towards thermal and me-

chanical stress factors [24], and they represent simple model systems resembling

features of virus envelopes. Thus, S-liposomes could find application in drug deliv-

ery or in gene therapy. In a recent study, the nucleotide sequence encoding en-

hanced green fluorescent protein (EGFP), a red-shifted green fluorescent protein

(GFP)-derivative possessing a 30 times brighter fluorescence intensity at 488 nm

than wild-type GFP [100], was fused to the 3 0-end of the sequence encoding the

C-terminally truncated form rSbpA31a1068 [83]. The chimeric gene encoding

rSbpA31a1068/EGFP was cloned and expressed in E. coli host cells. As confirmed

by fluorescence microscopy, 1 h after induction of expression an intense EGFP fluo-

rescence was detected in the cytoplasm of the host cells. Expression at 28 �C in-

stead of 37 �C, as usual for E. coli expression strains, resulted in clearly increased

fluorescence intensity, indicating that the folding process of the EGFP moiety was

Fig. 8.11. (a) Electron micrograph of a

negatively stained preparation demonstrating

immunogold-labeling of rSbpA31a1068/Bet v1

recrystallized on peptidoglycan-containing

sacculi of B. sphaericus CCM 2177 using the

Bet v1-specific monoclonal mouse antibody

BIP1. (b) Schematic drawing of (a).

8.3 Nanoscale Patterning of S-Layer Proteins 239



temperature sensitive. Electron microscopic investigation of ultrathin-sectioned

preparations revealed that the S-layer fusion protein was located in inclusion

bodies within the cytoplasm of the E. coli cells. To protect the EGFP portion against

oxidation and to maintain the in vitro EGFP fluorescence capability, isolation of

rSbpA31a1068/EGFP and purification by gel-permeation chromatography was per-

formed in the presence of reducing agents. Comparison of excitation and emission

spectra of rEGFP and rSbpA31a1068/EGFP indicated identical maxima at 488 and

507 nm, respectively (Fig. 8.12). Because of its intrinsic fluorescence, the fusion

protein was recrystallized on positively charged liposomes and their uptake by eu-

karyotic cells was investigated by confocal laser scanning microscopy. The major

part of the liposomes was internalized within 2 h of incubation and entered the

HeLa cells by endocytosis [83]. In further studies, the uptake of liposomes coated

with rSbpA31a1068/EGFP in combination with other S-layer fusion proteins, such as

heterotetramers, by target cells and the functionality of transported drugs could be

investigated simultaneously without any additional labeling.

Furthermore, this fusion protein was used for recrystallization on silicon wafers

covered with polyelectrolytes, as well as for coating of hollow polyelectrolyte cap-

sules. Fluorescence spectroscopy proved that the adsorption of rSbpA31a1068/EGFP

on hollow capsules did not shift the fluorescence emission of the chromophore

[25].

Fig. 8.12. Fluorescence excitation and emission spectra of

rEGFP and of the fusion protein rSbpA31a1068/EGFP. Both

proteins were applied in the same molar ratio and exhibited

identical excitation peaks at 488 nm and emission peaks at

507 nm.
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8.4

Spatial Control over S-Layer Reassembly

For many technical applications of S-layers, spatial control over reassembly is

mandatory. For example, when S-layers are used as affinity matrix for the de-

velopment of biochips or as templates in the fabrication of nanoelectronic de-

vices, it is not necessary that the monolayer covers the entire area. Micromolding

in capillaries is a well known soft-lithographical technique. In this technique, a

poly(dimethylsiloxane) (PDMS) mold is first brought in conformal contact with a

flat substrate, such as a silicon wafer. Subsequently, the S-layer protein solution is

dropped onto the substrate in front of the channel openings of the attached mold

and then the solution is sucked in so that the S-layer protein can recrystallize at

all surfaces including the silicon. After removal of the mold, a patterned S-layer

remains on the support. SFM is best suited to control the crystallinity of the S-layer

monolayer and the border line to the blank areas. As micromolding in capillaries

restricts the reassembly of the S-layer proteins to certain areas on a solid sup-

port, it offers the advantage that all preparation steps can be performed under

ambient conditions. Proof-of-principle was shown for patterning the S-layer pro-

tein SbpA from B. sphaericus CCM 2177 on a silicon wafer with several different

line-and-space ratios [101]. The S-layer protein showed perfect long-range order,

and no visible leakage of the proteins into the tight interface between substrate

and mold.

An alternative to micromolding in capillaries is patterning by conventional opti-

cal lithography using deep ultraviolet light (DUV) for exposure. In this approach,

the S-layer protein was recrystallized on a silicon wafer covering the entire surface

area. In the following step, the S-layer monolayer was dried in a stream of dry ni-

trogen prior to exposure in order to remove any water layer between the sample

and the mask [102]. This is a critical step as denaturation of the S-layer protein

and consequently loss of its structural integrity and functionality may occur.

Then, a microlithographic mask was brought in conformal contact with the S-layer.

The mask is usually made of a patterned chromium layer on quartz glass. Two dif-

ferent wavelengths of DUV were tested: argon fluoride excimer laser radiation

(ArF; wavelength 193 nm) and krypton fluoride excimer laser radiation (KrF; wave-

length 248 nm). SFM demonstrated that the S-layer protein was completely re-

moved by ArF radiation with two pulses of 100–200 mJ cm�2 each and retained

its structural integrity in the unexposed regions. Section analysis revealed a height

difference between exposed and unexposed areas of about 8 nm, clearly demon-

strating that the S-layer was completely removed in the exposed areas. Accord-

ing to the well-known paradigm of optics stating that the resolution is determined

by the wavelength of the irradiating light, the highest achievable resolution was

in the range of 100 nm. In contrast, the S-layer was not ablated by KrF irradia-

tion. Instead, investigation of the irradiated S-layer lattice showed that increas-

ing the electron dose from 10 pulses of about 100 mJ cm�2 to 10 pulses of

about 35 mJ cm�2 only led to carbonization, but not to ablation, of the protein

lattice.
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8.5

S-Layers as Templates for the Formation of Regularly Arranged Nanoparticles

An important key to the fabrication of highly ordered functional arrays of nano-

particles is to provide suitable templates for spatially controlled particle deposition.

The application of self-assembly systems for achieving perfect positional control

at the molecular level appears feasible, both theoretically and experimentally, and

offers striking advantages in the manufacturing process. S-layer proteins seem to

be perfectly suited for this purpose as they have the intrinsic property to reassem-

ble into two-dimensional arrays at various interfaces including silicon surfaces.

Moreover, functional groups are repeated with the periodicity of the S-layer lattice

at a distance of approximately 10 nm, thereby leading to regular arrays (super-

lattices) of bound foreign molecules and particles.

8.5.1

Binding of Molecules and Nanoparticles to Functional Domains

Geometrically confined binding of molecules on S-layer lattices may be induced by

noncovalent and covalent forces. The pattern of bound molecules frequently re-

flects the lattice symmetry, the size of the morphological units and the surface

properties of the underlying S-layer. For example, polycationic ferritin (PCF) is a

12 nm large, topographical marker for labeling negatively charged groups for

TEM analysis. In several studies, PCF was used to determine the net charge of

the outer and inner S-layer surface. In the case of the strictly anaerobic, hyperther-

mophilic archaeon Thermoproteus tenax, PCF was bound to the outer S-layer sur-

face in an absolutely regular manner and reflected the hexagonal symmetry of the

underlying S-layer [103]. The distance between the PCF molecules was about 30

nm and corresponded exactly to the center-to-center spacing of the morphological

units (Fig. 8.13). The hexagonal super-lattice generated by the bound PCF exhibited

the same orientation as the unlabeled S-layer with one axis perpendicularly to the

longitudinal axis of the cells. Methanospirillum hungatei is a methanogenic

archaeon which possesses a hollow tubular sheath that surrounds chains of cells.

The sheaths show oblique (p2) lattice symmetry and they are composed of individ-

ual hoops [104]. The sheaths could be densely labeled with PCF molecules, which

fitted to the widths of the hoops and were thus bound in exact rows. A superlattice

of PCF was also observed on the hexagonal S-layer of Thermoanaerobacter thermohy-
drosulfuricus L111-69 after converting the hydroxyl groups from the carbohydrate

chain of this S-layer glycoprotein into carboxylic acid groups which was achieved

by succinylation [105]. The size of the PCF molecules corresponded well to the

center-to-center spacing of the morphological units of the hexagonal lattice of

14.2 nm. Ultrathin-sections of such modified S-layers revealed that due to the length

of the carbohydrate chains, the PCF molecules formed even two superimposed

layers. In contrast, covalent attachment of ferritin to the carbodiimide-activated car-

boxylic acid groups of the acidic amino acids led only to small patches of hexago-
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nally ordered ferritin molecules. On the glutaraldehyde-treated, crosslinked outer

S-layer surface of the square lattice from B. sphaericus CCM 2177 with a lattice con-

stant of 13.1 nm, PCF molecules were bound to the net negatively charged carbox-

ylic acid groups of the acidic amino acids and clearly reflected the square symmetry

of the underlying S-layer lattice.

In another approach the S-layer protein SbpA from B. sphaericus CCM 2177 was

recrystallized on SiO2-coated grids [106]. These grids were mimicking the surface

properties of silicon wafers, but allowed investigation of the preparations by TEM.

In particular, when rendered hydrophilic by oxygen plasma treatment, the S-layer

protein formed a monolayer with the outer surface exposed to the environment.

It could be demonstrated that after crosslinking the free amine groups in the

S-layer lattice with glutaraldehyde and activation of the free carboxylic acid groups

with carbodiimide, a close-packed monolayer of 4 nm amino-functionalized CdSe

nanoparticles was covalently bound to the protein lattice. However, the amine-

functionalized nanoparticles did not resemble the lattice parameters of the S-layer

very well as approximately 1:6� 106 carboxylic acid groups mm�2 offered too many

equivalent binding sites. Furthermore, for studying the noncovalent binding of

nanoparticles, anionic citrate-stabilized gold nanoparticles (5 nm diameter) were

used [106, 107]. The negatively charged gold nanoparticles were bound at the inner

surface of S-layer self-assembly products. The amount of bound gold nanoparticles

per unit area depended on the size of the nanoparticles. Gold nanoparticles with a

size of about 10 nm were only randomly bound, whereas 2 nm nanoparticles were

densely packed on the S-layer surface. Nevertheless, 5 nm gold nanoparticles were

regularly bound, resembling the underlying square S-layer lattice.

Fig. 8.13. TEM image of a freeze-dried preparation of PCF

regularly bound to the hexagonally ordered S-layer of

Thermoproteus tenax. The signal-to-noise ratio was enhanced by

crosscorrelation averaging. Bar: 50 nm.
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8.5.2

In Situ Synthesis of Nanoparticles on S-Layers

As an alternative to the regular binding of preformed nanoparticles, S-layers can be

also used as periodic nanometric templates in the nucleation of inorganic nano-

particles. The very first experiments were performed almost two decades ago and

used S-layer fragments deposited onto a solid substrate as a porous mask [108].

In this and the following works [109–111], various metals were evaporated onto

the S-layer fragments forming nanoparticles arrays on the substrate due to the

periodic arrangement of the pores in the protein lattice. After removal of the S-

layer and excess material by ion milling, the regular pattern of metallic nanopar-

ticles became available for further use. It was also demonstrated that S-layer pro-

teins recrystallized on solid supports or S-layer self-assembly products which were

deposited on such supports could be used to induce the formation of CdS particles

[112] or gold nanoparticles [113]. Inorganic superlattices of CdS with either obli-

que or square lattice symmetries were fabricated by exposing the S-layer lattices to

cadmium ion solutions followed by slow reduction with hydrogen sulfide. Precipi-

tation of the inorganic phase was confined to the pores of the S-layers with the re-

sult that CdS superlattices with prescribed symmetries were obtained. In a similar

procedure a square superlattice of uniform 4–5 nm gold particles with a 13.1 nm

repeat distance was fabricated by exposing a square S-layer lattice which carried

thiol groups that had been introduced by chemical modification before to a tetra-

chloroauric(III) acid solution [113]. TEM analysis showed that the gold nano-

particles were formed in the pore region during electron irradiation of an initially

grainy gold coating covering the whole S-layer lattice. The shape of the gold par-

ticles resembled the morphology of the pore region of the square S-layer lattice.

Electron diffraction patterns revealed that the gold nanoparticles were crystalline,

but in the long-range order not crystallographically aligned. Furthermore, this tech-

nique was also used for the precipitation of metal nanoparticles from solutions,

such as palladium from PdCl2, nickel from NiSO4, platinum from K2PtCl6, lead

from Pb(NO3)2 and ferrum from KFe [Fe(CN)6]. Wet chemistry was also applied

for producing platinum nanoparticles on the S-layer of Sporosarcina ureae [114–

117]. One morphological unit of the S-layer lattice of S. ureae revealed seven plati-

num cluster sites with a diameter of around 1.9 nm. These experiments clearly

demonstrated that nanocrystal superlattices can be induced by S-layers as tem-

plates with a broad range of particle sizes (5–15 nm diameter), interparticle spac-

ings (up to 30 nm) and lattice symmetries (oblique, square or hexagonal).

8.6

Conclusions and Outlook

Basic research on the structure, genetics, chemistry, assembly and function of S-

layers has led to a broad spectrum of applications in nanobiotechnology and biomi-

metics. The remarkable intrinsic feature of S-layer proteins and the possibilities for
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genetic modifications and combining S-layer lattices with other functional mole-

cules in a spatial predictable way turns them into unique patterning elements for

bottom-up strategies. Although, up to now the development of S-layer technologies

has primarily focused on life science applications, an important field of future ap-

plications concerns nonlife sciences and bioinspired nanomaterials.
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24 Mader, C., Küpcü, S., Sleytr, U. B.,
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74 Sára, M., Pum, D., Schuster, B.,

Sleytr, U. B., S-layers as patterning

element for nanobiotechnological

applications, J. Nanosci. Nanotechnol.
2005, in press.

75 Howorka, S., Sára, M., Wang, Y.,
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9

Methods of Preparation of Drug Nanoparticles

Jonghwi Lee, Gio-Bin Lim and Hesson Chung

9.1

Introduction

The recent rapid progress in techniques supporting drug discovery such as ge-

nomics, proteomics, high-throughput methods, etc., has exponentially increased

the number of newly introduced potential drug candidates [1]. A new drug candi-

date undergoes a series of time-consuming investigations. Currently, only about

five to 10 drugs among 3000–10 000 candidates go into phase I clinical studies

and only one of them finally reaches the market [1]. Among the numerous re-

search steps to launch a new drug, the formulation study is becoming one of

the most critical bottlenecks, mainly because of the relatively slow advance of

formulation-related technologies. What is worse is that the physical and chemical

properties of drugs are being diversified, and so more intelligent and functional

drug delivery systems are required. As a consequence, the development of novel

drug delivery systems and formulation techniques are critical issues in the phar-

maceutical research.

Nanoformulation, i.e. formulation using nanoparticles, is at the center of the re-

cent pharmaceutical research and development. The industrial application of nano-

particles of active pharmaceutical ingredients (API) ranges from traditional simple

emulsion [2–5] to solid dispersion systems developed a few years ago mainly with

the help of the rapid progress of wet comminution techniques [6–19].

Various benefits have been achieved by using nanoparticles [6–22]. First of all,

distinct increases in dissolution rate, bioavailability and rate of absorption have

helped the formulation of relatively insoluble API (Figs. 9.1 and 9.2). It is known

that, in general, as the size of API particles decreases, their processability decreases

and bioavailability increases (Fig. 9.1). The burden of processing difficulty can be

released by using advanced nanotechnologies. The increase of surface area as a

function of particle size is schematically illustrated in Fig. 9.2, which triggers the

increase of dissolution rate and bioavailability. Furthermore, the increases have

made the early phase of drug discovery more effective. They also enable higher

dose loading into a smaller dosage volume. Nanoparticles can be incorporated

into various drug delivery systems for more effective and intelligent delivery [23,
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24]. Reformulation using nanoparticles often removes harsh excipients, extreme

pH and organic solvents currently used. Longer retention in blood and tumors, im-

provement in the stability of drugs, taste masking, and reduction in fed/fasted vari-

ability are often also obtained [24].

As particle size decreases, the extra Gibbs free energy resulting mainly from the

surface energy of nanoparticles significantly increases [25]. Therefore, how to deal

with the extra Gibbs free energy is the major issue in the preparation and subse-

quent treatment of nanoparticles. If a nanoparticulate system is considered to be

a system having N smaller noninteracting systems (ensembles), the total Gibbs

equation will be:

Et ¼ TSt � pVt þ SmiNit þ EN ð1Þ

Fig. 9.1. Dependence of bioavailability and processability of a

formulation on the particle size of the drug.

Fig. 9.2. Schematic illustration of the structure of drug

nanocrystals, and the relationship between particle size and

surface area.
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where t indicates total, mi is the chemical potential of component i, Ni is the num-

ber of molecules of component i and E is the ‘‘subdivision potential’’ [25]. The

fourth term on the right-hand side is an extra one for the nanosize effects (e.g.

surface tension), which increases as API particle size decreases.

Nanoparticle preparation techniques under active development can be catego-

rized into two major routes – kinetic and thermodynamic approaches. The kinetic

approach relies on external energies to compensate for the elevated Gibbs free en-

ergy of nanoparticles, such as high energy flow, sonication and electrostatic fields.

The thermodynamic approach makes use of interfacial energy. For example, the

stabilization ability of polymers and surfactants or supercritical fluids (SCFs) can

be successfully employed for reducing the fourth term. The stabilizers can cover

the surface of nanocrystals, and pay the thermodynamic penalty of the fresh inter-

face between drug and liquid medium. Proteins and lipids can be stable in nano-

particulate forms in water if their conformation makes the fourth term negligible.

In the kinetic approach, the utilization of various energies has been tried to

achieve the maximum efficiency. Without the external energies, the resulting par-

ticles cannot maintain their stability and so a poststabilization mechanism which

remains active after processing is often employed. As a result, the actual process-

ing of nanoparticles often combines both approaches. The combination usually

offers better efficiency.

9.2

Structures of Drug Nanoparticles

Pharmaceutical nanoparticles can take various physical forms depending on their

final delivery routes and API properties. They can be classified on the basis of their

physical states and internal structures. Solid or liquid monolithic nanoparticles are

the simplest cases. They require a proper medium to minimize their interfacial

energy. Emulsions and lipids have their unique structures to adjust themselves to

the surrounding environments. A solid dispersion has a different structure from

emulsions and lipids, but the structure is determined by the same thermodynamic

origin. By controlling surface/interface energy and kinetic obstacles, various inter-

nal structures of nanoparticles from a simple core/shell to more complicated struc-

tures can be engineered.

9.3

Thermodynamic Approaches

The interfacial energy related to the preparation of nanoparticles can be minimized

by using proper materials in proper regions. Thermodynamic approaches mainly

rely on the chemical identity and self-assembly behavior of materials. The micelle

structures of traditional surfactants provide good examples, although their pharma-
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ceutical applications are often limited due to their poor biocompatibility. Water sol-

uble polymers can form nanoparticles in water by adding a crosslinking agent such

as chitosan nanoparticles crosslinked by tripolyphosphate [26, 27], or by simple

emulsion or dispersion preparation methods using oil and water mixtures [2–5].

Protein nanoparticles are also available by crosslinking or desolvation [28]. Precip-

itation by salting-out or solvent evaporation, or other phase separation phenomena,

has been intensively investigated to conveniently prepare nanoparticles [29]. Sur-

face active agents such as surfactants or block copolymers can adapt unique struc-

tures at the interface, resulting in a reduction in interfacial energy and successful

preparation of nanoparticles [30–34]. Lipid systems, which have been intensively

examined and widely adapted in the pharmaceutical area, provide typical examples

of the thermodynamic approaches. Before moving on to a deeper discussion on

lipid systems, it might be helpful to mention that the terminology ‘‘thermody-

namic approaches’’ does not necessarily imply that the methods use only thermo-

dynamically stable states.

9.3.1

Lipid-based Pharmaceutical Nanoparticles

Lipid-based drug delivery systems have been used to improve pharmacokinetic pro-

files, to reduce side-effects and to improve patient compliance. These lipid-based

drug delivery systems can utilize various macro- and microstructures that lipids

form in a variety of settings. Most popular lipid-based pharmaceutical particles in-

clude liposomes and oil-in-water-type lipid emulsions. Parenteral lipid emulsion

has been around for more than 40 years to provide nutrition to patients who can-

not consume food orally. Parenteral emulsion consists of vegetable oil particles

dispersed in an aqueous environment by the use of the natural lipid emulsifier,

lecithins. While the oil and lipid themselves or the emulsions as a whole are used

to improve the health of the patients, they are used as tools to carry API to the des-

tinations in the body when they are used as drug carriers. The drugs marketed in

the form of lipid emulsion-based drug delivery systems include diazepam (Phar-

macia) and propofol (Baxter and Astra Zeneca).

It took longer time for liposomes to appear on the market as drug carriers due to

the instabilities of the formulation. Commercialization of the liposomal doxorubi-

cin formulation Doxil2 has been realized by designing a very stable liposome both

in vitro and in vivo [35, 36]. The success has boosted the morale of the scientists

working in the field, and has initiated a flurry of research and discovery of novel

and innovated lipid-based pharmaceutical particles. Nowadays, new lipid-based

drug delivery systems based on original designs appear frequently in the literature.

Even though not all of them can be successful drug carriers, they can serve as step-

ping stones to understand lipid phase behavior and to improve current formula-

tions. In this chapter, the physical characteristics of lipids will be introduced as a

background to understand how and why lipids behave as they do, together with

frequently encountered lipid-based particulate systems.
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9.3.2

What is a Lipid?

Lipids can be defined as fatty acids, their derivatives and related molecules that

are soluble in organic solvents and sparingly soluble in water. The major role of

lipids in the living organism is to build the cell membrane. The majority of lipids

encountered in nature are amphiphilic in that they embody both polar and apolar

elements in one molecule. Dietary lipids are mostly neutral lipids or triglycerides

with very low aqueous solubility. There are also classes of lipids that can self-

assemble and form a variety of lyotropic liquid crystalline phases having crystalline

periodicity and liquid-like molecular diffusibility. This nature of hydrated lipids can

help us to design lipid-based nanoparticles.

Lipid phase behavior can be understood by realizing that there exists a lateral

pressure function across a lipid monolayer [37–40]. A force profile can be drawn

along the direction normal to the lipid monolayer since different forces are domi-

nant in different regions along the lipid molecules (Fig. 9.3). A lipid molecule can

be divided roughly into the head group, polar/nonpolar interface and hydrocarbon

chain regions. Head groups repel each other due to steric, hydration and electro-

static effects. There is an attractive force in the polar/nonpolar interfacial region

in order to minimize the exposure of the interfacial area to the surroundings.

Hydrocarbon chains repel each other due to thermally induced rotational motion

around the carbon atoms. A lipid monolayer compensates for the imbalance in

the lateral stress and can become a planar or curved surface as a result if there exist

no other energy terms. In reality, the contributions from other energy terms could

easily override the spontaneous tendency of bending the lipid monolayers. These

other energy terms include electrostatic interactions, van der Waals interactions

and others.

Since the energy of bending is an important energy term to understand in lipid

self-assembly, it will be discussed in more detail. The curvature elastic energy de-

scribes the energy associated with bending the surface as follows [41]:

DG ¼ kc=2hH �H0i
2 � kghKi ð2Þ

Fig. 9.3. The lateral stress profile along a lipid monolayer. A

positive value along the f ðzÞ-axis represents the attractive

force.
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where kc and kg are the rigidity or bending modulus and the Gaussian curva-

ture constant, respectively, and h i denotes the average obtained by integrating

over a unit surface. Curvature is defined as a reciprocal of the radius of a circle

that can be drawn to the tangent of the surface. The principal curvatures C1 and

C2 are the minimum and maximum of the normal curvatures at a point. Two

orthogonal principal curvatures or their average and product values, the mean

½H ¼ ðC1 þ C2Þ=2� and the Gaussian ðK ¼ C1C2Þ curvatures, can define the curva-

ture of the surface at a given point.

9.3.3

Liquid Crystalline Phases of Hydrated Lipids with Planar and Curved Interfaces

The vast variety of naturally occurring lipids adopt one or more of the liquid crys-

talline phases at, or close to, physiological conditions either with planar or curved

interfaces. In this section, the lamellar, hexagonal and cubic phases of hydrated

lipids will be described although they are bulk phases since they can be micronized

into useful pharmaceutical nanoparticles such as liposomes, hexosomes and cubo-

somes, respectively.

Biomembranes usually incorporate a lipid bilayer structure that has been suc-

cessfully modeled by the lamellar liquid crystalline (La) phase at physiological con-

ditions. In the La phase, lipid molecules arrange into stacked sheets (Fig. 9.4). The

apolar hydrocarbons are located inside and the head groups line up at the surface

of the sheets. Water molecules are located between the layers formed by the head

groups. The lamella is a planar structure with zero curvature. The lamellar phase

is often described as a frustrated structure since the bilayers cannot overcome an

Fig. 9.4. Liquid crystalline phases of hydrated lipids and the

principal curvatures at the interface between hydrocarbon chain

termini.
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energy barrier to curl up (called the ‘‘packing energy’’) even when a curved surface

is preferred and, thus, remain flat [42].

The so-called inverted hexagonal (HII) phase composed of long cylinders with

hexagonally packed aqueous cores is found in hydrated lipids (Fig. 9.4). The lipid

head groups coat the surface of the central water-filled cylinders and the hydrocar-

bon chains constitute the continuous medium. One of the principal curvatures

along the cylinder is zero, but the other is around 0.02 Å�1. Another curved liquid

crystalline phase encountered in hydrated lipids is the bicontinuous cubic phase

[43]. In the bicontinuous cubic phase, each component, lipid or water, forms sepa-

rate and continuous channels, and the interface between the lipid and water forms

the networks of tubes that have three-dimensional cubic symmetry. The interface

between the termini of hydrocarbon chains in the cubic phase can be described as

the infinite periodic minimal surface whose mean curvature is zero everywhere

since the two principal curvatures are identical in quantities with different signs

[44, 45].

The appearance and the texture of the hexagonal and the cubic phase are similar

to white toothpaste and waxy gel, respectively. They both are very viscous and do

not dilute in water. Drugs can be encapsulated in the water channels, hydrocarbon

regions as well as interfacial regions.

9.3.4

Oil-in-water-type Lipid Emulsion

Neutral lipids such as triglycerides phase-separate and form thermodynamically

stable bulk oil phases (L2 phase) in the aqueous system. Fractionizing them into

micronized particles would create a large interface between the particles and water.

However, this process is entropically favorable – the increased interfacial area be-

tween oil and water increases the Gibbs free energy [46]. Emulsification occurs

when external energy is provided in the form of stirring, sonicating or microfluid-

izing. Spontaneous emulsification can also occur when the interfacial energy be-

tween oil particles and water is close to zero.

Lipid emulsions have been widely used in pharmaceutical and medical fields as

drug carriers. To be applied as parenteral, oral or topical formulations, emulsions

must be physically stable and nontoxic [47]. The diameter of oil droplets in stable

lipid emulsions is typically less than 500 nm. Many emulsion products are currently

on the market, including propofol injectable emulsion (Baxter and Astra Zeneca).

To formulate stable emulsions, suitable emulsifiers should be added to the

formulation [48]. It is also important to choose an appropriate oil to increase the

stability and biocompatibility of the emulsion [49].

9.3.5

Liposomes

A liposome is a vesicle made of lipid shells and filled with a portion of an aqueous

phase. Liposomes used as drug delivery systems are mostly small unilamellar

vesicles (SUV) and smaller-sized multilamellar vesicles (MLV) between 50 and 100
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nm in diameter. For pharmaceutical use, a hydrophobic drug can be incorporated

in the shell or in the inner aqueous phase. Since a liposome is not a thermody-

namically stable system, it can be produced by applying sufficient mechanical force

to break up the lamellae and overcome the curvature energy cost to form a closed

constrained vesicle from the bulk lamellar liquid crystalline phase [50].

Even though liposomes have been used widely as drug delivery systems, there

have been many problems in using conventional liposomes. Phospholipid lipo-

somes are very unstable and form aggregates upon storage. In the blood stream,

they are cleared out by the reticuloendothelial system (RES) as they can be recog-

nized as foreign bodies [51, 52]. The breakthrough occurred when long-circulating

liposomes were designed by incorporating lipids with covalently attached poly-

ethylene glycol (PEG) [53]. These, so-called, ‘‘stealth’’ liposomes have a relatively

long half-life (approximately 1 day) in blood circulation and can be targeted to a

desired tissue in vivo. The repulsive barrier properties of lipid-grafted PEG polymer

chains originate mainly from a steric pressure and this simple polymer steric

stabilization is the basis for the extended in vivo circulation times observed for

polymer-grafted liposomes [53].

Along with ‘‘stealth’’ technology, another novel technique has been put into the

development of successful liposome formulations. Conventionally, drug encapsula-

tion efficiency into the liposome has been very low since a liposome is prepared by

dispersing the bulk La phase in the aqueous system containing drugs. Considering

a liposome with a radius of 50 nm and a shell with a single bilayer whose thickness

is 5 nm. If the total lipid concentration was 3% (w/w) in the aqueous system at the

beginning, a rough calculation gives around 8% (v/v) of the trapped aqueous phase

inside the liposome. In reality, the bilayer has one to three layers and therefore the

drug trapping efficiency is almost always lower than 8%. A revolutionary technique

called remote loading technology was devised to increase the trapping efficiency of

drugs [54]. A relatively hydrophobic drug, e.g. doxorubicin, can penetrate the lipid

bilayer freely. The inner aqueous phase is rendered acidic with the bulk aqueous

phase at a higher pH, then the protonated doxorubicin forms precipitates out in-

side and cannot escape from the liposome droplet.

When a single lipid species is used to form liposome, different mean curva-

tures of the outer and inner bilayers could destabilize the liposome. Adding a small

amount of lipids with different spontaneous curvature could release the tension by

being preferentially distributed in one of the leaflets.

Many attempts have been made to prepare stable liposomes as drug delivery

systems and probes to identify proteins by adding the polymerizable lipids with

conjugated double or triple bonds that can be polymerized by applying heat or UV

light [55] or metal-chelating lipids [56].

9.3.6

Cubosomes and Hexosomes

In the early 1990s, Swedish scientists succeeded in dispersing the lipid cubic phase

in water by adding emulsifiers [57, 58]. They have termed the dispersed cubic
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phase as a ‘‘cubosome’’. A cubosome is prepared by micronizing the hydrated lipid

cubic phase in water. The interior of a cubosome comprises a thermodynamically

stable cubic phase wherein lipid and water components constitute continuous, but

separate, three-dimensional channels, and there exists a curved interface between

the lipid head group and water (Fig. 9.5). Therefore, cubosome formulations could

be advantageous over the conventional emulsion- or liposome-type formulations as

they can solubilize amphiphilic as well as hydrophobic and hydrophilic drugs. To

increase the stability of cubosome preparation, different preparation procedures

have been devised. Precursor type formulation that forms a cubosome spontane-

ously in the presence of water has been developed [59, 60]. A dry-powder-type

formulation was also prepared [61]. Cubosomes have been elegantly described in

mathematical terms [62] and have been developed as drug carriers by the scientists

in Camurus AB (www.camurus.se). Like liposomes, cubosomes have also been

polymerized successfully by utilizing reactive monoglyceride [63]. The term ‘‘hexo-

some’’ refers to a dispersed hexagonal phase and can also be produced by mechan-

ically micronizing the hydrated hexagonal phase in water (Fig. 9.5).

9.3.7

Other Lipid-based Pharmaceutical Nanoparticles

A hollow lipid microcylinder has been produced by cooling a liposome solution

composed of chiral diacetylenic lipids [64, 65]. Diacetylenic lipids are those with

conjugated triple bonds in the middle of hydrocarbon chains. Due to the chirality

of the diacetylenic lipid, the bilayer twists to form a tubular structure. Microtubules

have a diameter of approximately 0.5 mm and a length ranging up to a few centi-

Fig. 9.5. Cryo-transmission electron microscopy photograph of

cubosomes and hexosomes formed in the monoolein–water

system. (Reproduced with permission from Ref. [58].)
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meters. The bilayer forms a band arranged like a wrapping paper of a cigar, sepa-

rated by layers of water (Fig. 9.6). The inside (in the place of the cigar itself ) is

hollow and filled with water in an excess water environment. Antifouling agents

have been encapsulated into the interior of the microtubules and released in a sus-

tained fashion [66].

Lipid cochleates are stable precipitates made from phosphatidylserine and

calcium ions [67]. The structure of cochleates consists of a continuous, solid lipid

bilayer sheet rolled up in a spiral (Fig. 9.7). Unlike lipid tubules, there is no hollow

space for water in the cochleate system. The amphotericin B/cochleate system has

been shown to treat Candida infection when administered orally [68]. Cochleates

have also been used to deliver proteins and peptides for vaccine applications [69].

9.4

Mechanical Approaches

9.4.1

Types of Processing

The subdivisional potential penalty in Eq. (1) can be paid by mechanical energy in-

put to produce and maintain nanoparticles. Comminution to prepare pharmaceu-

Fig. 9.6. Electron micrographs of lipid tubules in methanol/

water (7:3) at lipid concentrations of 1 (a and b) and 5 mg ml�1

(c and d). The scale bar represents 1 mm. (Reproduced with per-

mission from Proc. Natl Acad. Sci. USA 1996, 93, 12943–12946.)
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tical nanoparticles uses mechanical energy. As the size of particles decreases, the

required mechanical energy dramatically increases. To relieve the burden of energy

input, additional support by surface active agents is generally used (Fig. 9.2) [9–

10]. A series of recent successful commercializations of nanoformulations using

this technique proves its efficiency.

Based on the type of mechanical energy employed, two typical types of process-

ing exist – shearing and fracturing [70]. For shear force generation, high-speed stir-

rers and high-shear mills are commonly used in the processing of low-viscosity

systems [71]. When a high-viscosity system is involved, shear force generation

requires different types of equipment such as extruders, roll mills, heavy-duty

mixers, etc. Fracturing is conveniently triggered by impact mills such as ball and

jar mills.

Comminution processes using media such as ceramic balls have commonly

been used to reduce the size of API. Both the wet and dry conditions can be used,

but individual nanoparticles in the dry state are relatively unstable. When a liquid

medium is used, heat dissipation is much more effective, and, more importantly,

the surface of nanoparticles can properly be wetted and stabilized by surface active

agents. Therefore, wet comminution is more common in pharmaceutical nanopar-

ticle processing. Ball and jar mills, vibratory mills, various attritors, etc., are of this

type [18, 19, 70].

In ball milling, grinding media is put into a cylindrical vessel with the drug.

The vessel is designed to rotate along an axis and the grinding media undergo a

cascading action that provides mechanical energy to reduce the particle size [8].

The critical speed is a speed where cascading stops due to high centrifugal force.

Ball milling should use a speed lower than the critical speed to maintain its cascad-

ing action. Attrition contributes more to particle size reduction below the critical

speed. The shape, size and density of grinding media affect comminution process.

Fig. 9.7. Scanning electron micrographs after freeze-fracturing

cochleate cylinders. Scale bar: 200 nm. (Reproduced with

permission from J. Controlled Rel. 2002, 81, 7–23.)
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An increase in the density and hardness of grinding media usually increases the

speed and amount of particle size reduction. A decrease in the size of media

produces the same results. Nonetheless, in wet comminution using surface active

ingredients, the surface properties of materials appear to be more important than

the properties of the grinding media [6]. Figure 9.8 shows a typical result of

particle size reduction as a function of milling time in the presence of a polymeric

stabilizer.

High-speed stirrers such as blade stirrers and rotor-stator dispersers produce the

same high-shear flow to obtain nanoparticles as high-shear mills such as colloid

mills, homogenizers, ultrasonic dispersers, etc. [8, 70, 71]. In a typical design of

high-pressure homogenization, the initial mainstream of a liquid (a dispersion

system) is separated into two liquid streams, and then they collide with each other

producing severe deformation and cavitation in the dispersion system [72]. Particle

size reduction mainly results from the deformation and cavitation action of high-

pressure liquid streams. The final particle size and its distribution significantly

depend on the various processing parameters.

9.4.2

Characteristics of Wet Comminution

In the wet comminution processes of nanoparticles, comminution continually frac-

tures organic crystals while polymer chains adsorb onto fresh surfaces and stabi-

lize each broken particle. The ‘‘primary’’ particle size produced by wet milling is

not necessarily the same as the particle size actually measured in water by a light

scattering method (Fig. 9.8). It is possible that some primary particles form aggre-

Fig. 9.8. Particle size reduction as a function

of time during wet milling. The concentration

of hydroxypropyl cellulose in the mother liquid

is shown. (a) Nanoparticles on a glass slide

(2� 2 mm). (b) Nanoparticulate compact

(1� 1 mm) (compaction pressure ¼ 136 MPa).

(Reproduced with permission from Ref. [6].)
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gates. Ideally, the smallest size of primary particles that can be achieved by me-

chanical breaking is related to the size of the damage zone ahead of the crack tip.

According to the Irwin’s equation of linear elastic fracture mechanics, the size of

the damage zone (rd) (lower particle size limit) is related to the stress intensity

factor (KIC) and yield stress (sy) as follows [6, 73]:

rd ¼ 1=6pðKIC=syÞ2 ð3Þ

If a set of typical values of KIC (0.05 MPam1=2) and sy (50 MPa) for organic crystals

is used [6, 74], rd is around 50 nm. Accurate calculation is rarely possible due to

the anisotropy of crystals and uncertainty in sy values, as well as the difficulty in

measuring the stress state, loading rate and temperature in wet milling. However,

the size of the damage zone (rd) will put a lower limit on the particle size that can

be attained by wet comminution [75, 76].

In the actual successful processing as shown in Fig. 9.8, the mean size of drug

particles depends more on polymeric stabilizers than on mechanical energies. In

semidilute polymer solutions, the adsorption of polymer chains will occur if the

free energy reduction associated with adsorption can compensate for the accompa-

nying entropy loss [77]. Since steric stabilization involves adsorption/desorption

processes and masking of dispersion forces, it naturally depends on the concentra-

tion of polymer in bulk solution (concentration in mother liquid), the size of par-

ticles, type of solvent, etc. The amount of adsorbed polymers was found to initially

increase with an increase in the concentration of polymer in bulk solution and

eventually reach a saturation point [6].

For polymers to provide effective steric stabilization, strong adsorption at full

coverage and a long time scale for desorption are necessary [77]. The common min-

imum layer thickness requirement for stabilization is around (0.05–0.2)� particle

size [77] and previous reports showed enough surface coverage based on a simple

approximation [6]. When naproxen and hydroxypropyl cellulose were used as a

drug and a stabilizer, the surface coverage of hydroxypropyl cellulose in 150-nm

particles was estimated to be around 1.5 mg cm�2, which corresponds to an average

polymer layer thickness of around 15 nm. It is uncertain whether this result can

be generalized for other polymer-stabilized nanocrystal systems. More precise cal-

culation requires an understanding of the polymer morphology on the surface of

drugs. Unfortunately, direct measurement of the thickness of polymeric stabilizers

has remained unsatisfactory. The atomic force micrographs in Fig. 9.9 clearly show

nanoparticles, but no detailed information on polymeric stabilizers.

9.4.3

Drying of Liquid Nanodispersions

In the wet comminution processes, the steric stabilization of polymers is effective

only in a liquid medium. While the use of a liquid medium is convenient for nano-

particle preparation, solid dosage forms are generally more important than liquid

forms in the pharmaceutical industry. Therefore, a drying process should be em-
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Fig. 9.9. Tapping mode atomic force microscopy images of

nanoparticles dried on a glass side from an aqueous dispersion

(a) and the surface of a nanoparticulate compact (b).

(Reproduced with permission from Ref. [6].)
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ployed to connect the wet process and the conventional unit operations of solid

dosage formulation. Various drying processes such as spray drying, fluidized bed

drying, freeze drying, etc., can be used to prepare dried nanoparticles.

Since the initial thermodynamic and kinetic compensations of the wet commi-

nution process become inactive as drying progresses, nanoparticles easily form ag-

gregates too strong to be dispersed in a liquid medium later. Nanoparticles slowly

dried under ambient conditions show their aggregation tendency as can be seen in

Fig. 9.9(a). Special care needs to be taken to keep each nanoparticle apart from

each other (‘‘re-dispersible’’). Otherwise, the advantages of nanoformulation can-

not be fully utilized in solid dosage forms. The drying process of nanoparticle dis-

persions has become a critical issue in the pharmaceutical industry.

Drying nanoparticle dispersions using conventional processes such as spray dry-

ing, freeze drying, etc., is not a trivial process development [16–20]. Solid dosage

formulation needs well-dispersed API nanocrystals (Figs. 9.8 and 9.9). For that rea-

son, the key property of dried nanoparticles is their ‘‘re-dispersibility’’, i.e. whether

they can restore their initial nanometer sizes when they are re-dispersed into an

aqueous medium. The re-dispersibility can be defined as D0=D (%), where D0 is

the initial mean particle size after preparation of the nanoparticle dispersion and

D is the particle size of re-dispersed powder in water. Then, 100% re-dispersibility

indicates that dried powders can fully revert to the original nanoparticles upon re-

dispersion into water.

Drying certainly increases the chances of aggregation of nanocrystals and poly-

mers. Steric stabilization requires active polymer chain movement in water, which

will be restricted as water is frozen or removed. Thus, it is a natural consequence

for nanocrystal dispersion to become less stable during drying or freezing (freeze

drying). Furthermore, the crystallization (crystal growth) of water in freeze drying

tends to exclude foreign particles from crystal regions and lead them to aggregate.

Therefore, for better re-dispersibility, fast drying or freezing is necessary and a sol-

uble compound such as a cryoprotectant is frequently added to serve as a medium

where solid nanoparticles are dispersed after drying. It was reported that there is a

critical freezing rate for a solid dispersion below which its re-dispersibility de-

creases from 70–100 to 2–3% [78].

Since drug nanoparticles are covered by adsorbed polymer chains, the breaking

strength of aggregates into primary nanoparticles would depend on how strongly

the polymer chains become entangled during drying [79]. Therefore, to prevent

strong entanglement, the frequency and duration time of contacts between nano-

particles need to be minimized by increasing drying speed. In an extreme case of

aggregation, API nanoparticles may fuse together. The re-dispersion of fused ag-

gregates can hardly be expected.

For a dispersion system, re-dispersibility might be treated as a result of com-

petition between drying speed and particle collision frequency. The motion of an

‘‘ideal’’ spherical particle could be characterized by using its hydrodynamic diame-

ter, d. The average apparent velocity of the particle, vapp, is:

vapp ¼ x=t ¼ ð2D=tÞ2 ð4Þ
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where diffusion coefficient, D ¼ kT=3phd, x is the average distance traveled by a

particle, t is the time, k is the Boltzmann constant, T is the temperature and h is

the viscosity [70, 77]. If a set of typical values is employed, vapp can be obtained

for a certain time interval, t. The apparent velocity vapp is only an approximation

and often fails to describe actual particle motion. However, it seems to hold true

that as the concentration increases, the collision frequency increases, resulting in

an increase in aggregation tendency. It requires the detailed analysis of interpar-

ticle force fields, polymer chain mobility, local heat and mass transfer, etc., to deter-

mine how fast a nanoparticle dispersion should be dried.

9.5

SCF Approaches

The use of near critical or SCFs for micro/nanoparticle formation has recently

been shown to be good in improving particle characteristics such as size, size dis-

tribution, shape and morphology. SCF technology can be an attractive recrystalliza-

tion method for some difficult-to-comminute materials such as certain explosives,

‘‘waxy’’ or ‘‘soft’’ dyes, polymers and pharmaceutical compounds, etc., that require

very small particles and narrow size distribution. Once used, the SCFs can be re-

cycled from dissolved solutes by just depressurizing. Thus, the SCF processes are

environmentally benign. The stainless construction, small number of moving part

and totally enclosed system are also favorable for the pharmaceutical current good

manufacturing practice (cGMP) requirements.

9.5.1

SCF Characteristics

More than 100 years ago it was found that SCFs could dissolve nonvolatile com-

pounds [80]. In the pressure–temperature diagram for a pure substance (Fig.

9.10), two nearby phases coexist at the solid curves and three phases (liquid, vapor

and solid) exist together at the triple point (TP). ‘‘Supercritical’’ means the state of

matter where the temperature and pressure of a single fluid are above the critical

point (CP) where the liquid–vapor phase boundaries (equilibrium curve) diminish.

The temperature and pressure at the CP are referred to as the critical temperature

(Tc) and critical pressure (Pc), respectively. By literal definition, the SCF is a fluid

that is at temperature and pressure higher than those at CP, and the area is called

a SCF region. In that region the substance can be brought into the vapor and liquid

without an abrupt phase change by lowering the pressure and temperature, respec-

tively. However, due to economic considerations, SCF processing is generally car-

ried out in the vicinity of the CP with reduced temperature (T=Tc) in the range of

1.01–1.1 and reduced pressure (P=Pc) in the range of 1.0–4.0.

SCFs have advantageous properties of gases and liquids such as a liquid-like

density (high solvation power), and gas-like diffusivity and viscosities (high mass

transfer rates, i.e. good mixing properties). In addition, near zero surface tension
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enables SCFs to easily migrate into various microstructures. For particle formation,

SCFs are very compressible near the CP, and their density and solvent power can

be changed dramatically by a small change of either pressure or temperature. Con-

sequently, their density and solvent power are continuously controlled for selective

operation in the SCF region a little distant from the CP. The solvent power can be

explained by a high enhancement factor of 104–106 (a dimensionless measure of

solvent power defined as the measured solubility of a substance in the solvent

divided by the solubility in an ideal gas) [81].

Carbon dioxide is one of the most extensively used SCFs (SCCO2) due to its

relatively low Tc (31.1 �C) which makes it attractive for processing heat-labile

substances such as pharmaceutical ingredients (Fig. 9.11). Additionally, it has a

moderate Pc (73.8 bar) and a good solvation power compared to other SCFs. It

is nontoxic, nonflammable and relatively inexpensive (US$0.11–0.15 kg�1) with

high purity.

9.5.2

Classification of SCF Particle Formation Processes

There have been a number of review articles for micro- and nanoparticle formation

using SCFs recently [82–88]. In the past 20 years various types of SCF particle

formation processes have been developed using different nucleating and growth

mechanisms, such as rapid expansion of supercritical solution (RESS), gas antisol-

vent (GAS) process, supercritical antisolvent (SAS) process, solution-enhanced dis-

persion by SCFs (SEDS), particles from gas-saturated system (PGSS), etc. Among

these techniques, RESS, SAS and SEDS are generally known to achieve nanopar-

ticle formation.

Fig. 9.10. P–T diagram of a pure substance.
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9.5.3

RESS

This process is used for materials soluble in a SCF. As shown in Fig. 9.12, the

RESS process simply uses a pump, extractor, nozzle and precipitator. Using the

compressed SCF, the solutes located in the extractor are dissolved and the super-

critical solution is introduced into the precipitator at low pressure (normally atmo-

spheric pressure) through capillary or laser-drilled disk-type nozzles. The resulting

rapid pressure drop in solution causes fast evaporation of SCFs and a dramatic

decrease in the solvation power of the solution, which leads to a high degree of

homogeneous supersaturation and simultaneous formation of very small particles.

This high supersaturation ratio, rapidly propagating mechanical perturbation

and thermal cooling enable the production of nanoparticles with a narrow size

distribution.

This technique can be used without any toxic organic solvent and, thus, is con-

sidered a contamination-free process. The general limitation of this process comes

from the low solubility of hydrophilic or high-molecular-weight pharmaceuticals,

resulting in poor throughput capacity even though a cosolvent is added to improve

the solvent power of SCF.

Many works have focused on atomization of pharmaceuticals, either to obtain

very fine particles with a narrow size distribution [89–93] or microcapsules which

include an API in the carrier [94–96].

Fig. 9.11. Reduced density–reduced pressure diagram for CO2

at various reduced temperatures (Tr) in the vicinity of the CP.
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9.5.4

SAS

This process can be used for the crystallization of substances insoluble in SCF (Fig.

9.13). Some similar techniques are called the aerosol solvent extraction system

(ASES) or precipitation with a compressed antisolvent (PCA) process. Drug and/

or carrier are first dissolved into a liquid solvent, and the solution is sprayed from

the top of and into a precipitator through a nozzle, where the SCF flows concur-

rently downward acting as an antisolvent for particle formation (Fig. 9.13). Two

particle precipitation mechanisms proceed simultaneously at a high speed, i.e. the

diffusion of a SCF into a liquid solution droplet (volumetric expansion of the or-

ganic solvent) and the evaporation of the liquid solvent into a SCF (depletion of

the solvent from the liquid solution droplet). These phenomena generate a high

degree of supersaturation of the solution, resulting in fast nucleation and growth,

and consequently produce solute nanoparticles. After collection of a sufficient

amount of particles, liquid solution pumping is stopped and pure SCF continues

to flow through the vessel to remove residual solvent from particles.

The operation pressure, temperature, jet breakup, droplet size and mass transfer

rates between droplets and the antisolvent phase control the particle size and mor-

phology. In this process, the rate of SCF mass transfer into droplets influences

particle formation, whereas the rate of solvent mass transfer into the SCF from

droplets has an effect on particle agglomeration. This process can also be operated

in a continuous mode that facilitates scaleup for the mass production of particles.

Many investigations have been carried out on atomization of pure pharmaceuti-

cal components such as insulin [97–100], ascorbic acid [101], pure biopolymer

microspheres (dextran [102] and polylactic acid (PLA) [103]), and microcapsules

Fig. 9.12. RESS process.
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which include an API in the carrier (chemotrypsin in PLA [104], lysozyme in PLA

[104] and naproxen in PLA [105]).

9.5.5

SEDS

The SEDS process is a modified version of the SAS. It enhances mixing efficiency

by adopting a two- or three-coaxial-channel nozzle (Fig. 9.14) to facilitate smaller

particle production. In this process, SCF is used both as an antisolvent and as a

Fig. 9.13. SAS process.

Fig. 9.14. Three-coaxial-channel nozzle system for SEDS process.
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solution dispersion enhancer. Due to the high velocity of a SCF stream, faster

breakup of solution and high mass transfer rates are achieved between the SCF

and the solution, and so very fine particles are attained. With a three-coaxial-

channel nozzle, one SCF stream and two organic solutions or two SCF streams

and one organic solution can be combined. An aqueous solution can also be

treated to form particles of water-soluble compounds such as proteins (lysozyme

and trypsin [106]) and sugars (lactose, maltose, threhalose and sucrose [107]) using

an aqueous solution of API/ethanol or methanol/SCCO2 system.

9.6

Electrostatic Approaches

The recent advance of spraying techniques under a high electrical field has opened

unique possibilities for nanoformulation [108–113]. Electrospraying to prepare

monodisperse pharmaceutical nanoparticles is currently being under active investi-

gation and many intriguing successes have been reported. Herein, electrospraying

will be briefly introduced as an emerging technology.

9.6.1

Electrical Potential and Interfaces

The effect of electrical charges on the surface energy of a solid or liquid has been

an interesting subject under thorough investigation. Common electrical charges

are generated by the preferential adsorption of ions. In the electrospraying pro-

cesses, an intentionally applied electrical field can effectively facilitate nanoparticle

preparation [70]. When the interface between a solid and water is charged, the

interfacial tension is reduced because of the greater interaction with water. This

effect is much smaller with an oil drop. The contact angle actually follows the

decrease of interfacial tension.

When an electrical field is applied between a nozzle and a collection part in

spraying, the size of drop generated from a nozzle is reduced depending on the

amount of applied charge (Fig. 9.15). Without an electrical field, the final size of a

drop from a nozzle depends on the surface energy and the gravitational force of

the drop (dripping mode in Fig. 9.16). With the aid of an electrical field, drops of

smaller size overcome their surface energy and detach themselves from the tip

of the nozzle (microdripping mode in Fig. 9.16) [114, 115]. As the electrical field

increases further, the decrease of drop size reaches a different stage. The charged

surface of the drop can no longer sustain its integrity and induces total breakup

into droplets of much smaller size (Fig. 9.16). Usually, the droplets are of invisible

nanometer size. Transition into this stage is easily confirmed by checking the for-

mation of a Taylor cone (cone-jet in Fig. 9.16) structure at a nozzle tip [114].

The cone-jet mode was successfully explained by Talyor in 1964 [114]. The size

of droplets is determined by the hydrostatic balance between electrical and surface

tension forces. Further elaboration of the phenomena was later performed by Fer-
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Fig. 9.15. Electrospraying induces the breakup of charged drops by a surface electrostatic force.

Fig. 9.16. Different stages of electrospraying drops

(cyclohexanol): dripping mode (top left), microdripping mode

(top right) and cone-jet mode (bottom). (Reproduced with

permission from Ref. [115].)
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nández de la Mora and Loscertales [116, 117] and Gaňán-Calvo et al. [118–120].
The detailed relationship between current and flow rate was established depending

on the properties of liquids employed. Particle size can be predicted in an ideal

case from various parameters such as current, flow rate, permittivity and conduc-

tivity, etc. For example, when conductivity and viscosity are relatively low, particle

diameter, d, is:

d@ ½ðb� 1Þ1=2Qe0=K �1=3 ð5Þ

and when both the viscosity and conductivity is high, d is:

d3=2 @Q=I ð6Þ

where I is the current, Q is the flow rate, b is the liquid to vacuum permittivity

ratio, K is the electrical conductivity and e0 is the vacuum permittivity [116–120].

When the flow rate is relatively high, a ramified jet results instead of the cone-jet

mode (Fig. 9.17). With relatively high conductivity and viscosity, electrospraying

works in the spindle mode, which is often used to prepare nanofibers (Fig. 9.17)

[114, 115]. Various factors such as flow rate, current, electrical conductivity, permit-

tivity, liquid/gas surface tension, viscosity and density need to be considered to

obtain a specific spraying mode, [117, 119–121].

9.6.2

Electrospraying

In a simple electrospraying case, an electrically conductive liquid is slowly injected

into a capillary having a potential difference of at least several thousand volts

between a plate and itself. Liquids turn into charged droplets out of the ‘‘Taylor

cone’’ at the capillary tip (Figs. 15 and 16). Proper posttreatments lead the droplets

to form stable pharmaceutical nanoparticles. When a coaxial capillary is used, core/

shell-type nanoparticles can be obtained (Fig. 9.18); recently, nanoparticles with

more complicated internal structures have been reported [116, 119, 122].

Conventional spraying gives unique advantages for pharmaceutical applications

when combined with an electrical field. First, relatively monodisperse pharmaceu-

tical nanoparticles can be conveniently prepared (Fig. 9.19). Since the size of drop-

lets is determined by electrical surface charge, monodispersity can readily be ac-

complished, and size control is relatively easy. It is also an important bonus that

organic solvents are not necessary for this technique. Compared to other prepa-

ration methods, electrospraying can be applied to pharmaceutical materials of

various physical properties since this method does not significantly rely on the

hydrophilicity of solvents and pharmaceutical materials. Proteins can be processed

regardless of their surface hydrophilicities. Moreover, protein is known to be stable

in high electrical fields. While other methods using organic solvents or mechanical

energies often destroy the viability of proteins, electrospraying does not cause such
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problems [123]. As a result, nanoformulation of many different types of drugs, in-

cluding proteins, can be developed using electrospraying technique.

Core/shell nanoparticles are especially useful for drug delivery systems (Fig.

9.18) [116]. Two liquids are injected into two coaxial capillaries under an electrical

field and form nanoparticles as a result of the electrohydrodynamic force. The sizes

of two capillaries can range from a few micrometers to several millimeters and the

electrical field is applied to the outer capillary. The electrical potential of the inner

capillary depends on the electrical conductivity of the liquid in the outer capillary.

By changing flow rates and the electrical field, nano-encapsulated particles can be

prepared. The size of core/shell particles and the thickness of coating shells de-

pend on the various physical properties of materials, but they are easily controlled

by adjusting flow rates of two liquids.

Fig. 9.17. Different stages of electrospraying: ramified jet and

random spraying (top), and spindle mode (bottom).

(Reproduced with permission from Ref. [115].)
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Fig. 9.18. Schematic illustration of coaxial electrospraying

equipment to prepare core/shell drug particles. (Reproduced

with permission from Ref. [116].)

Fig. 9.19. Nanoparticles prepared from electrospraying.
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The current during coaxial electrospraying mainly relies on the flow rate of more

conductive liquid (driving liquid) between the two liquids employed. Whether the

driving liquid is injected into the outer or inner capillary affects the core/shell par-

ticle formation mechanism. Once it is decided, the flow rate of driving liquid needs

to be carefully controlled to obtain a proper current, and resulting particle size and

internal structure.
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10

Production of Biofunctionalized Solid Lipid

Nanoparticles for Site-specific Drug Delivery

Rainer H. Müller, Eliana B. Souto, Torsten Göppert and Sven Gohla

10.1

Introduction

The concept of site-specific drug delivery using particles has greatly benefited from

the fast development of nanotechnology to a stage where it is possible not only to

produce such small particles (less than 1 mm) in a very narrow size distribution

range, but also to modify the particle surface in order to provide site-specific deliv-

ery of drugs.

It is well known that the size of nanoparticles and their surface characteristics

are crucial factors to determine the success of the particles when used in vivo.
With regard to the particle dimensions, it has been shown that nanometer-sized

particles could be used for drug targeting, especially to the mononuclear phagocyte

system (MPS) and the polymorphonuclear leukocytes, a mechanism that is based

on their natural tropism and their biophysical properties [1, 2]. Concerning the

surface characteristics, such as hydrophobicity and electrical charge, the internal-

ization of nanoparticles by cells other than MPS cells is severely limited by the

short residence time of particles in the blood. The modification of nanoparticle

surface induces alterations in cell behavior distinct from the unmodified particles,

suggesting that cell response and uptake can be directed via specifically engineered

particle surfaces. The surface of nanoparticles can be modified using hydrophilic

chains, such as polyethylene glycol (PEG), to prolong the circulation time of those

carriers in the blood by resisting protein adsorption, reducing or avoiding the nat-

ural blood opsonization process and therefore their intracellular uptake by macro-

phages from the liver and spleen [2, 3]. The electrical charge of the nanoparticles

also affects their in vivo fate [4–7].

This approach has been applied to target drug substances incorporated into

colloidal drug carriers such as liposomes [8] and polymeric nanoparticles [9]. How-

ever, the use of those systems had some disadvantages. In spite of being one of the

most extensively investigated drug delivery systems, liposomes show some chemi-

cal and physical stability problems that can lead to aggregation and drug degrada-

tion or expulsion of drug during storage, limiting their therapeutic performance

[10]. Regarding the use of polymeric nanoparticles, the cytotoxicity of polymers
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and the problems with polymer chemistry, as well as the need for g-irradiation for

production of sterile formulations, which can cause decomposition of incorporated

drug and/or polymer and formation of potentially carcinogenic radicals, are the

main disadvantages. Several synthetic polymers, such as poly(lactic acid) (PLA),

poly(b-hydroxybutyrate) (PHB) and poly(lactide-co-glycolide) (PLGA), have shown

good histocompatibility and biodegradability, and their safety has been extensively

documented. However, even those polymers which are accepted for use as micro-

particles and implants can show cytotoxic effects when delivered as nanoparticles

or as very small microparticles [11].

Cytotoxic effects can occur both on the outside of the phagocytic cells or after in-

gestion in the interior of the cell. Therefore, both surfactants and matrix material

can lead to cytotoxic degradation products [12, 13]. Furthermore, there is a lack of

large-scale production methods for polymeric nanoparticles which are acceptable to

the regulatory authorities and at the same time cost-effective. As a consequence –

in contrast to liposomes – no polymeric nanoparticulate product is on the market

(only polymeric microparticles).

In order to achieve higher viability of cells (i.e. better tolerability) and decrease

the risk of toxicity, nanoparticles can be produced by using lipids which are solid

both at room and at body temperature. Such systems are called solid lipid nano-

particles (SLN) [14], and they have been recently tested as site-specific carriers par-

ticularly for drugs that have a rapid metabolism and are quickly eliminated from

the blood, i.e. peptide and protein-loaded SLN [15, 16]. A clear advantage of these

particles is the fact that the lipid matrix is composed of physiological lipids, e.g.

generally recognized as safe (‘‘GRAS’’) status, which decreases the risk of acute

and chronic toxicity [17]. SLN prepared with several lipids and emulsifying agents

do not exhibit any cytotoxic effects in vitro up to concentrations of 2.5% lipid. In

fact, it has been shown that even concentrations higher than 10% of lipid phase

led to a viability of 80% with human granulocytes in culture [12]. For comparison,

PLA nanoparticles showed complete cell death at 0.5% [12, 18]. In addition, a high

loading capacity for a broad range of drugs can be achieved, especially if they have

lipophilic properties [17, 19].

Due to their physiological and biodegradable properties, SLN have been tested

for several administration routes [20], such as the oral and peroral routes [21, 22],

pulmonary route, ocular [23], topical, dermal and transdermal administration [24–

29], as well as for gene therapy [30–32], as new adjuvants for vaccines [33], and for

parenteral delivery [34–38]. Concerning the latter, SLN can accumulate in target

tissues based on their natural host cell tropisms and on their biophysical properties

(passive targeting). In practice, active targeting to cells other than MPS cells is

often insufficient for rapid and specific accumulation in target tissues. Further im-

provement of tissue selectivity can be achieved by engineering the surface of SLN

with hydrophilic polymers [39, 40] or coupling targeting ligands [41–43].

In the present chapter, the concept of differential protein adsorption as well as

the concept of functionalization of SLN via surface modification will be defined

and discussed from a practical point of view. First, a brief introduction to the con-

cept of differential adsorption after intravenous administration will be given, fol-

288 10 Production of Biofunctionalized Solid Lipid Nanoparticles for Site-specific Drug Delivery



lowed by a description of the methods used for the preparation of coated SLN. The

last section will focus on the functionalization of SLN by modification of their sur-

face characteristics, where some examples will be presented.

10.2

Concept of Differential Adsorption

By far the greatest attention to deliver drugs to selected sites in body has been

focused on the intravenous route. Figure 10.1 reviews the main approaches to

achieve both passive and active targeting. After injection, hydrophobic carriers will

adsorb opsonins leading to uptake by the macrophages. In the liver, the macro-

phages are located in the layer of the endothelial cells. In case carriers are surface

modified with hydrophilic polymers, e.g. PEG chains, the adsorption of opsonins

will be minimized or avoided. Long-term blood circulation is achieved with such

carriers which can be used, for example, for the controlled release of drugs. By at-

Fig. 10.1. Approaches to achieve passive targeting, long-

circulating carriers for prolonged drug release and target-

specific carriers (active targeting) via the intravenous route.

(With permission after Ref. [80].)
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taching targeting moieties to these ‘‘stealth’’ carriers, location at specific cells can

be achieved which carry the appropriate receptor and are accessible from the blood,

e.g. the endothelial cells of the blood–brain barrier (BBB) or cells which are behind

fenestrated blood vessels, such as liver or bone marrow.

Since the 1950s attempts have been made in order to correlate the organ distri-

bution of intravenous injected drug carriers with their physicochemical properties,

such as particle size [44] or electrical charge [7]. At the end of the 1980s it was real-

ized that such a complex process like organ distribution could not be explained

only by the physicochemical characteristics of the above-mentioned carriers [45].

After intravenous injection colloidal drug carriers immediately interact with plasma

proteins, which are adsorbed onto the surface of the carriers. These adsorbed

plasma proteins are generally accepted as the determining factor for the in vivo
fate of the carriers. Drug carriers with different protein adsorption patterns will

be recognized by different macrophage subpopulations (‘‘concept of differential ad-

sorption’’ [45, 46]), carrying proteins such as opsonins, like immunoglobulins or

complement factors. When these are preferentially adsorbed onto the carriers’ sur-

face, these carriers are immediately recognized by the MPS as foreign bodies and

are therefore ‘‘cleared’’ from the blood. In contrast, when dysopsonins, such as

hydrophilic proteins like albumin [47], are enriched on the carriers’ surface the

systems will not be so easily recognized by macrophages. Such carriers are useful

as circulating depots for the controlled release of drugs. Thus, in order to achieve

an active drug targeting with these nonrecognizing carriers, it is important to have

an additional enrichment of a protein mediating uptake into the target cells.

The decisive adsorption patterns acquired after intravenous injection depend on

the physicochemical properties of the carriers [45, 48]. Therefore, there is a corre-

lation between the physicochemical surface characteristics of the carriers, the

plasma protein adsorption patterns and the resulting organ distribution (Fig. 10.2).

Knowledge of this basic correlation can be exploited to develop site-specific intrave-

nous carriers in a controlled way.

Fig. 10.2. Basic correlation exploited in the development of

site-specific colloidal drug carriers (concept of ‘‘differential

protein adsorption’’).
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In the middle of the 1990s, Kreuter et al. showed the possibility of site-specific

targeting of various drugs, such as dalargin, enkephalin, tubocurarine and doxoru-

bicin, into the brain by using polysorbate-coated poly(butyl cyanoacrylate) (PBCA)-

nanoparticles [49–52]. The efficiency of drug delivery into the brain depended on

the coating of those particles with polysorbate surfactants, particularly polysorbate

80, but also polysorbate 20, 40 and 60. Other surfactants such as poloxamers (e.g.

poloxamer 338) led to no effects [53]. Using two-dimensional polyacrylamide gel

electrophoresis (2-D PAGE), Müller et al. observed an enrichment of apolipopro-

tein E (apoE) on the surface of PBCA nanoparticles after incubation in human

plasma. No apoE adsorption was seen after incubation with the other surfactants

mentioned before [54]. ApoE seemed to play an important role in the transport of

lipoproteins into the brain via the low-density lipoprotein receptor at the BBB [55].

Thus, it is possible that apoE-adsorbing drug carriers mimic lipoprotein particles

leading to their brain uptake by endocytic processes. This theory was confirmed

by turning the negative control in the Kreuter experiments [uncoated PBCA nano-

particles (no polysorbate adsorbed), loaded with dalargin] into a brain-specific

carrier. ApoE was preadsorbed prior to injection and then the particles were able

to carry dalargin across the BBB. Figure 10.3 summarizes the Kreuter experiments

[49, 56].

In the experiments performed by Kreuter et al. the drug was adsorbed onto the

surface, leading to a limited loading capacity. Furthermore, these polymeric nano-

particles exhibit the already mentioned toxicity problems. Due to the limited load-

ing capacity, too much matrix material is required to deliver a sufficient amount of

the drug to the brain. In addition, the in vivo biodegradation will be relatively slow,

i.e. depending on the dose, the carrier material might accumulate in the target cell.

In addition, the degradation leads to a release of toxicologically problematic form-

aldehyde [57], whereas it is a controversial discussion if the formaldehyde is really

Fig. 10.3. Scheme of the experiments performed by Kreuter et al. (Modified after Ref. [56].)
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a problem. Thus, the ‘‘concept of differential adsorption’’ and the analytical meth-

odology to investigate the decisive adsorption patterns were transferred to the

in vivo well tolerable SLN. Special SLN were produced using different surfactants

and the influence on plasma protein adsorption patterns was investigated by 2-D

PAGE.

10.3

Production of SLN

SLN of narrow size ranges can easily be produced and coated with hydrophilic

polymers, providing convenient, readily targetable systems [15, 34, 36]. In order to

prepare SLN with adsorbed hydrophilic polymers onto their surface, the literature

describes three main production methods. These methods are the high-pressure

homogenization (HPH) technique developed by Müller and Lucks [14], the

microemulsion-based SLN technique developed by Gasco [58] and the solvent

emulsification-evaporation technique described by Sjöström and Bergenståhl pre-

paring SLN dispersions by solvent evaporation in oil-in-water (o/w) emulsions

[59]. However, methods such as the solvent displacement and the emulsification-

diffusion techniques, which have been used to prepare polymeric nanoparticles,

have also been tested for SLN preparation [60].

Production of SLN by HPH can be done using either the hot or the cold homog-

enization technique. For both techniques, the active compound is dissolved or dis-

persed in the melted lipid prior to HPH [19, 20]. Concerning the hot technique,

which is the most frequently applied technique, two different phases are prepared

at the same temperature – the lipid phase consisting of melted lipid mixed with

drug and the aqueous phase consisting of a hot solution where the hydrophilic

coating polymer or protein is dissolved. Both phases are mixed by high-speed stir-

ring or by ultrasound breaking the large droplets of the internal lipid phase into

smaller ones yielding a pre-emulsion. This pre-emulsion is then passed through a

high-pressure homogenizer applying, for example, a homogenization pressure of

500 bar and one to three homogenization cycles. The obtained nanoemulsion is

cooled and solidifies, forming an aqueous SLN dispersion. This technique can pro-

cess lipophilic and insoluble drugs. Even temperature-sensitive compounds (e.g.

retinol) can be incorporated into the SLN matrix by hot HPH once the exposure

time to elevated temperatures is relatively short [19]. However, this technique is

not suitable for incorporating hydrophilic drugs because they will partition from

the melted lipid to the water phase during the homogenization step, resulting in

a too low loading capacity.

With regard to the cold technique, the drug-containing lipid melt is cooled and

solidified. Dry ice or liquid nitrogen are added to increase the brittleness of the

lipid and to ease the further milling procedure. The high cooling rate favors a ho-

mogeneous distribution of the drug within the lipid matrix. After solidification, the

lipidic mass is ground by means of ball or mortar milling to yield lipid micro-

particles with a diameter between 50 and 100 mm. The lipid microparticles are then
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dispersed in a cold surfactant solution by stirring, yielding a macro-suspension.

This suspension is passed through a high-pressure homogenizer at/or below

room temperature and the microparticles are broken down to form SLN. The

cavitation and shear forces in the homogenization gap are sufficiently high to

break the microparticles and to yield SLN. The cold HPH technique minimizes

the thermal exposure of the sample, but does not avoid it completely due to the

melting of the lipid in the initial step of the process. Therefore, this technique is

recommended for extremely temperature-sensitive or hydrophilic drugs, which

might partition from the liquid lipid phase to the water phase during hot HPH.

SLN prepared by this procedure possess slightly higher mean particle sizes and

polydispersity indices compared to those obtained by the hot HPH technique of

the same lipid at identical homogenization parameters (pressure, temperature

and number of homogenization cycles). To further reduce the mean particle size

and to minimize the polydispersity, a higher number of homogenization cycles

can be applied. The cold HPH technique can also be employed when the lipid

matrix is composed by lipids with high melting points [61]. Note that this tech-

nique is less effective in dispersing the lipids. During the production process, the

lipid matrix remains mainly in the solid state despite possible high (but extremely

short) temperature peaks occurring in the high-pressure homogenizer. The ho-

mogenization can be performed slightly below the melting point of the lipid (e.g.

5–10 �C), which seems to lead to a softening of the lipid during the homogeniza-

tion process. The softened lipid can be more easily dispersed, leading to a more

uniform product of smaller mean SLN diameter. The homogenization temperature

needs to be carefully selected because otherwise the loss of hydrophilic drugs to the

water phase might be too high.

For the preparation of SLN using the microemulsion technique developed by

Gasco, the lipid phase is melted and at the same temperature (approximately 60–

70 �C) an o/w surfactant/cosurfactant-containing aqueous phase is prepared [58,

62]. Both lipid and aqueous phases are added, and mixed in such a ratio that a

microemulsion results. SLN are obtained when the hot microemulsion is diluted

into excess of cold water leading to a ‘‘breaking’’ of the microemulsion, converting

it into an ultrafine nanoemulsion, which recrystallizes forming SLN. The reasons

for the breaking of the emulsion are the dilution with water and the reduction of

temperature narrowing the microemulsion region.

Regarding the preparation of SLN by solvent evaporation in o/w emulsions

described by Sjöström and Bergenståh, the lipid phase is dissolved in a water-

immiscible organic solvent, such as cyclohexane, chloroform or methylene

chloride. Then the drug is dissolved or dispersed producing an organic phase con-

taining the drug [63, 64]. This organic phase is emulsified in an o/w surfactant-

containing aqueous phase by mechanical stirring. Upon evaporation of the organic

solvent from the obtained o/w emulsion under mechanical stirring or reduced

pressure, a nanoparticle dispersion is formed by precipitation of the lipid in the

aqueous medium.

In the solvent displacement technique described Fessi et al. [65], the lipid phase

is dissolved in a semipolar water-miscible solvent, such as ethanol, acetone or
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methanol, where the active compound is also dissolved or dispersed. Simultane-

ously, an o/w surfactant-containing aqueous phase is prepared. The organic phase

is injected into the aqueous phase under magnetic stirring. A violent spreading is

observed because of the miscibility of both phases. Droplets of solvent of nano-

meter size are torn from the o/w interface. These droplets are rapidly stabilized

by the surfactant molecules presented in the aqueous phase, until diffusion of

the solvent is complete and lipid precipitation has occurred. Removal of solvent

can be performed by distillation. SLN are formed after total evaporation of the

water-miscible organic solvent.

With regard to the emulsification-diffusion methodology described by Quintanar-

Gerrero and Fessi, this technique involves the use of a partially water-soluble sol-

vent, such as benzyl alcohol [66] or tetrahydrofuran [67], which is saturated with

water to ensure the initial thermodynamic equilibrium between those two liquids

(water and solvent). The lipid is dissolved in the saturated solvent producing an or-

ganic phase where the drug is added. This organic phase is then emulsified, under

vigorous agitation, in an aqueous solution containing a stabilizer agent obtaining

an o/w emulsion. The subsequent addition of water to the system, under moderate

mechanical stirring, causes solvent diffusion into the external phase and the lipid

starts precipitating. Depending on its boiling point, the solvent can be eliminated

by distillation or ultrafiltration. After the organic solvent is totally eliminated, an

aqueous dispersion of SLN is formed.

Comparing the different methodologies described above, HPH is the most

broadly used in different areas and it is also established in pharmaceutical pro-

duction, e.g. the production of emulsions for parenteral nutrition (Intralipid1 and

Lipofundin1) [17]. This technique overcomes a major problem of other methods,

i.e. large scale production. HPH also leads to nanoparticles with a relatively homo-

geneous size distribution, which increases the physical stability of the aqueous

SLN dispersion.

The microemulsion method has the disadvantage of the dilution of the particle

suspension with water, which needs to be removed. However, it avoids the collapse

of the hydrophilic chains coating the surface of the particles [20]. Methods requir-

ing solvent evaporation from o/w emulsions have the inconvenience of using or-

ganic solvents. In addition, evaporation must be fast in order to avoid collapse of

the hydrophilic chains and potential aggregation.

10.4

Functionalization by Surface Modification

As already mentioned, targeting of drugs to different sites of the body via intra-

venous administration requires avoidance of recognition of the carrier system by

macrophages of the MPS. To achieve this goal, nanoparticles were engineered

by modifying the surface using nonionic surfactants such as poloxamers, polox-

amines or polysorbates, reducing adsorption of proteins and blood opsonins com-

pared to uncoated particles [68] (Fig. 10.4).
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Fig. 10.4. Functionalization by surface modification of

nanoparticles with poloxamer and polysorbate surfactants and

resulting effects obtained in vivo (PS, polystyrene particle;

PBCH, polybutylcyanoacrylate nanoparticle).
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Once the phagocytic uptake is dependent on the surface hydrophilicity, i.e. it

increases with the increase of hydrophilicity, it would be beneficial to have an en-

richment of hydrophilic proteins (so-called dysopsonins) on the carriers’ surface

[69–71]. Such dysopsonins are, for example, albumin and apolipoproteins. Apoli-

poproteins are inherently adsorbed onto the surface of hydrophobic lipids such as

triacylglycerols, cholesterol and cholesterol esters, forming lipoproteins in the

blood. They show a relatively flexible molecular structure, which is able to change

its conformation when adsorbing onto surfaces (‘‘soft proteins’’) [72]. This ability

of changing its multiple a-helical segments in the interface in contact to water is

the crucial property of these proteins for the efficient removal of nonpolar residues.

Therefore, it has been anticipated that apolipoproteins would have a great affinity

to SLN as well, because these particles also have a lipid core like lipoproteins.

Indeed, a 5-min incubation of different SLN formulations with human plasma at

37 �C and subsequent 2-D PAGE analysis revealed apolipoprotein adsorption of

up to 90% of the total amount of proteins adsorbed.

Figure 10.5 shows the plasma protein adsorption patterns obtained after 2-D

PAGE analysis (2-D PAGE separation and subsequent silver staining) of cetyl

palmitate-based SLN (10% m/m), stabilized with polysorbate 60 (PS60-SLN) and

stabilized with poloxamer 338 (1.2% m/m) (PX338-SLN).

The adsorption patterns did not differ greatly with regard to the qualitative as-

pects of the adsorbed proteins. However, the apolipoproteins showed particularly

distinct quantitative changes in the adsorbed amounts, showing the importance of

the surfactant used for production of functionalized SLN.

Fig. 10.5. Plasma protein adsorption patterns

of PS60-SLN (left) and PX338-SLN (right)

obtained after 2-D PAGE separation and silver

staining. The whole 2-D gels are shown; pI

4.0–9.0 (from left to right, non-linear)

molecular weight 250–60 000 Da (top to

bottom, non-linear); 1, albumin; 2, IgM m

chain; 3, fibrinogen a chain; 4, fibrinogen b

chain; 5, fibrinogen g chain; 6, apoH; 7, a1-

antitrypsin; 8, apoA-IV; 9, apoJ; 10, apoE; 11,

apoA-I; 12, transthyretin; 13, apoC-III; 14,

apoC-II; 15, apoA-II; 16, haptoglobin b chain.

(With permission after Ref. [46].)
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Interestingly, apoE, which is hardly detectable on 2-D PAGE gels of human

plasma, was enriched on the PS60-SLN (Fig. 10.5, left, spot 10), whereas no apoE

could be detected on the PX338-SLN. ApoE was also adsorbed onto SLN surface,

stabilized by polysorbate 20, 40 and 80 (in similar amounts). This result is in agree-

ment with the findings documented by Müller et al., who investigated the brain

specificity of PBCA nanoparticles coated with polysorbates and the lack of brain

specificity of PBCA nanoparticles coated with poloxamers (e.g. poloxamer 338)

[54].

The spot intensity was evaluated using special software from Bio-Rad (MELANIE

III). For data evaluation it has to be taken into account that the silver-staining

density is characteristic for each protein [73]. A quantitative comparison between

identical protein types on different 2-D PAGE gels is valid, but not between dif-

ferent protein types on an identical gel. Therefore, quantitative 2-D PAGE data

assessment is called ‘‘semiquantitative’’. Nevertheless, it can be used for a reliable

approximation of the amount of protein adsorbed.

Typical opsonins, such as immunoglobulins or complement factors, were not de-

tected or were detected in a very low amount (below 5%) on both types of SLN.

However, it must be pointed out that PX338-SLN shows higher quantities of fibri-

nogen adsorbed onto their surface, which has an opsonic function. However, apo-

lipoproteins dominate the protein adsorption patterns (about 86% on PS60-SLN

and about 70% on PX338-SLN). From these results, it can be concluded that both

SLN types should have the potential to circulate in the blood stream for a pro-

longed time; in particular, PS60-SLN should be able to target drugs to the brain.

The first results of in vivo experiments conducted with Nile Red-labeled PS60-SLN

indeed nicely showed adherence of particles to the endothelial cells of the brain

vessels [74, 75]. Pictures obtained by confocal laser scanning microscopy of the

mouse brain tissue showed the particles adhering to the endothelium of the brain

vessels, as well as the dye diffusing into the brain tissue. See Fig. 10.6.

Studying a full range of different poloxamer polymers as stabilizers for different

SLN formulations revealed that apoE was preferentially adsorbed on the surface of

SLN which were stabilized with a poloxamer having a low number of polyethylene

oxide (PEO) units. There was an exponential relationship between adsorbed apoE

and the PEO chain length, showing highest adsorption of apoE when using polox-

amer 184 and poloxamer 235 [76]. These results are in good agreement with the

apoE values obtained by Blunk [77] with o/w emulsions (20% w/w soya oil) stabi-

lized with the respective poloxamers (2.5% w/w). Again, highest apoE adsorption

occurred when using polymers with short PEO blocks in the molecule.

On cetyl palmitate SLN stabilized with egg lecithin, apoE was enriched up to 5%

on their surface [78]. Recently, interesting accumulations in the brain were re-

ported after intravenous injection of SLN with camptothecin [34], paclitaxel [79]

and 3 0,5 0-dioctanoyl-5-fluoro-2 0-deoxyuridine [15]. All of these workgroups used

lecithin as a stabilizer among other surfactants. From this, it can be assumed that

apoE was also enriched on the surface of these SLN, leading to their uptake into

the endothelial cells of the BBB.

According to these observations, it can be assumed that SLN are suitable car-
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riers, especially when stabilized with polysorbates, to be biofunctionalized with

apoE in the blood to have a high potential to deliver drugs to the brain.

10.5

Conclusions

Over recent decades, significant efforts have been made towards the surface modi-

fication of various polymeric drug carriers with PEG, not only to improve their bio-

compatibility and blood circulation times, but also to resist protein adsorption and

to increase target cell uptake efficiency.

The surface characteristics of intravenously administered particulate drug car-

riers decisively influence the protein adsorption, which is regarded as a key factor

for the in vivo fate of the carriers. It has already been shown that immobilization

of PEG on nanoparticles reduces uptake by MPS cells and subsequently increases

the amount of nanoparticle uptake into cancer cells in comparison to unmodified

nanoparticles. For brain-targeting, substances such as the hexapeptide dalargin, lo-

peramide and doxorubicin have been adsorbed into coated polymeric nanoparticles

with a surfactant. In order to reduce toxicological problems of polymeric nano-

particles, biodegradable lipid nanoparticles such SLN can be used. This chapter

has given a brief review of the state of the art of biofunctionalized SLN, as well as

a brief description of the main production methods of these carriers. In vivo data

Fig. 10.6. Semiquantitative plasma protein composition on

PS60-SLN and PX338-SLN expressed in percent (percentage of

the overall detected protein pattern); error bars represent the

standard deviation ðn ¼ 2Þ. (With permission after Ref. [46].)

298 10 Production of Biofunctionalized Solid Lipid Nanoparticles for Site-specific Drug Delivery



about achievements in targeting with SLN are summarized. The results obtained

with lipid nanoparticles systems are quite promising for further developments in

this research field.
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64 B. Sjöström, B. Kronberg, J.

Carlfors, A method for the

preparation of submicron particles of

sparingly water-soluble drugs by

precipitation in oil-in-water emulsions.

I: influence of emulsification and

surfactant concentration, J. Pharm.
Sci. 1993, 82, 579–583.

65 C. Fessi, J. P. Devissaguet, F.

Puisieux, C. Thies, C., Process for

the preparation of dispersible colloidal

systems of a substance in the form of

nanoparticles, US patent 5,118,528,
1992.

66 M. Trotta, F. Debernardi, O.

Caputo, Preparation of solid lipid

nanoparticles by a solvent

emulsification-diffusion technique,

Int. J. Pharm. 2003, 257, 153–160.
67 P. Shahgaldian, J. Gualbert, K.

Aı̈ssa, A. W. Coleman, A study of the

freeze-drying conditions of calixarene

based solid lipid nanoparticles, Eur. J.
Pharm. Biopharm. 2003, 55, 181–184.

68 S. M. Moghimi, I. S. Muir, L. Illum,

S. S. Davis, V. Kolb-Bachofen,

Coating particles with a block co-

polymer (poloxamine-908) suppresses

opsonization but permits the activity

of dysopsonins in the serum, Biochim.
Biophys. Acta 1993, 1179, 157–165.

302 10 Production of Biofunctionalized Solid Lipid Nanoparticles for Site-specific Drug Delivery



69 S. Rudt, R. H. Müller, In vitro
phagocytosis assay of nano- and

microparticles by chemiluminescence.

II. Effect of surface modification by

coating of particles with poloxamer on

the phagocytic uptake, J. Controlled
Rel. 1993, 25, 51–59.

70 R. H. Müller, D. Rühl, M. Lück,
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Biocompatible Nanoparticulate Systems for

Tumor Diagnosis and Therapy

Mostafa Sadoqi, Sunil Kumar, Cesar Lau-Cam and Vishal Saxena

11.1

Introduction

Nanotechnology is the development and engineering of materials, devices and sys-

tems so small that they can be measured on a molecular scale. This emerging tech-

nological field has received considerable attention in the past two decades due to its

numerous medical, pharmaceutical, environmental and military applications.

The development of nanoparticles and nanodevices capable of navigating in the

bloodstream and of reaching specific destinations remains an attractive and most

desirable biomedical endeavor since, for example, it can provide the clinician with

an effective and powerful means for detecting and/or treating pathological abnor-

malities such as solid tumors. Ideally, a nanodevice suitable for diagnostic and

therapeutic use should exhibit good physical stability within the biological environ-

ment it needs to travel, be fully biocompatible, and show high affinity and selectiv-

ity for its final target.

One possible way of maximizing the clinical capabilities of nanodevices is to

combine nanotechnology with photonics [1]. For this purpose, nanoparticles carry-

ing a suitable photoexcitable molecule are converted in situ, under the activating

influence of laser radiation, to a chemical form that will make a tumor more sensi-

tive to the action of conventional chemotherapeutic agents or emit a spectral signal

with an output that can be electronically manipulated to provide information on

the presence of pathological growth.

This chapter offers an overview of the different methodological approaches that

can be used for the fabrication of nanoparticulate systems for medical purposes, of

the ways these devices can sense changes within specific biological surroundings

and of the medical applications that can be derived from the interaction of loaded

nanoparticles within biological matter with laser radiation, particularly as it relates

to the imaging and therapy of tumors.

Particular attention will be given to the near-infrared dye (NIR) indocyanine

green (ICG), and to the potential of this dye for tumor diagnosis and therapy

when administered encapsulated within polymeric nanoparticulate systems. ICG

was found to be free of perceptible toxicity, to exhibit good chemical stability within

polymeric nanoparticles, to be appreciably taken up by tumor cells following its
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delivery as a nanoparticulate formulation and to cause singlet oxygen-induced oxi-

dative damage in target cells when photoexcited. A discussion of the benefits of

photodynamic therapy (PDT) with ICG as a means of eradicating unwanted abnor-

mal growths such as tumors will also be presented.

11.2

Nanoscale Particulate Systems and their Building Blocks/Components

Nanoscale particulate systems are 100 to 100 000 times smaller than human cells

and hair. At present, a vast choice of sensing devices are commercially available

for detecting and measuring specific bacteria or hazardous chemicals, for checking

acidity levels and for monitoring changes in biological and nonbiological environ-

ments. In nanomedicine, nanoscale systems can easily enter most types of cells

and can move undisturbed out of blood vessels as they circulate through the body.

Furthermore, biomedical nanoscale systems can interact with surface and intra-

cellular biomolecules, can make their way into tissues through capillaries, can get

through fenestrations present in epithelial linings such as those of the liver and

can diffuse through the blood–brain barrier (BBB) by following openings created

at tight junctions by a hyperosmotic mannitol solution [2]. As a result, they can

be used to efficiently deliver both low-molecular-weight compounds, such as drugs,

and macromolecules such as proteins, peptides and genes, to tissues of interest by

either localized or targeted delivery.

In recent years, a great deal of effort has been devoted to the application of nano-

technology to drug delivery, molecular imaging, the assessment of therapeutic

efficacy, targeted and multifunctional therapeutics, and the early detection, preven-

tion and control of cancer. Some of the nanoparticulate formulations that have

been developed for the delivery of therapeutic agents in a biocompatible form

have included nanoparticles, nanocapsules (nanoshells), polymeric micellar sys-

tems, buckyballs, nanotubes, dendrimers, quantum dots and immunoconjugates.

Although this chapter will address a select few nanoscale systems, emphasis will

be placed on nanoparticle systems of the type developed in our laboratory, since

experiments conducted in this laboratory have been focused on the use of nano-

particles to deliver photoexcitable molecules to normal and cancer cells, allowing

the study of the interaction of light with the incorporated nanoparticulates in real

time and during the earliest stages of the cancer process [3]. In this way, it has

been possible to determine that nanoparticles can be used to detect cancer even

when the process is still limited to a few cells and that they have the potential as a

better alternative to therapy with conventional drug formulations since they can

reduce or even eliminate drug side-effects.

11.2.1

Dendrimers

Dendrimers are a large and complex group of highly branched polymerized macro-

molecules with well-defined chemical structures and exhibiting monodispersity,
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i.e. having the same structure, composition and molecular weight. The three major

architectural components of a dendrimer are the core, branches and end groups of

the precursor monomeric units. The core is usually an amine, although ammonia,

sugars and other molecules can also be used. Regardless of the type of constitutive

molecule present, the core exhibits multiple and identical reaction sites. The den-

drimer can start with a few branches of atoms, usually three or four, radiating from

a central core, with a branch point occurring every six atoms. At each branch point,

the current chain of atoms becomes two chains of atoms. As a result, a structure

resembling a tree with numerous branches is formed.

In general, a dendrimer consists of layers or shells of branches, each one known

as a generation (G), built around a small core molecule. As the number of genera-

tions increases to G4, the regular and highly branched architecture of a dendrimer

starts to develop into a sphere, whose preferred three-dimensional structure starts

to become apparent by G5. Synthetic procedures available for the fabrication of

dendrimers allow for the nearly complete control of critical molecular parameters

such as size, shape, interior/surface chemistry, flexibility and topology, as well as

for a very easy control of the chemical composition and reactivity. Manufacture of

cone-shaped, spherical or disk-like dendrimers with a size in the range of 2–12 nm

is possible.

The synthesis of a dendrimer is a stepwise iterative process. In its most basic

form, it is started by reacting all of the reactive groups of the core molecule with

an excess of a monomeric building unit possessing different reactive groups on

each end. Reaction of one end of this monomer with the core will produce the first

set of branches and reaction of the second end with a different type of monomer,

also having two different reactive groups at each end, will generate a second set of

branches. At this point, the first shell and the first generation of the dendrimer are

complete. The unreacted ends of the first shell will serve as the starting point for

new branching and for the next shell.

The two main techniques for the synthesis of dendrimers with a unique combi-

nation of properties are the Starbust divergent method [4, 5] and the convergent

growth method [6], but a self-assembly method [7] has also been developed. In

the divergent method, the dendrimer is started from the periphery (i.e. the tips of

the branches) and made to grow inwards. Two of the end tips are connected to a

branched monomer to form a dendron (or dendrimer segment) and the process is

repeated until a desired size is achieved. In the final step, the interconnected

branches are attached to a core molecule. Since the growing dendrimer is undergo-

ing multiple simultaneous reactions, the final product may lack uniformity. Build-

ing a dendrimer by a convergent approach requires the same number of steps as

by the divergent approach, but starting with a central initiator core around which

dendrimer segments are assembled. More importantly, since only two reactions

take place at each step of the growing process, the resulting final product is of a

high purity.

The self-assembly method, first studied with surfactant molecules in aqueous

media, is now being applied to water-soluble dendrimeric polymers and their supra-

molecular analogs. Taking advantage of the abundance of surface active end groups

on dendrimers, nanoparticulate aggregates having micellar properties can be made

306 11 Biocompatible Nanoparticulate Systems for Tumor Diagnosis and Therapy



to form from dendrimers at an interface. In turn, these unimolecular micelles can

served as hosts for hydrophobic molecules to enhance solubility in water with an

efficiency than may exceed that derived from a conventional surfactant such as

sodium dodecylsulfate [8]. By reacting the amino end groups of poly(propylene

imine) with various aliphatic acid chlorides it was possible to prepare a series of

nonaggregating inverted unimolecular dendritic micelles with a compact hydro-

phobic shell, a hydrophilic interior and high generation numbers ðnb 4Þ. In con-

trast to normal micelles, these inverted unimolecular micelles were able to bind

hydrophilic molecules in the interior and to solubilize the guest molecule in apolar

solvents.

Dendrimers have been more commonly synthesized from polymers such as

poly(amidoamine) (PAMAM dendrimers) by a divergent method initiated by am-

monia or ethylenediamine as a core or from poly(propylene imine) (PPI den-

drimers) by a divergent method initiated by a core of 1,4-diaminobutane, but

poly(aminoalcohol), cyclotriphosphazene and phenylacetylene have also been used.

Due to the large number of active chemical groups located at the surface of each

generation and to their well-defined chemical structure, dendrimers are good can-

didates for creating biomedically useful nanodevices. While suitable modifications

of the surface properties of dendrimers will allow them to be made electrically

charged into a polyelectrolyte or to be linked to biological agents, their cavities can

serve as depots or be used as pumping devices for small guest molecules such as

organic dyes, drugs and metal clusters [9]. In this respect, a most interesting de-

parture from a conventional dendrimer is the so-called ‘‘core dendrimer’’, which

is synthesized by crosslinking the peripheral groups of the dendrimer and then

removing the core by hydrolysis [10].

From a technical and commercial standpoint, some of the most interesting appli-

cations of dendrimers are in the pharmaceutical and biomedical fields. For exam-

ple, sufficient flexibility exists to create dendrimers that are either biologically

active or inert and of a sufficiently small size that will permit their entry into cells

to deliver drugs, genetic material and organic and inorganic chemical markers

without triggering an immune response. In addition, dendrimers can be used to

deliver diagnostic and chemotherapeutic agents to target sites for the diagnosis,

treatment and eradication of malignant tumors. Medical researchers envision that

one day tecto-dendrimers will be used to carry out a five-step task when diagnosing

and treating tumors: (a) the search of tumor cells throughout the body, (b) the

binding to receptors on tumor cells, (c) the entry into tumor cells upon crossing

the cell membranes, (d) the release of chemotherapeutic or radioactive agents in-

side the tumor cell and (e) the confirmation of the presence, location or death of

tumor cells through the use of appropriate medical devices.

11.2.2

Buckyballs and Buckytubes

Buckyballs, also known as C60, buckminsterfullerenes or fullerenes, are clusters of

up to 60 carbon atoms arranged in a series of interlocking hexagons and pentagons

to form a structure resembling a soccer ball [11]. In actuality, C60 is a ‘‘truncated
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icosahedron’’ consisting of 20 hexagons and 12 pentagons. Buckyballs can be easily

manufactured in quantity by heating graphite rods to a high temperature and pass-

ing an electric current between them. The crystals of C60 are separated from other

carbon compounds, especially C70, found in the soot fraction. It is the only mole-

cule known to mankind to be composed of a single element and to exist in the

form of a hollow spheroid. Possible ways of utilizing a buckyball for biomedical

purposes would be to use its spherical structure to carry molecules with diagnostic

or therapeutic value in the body after they have been added to its outer surface

through chemical reaction or introduced into its cage-like interior. As a delivery

system, buckyballs appear well suited because of their nanometer size, and per-

fectly smooth surface and round shape. In addition, they are inert, nontoxic and,

due to their small size, capable of interacting with cells, proteins, and viruses.

Buckytubes, variously designated as nanotubes (NTs) or carbon nanotubes, are

molecular-scale nanomaterials of pure carbon that have been prepared in a rela-

tively efficient way by the laser vaporization of graphite in the presence of cobalt

nickel catalyst in a furnace at 1200 �C. In this way, a product that can be thought

of as a sheet of graphite rolled into a single-wall seamless cylinder and closed at

both ends by hemispherical endcaps (SWNTs) can be obtained. In the absence of a

catalyst, a group of graphite layers will coil around each other to produce a multi-

wall cylinder (MWNTs). Their diameter is in nanometers, their length up to a few

millimeters and, depending on their helicity, they can be either electrically con-

ductive (metallic) or semiconductive. In addition to their unusually high strength,

buckytubes are light, flexible, with good thermal stability, chemically inert, and

have extraordinary electrical conductivity, heat conductivity and mechanical proper-

ties. Given their high electrical conductivity and sharpness of their tips, buckytubes

are unsurpassed as field emitters, especially at low voltage, and can carry as much

as 1013 A cm�2 [12].

A demonstration that single-wall buckyballs absorb light and emit it at a single

wavelength in the NIR spectrum has opened the door to a new field of potential

biomedically related applications for these materials [13]. For the fluorescence to

be measurable, however, the buckytubes must be isolated from one another since

aggregation into bundles quenches fluorescence and considerably broadens the ab-

sorption spectra due to intertube energy transfer from the semiconducting to the

metallic nanotubes within each bundle [14], followed by rapid nonradiative carrier

cooling in the metallic nanotubes [15]. Time-resolved spectroscopy of these bucky-

ball bundles reveals extremely rapid excited state relaxation [14, 15].

As a result of their small size that allows them to migrate through cell walls,

buckyballs could be used as optical biosensors for seeking out specific targets

within the body such as tumor cells or inflamed tissues. To increase their specific-

ity toward their targets, buckyballs could be wrapped with proteins that will serve

as ligands for surface receptors on target cells. Covalently linked adducts of SWNTs

with biomolecules such as biotin or DNA have great potential in biosensing and

as a possible means of implementing nanoscale assembly onto selected locations

on a surface [16]. By combining buckytubes of a different diameter size one could

simultaneously study different target cells. A most promising application of bucky-
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tubes has been the imaging of cells. SWNTs were found to be actively ingested by

macrophages suspended on a growth medium through phagocytosis and to be

held in phagosomes within the macrophages. Cell viability was not affected by

the buckytubes and the intracellular fluorescence remained detectable in the harsh

oxidizing environment of the phagosomes. These results suggest that the high-

contrast NIR detection of SWNTs can lead to valuable methods for tracing the

interactions of buckytubes with organisms, and may form the basis for future fam-

ilies of biological contrast agents and fluorescent markers.

On account of the natural fluorescence of SWNTs, and the transparency of hu-

man tissues and biological fluids in the NIR region of the spectrum, buckyballs

wrapped with a molecular sheath that responds to a particular biological molecule

and modulates the optical properties of the buckyball can be constructed. Based on

this model, a sensor for tracking blood glucose in diabetics was built by organizing

a monolayer of the enzyme glucose oxidase on the surface of SWNTs suspended

in water. Reaction of glucose with the enzyme generates hydrogen peroxide which,

when exposed to ferricyanide ions, increases the fluorescence emission of the sen-

sor in direct proportion to the concentration of glucose present [17]. In view of

their high resistance to degradation, it could be possible to construct buckyballs

for implantation into thick tissues or biological fluids for long-term monitoring of

specific body components.

11.2.3

Quantum Dots

Quantum dots, also known as nanocrystals, are tiny semiconducting inorganic

crystals with unique quantum properties, typically between a nanometer and a

few microns in size, and containing from one to several thousand free electrons.

The size and the shape of these structures and, hence, the number of electrons

they contain, can be precisely controlled. Quantum effects arise from the confine-

ment of electrons and ‘‘holes’’ (an electronless region that behaves as if it were a

positively charged particle) in the material. The small size also leads to changes in

the electrical and nonlinear optical properties of a material relative to its bulk form.

They are made of silicon, germanium, lead, zinc and cadmium salts – materials

that can absorb white light and reemit it a couple of nanoseconds later at a higher

frequency. The type and intensity of the color is dependent on the size of the crys-

tal. For example, the larger the dot, the redder the light; but as the size shrinks, the

wavelength of emission becomes shorter and moves toward the blue or green.

Hence, a gamut of colors can be obtained by a simple change in the size of the

dot. Moreover, when excited, the smaller the dot the higher the energy and inten-

sity of the emitted light.

These particles represent a convenient alternative to fluorescent dyes in a variety

of analytical, biological and biomedical applications since their emitting radiation

can be measured over the entire visible spectrum, they have a broader excitation

spectrum, and their fluorescence is extremely stable over time. On these bases, a

mixture of quantum dots of different sizes can be excited by a light source with a
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single wavelength, allowing simultaneous detection and imaging of different bio-

logical molecules simultaneously within living organisms. In contrast, the use of

more than one organic dye to accomplish the same purpose might meet with diffi-

culties since their spectra may overlap with each other because each dye emits light

over a wide range of wavelengths.

The utility of quantum dot nanomaterials as a result of their optoelectronic prop-

erties can be further expanded not only by changing their size and composition,

but also by incorporating them into a wide variety of polymers and material forms

that will make them stable in water. Core quantum dots with fewer surface defects,

improved physical stability and enhanced fluorescence brightness are already com-

mercially available. Quantum dots represent a powerful new approach to genetic

analysis, disease diagnosis and the monitoring of cell responses to certain drugs

or viruses [18, 19]. However, their application to the detection of tumors, in partic-

ular, and of cancer, in general, remains to be realized because of their intrinsic tox-

icity and lack of biocompatibility.

11.2.4

Polymeric Micelles

Polymeric micelles are a viable form of targeted delivery system for water-insoluble

and amphiphilic drugs [20, 21]. Like surfactant-based micelles, polymeric micelles

are core/shell structures; however, unlike their traditional counterparts, they are

physically more stable and capable of solubilizing substantial amounts of hydro-

phobic compounds within their inner core. Due to their hydrophilic shell and

small size they may prolong the circulation of drugs in body fluids and increase

drug accumulation in tissues [20]. The shell is responsible for micelle stabilization

and interaction with plasma proteins and cell membranes. The hydrophobic core,

usually made from a biodegradable polymer, serves as a reservoir for an insolu-

ble drug and shields the drug from the aqueous surroundings. Polymers used for

fabricating polymeric micelles have included pluronics, polyethylene glycol (PEG)–

lipid conjugates and pH-sensitive poly(N-iospropylacrylamide)-based micelles or

polyion complex micelles.

Polymeric micelles have also used for encapsulating and delivering photosensi-

tizing drugs and dyes. However, the biodistribution characteristics of the polymeric

micelle formulations thus far investigated have not been entirely satisfactory. For

example, greater selectivity and effectiveness could be gained by introducing target-

ing ligands and site-controlled releasing capabilities, respectively, and excessive

nanoparticulate accumulation and long-term toxic effects could be reduced by uti-

lizing biodegradable polymers with good clearance properties.

11.2.5

Liposomes

A liposome is a spherical vesicle of colloidal dimensions composed of one or more

lipid or phospholipid bilayers. The size of liposomes varies from 20 nm to 100 mm,

310 11 Biocompatible Nanoparticulate Systems for Tumor Diagnosis and Therapy



although each lipid bilayer is about 4 nm thick. Various amphipathic molecules

have been used to fabricate liposomes, especially lecithins from natural or syn-

thetic sources. To increase mechanical stability and decrease the leakage of the

contents, charged phospholipids like phosphatidylserine or phosphatidylglycerol

and cholesterol can be added. Depending on its physicochemical characteristics, a

drug can become trapped in the aqueous space, intercalated or dissolved within the

lipid bilayer, or form ionic or hydrophobic complexes with nucleic acids and other

macromolecules without physical entrapment [22]. For medical use, a liposome

suspension must be precisely defined with respect to drug and lipid concentra-

tions, size distribution, percentage of entrapped drug, pH, osmolarity, conductivity,

and presence of degradation products. Specific methods exist to manufacture lipo-

somes of a particular size, morphology and surface characteristics, parameters that

together will determine the biologic fate of the liposomes [22].

Due to similarities in both structure and chemical composition to biomembranes,

liposomes have been extensively investigated as carriers for enhancing the incorpo-

ration of an assortment of drug molecules into target cells [23, 24]. Through the

use of liposomes one can achieve a variety of therapeutic goals, including en-

hanced drug uptake and reduced toxicity. Numerous studies have been conducted

on the use of liposomes to deliver chemotherapeutics to tumor cells; however, in

spite of some impressive results in animal models, acceptance of liposomes as a

drug delivery system for human use has only been realized in a very few instances.

In addition to a relatively high cost, additional shortcomings associated with this

form of drug delivery are short residency time in the circulation due to rapid re-

moval by phagocytic cells of the reticuloendothelial system (RES), physical and

chemical instability on storage, and the lack of generally uniform and applicable

techniques for their production on a commercial scale [23, 24].

Conventional liposomes are unstable in vivo and show little or no affinity towards

tumors. These shortcomings have served as the impetus for the development of

more complex liposomal preparations where the surface and/or composition of

the structural components have undergone chemical modification. Moreover, in

the case of conventional liposomes a significant fraction of the injected dose ends

up in organs rich in phagocytic (monocytes, macrophages, Kupffer) cells such as

the liver and spleen, which eventually sequester and, thus, reduce the amount of

drug that is available for antitumor action. To counteract this situation, liposomal

surfaces have been variously modified to limit irrelevant recognition and reduce

the uptake of the liposomes into cells of the immune system, thus extending the

half-life of drugs in the circulation. Alternatively, these liposomes can be targeted

to cells expressing specific receptors by equipping them with specific surface li-

gands. This delivery modality has been successfully used to provide selective bind-

ing and enhanced entry into tumor cells of liposomes loaded with a photosensi-

tizer for PDT purposes and bearing surface tumorotropics with the ability to

recognize specific target molecules expressed on tumor cell membranes [23, 24].

Through a combination of polymer physics, organic chemistry, biochemistry,

pharmacology, ecology and anatomy, sterically stable (‘‘stealth’’) liposomes have

been developed. This type of lipid-based particles is represented by polymorphic
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liposomes designed to change their structure in response to a particular signal

such as a change in temperature or pH in the presence of specific molecules.

These reactive liposomes can be made to fuse or increase in permeability, or trig-

gered to disintegrate to release their contents upon arrival to the target site. An

important breakthrough in chemotherapy with stealth liposomes is the substantial

improvement in longevity that is observed in biological systems. This stability

arises from the sterile nature of the surface polymer, which limits the clearance of

the liposomes from the circulation by opsonizaton and subsequent macrophage

uptake, and by disintegration upon interactions with plasma proteins and lipo-

proteins. Commercial stealth liposomes of doxorubicin and daunorubicin have re-

ceived approval by the FDA for the parenteral treatment of Kaposi’s sarcoma and

solid tumors. Apart from drugs, liposomes can be made to carry a significant load

of signal molecules such as dyes, radionuclides or contrast agents for in vitro and

in vivo diagnostic work.

11.3

Biodegradable Nanoparticles

In recent years, polymeric nanoparticles have received recognition as a promising

type of colloidal drug carrier [25]. They have been widely used for controlled drug

delivery by the intravenous, ocular and oral routes of administration. An additional

positive feature of this form of drug delivery is that they have shown potential as a

carrier for anticancer agents. It has been verified that the tissue distribution char-

acteristics, specificity and pharmacokinetic properties of anticancer drugs can be

better controlled upon their incorporation into nanoparticles [26, 27]. Furthermore

this form of drug delivery may contribute to reducing the side-effects and toxicity

normally associated with anticancer drugs, while increasing therapeutic efficacy,

and can lead to drug accumulation in the solid tumor since they has been found

to escape from the vasculature through the leaky endothelial tissue that surrounds

a solid tumor [28, 29].

Nanoparticles can overcome the multidrug-resistance phenotype mediated by P-

glycoprotein and bring about an increase in drug content inside neoplastic cells

[30]. This finding is of special significance for patients with cancer undergoing

treatment with paclitaxel and who, after some time, develop resistance to the drug

[31]. Other important advantages derived from the use of nanoparticles include the

ease of their preparation, the availability of well-defined biodegradable polymers

for their manufacturing [e.g. poly(d,l-lactide-co-glycolide) (PLGA)], and their high

stability in biological fluids and during storage [32]. Moreover, nanoparticles can

permeate cells and tissues to become internalized and can efficiently deliver a par-

ticular drug to its target tissue without clogging the capillaries [33].

The ability of nanoparticles to improve drug diffusion through biological barriers

is particularly useful for the delivery of biomarkers and photodynamic agents to

the brain without the need for preliminary pharmacological intervention to over-

come the BBB [34]. Some studies on nanoparticle-bound antitumor agents have in-
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dicated that nanoparticles can prolong the retention of the drug by tumors, reduce

tumor growth and prolong the survival of tumor-bearing animals [30, 35–37].

11.3.1

Preparation of Nanoparticles

Several synthetic and natural polymers have been described for the manufacturing

of biodegradable nanoparticles [38]. One advantage of synthetic polymers over nat-

ural ones is that they can yield nanoparticles with the ability to sustain the release

of the encapsulated therapeutic agent over longer periods of times (days to several

weeks). However, the use of synthetic polymers in nanoparticle technology is lim-

ited by the need to use often toxic organic solvents and relatively harsh formulation

conditions. Synthetic polymers for formulating nanoparticles have included poly-

lactic acid and its copolymerization with glycolic acid (PLGA), polyacrylates and

polycaprolactones.

Among natural polymers, albumin, gelatin, alginate, collagen and chitosan have

been evaluated [38]. Of these polymers, polylactides (PLA) and PLGA are the ones

most extensively investigated for achieving controlled release of conventional drug

molecules, peptides and proteins. PLGA is the most common choice in pharma-

ceutical formulations probably because of its good biocompatibility and biodegrad-

ability and of its approval by the FDA for use in humans [39]. These polyesters

undergo hydrolysis upon implantation in body tissues to biologically compatible

and metabolizable moieties (e.g. lactic acid and glycolic acid) that are eventually

removed from the body by the citric acid cycle.

In addition, since the biodegradation products are formed at a very slow rate,

they appear not to interfere with normal cell functions to a significant extent. Ex-

tensive testing for toxicity and safety in laboratory animals has found these poly-

mers to be safe, and, thus, suited for use in humans as contraceptive implants

[40, 41], graft materials for artificial organs and, more recently, as supporting scaf-

folds in tissue engineering research [42–44].

Some of the methods described for the preparation of nanoparticles from pre-

formed biodegradable polymers are solvent evaporation [45], salting out [46], nano-

precipitation [47], extrusion [48], spray drying [49] and supercritical fluid extrac-

tion [50].

The most popular method of making nanoparticles is the emulsification-solvent

evaporation method, also known as the solvent displacement techniques [51–53].

This methodological approach, schematically shown in Fig. 11.1, usually involves

the following major steps: (a) emulsification of a water-immiscible organic solution

of the polymer and an organic or inorganic material of interest with an aqueous

phase containing stabilizers, (b) stabilization of the particles by chemical crosslink-

ing or by heat, (c) evaporation of the organic solvent to precipitate the encapsulat-

ing polymer as nanoparticles, and (d) isolation of the nanoparticles by filtration or

centrifugation [54]. This method is suitable for hydrophilic drugs since the drug

dissolves in the inner water phase of the double emulsion. In most cases, a stabi-

lizer is added to the formulation to stabilize the emulsion formed during particle
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preparation. In this method, the type and concentration of the stabilizer may exert

a modifying effect on the properties of the particles being formed. By occupying

the boundary between the aqueous and organic phases, the stabilizer can become

incorporated onto the surface of the forming particles and, in this way, influence

particle properties such as the z potential and mucoadhesion [55, 56]. In turn,

these physicochemical parameters can modify the physical stability of the formula-

tion as well as certain biopharmaceutical properties such as drug release rate, bio-

distribution and cellular uptake. Although polyvinyl alcohol (PVA) is the stabilizer

most often used for the production of PLGA nanoparticles, other available choices

are cellulose derivatives such as methylcellulose, hydroxyethylcellulose and hydroxy-

propylcellulose, gelatin types A and B, carbomer, and poloxamer [57].

One way to construct nanoparticles with long circulating characteristics is to

modify their surface with the hydrophilic, flexible and nonionic polymer, PEG

[58–60]. The resulting PEG-coated nanoparticles have shown good potential as a

biodegradable colloidal type of formulation for the delivery of therapeutic agents

to specific sites.

11.4

Biodegradable Optical Nanoparticles

11.4.1

Optical Nanoparticles as a Potential Technology for Tumor Diagnosis

Solid tumors and other forms of cancer are commonly localized inside the body by

screening diagnostic methods based on imaging techniques or radiology [61–64].

Images of internal parts of the human body can be obtained by using X-rays

(tomography, scan or mammography), a powerful magnetic field (magnetic reso-

nance imaging), radioactive isotopes (nuclear scan or radionuclide imaging) and

high-frequency sound waves (ultrasound) [65–68]. Examples of nuclear scanning

include single-photon emission computed tomography (SPECT) and positron

emission tomography (PET) scans. There are also diagnostic methods whose use

Fig. 11.1. Flow diagram of the manufacturing of ICG-loaded

PLGA nanoparticles by a modified spontaneous emulsification-

solvent diffusion method.
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is determined by the location of the cancer (e.g. endoscopy for cancers in body

openings like the mouth, anus or urethra, tests for measuring estrogen and pro-

gesterone receptors in suspected cases of breast cancer, and the Pap smear test

for detecting cancers of the cervix and vagina) [69–74]. Once a tumor has been de-

tected in the body by any of the aforementioned screening techniques, confirma-

tory evidence is gathered by histopathological examination of a tissue sample ob-

tained by biopsy of the suspected area. In spite of their widespread use, these

forms of tumor diagnosis suffer from serious limitations. For example, there is a

strong safety concern attached to the use of harmful radioactive substances and X-

rays, both of which are in themselves risk factors for cancer. Furthermore, harmful

adverse reactions may develop from the use of contrast agents, the test may not be

sensitive enough to detect very small tumors and the diagnostic procedure may be

expensive in comparison to other laboratory medicine procedures.

Nanoparticles loaded with photosensitizer molecules can be an alternative

method for tumor diagnosis as well as for drug delivery purposes. Their ability to

be readily detected, to show selectivity, and to be easily transported through the

blood stream is inherent to the nature of the dye, the specific agent linked to the

particulate system (e.g. antibodies) and the physical as well as chemical structure

of the polymer used. Nanoparticulate systems have has the means to detect the

cancer at an early stage and they have the potential as a better alternative to ther-

apy with conventional drug formulations since they can greatly minimize drug

side-effects.

11.4.2

Optical Nanoparticles as a Potential Technology for Tumor Treatment

After detection of a tumor, its treatment usually relies on chemotherapy with spe-

cific anticancer agents to ensure that the cancer cells have not metastasized to the

other parts of the body [75–83], localized radiation therapy with ionizing radiation

such as X-rays and g-rays [84–87], biologic therapy based on the defense provided

by the body’s immune system [88–108], and invasive approaches for localized can-

cer such as surgery [109–111]. Although effective and beneficial, these therapeutic

approaches are surrounded by certain drawbacks, among which the main ones are

intrinsic toxicity, serious side-effects and damage to healthy tissues by the radio-

therapy itself. Consequently, there is a pressing need for simpler, safer, noninva-

sive imaging systems and technologies than those currently available, offering the

required selectivity to detect and/or destroy a tumor while sparing the surrounding

areas. At the same time there is also a need for developing diagnostic and thera-

peutic systems and technologies based on the use of agents that are nontoxic, not

requiring systemic distribution or capable of obviating the use of harmful radia-

tion, particularly as it relates to tumors of the skin and breast.

As stated earlier, a nanoparticulate system encapsulating a dye that can be photo-

excited to produce singlet oxygen will be a better system for tumor detection and

therapy than conventional approaches. The uptake of these nanoparticles by tumor

cells can serve as an optical indicator of the presence of the tumor, and can be used
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to trigger a laser system for oxidizing and, thus, eradicating tumors or unwanted

tissues from the body in a noninvasive manner. Based on these considerations,

we have developed nanoparticles loaded with ICG, a photoexcitable molecule with

NIR fluorescence properties, good penetrating ability into tumor cells and a long

residency time within tissues. The novelty of this approach is to combine the tools

and principles of optics, chemistry, physics and engineering for the development

and manufacturing of a multifunctional smart nanodevice with the capability of

navigating in the blood stream, looking for uptake into abnormal growths such as

tumors or for specific areas where to deliver a particular drug. In turn, the drugs

thus delivered can emit a measurable signal that can help to locate the abnormality

or be made to eliminate the abnormality upon photoactivation with laser radiation

via PDT (Fig. 11.2) [3].

Fig. 11.2. ICG encapsulated in nanoparticles preferentially

locates in tumors to allow the noninvasive imaging and

destruction of superficial tumors. (from Ref. [3].)
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11.5

Optical Imaging and PDT

11.5.1

Optical Imaging

Optical imaging is a form of tumor diagnosis based on the interaction between

light and biological matter [112]. Two of the most salient advantages this tech-

nique can offer to the clinician over traditional diagnostic modalities are a non-

reliance on both ionizing radiation and radioactive material, and the wealth of in-

formation that it can generate about the structure, dynamics and interactions in

biological bulk specimens such as tissues. Optical imaging takes advantage of the

spatial variation in the optical properties of a biological specimen, whether it is a

cell, a tissue, an organ or an entire live organism [113]. With this diagnostic tech-

nique, an optical image is obtained by monitoring the spatial variation of light that

is reflected, scattered, absorbed or emitted as fluorescence. The use of lasers as an

intense and convenient light source to generate an optical response has consider-

ably expanded the boundaries of optical imaging, particularly as it relates to tumor

diagnosis [114–116].

11.5.1.1 Fluorescence-based Optical Imaging

Fluorescence is a radiative phenomenon whereby a molecule becomes excited

upon absorbing light of a given wavelength and later on returns to the ground

state by emitting light of a longer wavelength. The major advantages of fluores-

cence detection over other optical imaging techniques are high sensitivity (low

signal-to-noise ratio), high speed and safety. In this instance, safety refers to the

fact that the sample is neither altered nor destroyed and that no hazardous byprod-

ucts are generated in the process [117].

11.5.1.2 NIR Fluorescence Imaging

NIR fluorescence imaging is increasingly gaining importance in the diagnosis of

tumors [118, 119]. The NIR region is that portion of the light spectrum extending

from 700 to 900 nm. At least four main reasons are responsible for the increasing

importance of this imaging technique:

(a) Blood and other biological tissues are relatively transparent across this spectral

wavelength range, thus creating an optical window [113, 119].

(b) The excitation of chemical agents or dyes for imaging by NIR radiation pro-

duces practically no autofluorescence from any endogenous cellular compo-

nents, a factor that dramatically improves the sensitivity of the detection signal

detection, often limited by background autofluorescence [120].

(c) The NIR excitation and emission wavelengths reduce scattering in tissues, and,

thus, increase both the penetration depth and the efficiency of the detection

signal [113, 119].
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(d) Commercial NIR lasers used as exciting sources are low in cost and convenient

to use because of a compact design [113].

11.5.1.3 NIR Dyes for Fluorescence Imaging

The dyes for NIR fluorescence imaging listed in Table 11.1 are either long-

wavelength probes such as cyanine, rhodamine, oxazine, phthalocyanine and nap-

thalocyanine dyes or extended conjugated systems [119, 121–125]. The cyanines,

which were initially developed for use as membrane probes, are probably the

most commonly used NIR dyes. Typical examples include, in increasing order of

wavelength, Cy-3, Cy-5 and Cy-7 [126].

The phthalocyanine and napthalocyanine dyes are less popular due to their water

insolubility, tendency to aggregate, lack of conjugateable forms, and environmental

and photochemical instability. Among dyes categorized as extended conjugated sys-

tems, ICG has been extensively investigated for use as a long-wavelength probe. By

encapsulating this dye within nanoparticles, the authors were recently able to de-

velop a delivery system for the imaging of cancer cells that would overcome most

of the problem commonly encountered with other NIR dyes used in biophotonics.

11.5.2

PDT

PDT, also referred to as photoradiation therapy, phototherapy or photochemother-

apy, is a promising new form of treatment for a variety of oncological, cardiovascu-

lar, dermatological and ophthalmic diseases [127, 128]. PDT is an emerging ther-

apy for the treatment of tumors that are accessible to light radiation such as those

of the head, neck, digestive tract, skin and breast. PDT has been proposed in

several studies as an alternative to overcoming ‘‘multidrug resistance phenotype’’

(MDR), a frequent reason for the failure of conventional chemotherapy. PDT has

been approved by the FDA for the treatment of both early- and late-stage lung can-

cer, for certain types of esophageal cancer and for non-small cell lung cancer, and

Tab. 11.1. Common NIR dyes

Name Wavelengths of excitation/emission (nm)

Cy-3 iodoacetamide 565/590

Cy-5 N-hydroxysuccinimide 648/669

Cy-7 isothiocyanate 750/777

Rhodamine 800 680/700

Indocyanine green 782/830

Azure B 638/660

Thiazole orange 735/765

Nile Blue 638/660

Al phthalocyanine 662/680

Oxazine 1 643/658

BODIPYTM 665/676
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most recently it was also approved for the treatment of actinic keratosis, a precan-

cerous skin condition. Clinical trials are currently in progress in the US and abroad

to evaluate the effectiveness of PDT in the treatment of several types of cancer and

precancerous conditions [113].

PDT is a form of light-activated chemotherapy based on the activation of an

exogenous chemical agent, known as the photosensitizer, by light. The photosensi-

tizer is administered either systemically by the intravenous route or locally into the

malignant growth, after which light of a specific wavelength is used to irradiate the

photosensitizer in a specific part of the body. Upon absorbing light, the photosen-

sitizer will produce reactive oxygen species (ROS) with the ability to destroy the tu-

mor with minimal damage to the surrounding cells [129, 130].

The advantages of PDT are numerous. For example, it circumvents systemic

treatment since the light is focused only on the site occupied by the tumor, thus

sparing the patient from side-effects commonly associated with conventional che-

motherapy such as hair loss, nausea and vomiting. It exhibits more selectivity than

conventional chemotherapy and radiotherapy toward tumors because of preferen-

tial accumulation of the photosensitizing agent in tumor tissue and the spatially

confined photodynamic effects achieved with light radiation. PDT will be a suitable

option in patients that cannot undergo removal of a tumor by surgery, e.g. in the

upper bronchi, since it can kill cancer cells without damaging adjacent collagenous

tissue structures, a situation that allows for the repopulation of these structures by

new normal cells. It is expected to be cost-effective and, unlike radiation therapy,

amenable to be repeated as many times as deemed necessary, thus providing a

way for the long-term management of cancer and the complete removal of the

tumor. Additionally, in contrast to surgery, it is a noninvasive form of therapy that

does not cause pain or discomfort in the patient or lead to such complications as

surgery-related secondary infections.

11.5.2.1 Basis of PDT

In PDT, cytotoxicity by a photosensitizer molecule is attained when the photosensi-

tizer, after undergoing activation by laser light energy, proceeds to return to the

ground state by either radiative or nonradiative decay [131–133]. In nonradiative

decay, the energy absorbed by the photoactive molecule can be converted to heat

(internal conversion) that can then be transferred to nearby intracellular molecules

(photooxidation type I) to cause cellular damage by raising the intracellular temper-

ature. Alternatively, the energy absorbed by the photosensitizer can be transferred

to molecular oxygen by means of a triplet state (photooxidation type II), to form

reactive intermediates such as singlet oxygen that, in turn, can cause irreversible

destruction of biological substrates [134, 135]. ROS such as the superoxide anion,

and hydroperoxyl and hydroxyl radicals may also be involved in mediating irrevers-

ible damage to biologic components [127]. Singlet oxygen possesses a reactive dis-

tance of only 0.1 mm, so its cytotoxicity is restricted to the immediate vicinity of the

photoactivated drug. When used within their standard doses, neither the photosen-

sitizer nor the light source is active against the target when used independently of

each other.
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11.5.2.2 Photosensitizers for PDT

Photosensitizers for PDT are selected taking into account various physiological

factors. In brief, an ideal photosensitizer should posses the following proper-

ties: (a) ability to selectively accumulate in the cancerous or precancerous tissue,

(a) capability of absorbing light significantly in the region of maximum transparen-

cy of biological tissues and (c) minimal drug toxicity. Table 11.2 lists some of the

common photosensitizers used in PDT [136–149].

11.5.3

ICG: An Ideal Photoactive Agent for Tumor Diagnosis and Treatment

Among the photosensitizing agents listed in Tables 11.1 and 11.2, ICG stands out

as unique because it possesses both NIR fluorescent properties and PDT capabil-

ities, thus becoming suited for both NIR fluorescence imaging and PDT of tumors.

ICG may be more advantageous than other photoactive agents since it causes min-

imal toxicity, is commercially available in a very pure form, has a low cost, and,

more importantly, has been approved by the FDA as a diagnostic agent for use in

ophthalmology and other medical specialties. Moreover, in other countries ICG has

received approval for use in PDT. On these bases, it would appear that the develop-

ment of a commercial ICG-based nanoparticulate system for tumor imaging and

treatment would meet fewer hurdles for obtaining federal approval for use in hu-

mans than would be possible with other related agents.

11.5.3.1 Clinical Uses of ICG

ICG is a photoactive dye approved by the FDA for medical diagnostic studies, and

is widely used in the clinical setting for the evaluation of cardiac output, liver func-

tion and microcirculation of skin flaps, the visualization of the retinal and choroi-

Tab. 11.2. Common photosensitizers

Name Chemical type Absorption

wavelength (nm)

Photofrin1 porphyrin 630

Bonellin chlorin 625

MTHPC chlorin 652

SnET2 chlorin 660

Mono-l-aspartyl chlorine e6 bacteriochlorin 654

HPPH pyropheophorbide 670

Veteroporfin benzoporphyrin 690

Protoporphyrin IX ala 630

Lu-Tex texaphyrins 732

Indocyanine green tricarbocyanine 786

AlPcS phthalocyanine 674

Methylene blue cationic 660

Tetrabromorhodamine cationic 540
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dal vasculatures, in pharmacokinetic analysis, to localize objects within tissues, as

a fluorescence probe for enzyme and proteins, and in tissue welding [150, 151].

11.5.3.2 Structure and Physicochemical Properties of ICG

Chemically ICG (FW 775) is a tricarbocyanine dye containing an extended conju-

gated system. The structure of ICG, shown in Fig. 11.3, is made up of two polycy-

clic moieties, each known as a benzoindotricarbocyanin, connected to each other

by a carbon chain. While the polycyclic moieties are responsible for the lipophilic

properties of ICG, the sulfate groups attached to each polycyclic component impart

hydrophilicity. As a result, ICG is, overall, amphiphilic in nature and, because of its

amphipilicity, ICG is soluble in organic solvents [e.g. methanol and dimethylsulf-

oxide (DMSO)] and in aqueous media, including buffers.

11.5.3.3 Binding Properties of ICG

ICG binds rapidly and almost completely (98%) to most plasma proteins. Thus, in

the circulation it binds to albumin, globulins and lipoproteins. Due to its amphi-

philic nature, ICG can interact with both lipophilic and hydrophilic molecules. Fur-

thermore, because of its three-dimensional structure, ICG can simultaneously bind

to the lipophilic and hydrophilic parts of amphiphiles such as phospholipids.

ICG binds to human serum albumin (HSA) through its hydrophobic core. In

this case, about one or two molecules of ICG become bound to one molecule of

HSA [152]. ICG has also been found to bind to a1-lipoproteins and b-lipoproteins

[153] in human serum. In general, the binding of ICG to plasma proteins will im-

pact negatively on its potential intracellular effects since the bound form will be

primarily confined to the vascular compartment and hindered from entering tu-

mors [154–156]. Numerous reports have described the binding of ICG to phospho-

lipids [157–159]. These binding interactions are relevant to photoimaging since the

emission spectrum and fluorescence yield of ICG are influenced by the resulting

quenching [158, 160–163].

Several studies have been carried out on the interactions of ICG with model

membranes. It was observed that ICG is able to interact with phospholipid bilayers

and that the binding takes place at the interface of the model membrane. The

Fig. 11.3. Chemical structure of ICG.
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physicochemical and fluorescence spectral characteristics of ICG in aqueous solu-

tion have been evaluated in the presence of micelles and liposomes [162]. ICG was

found to be tensioactive, and to aggregate or become embedded at the interface of

micelles and liposomes. The fluorescence of ICG was very low in the aggregated

form due to quenching and very high when embedded at the interface.

11.5.3.4 Metabolism, Excretion and Pharmacokinetics of ICG

The excretion of ICG follows a hepatobiliary route in the human body. After intra-

venous injection, most of the circulating ICG is taken up into the liver where,

rather than being metabolized, it is excreted as part of the bile into the intestinal

tract. Upon reaching the intestine it is neither reabsorbed through the intestinal

mucosa nor put through the enterohepatic circulation [156]. Negligible uptake of

the dye occurs in the kidneys, lungs and peripheral tissues. ICG does not undergo

significant renal excretion [164] and it is not detected in the cerebrospinal fluid

[156].

The metabolic fate and excretion of ICG correlate well with its lipophilic charac-

teristics. As a result, ICG is rapidly eliminated from the circulation after an intra-

venous injection, with the plasma half-life being about 2–4 min [164–167]. The

plasma disappearance rate of ICG in healthy human subjects is from 18 to 24%

min�1. The normal biological half-life has been determined to be from 2.5 to

3 min, so single blood samples taken from healthy subjects 20 min after an intra-

venous injection should contain not more than 4% of the initial concentration of

dye [168].

Spectrophotometric studies on ICG have shown the blood levels of this dye to

follow a biexponential decay curve following intravenous injection. The plasma

clearance of ICG is biphasic, showing a rapid initial phase with a half-life of 3–4

min and a secondary phase with a half-life of more than 1 h at low concentrations

[165, 169, 170].

11.5.3.5 Toxicity of ICG

ICG produces minimal toxicity in animals and its LD50 after intravenous adminis-

tration ranges from 50 to 80 mg kg�1 [171]. Although no equivalent data exists

for humans, the maximum recommended human dose is 5 mg kg�1. The safety

of intravenous ICG in humans is well documented, with severe adverse reactions

occurring in only 0.05% of recipients [172].

11.5.3.6 Tumor Imaging with ICG

ICG is rapidly gaining acceptance as a diagnostic agent for tumor imaging pur-

poses due to its NIR fluorescence characteristics. Li et al. [173] have studied the

efficiency of ICG as a sensitive contrast agent for tumor detection and localization.

These authors assessed the differences in fluorescence signals of ICG between op-

posite tumor-bearing and tumor-free areas after the intravenous administration of

a low, 80 mg kg�1 body weight, dose of ICG to rats implanted with a tumor in one

leg. In this way it was possible to determine that a difference in fluorescence exists

between the tumor side and tumor-free side, and that the difference was detectable
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even when the tumor was very small (about 0.15 cm3). During the exponential

growth phase of the tumor, the ratio of these two signals was approximately 2.5

and the ratio of the initial ICG clearance velocity in the tumor leg to that in the

control leg was about 3.

Preliminary investigations with human subjects affected with breast tumors

were conducted using an ICG dose of 400 mg kg�1 body weight. The results of

this study indicated the existence of differences in the fluorescence emanating

from a tumor-bearing breast and that from a tumor-free breast. Additional evidence

in support of the use of ICG in the imaging of breast tumors has been gathered in

dogs [174]. By using a gain-modulated, image-intensified, charge-coupled, camera

these authors were able to obtain intensity-modulated fluorescence signals from

canine mammary tumors. By means of a continuous wave diffuse optical tomogra-

phy apparatus, Intes et al. [175] have demonstrated the usefulness of ICG as a

diagnostic tool for differentiating benign from malignant pathologies in breast

cancer patients.

A number of studies have also reported on the use of ICG as a fluorescence con-

trast imaging agent to obtain two- or three-dimensional images from experimental

phantoms, rats and synthetic samples [176]. It is quite clear that a great deal of in-

terest exists in finding new diagnostic applications for ICG by NIR imaging, optical

spectroscopy and tomography, and that there is still room for improving the sensi-

tivity, specificity and cost-effectiveness of currently available ICG-based optical

techniques, especially of those intended for the detection of breast and skin tu-

mors.

11.5.3.7 PDT with ICG

Due to its photosensitizing properties, ICG has great potential for application in

PDT. An important reason for using ICG in PDT is that its strongest absorption

and emission bands occur at around 800 and 820 nm, respectively [177, 178]. Since

these two wavelengths are the wavelengths at which blood and other tissues are rel-

atively transparent, and at which the penetration depth of light in biological tissue

is at its maximum (5 mm or more) [179, 180], they confer ICG an advantage over

comparable chemical agents that work in the visible spectral range. In addition,

like other second-generation photosensitizers, ICG demonstrates those features

that are considered desirable in PDT, including rapid biodistribution, low skin pho-

totoxicity, and ease of administration and monitoring [181].

Fickweiler et al. [182] were the first to provide concrete evidence on the photody-

namic action of ICG. Using HaCaT cells, an immortalized human keratinocyte

cell line, they were able to examine the dose-dependent phototoxic effects of ICG

in vitro. In their experiments, keratinocytes were incubated with 0–50 mM aqueous

solutions of ICG for 24 h, after which the cells were irradiated with diode laser

(805 nm) of a different energy density (0, 12, 24 and 48 J cm�2). Under these con-

ditions, photoactivated ICG demonstrated a cell killing effect at concentrations

above 5 mM. In addition, the participation of ROS in the cell killing process was

suggested by the results of an experiment in which sodium azide, a quencher of

ROS, protected against the cytotoxicity of ICG [182].
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A different approach was later used by Baumler et al. [135] to elucidate the

mechanism responsible for the cytotoxicity of ICG in PDT. In their study, HT-29

cells, an immortalized human colon carcinoma cell line, were first incubated with

different concentrations of ICG (10–100 mM) for 24 h and next irradiated with

a continuous wave diode laser (805 nm, 30 J cm�2). Apart from demonstrating

light-induced cytotoxicity, these investigators also observed that the cytotoxicity in-

creased when heavy water (D2O) was used in place of normal water. These results

were interpreted as indicative of the production and participation of singlet oxygen

during laser irradiation of ICG since D2O is known to prolong the lifetime of sin-

glet oxygen. Moreover, evidence for the occurrence of lipid peroxidation upon the

addition of D2O was gathered from the concomitant elevation of the levels of

malondialdehyde, a marker of lipid peroxidation. This line of thought was further

examined with quenchers of singlet oxygen species such as sodium azide, histi-

dine, and with specific quenchers of superoxide anion and hydroxyl radical such

as mannitol. Since only sodium azide and histidine protected against the photody-

namic killing effect of ICG on HT-29 cells, the participation of singlet oxygen and

of lipid peroxides, but not of superoxide anion and hydroxyl radicals, was inferred.

Virriale et al. [183] have also provided proof of the involvement of singlet oxygen in

the photodynamic antitumor action of ICG. In photosensitization experiments per-

formed by this research group, irradiation of U-937 human monocytes (histiocytic

lymphoma, CRL-1593), a leukemia cell line, with a diode laser (805 nm) source

providing a dose of radiation of 18 J cm�2 in the presence of 12 mM of ICG and

dithiothreitol, an oxidizable substrate, caused the cells to undergo programmed

cell death (apoptosis).

Urbanska et al. [184] have reported the potential utility of ICG as a photosensi-

tizer for the treatment of melanoma, a common type of skin cancer. PDT with ICG

is particularly suited to control melanoma because the melanin present in these

cells absorbs the wavelength of visible light commonly used for photodynamic ef-

fect but not the NIR wavelengths at which ICG exerts its cytotoxic effects. In this

study a very high photosensitizing efficiency was demonstrated for ICG upon ex-

posing SKMEL 188 cells, a human melanoma cell line, to 100 mM of ICG followed

by irradiation with a diode laser (830 nm) delivering a radiation dose of 30–

100 J cm�2. Costa et al. [181] have described an in vivo photodynamic study on

ICG that demonstrated the potential utility of the dye in the occlusion of choroidal

neovascularization. Using pigmented rabbits as an animal model, doses of ICG be-

tween 10–20 mg kg�1 and an activating light dose of 6.3 J cm�2 from a diode laser,

ICG was shown to be effective in occluding choriocapillaries.

11.5.3.8 Limitations of ICG for Tumor Diagnosis and Treatment

The in vivo value of ICG in tumor imaging and treatment is severely limited by two

intrinsic characteristics – a very high tendency to bind to plasma proteins (95–

98%) and a rapid elimination from the body (plasma t1=2 ¼ 2–4 min) [158, 178].

As a result, a very small amount of ICG will accumulate in tumor tissue following

intravenous dosing since the dye will remain largely confined in the blood before

its removal by the liver for eventual rapid elimination into the small intestinal

324 11 Biocompatible Nanoparticulate Systems for Tumor Diagnosis and Therapy



tract. Needless to say that for both imaging and PDT applications, it will be essen-

tial to deliver a substantially higher quantity of ICG to the tumor site than it is

possible with a conventional aqueous solution and that this objective will be only

realized when its limiting characteristics are appropriately minimized.

Another important factor that limits the clinical use of ICG is extreme instability

in aqueous media. In addition to preventing its storage for a significant period of

time, aqueous solutions of ICG are only suitable for conducting in vivo imaging

and other types of diagnostic procedures for a short time [150, 185]. The chemical

stability of ICG at ambient temperature has been found to decrease in inverse pro-

portion to its concentration [177, 186], and it can be easily monitored by following

the changes of its visible absorption spectrum over time [177, 186–188]. Light ap-

pears to be the major determining factor in the stability of ICG since degradation

is much greater for samples exposed to ordinary light than for samples kept in the

dark [186, 189]. A similar photodegradation has been verified with aqueous solu-

tions of ICG that were exposed to laser radiation [185]. Since most current clinical

applications of ICG are carried out with aqueous solutions, the development of a

more stable preparation for parenteral use is clearly warranted.

11.5.3.9 Recent Approaches for Improving the Blood Circulation Time and

Uptake of ICG by Tumors

No specific mechanism has been described for the localization of ICG in tumors

[190]. Moreover, since ICG lacks tumor selectivity, its use as a diagnostic tool

for differentiating among various types of tumor will not be reliable. Several ap-

proaches have been tested as ways of attaining greater tumor selectivity with ICG.

One attempt has been to synthesize dye–peptide conjugates that are receptor spe-

cific [190]. The experimental results suggest that small dye–peptide conjugates are

effective as contrast agents for optical imaging purposes. Even when covalently

united to each other, the dye and the peptide were found to retain the native fluo-

rescence characteristics and the affinity for peptide receptors, respectively. These

newly synthesized conjugates, identified as Cytate and Cybesin, preferentially local-

ized for over 24 h in tumors known to overexpress somatostatin and bombesin

receptors, respectively. In contrast, the dye moiety was not retained in these two

tumor models when they were no longer conjugated to a peptide [190]. This be-

havior and the lack of data on the chemical stability of dye–peptide combinations

in vitro and in vivo represent a significant impediment to the potential commercial-

ization of dye–peptide conjugates.

Devoisselle et al. [191] have developed an emulsion formulation to increase the

blood circulation time of ICG. To test this formulation, Wistar rats were intrave-

nously dosed with 7.5 mg kg�1 body weight of ICG, given as either an aqueous so-

lution or as an oil-in-water emulsion formulation. It was verified that the emulsion

increased the plasma clearance time of ICG in the first 15–60 min and the resi-

dence time in the skin as compared to an equipotent dose of an aqueous solution.

However, no information was given on the chemical stability of ICG in water or

in an o/w emulsion in vitro and no experiments were conducted to determine the

efficiency of an emulsion in tumor targeting under in vivo conditions.
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11.5.3.10 Recent Approaches for ICG Stabilization In Vitro

An early way of ensuring the stability of ICG in solution was to substitute water by

nonaqueous solvents. For this purpose, methanol, 1,2-propanediol and dimethyl-

formamide were evaluated [192]. It was found that under ordinary conditions of

illumination, ICG was more stable in methanol than in any of the other solvents.

Moreover, the thermostability of ICG was greater in methanol and 1,2-propanediol

than in dimethylformamide. A later study examined the photodegradation and

thermodegradation of ICG in a wide variety of aqueous and organic solvents

[185]. This study indicated that ICG exhibited a low photostability in water, D2O

and aqueous sodium azide (NaN3) solutions, and a good photostability in metha-

nol, DMSO and human plasma. In addition, the thermal stability of ICG was

moderate in water, D2O and aqueous NaN3, and very high in human plasma,

methanol and DMSO. Thus, excluding human plasma, ICG appears to remain

quite stable in organic solvents. Unfortunately these results are of no value in try-

ing to develop an appropriate photostable, thermostable and biocompatible inject-

able solution of ICG for use in human subjects inasmuch as they all possess

intrinsic toxicity.

A different solution to improving the stability of ICG in aqueous media has been

to complex the dye with water-soluble cyclodextrins [193]. The stability of ICG in

water increases because the dye can fit in the torus of g-cyclodextrin to form an in-

clusion complex at pH 6.0 and 25 �C that will somewhat shield the dye from the

external environment. Although in this manner the stability of ICG increases in

aqueous media, the effect is short-lived due to the tendency of ICG to leave the

cavity of g-cyclodextrin to form an equilibrium mixture with its complexed form.

Also, complexation of ICG with a cyclodextrin will make accurate assessment of

the thermostability of ICG a difficult task.

The stability of ICG in aqueous solutions has also been achieved by conjugating

it noncovalently with a polymeric carrier molecule [151, 194]. The conjugate is

formed by gently stirring a solution of ICG plus the anionic polymer sodium poly-

aspartate (PASP), added in a respective molar ratio of 1:2.6, at ambient tempera-

ture. Under ordinary conditions of illumination and ambient temperature, an

aqueous solution of conjugated ICG emitted a fluorescence that remained quite

stable for up to 24 days. In contrast, the fluorescence of a solution of plain

ICG was only stable for 4 days. However, this gain is offset by the failure of the

ICG–PASP conjugate to show a sufficiently long blood clearance rate for ICG

that would allow the dye to accumulate in tumors in a therapeutically effective

concentration.

A more recent attempt to prevent the photodegradation of ICG has been to

place this compound in close proximity to colloidal gold [195]. Although the in-

teraction of ICG with colloidal gold allows ICG to form a metallic conjugate with

better photostability than plain ICG, the utilization of metallic nanoparticles raises

concerns about the biodegradability and biocompatibility of the formulation. An

additional concern is the efficiency and effectiveness of this type of conjugate

under in vivo conditions since none of these issues has, thus far, been experimen-

tally substantiated.
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11.6

PLGA-based Nanoparticulate Delivery System for ICG

11.6.1

Rationale of Using a PLGA-based Nanoparticulate Delivery System for ICG

From the foregoing statements, it is apparent that the use of ICG in tumor diagno-

sis and treatment will only become a reality when its present shortcomings in

terms of chemical stability in solution, circulation half-life and adequate uptake by

tumor cells are solved.

One attractive and novel approach to achieving these objectives may be to en-

capsulate ICG within a biocompatible and biodegradable nanoparticulate system.

Among possible candidates for use in the preparation of nanoparticles for drug de-

livery purposes, PLGA and several of its derivatives stand out since they meet the

requirements of biocompatibility and biodegradability, and, in addition, have been

extensively used by the pharmaceutical industry. Further advantages to be gained

from the use of PLGA in nanoparticles are, among others, (a) enhanced uptake

into a tumor site because of increased endocytosis and of leakiness of the vascula-

ture permeating a tumor, i.e. they are suited for the passive targeting of tumors

[196], (b) amenability to surface modification by special targeting moieties such as

antibodies to enhance specificity toward a target site, i.e. active targeting [196], (c)

attainment of a long circulation half-life (14 min, which is about 3–7 times that of

plain ICG [197], and which can be increased further by coating the surface of the

nanoparticles with specific polymers such as PEG [198]), (d) confirmation by in
vitro studies with PLGA nanoparticles of their ability to be enter human cell lines

such as arterial smooth muscle cells (HASMC) and vascular smooth muscle cells

(VSMC), and accumulate at the tumor site [199, 200], (e) demonstrable stability in

aqueous media for intravenous delivery and which, unlike that of micelles and lip-

osomes, is independent of surfactant/lipid concentrations, and (f ) ease of prepara-

tion which, unlike the synthesis of delivery systems based on a antibody–drug con-

jugate, does not entail the formation of covalent linkages. It is expected that as a

result of future advances in nanotechnology, fully biocompatible and biodegradable

PLGA-based nanoparticles will be engineered on an industrial scale to meet the

clinical demands imposed by human tumors.

PLGA was used to entrap ICG into nanoparticles. The amount of each ingredi-

ent was varied to represent ratios of dye to polymer ranging from 1:10 to 1:800.

The ICG content appeared to vary within a narrow range (0.17–0.29%) regardless

of the dye to polymer ratio (Table 11.3) [201–203]. A similar trend was noted for

the particle size and polydispersity of the nanoparticles (Table 11.4). The z potential

was more negative with a dye to polymer ratio of 1:800 than with the other ratios

used (Table 11.4). The surface of the nanoparticles was porous in nature (Fig. 11.4),

a feature that may facilitate the fairly rapid release of the dye into an aqueous envi-

ronment during the first 8 hours (Fig. 11.5). The incorporation of ICG into nano-

particles not only isolated the dye from a potentially hostile external environment,

but at the same time contributed to enhance its chemical stability to the degrading
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action of an aqueous medium, ambient light and heat (Figs. 11.6–11.8, and Tables

11.5 and 11.6) [202].

The uptake of PLGA nanoparticles into cells is by endocytosis and this uptake

mechanism appears to take place even at low concentrations of ICG. As shown in

Fig. 11.9, the amount of ICG taken up as nanoparticles into B16-F10 and C-33A

cells, two types of cancer cells, increased in liner proportion to the concentration

of extracellular ICG and the rate of uptake was greater into B16-F10 cells than

into C-33A cells.

Figure 11.10 compares the uptake of ICG into B16-F10 and C-33A cells from

aqueous solutions and from nanoparticles. For each type of formulation, the

uptake of ICG was always slightly better into B16-F10 cells than into C-33A cell

and the resulting uptake versus concentration profiles were virtually parallel to

each other. Irrespective of the extracellular concentration of ICG used (0.0005–

50 mM), in all instances ICG was better taken up into cells as nanoparticles than

in the free form [204].

The entry of a nanoencapsulated compound into the cytoplasm was investigated

by fluorescence microscopy after incubating B16-F10 cells with PLGA nano-

particles loaded with coumarin 6 serving as a fluorescence probe (mean diameter

300G 10 nm, polydispersity index ¼ 0:01). There were three main reasons for us-

ing coumarin 6 in place of ICG to make the nanoparticles for cell uptake studies.

First, since ICG fluoresces in the NIR portion of the light spectrum, it cannot be

detected using an ordinary fluorescence microscope. Second, coumarin 6 emits a

Tab. 11.4. Size and z potential values of various nanoparticle formulations

Formulation number Nanoparticle size (nm)[a] Polydispersity z potential (mV)[a]

1 405G 05 0.01 �7:2G 1:0

2 338G 12 0.04 �7:8G 0:8

3 307G 08 0.02 �10:3G 2:1

4 357G 21 0.06 �16:3G 1:5

aValues are given as meanGSD for n ¼ 3.

Tab. 11.3. Effect of formulation parameters on ICG entrapment efficiency, ICG content and

nanoparticle recovery

Formulation

number

Amount

of ICG in

formulation

(mg)

Amount

of polymer

in formulation

(mg)

ICG

content

(%)[a]

ICG

entrapment

(%)[a]

Nanoparticle

recovery (%)

1 1 100 0.21G 0.06 9.92G 2.68 48.0

2 5 100 0.29G 0.04 2.92G 0.40 49.4

3 10 100 0.17G 0.01 1.14G 0.08 65.3

4 1 800 0.20G 0.01 74.47G 0.74 45.7

aValues are given as meanGSD for n ¼ 3.

328 11 Biocompatible Nanoparticulate Systems for Tumor Diagnosis and Therapy



characteristic green fluorescence when excited with red light, thus becoming suited

for detection by fluorescence microscopy [200]. Third, due to a higher degree of

lipophilicity than ICG, coumarin 6 tends to remain longer within PLGA nano-

particles exposed to an aqueous environment than ICG [202, 205, 206]. As

seen in Fig. 11.11, coumarin 6 was found to be evenly distributed throughout

Fig. 11.4. Different views of the surface of ICG-loaded PLGA nanoparticles.
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the cytoplasm apart from the nucleus, and to bind to intracellular proteins and

structures.

Incubating B16-F10 cancer cells in the dark with either ICG added as an aque-

ous solution or as nanoparticles was without apparent effect on cell viability at all

concentrations of ICG examined (Figs. 11.12 and 11.13). Irradiating the cancer

cells with a laser source emitting at 786 nm had no apparent effect on the viability

of cells incubated with various doses (1–100 mM) ICG as a solution (Fig. 11.14) or

with empty nanoparticles (Fig. 11.15), but reduced viability by 22 and 24% in cells

incubated with ICG nanoparticles providing 11 and 22 mM of dye, respectively (Fig.

11.15) [205].

Fig. 11.5. Release profile of ICG from nanoparticles (meanG SD, n ¼ 3).

Fig. 11.6. Chemical stability of ICG in an aqueous solution

and as a nanoparticle suspension in distilled water after

storage at 22 �C in the dark.
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11.6.2

In Vivo Pharmacokinetics of ICG Solutions and Nanoparticles

Assessment of the plasma kinetics and biodistribution of ICG following adminis-

tration as an aqueous solution and as a nanoparticle suspension was conducted

in mice. This type of study will also be of help in the future optimization of ICG-

containing nanoparticulates in terms of dye load, and selectivity for and improved

uptake into target sites.

Fig. 11.7. Chemical stability of ICG in an aqueous solution

and as a nanoparticle suspension in distilled water after

storage at 22 �C in the dark and under fluorescent light.

Fig. 11.8. Chemical stability of ICG in an aqueous solution

and as a nanoparticle suspension in distilled water stored at

different temperatures in the dark.
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Tab. 11.5. Degradation rate constants, kobs and degradation half-lives, t1=2 of ICG aqueous

solution and aqueous nanoparticle suspension (meanGSD, n ¼ 3)

Formulation Experimental

conditions

kobs (h
C1) t1/2 (h) R2

dark at 22 �C 0.0412G 0.0038 16.8G 1.5 0.972G 0.023

room light at 22 �C 0.0480G 0.0052 14.4G 2.4 0.979G 0.016

dark at 8 �C 0.0344G 0.0027 20.1G 1.6 0.997G 0.006

ICG aqueous solution

(ICG concentration

1 mg mL�1)

dark at 42 �C 0.0684G 0.0043 10.1G 0.6 0.984G 0.063

dark at 22 �C 0.0096G 0.0008 72.2G 6.1 0.986G 0.023

room light at 22 �C 0.0094G 0.0009 73.7G 7.5 0.979G 0.019

dark at 8 �C 0.0082G 0.0006 84.5G 6.3 0.981G 0.009

ICG loaded nanoparticles

aqueous suspension

(ICG concentration

1 mg mL�1) dark at 42 �C 0.0111G 0.0003 62.4G 1.7 0.960G 0.011

Tab. 11.6. Extent of ICG degradation in solution and as nanoparticles after 4 days of storage

under different conditions (meanG SD, n ¼ 3)

Storage condition ICG remaining (% of initial)

Aqueous solution Nanoparticles

Darkness, 22 �C 97.8G 0.8 60.5G 3.2

Ambient light, 22 �C 98.8G 0.7 57.8G 4.1

Darkness, 8 �C 96.1G 1.3 53.4G 3.7

Darkness, 42 �C 99.2G 0.3 62.8G 0.9

Fig. 11.9. Effect of the extracellular concentration of ICG

(1–50 mM) on the uptake of ICG into B16-F10 and C-33A cells.
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The temporal changes of ICG in plasma and in various tissues that follow a sin-

gle intravenous dose of ICG (10 mg per mouse) as a solution and as nanoparticles

was investigated. The results of these studies are presented in Figs. 11.16 and

11.17. For the ICG solution, the highest levels of ICG were found in the liver, fol-

lowed in decreasing order in the kidney, spleen, heart and lung. These data con-

firm the role of the liver as the major organ for the removal of ICG from the gen-

eral circulation and supports the clinical use of ICG as a test for liver function. In

Fig. 11.10. Uptake of ICG from a solution and a suspension of

nanoparticles into B16-F10 and C-33A cells (meanG SD,

n ¼ 3). Extracellular concentration of ICG: 0.0005–50 mM.

Fig. 11.11. Fluorescence microscopic images of B16-F10 cells

incubated with 0.1 mg mL�1 cumarin-6-loaded nanoparticle

suspension. Differential contrast image (left) and fluorescence

image (right). A Nikon 100/1.40 oil lens was used.
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Fig. 11.12. Subcellular localization of ICG in C-33A cancer cells

(using free ICG solution). Treated cells incubated with 100 mM

ICG (left) and control cells without ICG (right).

Fig. 11.13. Effect of ICG in solution on the viability of B16-F10

cells (meanGSD, n ¼ 5). Extracellular concentration of ICG:

1–100 mM.

Fig. 11.14. Effect of ICG-loaded nanoparticles on the viability

of B16-F10 cells (meanG SD, n ¼ 5). Nanoparticle

concentration: 0.5 and 1 mg mL�1.
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the case of ICG nanoparticles, while the liver again accumulated the highest con-

centrations of dye, the biodistribution pattern for other organs was somewhat dif-

ferent than with a solution, since the concentrations decreased in the order spleen,

lungs, heart and kidneys. It is evident that ICG nanoparticles are preferentially tak-

en up into liver and spleen, two organs that form part of the RES that is responsi-

ble for the removal of foreign particles from the blood through an active phagocytic

activity.

Fig. 11.15. Photodynamic activity of ICG-loaded nanoparticles

on the viability of B16-F10 cells (meanG SD, n ¼ 5).

Extracellular concentration of ICG was 11 and 22 nM.

*Significantly different from dark at p < 0:05.

Fig. 11.16. Biodistribution of ICG (solution) in mouse

tissues following an intravenous dose of ICG (10 mg per

mouse).
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Interestingly, the administration of ICG as a nanoparticle formulation led to a

blood ICG level that was significantly higher than from a solution and which re-

mained elevated for up to 4 h posttreatment. We believe that these results reflect

the slower hepatic clearance of circulating ICG nanoparticles than of free ICG

[155]. Also, nanoparticles may enhance the entry and retention of ICG into organs

since the levels of ICG in organs were higher from a suspension of nanoparticles

than from an equivalent aqueous solution. This feature should be of particular

value in the targeting of tumors with ICG-loaded nanoparticles. In the body, the

elimination of ICG appears to follow a biphasic pattern, with a rapid initial phase

of maximum dye removal followed later by a slower removal phase.

11.7

Conclusions and Future Work

Nanoparticulate systems can serve as an ideal carrier system for drugs used in tu-

mor imaging and PDT. By forming a wall around the drug they contain, nano-

particles can effectively protect the drug from the altering effects of the surround-

ing aqueous environment and from potential degradation by light and temperature.

Taking advantage of the leaky vasculature of tumors, nanoparticles can enhance

the passive uptake into and ultimate accumulation of antitumor drugs at the

target site by an enhanced permeation and retention effect. Furthermore, in com-

parison to a drug solution, nanoparticles can provide a longer half-life and reten-

tion of a drug in the body due to their size and surface characteristics. Finally,

nanoparticulates loaded with photoactive antitumor drugs can show photodynamic

activity in tumor cells.

Fig. 11.17. Biodistribution of ICG (nanoparticles) in mouse

tissues following an intravenous dose of ICG (10 mg per

mouse).
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We have shown the feasibility of manufacturing PLGA nanoparticles of ICG with

good potential as an agent for the diagnosis and treatment of tumors. These nano-

particles should be viewed primarily as a foundation for the development of new

nanoparticles with improved pharmaceutical and therapeutic features. In pursuit

of this goal, future work on this area will be addressed to, among other things,

compare different types of PLGA (e.g. 25/75, 30/70, 75/25) for their suitability in

manufacturing ICG nanoparticles with enhanced entrapment efficiency and dye

content. Another idea worthy of a future investigation is to test polymeric materials

such as albumin, chitosan, and PEGs (including PEG 2000, 5000 and 20 000). In

an effort to minimize the opsonization of the nanoparticles in vivo and, hence, to

prolong the plasma half-life of ICG, the application of an external coating with a

hydrophilic polymer may be warranted. Furthermore, to magnify the selectivity of

the nanoparticles to particular target sites, one could explore the possibility of mod-

ifying the nanoparticle surface by the attachment of antibodies and other types of

ligands with the ability to interact with specific types of tumors.

Another important aspect of nanotechnology applied to drug delivery using

polymeric nanoparticles that will need to be considered is the scale-up of the

production from the laboratory to an industrial scale, with particular attention to

uniformity of particle size, reproducible solute entrapment efficiency and stability

on storage under a variety of environmental conditions. Efforts will need to be

directed to investigating the porosity characteristics of the nanoparticle surface

(including pore size, pore shape and number of pores per surface area) and its rel-

evance to solute release in a biological environment. In addition, to reduce the dose

of ICG as ICG nanoparticles for applications like imaging and PDT, future devel-

opmental work on this type of formulation should concentrate in finding ways to

enhance the fluorescence signal of a dye after undergoing intracellular uptake. The

use of nanoparticles containing both silver ions and ICG is an attractive alternative

that merits future consideration.

At the cellular level, a vast amount of work remains to be carried out with ICG

nanoparticles using cell culture systems. In this regard, the use of new tumor cell

lines will provide a better picture of the type of cancers that can be treated with

ICG, especially cell lines of breast and skin cancers. The effectiveness of PDT for

each of the cancer cell lines will only be established by evaluating the effects of crit-

ical factors such as light dose and ICG dose, which will eventually have to be opti-

mized. A detailed investigation will have to be conducted to elucidate the mecha-

nism of PDT activity on different tumor cell lines and the role of singlet oxygen in

this process. The location of nanoparticles in the cell, their movement within the

cells and the delivery of the nanoparticle contents to various cell organelles are

also important subjects for future studies.

To more accurately define the biodistribution patterns and pharmacokinetic pro-

files of ICG delivered as nanoparticles, further investigation of this type of formu-

lation could be done in higher animal models such as the rat and rabbit. Further-

more, testing the nanoparticles in tumor-bearing animal models will provide us

with a clearer picture of the therapeutic and diagnostic effectiveness of the nano-

particles under more realistic conditions, particularly as it relates to tumor imaging
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and PDT applications. Again, the results of these studies will be of great help in

optimizing the test formulations.
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12

Nanoparticles for Crossing Biological

Membranes

R. Pawar, A. Avramoff and A. J. Domb

12.1

Introduction

Membrane transport plays an important role in cellular and subcellular pathways,

including multidrug resistance (MDR), cellular signaling and cell–cell communi-

cation. Membrane transport mechanisms, such as the membrane permeability

and extrusion machinery, lead to accumulation of specific intracellular substances

and MDR. The introduction of the polymerase chain reaction resulted in the de-

signing of new laboratory devices and analysis of amplified DNA fragments. In

addition, a number of studies have been conducted related to mimicking living sys-

tems as well as developing nanodevices such as biomolecular sensors and artificial

cells. The potential of nanotechnology has been studied in health care and medi-

cine, including the development of nanoparticles for diagnostic and screening pur-

poses [1].

New therapeutic agents are naturally occurring compounds like peptides, pro-

teins, carbohydrates or oligonucleotides. The main problems faced in the utiliza-

tion of these compounds are efficient and targeted drug delivery. Oral, nasal, trans-

dermal and buccal routes are generally used for the administration of protein drug

delivery. In such administration, the absorption of sufficient amount of drug

through a particular barrier is expected in order to achieve a pharmacological re-

sponse.

In therapeutic drug delivery, drugs generally should pass through barriers like

the skin, blood–brain barrier (BBB) and gastrointestinal (GI) tract via cell mem-

branes. These barriers can be overcome by using nanoparticle drug delivery. This

chapter discusses general information on cell membranes and the problems en-

countered by drugs when trying to cross them. To circumvent such barriers in

drug delivery, nanoparticulate drug delivery is preferred through the skin, BBB

and orally.

In nanoparticle drug delivery through the skin the encapsulation of hydrophobic

carriers with penetration enhancers is used to increase the hydrophobicity. Encap-

sulation involves the entrapment of a polypeptide drug within a polymeric, phos-

pholipid or carbohydrate particulate delivery system such as nanoparticles, micro-
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spheres and liposomes [2]. The BBB acts as an insurmountable barrier for a large

number of drugs like central nervous system (CNS)-active drugs and antibiotics. It

is also used as a major component in the regulation of the internal environment of

the brain. A number of attempts have been made to overcome such a barrier, in-

cluding the osmotic opening of tight junctions and the use of prodrugs or carrier

system like nanoparticles/liposomes. Prodrugs can efficiently penetrate and trans-

port across the lipophilic endothelial barrier or the efflux pump systems [3]. The

best carriers for oral administration are nanoparticles and microspheres. A wide

range of polymers of different sizes have been employed to investigate particle

uptake. An encapsulation technique is used for the entrapment of hydrophilic or

hydrophobic fluorochromes.

Nanoparticulate drug delivery has become a popular route of administration due

to its penetrating and fast-acting capacity. Nanomaterials used in drug delivery cre-

ated by nanotechnology research range from 1 to 100 nm in size. Nanomaterials

have the potential to solve unique biological challenges such as dealing with in-

organic materials, detecting electrical changes from biological molecules and treat-

ing disease.

12.2

Cell Membranes

Cell membranes are composed of lipid bilayers, proteins and lipopolysaccharides

attached to the membrane surface. Due to the amphipathic nature of the lipid mol-

ecules, the lipid bilayer has charged (phosphate) groups on the water-faced surface

and hydrophilic carbon inside the chains. The membrane proteins are either

partially or fully integrated into the membrane bilayer or attached to its surface.

Protein-free lipid bilayers are freely permeable to water and small nonpolar mole-

cules, such as O2 and N2, but impermeable to ions. For this reason, cells have

evolved special ways of transferring water-soluble molecules across the membranes

[4].

Understanding membrane transport has been an important goal for more than

a century because it governs many aspects of life. All membranes work as gate-

keepers to cells. They are responsible for signaling in the nervous system, and for

coordination of the contraction of skeletal muscle and the heart, forcing its muscle

to function as a pump. Membranes contain receptors or effectors for many drugs

and natural substances that control the life of cells. Some other important func-

tions like energy storage and signal transduction are also mediated through biolog-

ical pores via ion flow.

One major group of transport drugs is the ion channel proteins. The mechanism

and properties of ion transport through these channel proteins are subjects of wide

current interest [5–9]. These ion channels provide gates for ions like Naþ, Cl�, Kþ

and Ca2þ to enter or leave the cell. The channel and carrier proteins allow solutes

to cross the membrane passively in a so-called ‘‘facilitated diffusion’’. These trans-

port processes occur in the direction of a concentration gradient or according to
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different transmembranal potentials [10] without requiring any cell energy. How-

ever, certain membrane proteins can also act as ion pumps, transporting ions

actively against a concentration gradient using energy equivalents such as ATP.

By regulating the passage through these gates, cells can maintain the desired inter-

nal ion concentrations (which are often quite different from their concentrations in

the surrounding solutions).

Transport processes across membranes are experimentally studied with the

patch–clamp recording technique, which has revolutionized research in this field.

Transport through a single molecule of a channel protein can be studied in a small

patch of membrane covering the mouth of a micropipette using this technique [4].

Patch–clamp recording enables us to observe the current flow through the channel

depending on the applied voltage and voltage or transmitter-induced channel gat-

ing states.

Gap junctions are clusters of closely packed intercellular membrane channels

embedded in the plasma membranes of two adjoining cells [11]. They are unique

systems among ion channels because two hemi-channels are connected to span

two cell membranes. They facilitate a form of intercellular communication by per-

mitting the regulated passage of ions and small molecules from one cell to an-

other. Intercellular communication through gap junction channels has functional

roles in cell survival, development, differentiation, metabolism, morphogenesis

and mutagenesis [12–15]. Gap junctions permit action potential propagation in

electrically excitable synapses and help to maintain homeostasis in vascular sys-

tems, such as the lens and ovarian follicles [16]. The two hemi-channels are a

structure of connexon hexamers, each consisting of six connexin proteins. They

dock to form a sealed cell-to-cell passageway [17]. The interlocking of the two

channels occurs extracellularly in a narrow 3.5 nm ‘‘gap’’ separating the junctional

membranes. This channel–channel interaction is known to be selective between

connexins [18]. So far, the secondary and tertiary structural organization of the

connexins has been solved at 7–21 Å resolution [19]. The outer diameter of

the connexon is about 70 Å and it narrows at the extracellular domains, creating a

‘‘waist’’ in the appearance of the intercellular channel in the gap region of an outer

diameter of about 50 Å [11]. The channel pore narrows from an apparent 40 Å

diameter at the cytoplasmic side to 15 Å at the extracellular side of the bilayer and

then widens to 25 Å in the extracellular region. The gap junction channels can be

opened and closed by various physiological stimuli and experimental treatments

(gating processes). They are permeable to ions and neutral molecules up to a size

of about 1 kDa or 1.5 nm diameter, including secondary messengers and metabo-

lites. Trans-junctional voltages or those between the cytoplasm and exterior affect

junctions the most [12, 16].

12.2.1

Functions of Biological Membranes

The main functions of biological membranes are to: (a) provide an enclosure for

the cells, (b) allow the exchange of materials, (c) act as sites of biological reactions
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including photosynthesis, electron transfer and oxidative phosphorylation, (d) facil-

itate cell motion, and (e) enable recognition and cell fusion.

The biological membrane has proved to be vital in countless mechanisms nec-

essary for cell survival. The phospholipid bilayer performs the simpler functions

of compartmentalization, protection and osmoregulation. The proteins perform a

wider range of functions such as extracellular interactions and metabolic pro-

cesses. The carbohydrates are found in conjunction with both the lipids and pro-

teins, and therefore enhance the properties of both. This may vary from recogni-

tion to protection.

Overall, the biological membrane is an extensive, self-sealing, fluid, asymmetric,

selectively permeable and compartmental barrier essential for the correct function-

ing of a cell or organelles, and for a cell survival [20a]. See Fig. 12.1 for a schematic

view of a typical cell membrane.

12.2.2

Kinetic and Thermodynamic Aspects of Biological Membranes

Plasma membranes of eukaryotic cells show a pronounced asymmetry with respect

to the distribution of the major lipid components between the two protein mono-

layers. The aminophospholipids phosphatidylserine (PS) and phosphatidylethanol-

amine (PE) are predominantly located on the cytoplasmic leaflet, whereas the phos-

pholipids phosphatidylcholine (PC) and sphingomyelin (SM) are mainly found on

the external leaflet. Evidence for the distribution of cholesterol as another mem-

brane component is still contradictory. Some researchers found a preference for

cholesterol for the cytoplasmic layer of the red blood cell membrane, whereas other

results indicated a rather symmetrical distribution.

The asymmetrical distribution of the aminophospholipids may be understood

by an ATP-dependent translocation of these components from the external to the

Fig. 12.1. Schematic view of a typical cell membrane [20b].
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cytoplasmic layer. The response of the membrane to this directed transport will

concern not only the counter-directed movement of PS and PE, but also a redis-

tribution of PC, SM and cholesterol. Furthermore, a change in membrane curva-

ture may occur because of geometrical restrictions and corresponding mechanical

forces caused by the coupling of the monolayer surfaces. This reasoning shows

that the membrane asymmetry is determined by a multitude of processes, depend-

ing on (a) the metabolic state of the cell, (b) the mechanism of active translocation,

(c) the transmembrane concentration differences of lipids and (d) mechanical

forces.

Studies have attempted to gain a complete understanding of the phenomena of

transbilayer lipid movement by finding an appropriate phenomenological descrip-

tion of the lipid fluxes. The steady-state asymmetrical lipid distribution is governed

by dynamic equations. A reference simulation with a minimal set of phenomeno-

logical parameters yields qualitative restrictions to the many possible translocation

mechanisms. Relations between phenomenological and kinetic model parameters

serve, furthermore, as guidelines for the selection of kinetic constants in a quanti-

tative way. It can be shown how the mechanical driving forces of the phenomeno-

logical model are to be incorporated into a kinetic model of lipid translocation.

Active transport based on a kinetic scheme involving competitive binding of

PS and PE has been developed. It is clear that besides the kinetic parameters of

passive translocation, mechanical forces affect those of active transport. However,

the presented mechanism of active transport is not sufficient to allow for a proper

treatment of mechanical effects because ATP binding, ATP hydrolysis, ADP release

and lipid translocation are lumped into single irreversible translocation steps for

PS and PE. Despite this, the proposed equations for active translocation are com-

patible with present knowledge about the kinetic properties of active lipid translo-

cation in erythrocytes. This is particularly noted in the competition of PS and PE

for the same binding site with a 10-fold higher affinity of PS on the external mono-

layer. The latter property results in a pronounced difference in the time constants

of active transport of these two lipids.

The effect of proteins on membrane asymmetry has been taken into account in

the mechanism of active translocation, in the kinetic approach and in the mecha-

nism of facilitated lipid transport. However, possible effects of the mechanical

properties of the membrane proteins have not been analyzed in detail. It may be

an oversimplification that a rather high proportion of the membrane surface

(around 50% for erythrocytes) is occupied by proteins. It would be straightforward

to extend the mechanical energy of the monolayers by incorporating compressible

protein components. Thus, the net effect of proteins on the mechanical force con-

stants is taken into account, at least qualitatively. In addition to mechanical forces,

transmembrane electric potential gradients may also affect the translocation kinet-

ics of lipids, depending on their ionization states under physiological conditions.

The present model neglects the effects of lateral organization of cell membranes

that could result from specific lipid–lipid interactions, e.g. the pronounced interac-

tion of cholesterol and SM and the protein–lipid interactions. These interactions

would give rise to a more general expression for the free energy of mixing. Prelim-
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inary results, based on the Bragg–Williams approximation, indicate that no quali-

tative changes regarding the simulation of the overall transversal lipid distributions

occur, at least in the limits of that approximation [21].

12.3

Problems of Drugs Crossing through Biological Membranes

12.3.1

Through the Skin

The skin is an extremely efficient barrier that minimizes water loss from the body.

Drug absorption across the skin is potentially more limiting, and the relationship

between drug physiochemical properties and epidermal permeability is less ambig-

uous than for the mucosal barriers. The body skin surface area in humans is ap-

proximately 1.5 m2 and represents a readily accessible surface for the application

of drug delivery systems. The skin is structured in three layers: the epidermis, the

dermis and the subcutaneous layer. The outer layer of the epidermis and the stra-

tum corneum cover the entire outside of the body, and contain dead cells only,

those that are strongly keratinized. For most chemicals, the stratum corneum is

the rate-limiting barrier to percutaneous absorption. The skin of mammalian spe-

cies is, on most parts of the body, covered with hair. At the sites where hair follicles

grow, the barrier capacity of the skin differs slightly from the ‘‘normal’’ stratified

epidermis. Most studies concerning penetration of materials into the skin have

focused on whether or not drugs penetrate through the skin using different formu-

lations containing chemicals and particulate materials as a vehicle.

The main types of particulate materials commonly used are: liposomes, inor-

ganic compounds such as zinc and TiO2, polymer particulates and solid lipid nano-

particles (SLN). TiO2 particles are often used in sunscreens to absorb UV light and

therefore protect skin against sunburn or genetic damage. The micrometer-sized

particles of TiO2 penetrate through the human stratum corneum and even into

some hair follicles (including their deeper parts) [22]. The observation of penetra-

tion into living layers of the skin is not considered, since this part of the follicular

channel (the acroinfundibulum) is covered with a horny barrier layer. In a recent

review, Kreilgaard argued that ‘‘very small TiO2 particles (e.g. 5–20 nm) penetrate

into the skin and can interact with the immune system’’. Particles of 0.5–1.0 mm,

in conjunction with motion, penetrate the stratum corneum of human skin, and

reach the epidermis and, occasionally, the dermis. The lipid layers within the cells

of the stratum corneum form a pathway through which the particles can move into

the skin and be phagocytosed by the Langerhans cells [23]. The penetration of par-

ticles is limited to particle diameter of 1 mm or less.

Penetration of nonmetallic solid materials such as biodegradable poly(d,l-

lactic-co-glycolic acid) (PLGA) microparticles, 1–10 mm with a mean diameter of

4:61G 0:8 mm, was studied after application on to porcine skin. The number of

microparticles in the skin decreased with the depth (measured from the airside
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towards the subcutaneous layer). At 120 mm depth (where the viable dermis is

present), a relatively high number of particles was found. At 400 mm depth (der-

mis), some microparticles were still seen. At 500 mm depth, no microparticles

were found. Soil microparticles frequently of 0.4–0.5 mm and some large particles

25 mm diameter were found in the dermis of the foot in a patient with endemic

elephantiasis. The particles are seen to be in the phagosomes of macrophages or

in the cytoplasm of other cells. The failure to conduct lymph to the nodes produces

a permanent deposit of silica in the dermal tissues (a parallel is drawn with similar

deposits in the lung in pneumoconiosis). This indicates that soil particles penetrate

through (damaged) skin, most probably in every individual, and are normally re-

moved through the lymphatic system [24]. Liposomes penetrate through the skin

in a size-dependent manner. Micron-sized, and even submicron-sized, liposomes

do not easily penetrate into the viable epidermis, whereas liposomes with an aver-

age diameter of 272 nm can reach into the viable epidermis and some are found in

the dermis. Smaller-sized liposomes of 116 and 71 nm were found in higher con-

centration in the dermis. Submicron emulsion particles such as liposomes and

nonionic surfactant vesicles (niosomes), with a diameter of 50 nm to 1 mm, were

detected in the epidermis in association with the cell membranes after application

to human skin. The single molecules that make up the particles penetrate the

intercellular spaces at certain regions in the stratum corneum, and are able to ac-

cumulate and reform into microspheres. The formulation used allowed the pene-

tration of the spheres into melanoma cells, even to the nucleus [25]. The uptake of

metals through the skin is difficult because of both exogenous factors (e.g. dose,

vehicle, protein reactivity, valence) and endogenous factors (e.g. age of skin, ana-

tomical site, homeostatic control). Penetration of metals through the skin still

needs to be determined separately for each of metal species, either by in vitro or

in vivo assays.

12.3.1.1 Mechanical Irritation of Skin

Glass and rockwool fibers are widely distributed manmade mineral fibers, and

have many applications, mainly as insulation materials. They are used as a substi-

tute for asbestos fibers. In contact with the skin, these fibers can induce dermatitis

through mechanical irritation. These fibers are strong irritants and thus were not

examined in detail. In occlusion with irritant patch tests in humans, rockwool fi-

bers with a diameter of 4:20G 1:96 mm were more irritating than those with a

mean diameter of 3:20G 1:50 mm. The fact that ‘‘small’’ fibers can cause strong

skin irritation has been known for a long time. It is also commonly accepted that

some types of manmade fibers can easily induce nonallergic dermatitis. It is not

clear what makes these fibers irritants. No information is available on skin irrita-

tion caused by fibers with a diameter of less than 100 nm, indicating that more re-

search is needed on this problem [26].

12.3.1.2 Low-voltage Electroporation of the Skin

The skin is an effective barrier against toxic chemicals and pathogens. The up-

permost layer of skin, the stratum corneum, is impermeable to almost all water-
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soluble substances. It also constitutes a formidable obstacle to transdermal delivery

of drugs and genetic material. The transdermal route, if available, provides an alter-

native, convenient and noninvasive pathway for local and systemic delivery of

drugs, especially with respect to time release and the avoidance of degradation or

metabolism in the GI tract or liver. The stratum corneum is crossed by many ap-

pendages like hair follicles and sweat glands. The lining of these appendage ducts,

consisting of two layers of epithelial cells, is much less resistant than the stratum

corneum for drug transport.

Many biophysical approaches have been suggested to facilitate the transport of

selected chemicals across the skin barrier. The most well-known method used is

iontophoresis. In this approach, a low DC voltage (normally below 5 V) is applied

across the skin. Charged molecules to be delivered are placed under an appro-

priate electrode, and driven through the skin barrier by electrophoresis and electro-

osmosis [27, 28]. The electrical impedance spectra of the skin are well character-

ized and transport by iontophoresis has been analyzed by macroscopic theory [29].

About 20 years ago, reversible electroporation of biological membranes was rec-

ognized to deliver materials into living cells [30]. This method is based on the re-

silience of the cell membrane to resealing after a temporary electrical breakdown.

Due to the low electric conductivity across the membrane, as compared with that of

the cytoplasm and the external media, the major potential drop across the cell is

concentrated across the plasma membrane ‘‘poles’’ facing the electric field direc-

tion. This leads to the electroporation of the membrane, whereas the rest of the

cell experiences a much lower potential gradient. The same advantage applies to

the electroporation of the skin barrier in which the major potential drop develops

across the highly resistive stratum corneum – the target for electroporation. This

was recognized recently and the technique has been applied, although sometimes

in an irreversible sense, to permeabilize the skin for drug delivery.

A paradox is realized that if electroporation occurs when a potential of 1 V is ap-

plied across a cell membrane, the membranes of the epithelial cell layers lining the

skin appendages are porated, as soon as the low iontophoretic voltage (above 4 V)

is applied to the skin. Molecular transport by iontophoresis is considered, as there

is consequence of electroporation of the epithelial layers of the skin appendages.

This alternative interpretation is complicated because the potential drop along nar-

row hair follicles or sweat glands is taken into account in calculating the net poten-

tial drop across the epithelial cell layers at different depths from the skin surface.

Furthermore, the response and resealing times of the membrane to the applied

electric field are unknown. The difficulties arise in modeling the low field electro-

poration if a pulse or AC voltage is applied in the traditional iontophoretic setting

[31].

The analysis and the experimental support given provide a broad picture of what

happens when a low electric voltage is applied to the skin with appendages. The

initial event, characterized by the charging of the skin capacitor and the sub-

sequent poration of the appendage lining, is clearly depicted. It bridges the gap

between the theories of iontophoresis and electroporation. This work paves the

way for the future development of combined high- and low-voltage protocols
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designed to enhance transdermal transport that will play an increasingly important

role in drug and gene delivery [32].

12.3.2

Through the BBB

Despite enormous advances in brain research, brain and CNS disorders remain the

world’s leading cause of disability. More hospitalization and prolonged care is nec-

essary in CNS disorders than almost all other diseases. The major problem in drug

delivery to the brain is the presence of the BBB. Effective drugs against the CNS

disease reach the brain via the blood compartment, which must pass through the

BBB. It is important to understand the mechanisms involved in uptake into and

efflux from the brain. Various cells present at the level of the BBB dynamically reg-

ulate the function of the BBB. This realization implies a better understanding of

the relationship of transport at the BBB to drug structure and physicochemical

properties. Despite successful drug delivery to the CNS, only some drugs have

reached the phase where they can provide safe and effective human applications.

As pharmacological strategies improve, there will be less need for invasive proce-

dures for treating CNS diseases. Considerable advances are being made in intra-

vascular delivery and neurosurgical invasive procedures to deliver therapeutic sub-

stances into the brain. The failure of systemically delivered drugs to effectively treat

many CNS diseases can be rationalized by considering a number of barriers that

inhibit drug delivery to the CNS.

The CNS consists of blood capillaries which are structurally different from the

blood capillaries in other tissues. These structural differences result in a perme-

ability barrier between the blood within brain capillaries and the extracellular fluid

in brain tissue. Blood capillaries of the vertebrate brain and spinal cord lack small

pores and allow rapid movement of solutes from the circulation into other organs.

These capillaries are lined with a layer of special endothelial cells that lack fenestra-

tions and are sealed with tight junctions. Tight epithelium, similar in nature to this

barrier, is also found in other organs (skin, bladder, colon and lung) [33].

Ependymal cells lining the cerebral ventricles and glial cells are of three types.

Astrocytes form the structural framework for the neurons and control their bio-

chemical environment. Astrocyte foot processes or limbs spread out and meet one

other, encapsulate the capillaries to form the BBB. Oligodendrocytes are responsi-

ble for the formation and maintenance of the myelin sheath, which surrounds

axons and is essential for fast transmission by salutatory conduction. The tight

junctions between endothelial cells result in a very high transendothelial elec-

trical resistance of 1500–2000 W cm2 compared to 3–33 W cm2 of other tissues,

which reduces the aqueous based paracellular diffusion observed in other organs

[34, 35].

Microvessels cover an estimated 95% of the total surface area of the BBB and

represent the principal route through which chemicals enter the brain. Vessels in

the brain are found to have a somewhat smaller diameter and thinner wall than

vessels in other organs. The mitochondrial density in brain microvessels was also
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found to be higher than in other capillaries, not because of more numerous or

larger mitochondria, but because of the small dimensions of the brain micro-

vessels and, consequently, the smaller cytoplasmic area. In brain capillaries, inter-

cellular cleft, pinocytosis and fenestrae are virtually nonexistent; transcellular ex-

change is preferred. Lipid-soluble solutes can only freely diffuse through the

capillary endothelial membrane and may cross the BBB. In capillaries of other

parts of the body, such exchange is overshadowed by other nonspecific exchanges.

Despite the estimated total length of 650 km and total surface area of 12 m2 of

capillaries in human brain, this barrier is very efficient and makes the brain practi-

cally inaccessible for lipid-insoluble compounds such as polar molecules and small

ions.

Therefore, the therapeutic value of many promising drugs is diminished and ce-

rebral diseases have proved to be most refractory to therapeutic interventions. All

drugs used for disorders of the brain are lipid soluble and readily cross the BBB

following oral administration. Although antimicrobial b-lactam antibiotics, when

administered intracerebroventricularly, cause severe convulsion, these antibiotics

do not cause such CNS side-effects when administered intravenously or orally,

due to their limited transport across the BBB. Further, in spite of being well distrib-

uted into various tissues, a lipophilic new quinolone antimicrobial agent, grepa-

floxacin, cannot enter the brain. It results in CNS side-effects such as headache

and dizziness due to the displacement of g-aminobutyric acid (GABA) from the

GABA receptor binding sites. Benzodiazepines such as diazepam are used as sed-

ative hypnotic agents because these lipophilic drugs readily cross the BBB. How-

ever, the BBB transport of an immunosuppressive agent, cyclosporin A, that is

more lipophilic than diazepam is highly restricted. Similarly, almost all of the lip-

ophilic anticancer agents such as doxorubicin, epipodophylotoxin and Vinca alka-

loids (e.g. vincristine and vinblastine) hardly enter the brain, causing difficulty in

the treatment of brain tumors. l-DOPA, used for the treatment of Parkinson’s dis-

ease, is very hydrophilic and it can readily penetrate the BBB. What mechanisms

underlie these diverse BBB transport characteristics of drugs that are apparently

structurally and pharmacologically unrelated? Drug transport across the BBB of

small-molecular drugs by carrier-mediated transport and of peptide drugs through

adsorptive-mediated transcytosis is possible. The regions adjacent to the ventricles

of the brain are termed circumventricular organs (CVOs). The CVOs include the

choroid plexus, median eminence, neurohypophysis, pineal gland, organum vascu-

losum of the lamina terminalis, subfornical organ, subcommisaral organ and area

postrema. Although the capillaries in the CVO brain regions are more permeable

to solutes, the epithelial cells of the choroid plexus and the tanycytes of other re-

gions form tight junctions to prevent transport from the abluminal extracellular

fluid (ECF) to the brain ECF. The choroid plexus is very important for the transport

of peptide drugs. Although it is the major site of cerebrospinal-fluid (CSF) produc-

tion, both the CSF and brain ECF are freely exchanged with each other [36]. BBB

enzymes are well known and recognized for rapid degradation of almost all pepti-

des, including naturally occurring neuropeptides. Solutes crossing the cell mem-
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branes are subsequently exposed for enzyme degradation present in large numbers

inside endothelial cells. These contain large densities of mitochondria and meta-

bolically highly active organelles. The BBB is further reinforced by a high concen-

tration of P-glycoprotein, an active drug-efflux transporter protein in the luminal

membranes of the cerebral capillary endothelium. This efflux transporter actively

removes a broad range of drug molecules from the endothelial cell cytoplasm be-

fore they cross into the brain parenchyma [37].

12.3.2.1 Small Drugs

The majority of drugs do not cross the brain capillary wall which forms the BBB in
vivo. Only small molecules with high lipid solubility and a low molecular mass

(Mr) below 400–500 Da cross the BBB [38]. However, only few diseases of the brain

consistently respond to this category of small-molecule drugs [39, 40]. These in-

clude depression, affective disorders, chronic pain and epilepsy. In contrast, many

other serious disorders of the brain do not respond to conventional lipid-soluble

molecular therapeutics. These include Alzheimer’s disease, stroke/neuroprotection,

brain and spinal cord injury, brain cancer, HIV infection of the brain, various

ataxia-producing disorders, amytrophic lateral sclerosis, Huntington’s disease, Par-

kinson’s disease, multiple sclerosis and childhood inborn genetic errors affecting

the brain. Although l-DOPA therapy has been available for decades to treat Par-

kinson’s disease, there has been no neuroprotective drug available for Parkinson’s

disease that halts the inexorable neurodegeneration of this disorder. Patients with

multiple sclerosis have benefited from cytokine drug therapy that acts on the

peripheral immune system. However, no drug is available to stop the inevitable

demyelination within the CNS caused by multiple sclerosis. Many of the CNS dis-

orders that are refractory to small-molecule drug therapy might be treated with

large-molecule drugs including recombinant proteins and gene-based medicines;

however, several obstacles, both biochemical and economic, are inhibiting their

development.

12.3.2.1.1 Limitations of Small Drugs

Only 12% of drugs are active in the CNS and only 1% of the total number of

drugs are active in the CNS for diseases other than affective disorders [41]. The

rate-limiting role of the BBB is illustrated by the small molecule histamine. Hista-

mine, however, does not cross the BBB, but the inability of histamine to penetrate

the brain is illustrated [42]. Histamine has too many hydrogen-bond-forming func-

tional groups and the BBB penetration is inversely related to the number of hydro-

gen bonds that a drug forms with solvent water. Large-molecule drugs are not suit-

able for brain treatment because of the BBB problem. Indeed, if a large-molecule

drug is found to be effective for the brain, the molecule is generally abandoned for

a small-molecule peptidomimetic. However, with the exception of where the en-

dogenous ligand itself is a small molecule, no small-molecule peptidomimetics

have been discovered to date that are capable of transport across the BBB. There-
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fore, the small-molecule peptidomimetics still have to be reformulated for BBB

transport. The development of a small-molecule drug targeting the BBB is chal-

lenging and requires more work in this field.

12.3.2.2 Peptide Drug Delivery via SynB Vectors

Cells poorly take up a large number of hydrophilic molecules such as peptides,

proteins and oligonucleotides, since they do not efficiently cross the lipid bilayer

of the plasma membrane. Peptide neuromodulators failed to affect their target

cells within the brain when administered peripherally. This is due to the exis-

tence of the BBB. The most important factors determining the extent to which

a molecule is delivered from the blood into the CNS are lipid solubility, molecular

mass and charge. Simply based on lipid solubility and molecular mass, peptide- or

oligonucleotide-based neuropharmaceuticals are impeded by the BBB. To over-

come the limitation in accessing the drugs to the brain, some strategies need

to be developed to achieve BBB penetration [43, 44]. In the past decade, several

peptides have been described such as penetratin [45, 46], a basic segment of the

transcription-activating factor (Tat), and SynB vectors [44] that allow the intracellu-

lar delivery of polar, biologically active compounds in vitro and in vivo. Since the

peptides penetrate into the cells by a receptor-independent nonendocytotic process,

the interaction of some of them with the lipid matrix of the plasma membrane

could play a key role in their cell uptake [43].

12.3.3

GI Barrier

The GI barrier plays an important role in the organism – protecting against toxic

substances, and transferring nutrients and xenobiotics from the lumen to the

blood. Since the oral route of administration is the most common route, the ab-

sorption and metabolism of a chemical in the intestinal mucosa is particularly im-

portant. These processes affect the bioavailability of a chemical, i.e. the fraction

of an oral dose that reaches the systemic circulation [47]. Absorption across the in-

testinal lining includes passive diffusion across the cell membrane and cytoplasm

(transcellular transport). The uptake transporters includes the sodium-dependent

bile transporter, peptide transporters, the glucose transporter and organic anion

transporters. Some of the export transporters includes ATP-dependent P-glycopro-

tein, and multi drug resistance (MDR) proteins 1 and 2 (MRP1 and MRP2). These

represent well-characterized transporters in the apical membrane of the intestinal

mucosal epithelium, which actively pump substrates back into the intestinal lu-

men after absorption into the intestinal epithelial cells [48, 49]. The current in
vitro models of the intestinal barrier have been recently made available for inves-

tigating the principal mechanisms of absorption [50, 51]. The advantage of in
vivo models is that they integrate all the factors that can influence chemical par-

titioning. The disadvantage is that it is very difficult to separate these variables

during absorption. The advantage of in vitro models over in vivo models is that
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it is possible to study the mechanisms of absorption per se, and to bypass stomach

and liver metabolism. The rate and extent of drug absorption from the small intes-

tine depends on the release of the active ingredient from a dosage form, its solubil-

ity in the liquid phase of the GI contents, and the transport of the dissolved

compound or the intact dosage form from the stomach into the duodenum. In

dynamic systems such as dosing to the GI tract, drug absorption is dependent

on the residence time of the drug in solution at an absorption site. As such,

gastric emptying and intestinal motility can be critical determinants of drug

absorption.

The oral route of administration for protein and nucleic acid drugs is quite

problematic because in addition to proteolysis in the stomach, the high acidity of

the stomach destroys them before they can reach the intestine for absorption. Poly-

peptides and protein fragments, produced by the action of gastric and pancreatic

enzyme, are further cleaved by exo- and endopeptidases in the intestinal brush bor-

der membrane to yield di- and tripeptides, even if proteolysis by pancreatic en-

zymes is avoided. Polypeptides are mostly degraded by brush border peptidases.

Any peptide that survives and passes through the stomach is further metabolized

in the intestinal mucosa, where the penetration barrier prevents entry into cells

[52].

12.3.3.1 Intestinal Translocation and Disease

Crohn’s disease is characterized by transmural inflammation of the GI tract. It is of

unknown etiology, and it has been suggested that a combination of genetic predis-

position and environmental factors plays a role. Particles (0.1–1.0 mm) are associ-

ated with the disease and indicated as potent adjuvants in model antigen-mediated

immune responses. In a double-blind randomized study, a low particle diet (low in

calcium and exogenous microparticles) alleviated the symptoms of Crohn’s disease

[53]. However, there is a clear association between particle exposure, their uptake

and Crohn’s disease. The exact role of the phagocytosis cells in the intestinal epi-

thelium is not known. The disruption of the epithelial barrier function by apopto-

sis of enterocytes is a possible trigger mechanism for mucosal inflammation. Dis-

eases other than of gut origin also have marked effects on the ability of the GI tract

to translocate particles. The absorption of 2-mm polystyrene particles from the PP

of rats with experimentally induced diabetes is increased up to 100-fold (10% of the

administered dose) compared to normal rats [54]. However, the diabetic rat dis-

played a 30% decrease in the systemic distribution of the particles. The possible

explanation for this discrepancy is the increased density of the basal lamina under-

lying the GI mucosa of diabetic rats that may impede particle translocation into

deeper villous regions. This uncoupling between enhanced intestinal absorption

and reduced systemic dissemination has been observed in dexamethasone-treated

rats [55].

From the literature it is clear that engineered nanoparticles are taken up via

the GI tract. In general, the intestinal uptake of particles is better understood and

has been studied in more detail than pulmonary and skin uptake. Because of this

advantage, it is possible to predict the behavior of some particles in the intestines,
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with some precautions. Nanoparticles designed for food or to drug delivery via in-

testinal uptake needs to follow strict rules before marketing.

12.4

Nanoparticulate Drug Delivery

Drug delivery at a simplistic level has been dominated by the theme of noninjected

peptide delivery. Efforts to combine peptides with novel mucoadhesive polymers

and to encapsulate them in nanoparticles are being renewed. This is done by in-

creasing intestinal permeability and increasing solubility. In last 10 years, scientists

have discovered nanoparticles that favor uptake by immune surveillance systems in

the intestine and in the dermis of the skin. This led to an increase in vaccine deliv-

ery research with novel antigens and adjuvants. The nanoparticles and liposomes

discovered can access the brain, which has potential for targeting them to the

BBB. It is worth noting that 95% of all drugs discovered for Alzheimer’s disease,

Parkinson’s disease and stroke have poor brain-penetrating capability. There are a

number of advanced transdermal systems in the research phase, including ionto-

phoresis, sonophoresis and patches with probes. Peptide delivery via the skin is

back in vogue, although the devices are simpler and cheaper. A complete range of

new bioadhesive and mucoadhesive polymers is being produced, and they have

unique properties to increase organ retention. Such polymers, of which the glucos-

amine-based chitosan was a pioneer, can lead to increased localization and reten-

tion of a conjugated drug.

Several types of nanomaterials created by nanotechnology research range are

used in drug delivery, ranging in size from 1 to 100 nm:

� Fullerenes are pure carbon molecules composed of at least 60 atoms of carbon.

Fullerene has a shape similar to a soccer ball or a geodesic dome (also known as

a ‘‘buckyball’’).
� Nanotubes are a sequence of nanoscale C60 atoms arranged in a long, thin cylin-

drical structure. They are related to two other carbon crystal forms – graphite and

diamonds. They often look like rolls of graphite chicken wire. However, as mem-

ber of the fullerene family, they are buckyballs expanded from the center into

cylinders.
� Quantum dots are nanoscale crystalline structures made up of cadmium sele-

nide that absorb white light and then reemit it within a couple of nanoseconds

later in a specific color.
� Dendrimers are synthetic, three-dimensional macromolecules formed using a

nanoscale fabrication process. A dendrimer is formed from monomers, with

new branches added in steps until form a tree-like structure.
� Nanoshells are concentric sphere nanoparticles consisting of a dielectric (typi-

cally gold sulfide or silica) core and a metal (gold) shell. They are a very special

kind of nanoparticle because they combine IR optical activity with the uniquely

biocompatible properties of gold colloids. In simple words, they are spheri-

362 12 Nanoparticles for Crossing Biological Membranes



cal glass particles with an outer shell of gold. Their size is about 100 nm in

diameter.

12.4.1

Skin

Mammalian skin is a complex transport barrier with an anatomical organization

and chemical structure. The important region of skin is the stratum corneum,

which comprises columns of tightly packed corneocytes organized into clusters of

up to a dozen cells. Mammalian stratum corneum consists of 15 corneocyte layers,

with a total thickness of 0.3–0.8 mm. The corneocytes merge together with desmo-

somes and are sealed tightly with intercellular lipids, attached to plasma mem-

branes. The quality and crystallinity of lipids in the stratum corneum determine

the skin barrier characteristics. The fine structure of the skin and epidermal refrac-

tivity to molecular diffusion differ at different body sites [56–58].

12.4.1.1 Skin as Semipermeable Nanoporous Barrier

The skin behaves as a mechanical nanoporous barrier perforated by a large num-

ber of probably gap-like or quasi-semicircular pathways. The reported estimates for

such passage widths range from 0.4 to 36 nm. Detailed information on the distri-

bution of hydrophilic transcutaneous path widths in the skin is unavailable to date.

Arguably, pore size distribution is nonsymmetrical, with a peak around 20 nm and

decline on the low size side. Only one hydrophilic (circular) pathway exists be-

tween two corneocytes in the stratum corneum. The maximum number of pas-

sages through the barrier is calculated to be between 1010 cm�2 (in the case of

0.4-nm pores) and 4.5–108 cm�2 (for 20-nm pores). The most likely, realistic

‘‘open pore’’ density in the skin is 108–109 cm�2. Pore density of a comparable or-

der of magnitude was determined by analyzing the results of transcutaneous elec-

trical current (iontophoresis) and water flux (streaming potential) measurements.

The funnel-like pathway shape close to the skin surface minimizes the impact of

such geometrical factors. Experiments accordingly reveal that a much higher pro-

portion of the epicutaneously applied material is transported through the skin, at

least under suitable conditions [59, 60].

12.4.1.2 Hydrophilic Pathway through the Skin Barrier

The hydration and stress-dependent pathways within each cluster of cells have

relatively high transport resistance, and typically lead between intercellular lipid

(multi) lamellae and/or such lamellae and the proximal corneocyte envelope. In

contrast, the hydrophilic pathways between clusters of corneocytes in the stratum

corneum have a lower transport resistance and are sparser. The hydrophilic path

between the skin cells clusters acts as a transcutaneous shunt, which is typically

wider than 30 nm and permanently open. Transepidermal shunts thus cover a

broad spectrum of widths, encompassing anything between a relatively wide inter-

cluster gap (width greater than 5 mm), a hair follicle (width greater than 5 mm) and

a cutaneous gland (width greater than 50 mm) [61].
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12.4.2

Solid-Lipid Nanoparticles (SLN) Skin Delivery

The liposomal and emulsion solid particles possess several advantages like protec-

tion of incorporated active compounds from chemical degradation and flexibility in

modulating the release of the compound. Liposomes and emulsions are composed

of well-tolerated excipients and are used as a carrier for drug delivery. Solid-Lipid

Nanoparticles (SLN) were realized simply by exchanging the liquid lipid (oil) of

the emulsion by a solid lipid at room temperature. Solid-Lipid Nanoparticles

(SLN) focused exclusively on pharmaceutical applications mainly for nondermal

administration routes, e.g. oral and parenteral administration. In the last few years

Solid-Lipid Nanoparticles (SLN) have been used in topical formulations for phar-

maceutical and cosmetic products [62, 63]. In addition, generally recognized as

safe (‘‘GRAS’’) substances were also used, which provide a broad variety of lipids

and surfactants/polymers for the formulation of Solid-Lipid Nanoparticles (SLN)

dispersions. The production of Solid-Lipid Nanoparticles (SLN) is done using hot

or cold homogenization techniques. The cold homogenization technique is com-

monly used for extremely temperature-sensitive and hydrophilic compounds [64].

12.4.2.1 Chemical Stability of SLN

With regard to polymeric nanoparticles, the active compounds were incorporated

into the solid matrix of SLN to protect them from degradation. The coenzyme

Q10 incorporated in SLN composed of cetyl palmitate is stabilized with 1.2% Tego

Care 450 as a surfactant [65]. Similarly, under the influence of light and oxygen,

the sensitive cosmetic molecule retinol is decomposed to different epoxyretinoids.

The stabilization effect of SLN on retinol was investigated using different lipids as

matrix and different surfactants. The study of the stabilization effect between lipids

indicates the lipids have to be selected carefully for sensitive molecules. The small-

est particles with a large interface area had the most pronounced stabilization

effect. Obviously, retinol located in the surface layer and an optimal surfactant

showed highest stability. This indicates that the smallest particles provided the

largest interfacial area for retinol and led to the highest stabilization.

The homogeneous matrix with dispersed drug molecules is present in amor-

phous clusters when the cold homogenization method is applied and when the

lipophilic drug molecules are incorporated in SLN by the hot homogenization

method. In the cold homogenization method, the bulk lipid contains the dissolved

drug in dispersed form, which breaks up under high pressure and leads to nano-

particles having a homogeneous matrix structure [66]. Fast release is attained if

the application of SLN to the skin should increase the drug penetration, using

the occlusive effect of SLN. A core with an active compound is formed when the

active compound starts precipitating and the shell has fewer drugs. This leads to a

membrane-controlled release governed by the law of diffusion. It indicates that the

structure of the SLN formed depends on the chemical nature of the active com-

pounds and excipients. The release profile of SLN is often biphasic. The initial

burst release is followed by a prolonged release. The burst release is high when

produced at high temperature by hot homogenization.

364 12 Nanoparticles for Crossing Biological Membranes



12.4.2.2 In Vitro Occlusion of SLN

An adhesive effect is claimed for small-sized liposomes, forming a film on the skin

after application. The occlusivity of SLN in the form of the occlusion factor has

been investigated using the de Vringer model of a water beaker covered by a filter

paper [67]. In this study, the particle size should be small-sized nanoparticles.

Admixing of the SLN increased the occlusivity to maintain the light characters of

day cream, avoiding the glossiness of occlusive night cream. Highly occlusive night

cream was composed of lipid nanoparticles of high lipid concentration.

12.4.2.3 In Vivo SLN: Occlusion, Elasticity and Wrinkles

A study on the effect of in vivo SLN on skin hydration and elasticity has been

performed. Using several volunteers, the cosmetic formulation was applied to one

arm and the same formulation with 4% SLN was applied to other arm twice a day

for 4 weeks. The addition of SLN with the commercial formulation increased the

skin hydration by 32%, while in pure formulation the skin hydration increased by

24% [68]. Little or no increase in elasticity was observed in young volunteers. The

effect on wrinkle depth was found effective in wrinkle treatment using established

formulations with SLN. Detection of adhesive SLN on human skin was done by the

Tesa strip test. The SLN were found to stick to the skin surface, forming a film and

increasing the skin hydration.

12.4.2.4 Active Compound Penetration into the Skin

The penetration of active compounds into human skin involves coenzyme Q10 and

retinol. SLN are found to be more efficient in promoting penetration into the stra-

tum corneum. In cosmetic products the active compounds should stay in the skin,

penetrating sufficiently deep, but not too deep so as to affect systemic availability.

Penetration study with drugs in pharmaceutical dermal formulations revealed that

the degree of penetration depends on the chemical composition of the formulation.

The film formation, skin hydration, SLN lipids interaction and surfactants with the

skin lipids are considered the factors affecting the degree of penetration [65].

Depending on the composition of SLN, different penetration profiles were ob-

tained [69]. In the optimized formulation, a therapeutically desired enrichment in

the upper layer of the skin was obtained with systemic uptake minimization.

12.4.2.5 Controlled Release of Cosmetic Compounds

Perfume was incorporated in SLN and the release study compared to a nanoemul-

sion of the same lipid and surfactant composition. Initially the release was same

due to the presence of perfume in the outer shell of the SLN. During the follow-

up period to 8 h the release from SLN was delayed. This technique is used for de-

veloping longer-lasting perfume formulations based on the prolonged release of

the perfume from the solid lipid matrix [70].

Prolonged release is also desired for insect repellents, while the carrier should be

also released from the adhesive SLN carrier system to stick firmly to the skin. The

insect repellent DEET (N,N-diethyl-4methyl Benzamide) was incorporated in differ-

ent SLN formulations. A loading of 10% was achieved in stearic acid SLN stabi-
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lized with Tween 80 as a surfactant. The particles were physically stable for a long

period when incorporated into a gel [71, 72].

12.4.2.6 Novel UV Sunscreen System Using SLN

The reduction of the ozone layer has increased the need for effective UV protection

systems with minimum side-effects. The main UV protection systems are molecu-

lar UV blockers (sunscreens) and particulate compounds like TiO2. The molecular

blockers showed side-effects such are photoallergies and phototoxic effects; there-

fore, the particulate blockers systems are now used. The mechanism of the protec-

tion is simply the scattering of UV rays. However, the very small TiO2 particles

penetrate into the skin and interact with the immune system [73]. The crystalline

solid lipid nanoparticles also act as particulate UV blockers by scattering the light

efficiently. To enhance the UV protection further, a molecular sunscreen was incor-

porated into the solid lipid matrix. The fixation of the molecular sunscreen inside

the solid matrix minimized the side-effects due to penetration of the molecular

sunscreen into the skin. Incorporation of the molecular sunscreen into the SLN

matrix led to a synergetic protective effect. This means that the total amount of

molecular sunscreen in the formulation was reduced with a minimization of the

side-effects.

The release of the sunscreen from oil-in-water nanoemulsions and SLN disper-

sions was studied. A membrane-free release model used an oil phase above the

aqueous nanoemulsion or aqueous SLN dispersion in a test tube. After 4 h, 6.5%

of the sunscreen was released from the nanoemulsion; however, only 3.1% of the

sunscreen was released from the SLN dispersion [74].

12.4.3

Polymer-based Nanoparticulate Delivery to the Skin

Poly(alkyl cyanoacrylate) (PACA) nanoparticles have been used as controlled re-

lease devices for peptide delivery after subcutaneous administration. Radiola-

beled poly(isobutyl cyanoacrylate) (PIBCA) nanospheres injected subcutaneously

revealed a progressive reduction of staining in muscular tissue suggesting that

the nanospheres were progressively biodegraded [75a]. These nanospheres were

used to release growth releasing factor in a sustained manner and to improve its

bioavailability. After association with the nanospheres, the peptide was partially

protected from enzymatic degradation, whereas it was very rapidly metabolized at

the injection site when administered with the free drug.

A proposed mechanism for the reversion of MDR by means of doxorubicin-

loaded PACA nanospheres is shown in Fig. 12.2.

12.4.4

Subcutaneous Nanoparticulate Antiepileptic Drug Delivery

Antiepileptic drugs are rarely administered subcutaneously due to their slowness

and unreliability. In extraordinary circumstances such as end of life palliative
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care, subcutaneous administration is advocated. Subcutaneous delivery of insulin

by programmable infusion or on-demand linked to a glucose sensor has proved

promising [76]. The idea of a subcutaneous antiepileptic drug implant is attractive.

The low solubility, high alkaline pH in solution and low potency of most antie-

pileptic drugs make such implants bulky and impractical. Benzodiazepines have

high potency, but exhibit tachyphylaxis with continuous use. All most all antiepi-

leptic drugs have a relatively narrow therapeutic/toxic range, allowing for little

variations in release rates from the implant. Transdermal patches are used to

deliver many medications like nitroglycerine, antiemetics and nicotine. Significant

transdermal penetration through the stratum corneum by medicines usually re-

quires chemical enhancers like oxazolidinones, propylene glycol and epidermal en-

zymes [77]. Despite the limits of solubility and potency, antiepileptic drug patches

remain an attractive option.

12.4.5

Nanoparticulate Anticancer Drug Delivery

Cancer therapy usually involves intrusive processes including application of cathe-

ters to allow chemotherapy to shrink any cancer present, surgery to then remove

Fig. 12.2. Proposed mechanism for the

reversion of MDR by means of doxorubicin-

loaded PACA nanospheres. Given as free drug,

doxorubicin is pumped out of the cell by P-

glycoprotein (A). When given as PACA

nanospheres, doxorubicin and degradation

products such as poly(cyanoacrylic acid) are

released locally from the nanospheres

adsorbed on the cell membrane. Together they

can form ion pairs, which facilitate the

penetration of doxorubicin into resistant cells

[75b].
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the tumor followed by more chemotherapy and radiation. The purpose of the che-

motherapy and radiation is to kill the tumor cells, which are more susceptible to

the action of the drugs and methodologies, due to their faster growth rate than

healthy cells. Current research areas include development of carriers to allow alter-

native dosing routes, new therapeutic targets such as blood vessels fueling tumor

growth (angiogenesis) and targeted therapeutics that are more specific in their

activity. The effectiveness of the treatment is directly related to the treatment’s abil-

ity to target and kill the cancer cells while affecting as few healthy cells as possible.

Currently, cancer patients’ selectivity in their treatment is related to the inherent

nature of the chemotherapeutic drugs to work on a particular type of cancer cell

more intensely than on healthy cells. However, by administering bolus doses of

these intense drugs systematically some side-effects will always occur and some-

times these are so intense that the patient must discontinue therapy before the

drugs have a chance to eradicate the cancer [78]. Advances in the treatment of can-

cer are progressing quickly both in terms of new agents against cancer, and new

ways of delivering both old and new agents. Some new methods for delivering

therapies, both old and new, with a focus on nanoparticle formulations and ones

that specifically target tumors are discussed in the following subsections.

12.4.5.1 Paclitaxel

Paclitaxel is a microtubule-stabilizing agent that promotes polymerization of tubu-

lulin causing cell death by disrupting the dynamics necessary for cell division. It

has neoplastic activity against primary epithelial ovarian carcinoma, breast, colon

and non-small cell lung cancers. Paclitaxel is poorly soluble in aqueous solutions,

but soluble in many organic solvents such as alcohols. The currently available

formulation includes Cremophor EL (polyethoxylated castor oil) and ethanol for

solubilization; however, Cremophor EL is a toxic substance which shows side-

effects such as hypersensitivity reactions, nephrotoxicity and neurotoxicity [79].

Biodegradable nanoparticle formulations of PLGA have been used. Paclitaxel is in-

corporated at very high loading efficiencies, about 100%, by a nanoprecipitation

method using acetone and PLGA [80]. These nanoparticles, 117–160 nm diameter,

released over half of their drug in vitro in the first 24 h.

12.4.5.2 Doxorubicin

It is the most potent and widely used anticancer drug and works by inhibiting the

synthesis of nucleic acids within cancer cells [81]. Doxorubicin has a number of

undesirable side-effects like cardiotoxicity and myelosuppression, which leads to a

very narrow therapeutic index. Various researchers have studied different ways to

target doxorubicin delivery to cancer tissues with minimum side-effects. Conju-

gates of dextran and doxorubicin have been encapsulated in chitosan nanopar-

ticles of around 100 nm diameter. Mice injected intravenously with both dextran–

doxorubicin conjugates and the conjugates encapsulated in chitosan nanoparticles

showed a decrease in tumor volume. Treatment with doxorubicin alone did not

decrease the tumor volume. Another method used for cancer treatment is neu-

tron capture therapy using gadolinium [82]. In vitro cellular studies of chitosan-
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encapsulated gadopentetic acid in nanoparticles has shown that the nanoparticles

will be taken up by L929 fibroblast cells, B16F10 melanoma cells and SCC-VII squ-

amous cell carcinoma cells through endocytosis. Doxorubicin was also conjugated

with PLGA and formed nanoparticles from these conjugates [81]. Nanoparticles of

200–250 nm diameter were prepared, with in vitro release for up to 1 month. In
vivo analysis of injected nanoparticles as compared with daily doxorubicin injec-

tions shows a single injection of doxorubicin–PLGA conjugate nanoparticles could

suppress tumor growth for up to 12 days.

12.4.5.3 5-Fluorouracil (5-FU)

Incorporation of 5-FU is achieved using dendrimers of poly(amidoamine) modified

with mPEG-500. The hydrophilicity of the 5-FU is allowed to complex with the

dendrimers. Simply incubate the polymer with the drug. In in vitro studies, pegy-

lated formulations showed release over 144 h (6 days), while non-pegylated formu-

lations had completed their release within 1 day. Intravenously administered for-

mulations in rats showed that free 5-FU was cleared from the bloodstream within

1.75 h. Those given dendrimer formulations, however, showed 5-FU clearance only

after 7 h for non-pegylated systems and 13 h for pegylated systems. This confirms

the formulation ability to control the 5-FU release in vivo and the extension of re-

lease by pegylation of the polymers in the formulation [83].

12.4.5.4 Antineoplastic Agents

Camptothecin-based drugs, specifically irinotecan (Camptosar) and topotecan

(Hycamptin), have been approved by the FDA, and are used most often either in

conjunction with 5-FU as first-line therapy or sometimes used alone after 5-FU

has failed. Analogs of these molecules have shown up to 1000-fold higher activity,

but the great challenge to their delivery is their extreme hydrophobicity [84]. Lipid-

based nanoparticles of 100–375 nm diameter were prepared with the SN-38 analog

of irinotecan. The weight of tumors was followed for mice injected twice weekly for

2 weeks (four doses) or daily for 10 days (10 doses) with Camptosar as compared

with encapsulated SN-38 twice weekly for 2 weeks (four doses) at two different par-

ticle sizes. The longest tumor regression and survival was seen for mice injected

with nanoparticles around 375 nm in diameter (65 days survival, 1.98 mg SN-38

per mouse), followed by those injected daily with Camptosar (51 days survival, 9

mg irinotecan per mouse) and those injected with nanoparticles around 100 nm

diameter (48 days survival, 1.51 mg SN-38 per mouse). The control mice survival

was 22 days.

12.4.5.5 Gene Delivery

Other ligands which show a selective targeting to cancer cells are transferrin (Tf )

and epidermal growth factor (EGF) [85, 86]. Complexes for DNA delivery com-

posed of poly(ethyleneimine) linked to PEG coated with either Tf or EGF were pre-

pared with nanoparticle diameters ranging from 49 to 1200 nm. The plasmid

pCMV-Luc which codes for luciferase production was incorporated into these

nanoparticles and in vivo studies in mice showed the gene expression from admin-
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istration of targeted systems was 10–100 higher in tumors than in other organs

[87].

A new class of biosensors has been developed which recognizes and detects spe-

cific DNA sequences and genetic mutations in laboratory experiments. The tech-

nology could lead to a new method of cancer detection or drug development. The

nanosensors, called ‘‘smart nanoparticle probes’’, work by attaching short pieces of

DNA (oligonucleotides) to 2.5-nm gold nanocrystals, which serve both as scaffolds

and as ‘‘quenchers’’ for fluorescence. The oligonucleotide molecule forms into

an arch-like shape labeled with a fluorescent dye at one end and a sulfur atom at

the other end. The new nanoparticle probes will be more effective than conven-

tional molecular beacons because their unique shape is better suited to binding

with target molecules and their fluorescence changes very little with changes in

temperature.

Nanoparticles are used to trace specific proteins in cells for early cancer diagno-

sis and to monitor the effectiveness of drug therapy. The nanoparticles are also

used to quantify and identify gene sequences, proteins, infectious organisms and

genetic disorders. The particles might be able to profile a large number of genes

and proteins simultaneously, allowing physicians to individualize cancer treat-

ments based on the molecular differences in the cancers of various patients. Be-

cause of their novel structural and optical properties, these nanobeacons open

new opportunities in biomolecular sensing and bioengineering [88].

12.4.5.6 Breast Cancer

A research study used Doxil (a commercial liposomal doxorubicin formulation

from Alza) in which a modified PEG conjugated to antibody F5 had been incu-

bated to form a coupled liposome system. Comparison in vivo in mice treated

with Doxil or F5-coupled Doxil showed a faster and greater regression in tumor

volume for F5-containing Doxil over unmodified Doxil [89].

12.4.6

Nanofibers Composed of Nonbiodegradable Polymer

The incorporation of a drug into water-insoluble nonbiodegradable polyurethane

has been performed to make the drug amorphous. To achieve this goal, electro-

static spinning was applied [90, 91] resulting in the formation of nanodimension

fibers. The application of this technology to drug-based delivery systems has been

examined only to a limited extent [92–95]. To generate drug delivery systems based

on this approach, a drug is incorporated along with the polymer in the solution

to be electrospun. In this process, three general variable types determine the diam-

eter and morphology of the filaments – solution parameters, equipment-controlled

parameters and environmental parameters [96, 97]. Such treatments form fibers

ranging in diameter from 100 nm to several Ångstoms, which are cylindrical and

uniform ranging to beaded fibers of homogeneous size. The large surface area as-

sociated with nanospun fabrics allows fast and efficient solvent evaporation, giving
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limited time to recrystallize the incorporated drug for the formation of amor-

phous dispersions or solid solutions [92]. The electrostatic spinning of poorly

water-soluble drugs in a water-insoluble nonbiodegradable polymer may generate

useful delivery forms. Two drug models, itraconazole and ketanserin, were eval-

uated using a polyurethane carrier. Oral itraconazole is widely used for the treat-

ment of tinea pedis and other superficial fungal infections. The compound is

highly water insoluble and does not penetrate into the dermis to any significant

extent after topical application to explant human skin in traditional vehicles [98,

99]. Ketanserin is a selective S2-serotonin antagonist which accelerates wound

healing in the treatment of diabetic foot ulcers [100, 101].

12.4.6.1 Electrostatic Spinning

A high voltage Spellman DC current supply was used for the experiments in an

electrostatic spinner. The voltage applied was set to 16 kV. All the experiments

were done at ambient temperature and humidity. The solutions were prepared by

dissolving the drug and polymer in a suitable organic solvent. The solution was

feed to the glass spinneret and a high voltage was applied to the solution. On com-

pletion of the spinning nonwoven spun fabric was removed and characterizied.

12.4.6.2 Scanning Electron Microscopy

The electrostatic spun fibers surface was analyzed using a scanning electron micro-

scope. In the method of analysis the spun fibers were placed in a center of an alu-

minium stud. A very thin layer of gold was applied to the fibers and placed in the

microscope chamber connected to a high vaccum. Surface morphology study was

done at 5–10 kV mode.

12.4.6.3 Differential Scanning Calorimetry (DSC)

The Differential Scanning Calorimetry (DSC) study was done using a DSC instru-

ment connected with a thermal analysis controller. The samples were analyzed in

covered aluminum pans under dry nitrogen. Approximately 5 mg of crystalline

compound was heated from 25 to 200 �C and then cooled at room temperature.

A second heating cycle was applied on the sample starting at room temperature

upto 200 �C. For the electrospun materials, approximately 5 mg was weighed in

the DSC pan.

12.5

Nanoparticulate Delivery to the BBB

Nanoparticles represent a tool to transport essential drugs across the BBB that are

normally unable to cross this barrier. Drugs that have successfully been trans-

ported into the brain using nanoparticles include the hexapeptide dalargin, the di-

peptide kytorphin, loperamide, tubocurarine, the NMDA receptor antagonist MRZ

2/576 and doxorubicin. Nanoparticles may be especially helpful for the treatment
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of disseminated and very aggressive brain tumors. The first promising result in this

direction was obtained in rats. The mechanism of nanoparticle-mediated transport

of drugs across the BBB needs further elucidation. The most likely mechanism

seems to be receptor-mediated endocytosis by the endothelial cells lining the brain

blood capillaries [35], following adsorption of apolipoprotein (apo) B and E from

the blood after intravenous injection.

By increasing bioavailability, nanoparticles can increase the drug development

and help to treat previously untreatable conditions. Because of the BBB, many

new chemical entities aimed at treating brain disorders have not proved clinically

useful. In contrast, nanoparticles have been used to cross the BBB with little dif-

ficulty. Several systems have been developed, capable of reaching the brain for

anesthesia (Dalargin, an analgesic), cancer drugs and other different therapeutics.

There are several advantages over existing systems, including (a) no requirement

to open the BBB, (b) the ability to use hydrophilic or hydrophobic drugs, and (3)

the drug does not need to be modified. Researchers at the University of Texas at

Austin have also described means of using nanospheres for oral drug delivery.

These nanosphere carriers are derived from hydrogels – highly stable organic com-

pounds that swell when their environment becomes more acidic. These are suc-

cessfully formulated into controlled release tablets and capsules, which release

active drug compounds.

12.5.1

Peptide Delivery to the BBB

Nanoparticles are used as transport vectors for peptide drugs. The nanoparticles

are colloidal polymer particles of poly(butyl cyanoacrylate) with the desired peptide

absorbed onto the surface and then coated with polysorbate 80. Nanoparticles are

also used as a vector for delivering the hexapeptide dalargin (an enkephalin ana-

log). Intravenous injections of the vector-dalargin produce analgesia, while dalargin

alone does not [102]. Drugs successfully transported across the BBB with nanopar-

ticles include loperamide, tubocerarine and doxorubicin [103, 104]. The mecha-

nism of nanoparticulate transport was not completely elucidated. The most proba-

ble transport pathway seems to be endocytosis by the blood capillary endothelial

cells following adsorption of blood plasma components, most likely apoE after in-

travenous injection. These particles interact with the low-density lipoproteins

(LDL) receptors on the endothelial cells and are then internalized. After internal-

ization by the brain capillary endothelial cells, the drug is released by desorption

or degradation of the nanoparticles and diffuses into the residual brain. Alterna-

tively, transport may occur by transcytosis of the nanoparticles with the drug across

the endothelial cells. The coating of nanoparticles with polysorbate led to adsorp-

tion of apoE and possibly other plasma components. This interacts with the LDL

receptors of the brain endothelial cells, which could lead to their endocytosis

[105]. In addition to these processes, polysorbates are capable of inhibiting the ef-

flux pump. This inhibition could contribute to the brain transport properties of
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the nanoparticles. However, the possibility of a general toxic effect is also a serious

impediment.

12.5.1.1 Peptide Conjugation through a Disulfide Bond

Short peptide sequences, known as protein transduction domains (also known as

cell-penetrating peptides), have become important tools to internalize impermeant

molecules into cells. The transduction domain from the HIV TAT protein has been

the most widely used and characterized. The ability of the TAT protein to cross the

plasma membrane has since been shown to reside primarily in a highly basic re-

gion composed of nine amino acid residues.

A microanalytical instrument is used to provide quantitative data on cargo trans-

ported into the cytoplasm of living. Fluorescently labeled peptides, kinases, were

conjugated to a TAT-derived peptide. Two strategies were employed to introduce a

cleavage site between the TAT and the substrate cargo – a disulfide bond and a pho-

tolabile moiety. Cytosolic concentrations of the released substrates were detectable

at approximate concentrations of less than 10�20 moles. These substrate peptides

were used as probes of cytoplasmic kinase activity in single cells, with their phos-

phorylation providing a measure of their accessibility to cytoplasmic kinases. The

percentage of phosphorylation of a TAT-loaded substrate peptide was compared to

determine whether the free peptide released from the TAT conjugate was efficiently

phosphorylated. The conjugated peptides were also used to determine the kinetics

and temperature dependence of TAT-mediated delivery of kinase-accessible peptide

to the cytosol [106].

12.5.2

Biodegradable Polymer Based Nanoparticulate Delivery to BBB

Polymeric lipid-based devices that can deliver drug molecules at defined rates for

specific periods are making a tremendous impact in clinical medicine. Drug deliv-

ery to the brain interstitium using polyanhydride can circumvent the BBB. The

drug is released directly to an intracranial target in a sustained fashion for an ex-

tended period of time. The fate of a drug delivered to the brain interstitium from

the biodegradable polymer was predicted by a mathematical model based on (a)

rates of drug transport via diffusion and fluid convection, (b) rates of elimination

from the brain via degradation, metabolism and permeation through capillary

networks, and (c) rates of local binding and internalization [107]. Such models

are used to predict the intracranial drug concentrations, results from 1,3-bis(2-

chloroethyl)-1-nitrosourea (BCNU)-loaded pCPP:SA (1,3-bis-para-carboxyphenoxy-
propane:sebacic acid) as well as other drug–polymer combinations, paving the

way for the rational design of drugs specifically for intracranial polymeric delivery.

Conjugation of a polymerically delivered chemotherapeutic agent to a water-

soluble macromolecule increases drug penetration into the brain by increasing

the period of drug retention. Recently, interleukin-2-loaded biodegradable polymer

microspheres were developed for local cytokine delivery to improve the immuno-
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therapeutic approach to brain tumor treatment [108]. Polymeric cytokine delivery

has several advantages over delivery from transducted cells, including obviating

need for transecting cytokine genes, producing longer periods of cytokine release

in vivo, yielding more reproducible cytokine release profiles and total cytokine

dose. Microparticles are easily implanted by stereotaxy in discrete, precise and

functional areas of the brain without damaging the surrounding tissue. This

type of implantation avoids the inconvenient insertion of large implants by open

surgery, which may lead to repeat operations [109]. The feasibility of polymer-

mediated drug delivery by the standard chemotherapeutic agent BCNU showed lo-

cal treatment of gliomas. This method is effective in animal models of intracranial

tumors. Obviously, such an invasive approach is only useful in a limited number of

patients; however, it does prolong survival of patients with recurrent glioblastoma

multiform brain tumors. Nevertheless, because of diffusion problems the thera-

peutic agent is likely to reach only nearby sites.

Polymeric nanoparticles are interesting colloidal systems to enhance the thera-

peutic efficacy and reduces the toxicity of a large variety of drugs [110]. Nano-

particles are helpful for the treatment of the disseminated and aggressive brain

tumors. Intravenously injected doxorubicin-loaded polysorbate 80-coated nano-

particles produced 40% cure in rats with intracranially transplanted glioblastomas

[103]. Another study shows that pegylated PHDCA (n-hexadecylcyanoacrylate)
nanoparticles made by pegylated amphiphilic copolymer penetrate into the brain

better than all the other tested nanoparticle formulations, without inducing any

modification of BBB permeability [111]. Two important requirements are necessary

in design of adequate brain delivery systems – long-circulating properties of the

carrier and appropriate surface characteristics to permit interactions with endothe-

lial cells. Valproic acid-loaded nanoparticles showed reduced toxic side-effects of

valporate therapy, not by reducing the therapeutically necessary dosage, but by

inhibiting the formation of toxic metabolites [112]. In conclusion, the capacity of

biodegradable polymer delivery methodology to deliver drugs directly to the brain

interstitium is extensive.

12.5.3

Nanoparticulate Gene Delivery to the BBB

Another strategy to achieve interstitial drug delivery involves releasing drugs from

biological tissues. The simplest approach to this technique is to implant into the

brain a tissue which naturally secretes a desired therapeutic agent. This approach

is useful in the treatment of Parkinson’s disease. Transplanted tissue often did not

survive due to a lack of neovascular innervation. Recently, enhanced vasculariza-

tion and microvascular permeability in cell-suspension embryonic neural grafts re-

lated to solid grafts has been demonstrated [113]. An alternative for this method is

to use gene therapy to develop optimized biological tissue for interstitial drug de-

livery. Before implantation, cells are modified genetically to synthesize and release

specific therapeutic agents. The therapeutic potential of this technique in the treat-

ment of brain tumors has been demonstrated [114]. The use of nonneuronal cells
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for therapeutic protein delivery to the CNS has been recently reviewed. The sur-

vival of foreign tissue grafts may be improved by advancements in techniques for

culturing distinct cell types. Co-grafted cells engineered to release neurotropic fac-

tors with cells engineered to release therapeutic proteins may enhance the survival

and development of foreign tissue [115].

It is possible to perform in vivo genetic engineering to cause specific endogenous

brain tissue to express a desired protein, circumventing the ischemic and immuno-

genic complications encountered with the implantation of foreign tissue grafts.

One such technique that has been successfully used for the treatment of CNS

malignancies involves in vivo tumor transduction with the herpes simplex virus

thymidine kinase (HSV-tk) gene followed by the treatment with anti-herpes drug

ganciclovir. It was achieved by intratumoral injection of retroviral vector-producing

cells containing the HSV-tk gene, rendering the transfected tumor cells susceptible

to treatment with ganciclovir [116]. Other vector systems used in CNS gene trans-

fer studies include retroviruses, adenoviruses, adeno-associated viruses, encapsula-

tion of plasmid DNA into cationic liposomes, and neutral and oligodendrial stem

cells. Although this approach holds remarkable therapeutic potential in the treat-

ment of CNS diseases, several obstacles hinder its efficacy – restriction to the deliv-

ery of vector systems across the BBB, inefficient transfection of host cells, nonse-

lective expression of the transgene and deleterious regulation of the transgene by

the host [117].

12.5.4

Mechanism of Nanoparticulate Drug Delivery to the BBB

The mechanism of drug delivery across the BBB has not been completely eluci-

dated, even several possibilities are existing to explain it [103, 118]:

(a) An increased retention of the nanoparticles in the brain blood capillaries is

combined with adsorption to the capillary walls. A higher concentration gradi-

ent is responsible for enhancing the transport across the endothelial cell layer

and it results in delivery to the brain.

(b) A general surfactant effect characterized by a solubilization of the endothelial

cell membrane lipids leads to membrane fluidization and enhanced drug per-

meability through the BBB.

(c) The nanoparticles could lead to an opening of the tight junctions between the

endothelial cells. The drug permeates through the tight junctions in free form

or together with the nanoparticles.

(d) The nanoparticles may be endocytosed by the endothelial cells followed by the

release of the drugs within these cells and delivery to the brain.

(e) The nanoparticles bound with drugs are transcytosed through the endothelial

cell layer.

(f ) The polysorbate 80 used as the coating agent could inhibit the efflux system,

especially P-glycoprotein.
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12.5.5

Nanoparticulate Thiamine-coated Delivery to the BBB

Thiamine is a water-soluble micronutrient essential for normal cell function,

growth and development. The consideration of thiamine as a cell-specific ligand

for targeted delivery is rationalized since all eukaryotic cells have a specified trans-

port mechanism for thiamine. The effectiveness of using the thiamine ligand in

tumor targeting has been studied. Thiamine-coated gadolinium nanoparticles had

specific association with human breast cancer cells, which expressed the thiamine

transporters THTR1 and THTR2 [119]. The thiamine ligands bind to the BBB

thiamine transporter and subsequently increase the number of nanoparticles at

the BBB interface. Based upon BBB thiamine transport capacity and kinetics, it is

referred to as a brain drug delivery vector [120]. The thiamine-coated nanoparticles

(thiamine nanoparticles) specifically favor the brain uptake either by facilitating

transport mechanisms or by increased passive diffusion, secondary to an increased

concentration gradient of the nanoparticles located at the BBB interface due to

association with the thiamine transporter. The thiamine-coated nanoparticles are

engineered directly from microemulsion precursors. Brain uptake and distribu-

tion of nanoparticles with and without thiamine as a brain targeting ligand were

investigated.

12.5.6

Nanoparticle Optics and Living Cell Imaging

Optical properties of silver nanoparticles depend on their size and shape and on

the dielectric constant of the embedded medium [121–123]. The surface plasmon

resonance of nanoparticles is excited by propagating light waves leading to the

selective absorption and scattering of light. Therefore, the colors [localized SPRs

(LSPRs)] of silver nanoparticles are correlated with the sizes of nanoparticles, while

the shape of nanoparticles and their embedded medium remain unchanged [124,

125]. Unique size-dependent optical properties allow us to use the color index of

nanoparticles (violet, blue, green, red) as nanometer-size index probes for real-

time sizing of the change of living cellular membrane permeability and porosity

at the nanometer scale. Individual silver nanoparticles are extremely bright under

dark-field optical microscope and directly imaged by a digital or CCD camera

through the dark-field microscope.

These nanoparticles do not photo-decompose and are used as probes to continu-

ously monitor dynamics and kinetics of membrane transport in living cells for an

extended time (hours). In addition, these nanoparticles are used to determine the

sizes of substrates transported in and out of the living cellular membrane in real

time. The scattering intensity of the nanoparticles decreases as nanoparticles enter

the cell membrane and move into the cytoplasmic space. The cellular membrane

and matrix absorbs the light of the microscope illuminator and reduces its inten-

sity. The intracellular nanoparticles are surrounded by a cellular matrix (e.g. pro-

teins, lipids) inside the cells and hence the reflection coefficient of intracellular
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silver nanoparticles is smaller than the extracellular silver nanoparticles [121, 123].

The imaging system is sufficiently sensitive to detect single fluorescence dye mol-

ecules [126], and intracellular and extracellular single silver nanoparticles with di-

ameters of 20–100 nm. Since the size of the nanoparticles and the thickness of the

cellular membrane are under the optical diffraction limit (200 nm), the intracellu-

lar nanoparticles are accumulated on the membrane. However, these nanoparticles

appear blurry and dimmer than extracellular nanoparticles, indicating that the

blurry nanoparticles are inside the cells.

Transmission electron microscopy (TEM) is used to confirm the intracellular

nanoparticles inside the cells. TEM images of ultrathin cross-sections of cells with

nanoparticles unambiguously illustrate that nanoparticles up to 80 nm in diameter

are observed inside the cells in the absence of chloramphenicol. The majority of

nanoparticles (20–80 nm) are in the cytoplasmic space of the cells, whereas some

of nanoparticles are right underneath the cellular membrane. It suggests that the

outer and inner membrane of Pseudomonas aeruginosa permeate substrates with

sizes up to 80 nm, which are 50 times larger than conventional antibiotics and

detergents. Bulk cells are monitored simultaneously at single-cell resolution using

single-living-cell imaging. Accumulation kinetics of nanoparticles in living cells is

measured in real time using single nanoparticle optics. Even though these nano-

particles look larger than their actual sizes due to the optical diffraction limit, the

sizes of nanoparticles are determined using their colors (LSPRS). As chloramphe-

nicol concentration increases to 25 and 250 mg mL�1, more nanoparticles are

observed in the cells, suggesting that the membrane permeability and porosity in-

crease. The sizes of individual intracellular nanoparticles are distinguished using

their colors (LSPRS) even in the presence of 250 mg mL�1 of chloramphenicol,

suggesting the chloramphenicol increases membrane permeability, but does not

completely disrupt the cell walls. Chloramphenicol’s primary target is ribosomal

peptidyl transferase, where it acts competitively to inhibit normal substrate binding

and protein synthesis [127]. These new insights further demonstrate the unique

advantages of using single nanoparticle as probes for the study of function of anti-

biotics and membrane transport.

The MexAB–OprM has a wide spectrum of substrates, such as antibiotics, dyes,

detergents and chemotoxic materials, and works by using proton motive force as

the energy source [128]. Therefore, it is plausible to suggest that the transport

mechanism of nanoparticles through the living cellular membrane is that nanopar-

ticles enter the cells through passive diffusion and are extruded out of the cells by

the extrusion mechanism of bacteria. Even though the sizes of silver nanoparticles

seem 50 times larger than the pore sizes of membrane pumps (MexAB–OprM),

the substrate (nanoparticles) can induce the assembly of the pumps in real time

and define the pore sizes of the pumps. Currently, the crystal structure of the

membrane pump is unavailable and the extrusion mechanism of the pump is still

unknown [129]. Silver nanoparticles may enter the cells and be extruded out of the

cells through unidentified pathways.

Ethidium bromide (EtBr) has been widely used as a fluorescence probe for the

study of membrane permeability and extrusion machinery of bacterial cells [130,
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131]. EtBr emits weaker fluorescence in an aqueous environment (outside the

cells), and becomes 10 times more strongly fluorescent as it enters the cells and

intercalates with DNA in the cells [132]. EtBr enters the cells through passive dif-

fusion and is extruded out of cells by efflux pumps of P. aeruginosa using proton

motive force as an energy source. The fluorescence spectra of EtBr indicate that

the emission peak at 590 nm remains unchanged after a 2-h incubation of EtBr

with the living cells. The time-dependent fluorescence intensity transients also

show the mutant dependence. It indicates the mutant devoid of MexAB–OprM

(DABM) accumulates EtBr most rapidly, whereas the mutant with overexpression

of MexAB–OprM (nalB-1) accumulates EtBr most slowly. MexAB–OprM plays an

important role in the accumulation of substrate (EtBr) in the cells. Taken together,

accumulation kinetics measured using EtBr is consistent with those observed us-

ing single nanoparticles, eliminating the concern of the possible steric and size ef-

fects. The minimum inhibitory concentrations (MICs) of chloramphenicol in the

presence of 10 mM EtBr or 1.3 pM silver nanoparticles show mutant dependence,

indicating a MIC of 12.5, 25 and 250 mg mL�1 for DABM, wild-type and nalB-1, re-

spectively [133]. See Fig. 12.3.

12.6

Oral Nanoparticulate Delivery

The oral route is the preferred route for drug delivery. However, numerous drugs

remain poorly absorbed after oral administration. This can be due to (a) low mu-

cosal permeability of a drug, (b) permeability restricted to a region of the GI tract,

(c) low solubility of the compound results in low dissolution in the mucosal fluids

and (d) lack of stability in the GI environment, resulting in degradation of the

compound prior to its absorption (e.g. peptides, oligonucleotides). Drug delivery

associated with nanoparticle systems has been investigated to overcome these

problems. Several oral administration experiments are known which help to im-

prove the pharmacokinetics of the drugs [134, 135]. See Fig. 12.4.

Orally administered drugs with nano- and microparticles follow different path-

ways and undergo: (a) direct transit and fecal elimination, (b) bioadhesion, and (c)

oral absorption. Those pathways are important to determine an efficient drug deliv-

ery strategy. Some techniques are used for macroscopic controlled-release dosage

forms for the accurate control of the drug delivery successfully transported via

nanoparticles [136]. Micro- or nanoparticles orally administered in the form of a

suspension diffuse into the liquid media and rapidly encounter the mucosal sur-

face. The particles are immobilized at the intestinal surface by an adhesion mech-

anism referred as to as ‘‘bioadhesion’’. More specifically, when adhesion is re-

stricted to the mucus layer lining the mucosal surface, the term ‘‘mucoadhesion’’

is employed. The direct contact of particles with intestinal cells through a bioadhe-

sion phase is the first step before particle absorption. The oral absorption pathway

is investigated in the work of Volkheimer [137].
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12.6.1

Lectin-conjugated Nanoparticulate Oral Delivery

The association of ligands (i.e. lectins) with particulate systems is achieved by dif-

ferent procedures, including covalent linkage and adsorption processes. The ligand

Fig. 12.3. Characterization of color index and

size index of silver nanoparticles. (A) The

representative full-frame optical image of silver

nanoparticles taken from a 0.4-nM silver

nanoparticle solution in a microchannel by a

digital color camera through the dark-field

optical microscope. Optical images of single

silver nanoparticles selected from the full

frame image show the color index of silver

nanoparticles. The optical images of

nanoparticles look larger than their actual sizes

because of the optical diffraction limit (200

nm). (B) Representative TEM images of silver

nanoparticles from the solutions in (A) show

the sizes and shapes of nanoparticles. The

scale bar represents 40 nm [133].
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should be bound to particles through a covalent linkage, which is more stable than

simple adsorption. It is difficult to control the amount of ligand associated, which

is not sufficient to assure its efficacy [138]. Most of the conjugates have been pre-

pared from polystyrene nanoparticles. Polystyrene latexes are interesting models

from an experimental point of view, because polystyrene particles are not degrad-

able in biological media and are easily detected by turbidimetry [139] or fluorescent

labeling. However, it is probably unacceptable as a drug carrier because of the non-

degradability of the polymer after a probable translocation of a fraction of the par-

ticles after administration. For conjugates based on polystyrene nanoparticles (la-

tex), the binding procedure is by covalent attachment. Depending on the chemical

nature of the functional groups located on the carrier surface, glutaraldehyde and

carbodiimide, are used for lectin coupling. Recently, some lectin conjugates based

on a biodegradable particulate system were described. The carbodiimide technique

was successfully used for the covalent attachment of lectins to vicilin (feed vegetal

protein from Pisum sativum) and gliadin (protein fraction from wheat gluten)

nanoparticles [140]. The procedure used for the preparation of the lectin–vicilin

nanoparticle conjugates is illustrated elsewhere [141, 142].

12.6.2

Oral Peptide Nanoparticulate-based Delivery

Nanospheres have a matrix-type structure, where active compounds (e.g. peptides)

are adsorbed at their surface entrapped or dissolved in the matrix. The develop-

ment of oral therapeutic peptide formulations with these substances is a challeng-

ing opportunity for researchers. The GI tract is designed to degrade dietary proteins

and facilitate absorption of single amino acids or oligopeptides. For therapeutic

compounds, however, the molecules have to remain intact when they reach the sys-

temic circulation. Due to the presence of an acidic environment, pepsins, peptides

and proteins are hydrolyzed in the stomach. In the intestine, peptides are con-

fronted with pancreatic proteases, such as trypsin, chymotrypsin, elastase and

carboxypeptidase A [143]. Furthermore, the peptides are exposed to brush border

proteases and finally have to cross the epithelium. Degradation by enzymes is also

possible during the absorption step. Several approaches, such as site-specific deliv-

ery systems, chemical modification of peptides (e.g. lipophilic derivatives, synthesis

Fig. 12.4. Problems inherent in developing peptides as drugs [134b].
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of peptidomimetics), bioadhesive systems and concomitant administration of pen-

etration enhancers or protease inhibitors, have been investigated to improve the

oral delivery of peptides [143]. The use of particulate systems aims to improve the

delivery of peptides by the oral route. Incorporating or encapsulating peptides in

polymeric particles should have at least one effect. Depending on the nature of

the particles used (type of polymer, size, adjuvant substances added), these systems

enhance oral peptide absorption by other mechanisms. How the drug-loaded

particulate systems are translocated from the intestinal mucosa to the systemic cir-

culation after oral administration is still unknown [144, 145]. Many studies men-

tion that not more than 5% of the ingested dose of submicron particles can be

absorbed.

12.6.3

Polymer-Based Oral Peptide Nanoparticulate Delivery

Calcitonin is a peptide comprising 32 amino acids with high species-to-species se-

quence variations. It is soluble in water (1:5) and methanol (1:10), and is almost

insoluble in acetone, alcohol, chloroform and ether. Calcitonin-loaded polyacryla-

mide nanospheres have been prepared by a reported method [146]. Particles con-

taining hydrophilic peptide have also been prepared by interfacial polymerization,

leading to the formation of nanocapsules [147, 148].

12.6.3.1 Polyacrylamide Nanospheres

Calcitonin-loaded nanospheres are prepared by the method of Birrenbach and

Speiser [149]. This method involves polymerization in an inverse microemulsion

(water-in-oil) method. It requires a large amount of solvent (e.g. hexane). The

particles are isolated by several washings with ethanol and finally are freeze-dried.

The nanospheres obtained with this technique had a size below 50 nm, but their

loading efficiency remained low (5%). The peptide was immediately released from

the particles after rehydration, thus impeding the protection against protease

degradation.

12.6.3.2 Poly(alkyl cyanoacrylate) PACA Nanocapsules

The interfacial polymerization technique was used to encapsulate calcitonin in

poly(isobutyl cyanoacrylate) PICBA nanocapsules [146]. The isobutyl cyanoacrylate

(IBCA) monomers and calcitonin were dissolved in ethanol solution containing

an oil (Mygliol 812). This phase was added dropwise into stirred water containing

poloxamer 188. Anionic polymerization took place at the surface of the Mygliol

droplets as soon as IBCA reached the oil/water interface, thus forming nanocap-

sules of a mean size ranging from 100 to 300 nm. Preparation additives were sub-

sequently removed by diafiltration. Surprisingly, the calcitonin incorporated with

an efficiency of 90%. The hydrophilic peptide has marked hydrophobic regions in

its structure. This probably enables calcitonin to interact with the Mygliol oil.

When incorporated into PIBCA nanocapsules, calcitonin was significantly more re-

sistant to protease degradation than the free peptide [146]. However, in the pres-

12.6 Oral Nanoparticulate Delivery 381



ence of bile salts, the protection was significantly reduced, but still higher than a

solution of free peptide. The authors suggested that calcitonin molecules diffused

at the oil/water interface, together with IBCA and the poloxamer. This localization

would then render the peptide susceptible to enzymes. Taking into account that

peptides are highly water soluble it leads to the formation of nanocapsules with a

complete inner aqueous core facilitates the incorporation of hydrophilic com-

pounds [147, 148].

12.6.3.3 Derivatized Amino Acid Microspheres

The releasing of the peptide at a specific site of the GI tract is done using dissolved

nanoparticles of substrate. Microparticles sensitive to pH were prepared by using

derivatized amino acids [150, 151]. Benzoylated and phenylsulfonylated single

amino acids are novel, low-molecular-weight and self-assembling molecules. At

low pH, these molecules aggregate to form microspheres that dissolved readily

under neutral conditions. For example, modified soybean amino acids, dissolved

in water, form microparticles when poured into a 1.7 N citric acid solution contain-

ing salmon calcitonin. This technique is used for the entrapment of nearly 60% of

the dissolved peptide.

12.6.4

Lymphatic Oral Nanoparticulate Delivery

The lymphatic pathway has not been investigated in many studies, possibly due to

the difficulty, complexity and expense encountered in cannulating the major lymph

ducts in laboratory animals. The evaluation of 80-nm solid lipid nanoparticles ad-

ministered intraduodenally shows primarily their presence in the thoracic lymph

duct [152]. Incorporation of the highly lipophilic drug cyclosporin in solid lipid

microspheres increases lymphatic absorption 46-fold compared to conventional for-

mulations. In another study, cyclosporin A formulated in stearic acid nanoparticles

(300 nm) had a relative bioavailability of nearly 80% over the cyclosporin reference

solution; however, it was unclear whether this was primarily lymphatic absorption

[153]. Bioactive peptides such as insulin, calcitonin, luteinizing hormone-releasing

hormone [154] and cyclosporin have been the typical peptides delivered as GI tract-

labile drugs using nanoparticulate systems. Further, alteration in the physiology

and metabolism of an animal is found in diseased states. In insulin-deficient

streptozotocin-treated rats, the intestine is hypertrophic, and the synthesis and

transport of cholesterol are increased. The increased load of cholesterol is trans-

ported through the mesenteric lymph in chylomicrons to developed oral formula-

tions for insulin using steroidal lipids [155]. Liposome compositions of soyabean

sterols showed higher uptake than cholesterol, but this has been attributed to the

increased stability of vesicles prepared by forming rigid liposomes [156]. All these

attempts to deliver insulin orally using nanoparticles have been successful. In the

oral administration of a very similar system, but dispersed in an oily phase, a 50%

decrease of fasted glycemia was achieved from 2 h up to 10–13 days in rats [157].

This effect was shorter (2 days) or absent when nanospheres were dispersed in wa-
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ter with and without surfactants. The results suggest primarily a lymphatic route

of absorption with the nanoparticles being lodged in some way in the intestinal

mucosa. A similar result has been reported for recombinant human erythro pro-

tein administered in liposomes composed of soyabean sterols. See Fig. 12.5.

12.6.5

Oral Nanosuspension Delivery

The problems to find a suitable formulation are even greater in the case of drugs

that are poorly soluble in aqueous media and in organic media.

Simple examples reflecting this problem of poor solubility combined with low

absorption are the experimental compound bupravaquone and the recently ap-

proved drug atovaquone (Wellvone), used for the treatment of opportunistic Pneu-
mocystis carinii infections in HIV patients. Oral administration of nanosuspensions

can overcome the problem of the poor solubility of drug. This is because of the

high adhesiveness of drug particles, sticking on biological surfaces of the epithelial

gut wall. When atovaquone formulated as a nanosuspension is given orally to

Leishmania-infected mice, the parameter for increased absorption is related to

the infectivity score of each animal or it is related to the reduction of the parasite

load in the liver. In comparison to Wellvone-treated mice, containing a micronized

drug, nanosuspensions of atovaquone at equivalent doses reduced infectivity from

40 to 15% at a reduced concentration of only 7.5 mg kg�1 [158, 159]. Another ex-

ample of the effectiveness of nanosuspensions for improving bioavailability is the

application of amphotericin B. When amphotericin B is given orally in approved

drugs for the treatment of GI tract mycosis, the drug is not, or only to a minor ex-

Fig. 12.5. Electron photomicrograph of semi-

thin sections of rat Peyer’s patch of a ligated

intestinal segment after exposure to liposomes.

Gold particles are indicated by the arrow.

Notice the relatively small area of the M-cell

apical surface sandwiched between the regular

villi of the enterocytes. The presence of a large

intraepithelial lymphocyte that approaches the

apical surface is a conspicuous feature of the

M-cell [158].
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tent, absorbed. Formulating this antimycotic and leishmanicidal drug as a nano-

suspension and administering it orally, the number of L. donovani parasites in
vivo was reduced significantly, indicating a high uptake of the drug in the GI tract.

When given amphotericin B nanosuspensions orally, the infectivity score was de-

termined at 25% (control ¼ 100% parasite growth) [160]. See Fig. 12.6.

12.6.6

Mucoadhesion of Nanoparticles after Oral Administration

Considering the different phenomena occurring after oral administration of a sus-

pension of colloidal particles via the oral route, the following general dynamic de-

scription is given. First, a suspension of particles is administered and immediately

contacts the oral mucosa. From this moment on, the concentrated suspension acts

as a reservoir of particles and, very rapidly, an adsorption process takes place, lead-

ing to the adsorption of a fraction of the available particles. Adsorption occurring

with the mucous layer is an irreversible process. However, the luminal particle sus-

pension transits through the intestine, progressively sweeping the whole mucosa.

The simultaneous adsorption process results in a progressive covering of the intes-

tinal mucosa by adhering particles. Finally, detachment of the particles from the

mucosa begins to occur in the proximal region and is progressively extended to

the distal region. Nonadhering particles from the lumen pool are detached from

the mucoadherent pool and are finally eliminated in the feces. Quantitatively, par-

ticle translocation through the intestinal mucosa remains a secondary phenome-

non [161].

12.6.7

Protein Nanoparticulate Oral Delivery

Protein nanoparticles are incorporated into biodegradable polymer microspheres/

nanospheres as a controlled release depot or for oral delivery. In proteinaceous

Fig. 12.6. Transmission electron micrographs of a atovaquone

nanosuspension (size: 468 nm) [161].

384 12 Nanoparticles for Crossing Biological Membranes



therapeutics, the generation of nanoparticles is problematic. Existing practices

have difficulties in achieving the desired particle size for distribution. Protein

nanoparticles technology avoids most of these difficulties. The process exploits the

ability of superfluids to penetrate the protein aggregates and then utilizes the ex-

pansive energy of superfluids to disaggregate protein crystals into monodisperse

nanoparticles. Superfluid protein nanoparticles technology is not constrained by

limited solubility in benign solvents such as ethanol [162].
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1

Fluorescence Imaging in Biology

using Nanoprobes

Daniele Gerion

1.1

Introduction and Outlook

1.1.1

A New Era in Cell Biology

Fluorescence is ubiquitous in biology. Indeed, any biology textbook contains a mul-

titude of colorful images, most of which would not disfigure an art gallery [1]. For

decades, biologists have mastered the use of fluorescently labeled molecules to

stain cells in cultures or tissues. They developed the tools to target different com-

partments inside the cells, such as the nucleus and mitochondria, and subcompart-

ment structures, such as chromosomes and the telomeres using light-emitting or-

ganic markers. These traditional approaches permitted the unraveling of a wealth

of information on organs and tissues and, to a smaller scale, on the cell organiza-

tion and its functioning. Images of cellular division captured by fluorescence

microscopy are breathtaking, particularly the movement of the duplicated chromo-

somes along the spindle apparatus towards the two poles of the parent cell. Similar

examples abound in the scientific literature and in fluorescent dye catalogs to the

point that biology may convey a false sense of completeness. Indeed, an engineer

or a physicist like myself may have the impression that everything interesting

in biology has been already discovered and that only a few blanks remain to be

filled.

Yet, in recent years, biology has witnessed an extraordinary revolution. Modern

biology looks beyond responses to stimuli or the morphological description of

structures. Modern biology does not satisfy itself with the successful sequencing

of the human genome because a list of four repeating letters does not reveal a bio-

logical function. Modern biology is much more ambitious. It seeks to understand

how biological and chemical processes work together to make cells and living or-

ganisms [2]. The journey towards this ‘‘Holy Grail’’ of biology depends on our abil-

ity to decipher interconnected cellular networks, mainly by observing molecular

pathways of proteins and other metabolites in living organisms. The ultimate goal

is to know where and when proteins and metabolites are expressed, how and at
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which level they are distributed in time and space and how are signals generated

and transmitted to maintain cell vitality [3].

1.1.2

Nanotechnology and its Perspectives for Fluorescence Imaging in Cell Biology

It is instructive to describe a problem of primary interest for biologists that illus-

trates the importance of knowing the entire pathway of a biological process and

exemplifies how nanotechnology may enter the game. The example concerns

double-stranded silencing RNA (siRNA [4–6]), a potent agent able to temporarily

knockdown selected genes in mysterious fashion. Elucidation of this process is of

considerable importance because it may reveal new routes that regulate the expres-

sion of genes and lead to the development of drugs with the ability to selectively

keep the ‘‘good’’ genes on and turn the ‘‘bad’’ ones off. To study the mechanism

by which siRNA works, a simple strategy would be to follow its path when it travels

through the cell. This can be done by labeling it with a fluorescent chromophore

and following its path with a fluorescence microscope. The double strand nature

of the duplex raises the possibility that siRNA opens up at some point and that

only one of the strands becomes the active agent that knocks down the gene ex-

pression. Where and when does it happen? A partial answer can be gained by label-

ing each strand of the siRNA duplex with a different fluorophore and following

each of them separately. However, the colocalization of both strands with a resolu-

tion of a few nanometers far exceeds the diffraction limit of conventional micro-

scopes, and therefore the very idea of observing the siRNA denaturation needs a

different strategy. An elegant approach would be to use fluorescence resonance

energy transfer or FRET [7] between two fluorophores, each located on a different

strand of the siRNA duplex. When the duplex is intact, the fluorescence of the

donor is resonantly transferred to the acceptor. Therefore, the donor fluoresce is

‘‘low’’ and the acceptor emission is ‘‘high’’. The opening up of the molecule mani-

fests itself by the switching off of the FRETmechanism with the consequence that

the donor fluorescence becomes ‘‘high’’ while the acceptor fluorescence goes

to ‘‘low’’. Such a plan to study siRNA cannot rely on organic dyes. They bleach

too rapidly under continuous illumination, especially at the single molecule level

where the time window to observe them is limited to a few seconds. In addition,

the photobleaching is generally associated with the formation of reactive oxygen

radicals, which are a major cause of DNA damage and may result in the poisoning

and death of the cell [8].

Enter nanotechnology. Over the past ten years, chemists have learned how to

make fluorescent colloidal nanocrystals [9], also called quantum dots, and how to

solubilize them in water, and to functionalize them with biomolecules [10, 11].

What makes these quantum dots interesting is their remarkable optical properties

[12] and the fact that live cells seem to tolerate them quite well [13–15]. Quantum

dots could represent an ideal solution to the shortcomings of organic dyes for label-

ing siRNA in live cells. The fate of siRNA is only one of a handful of problems

where quantum dots can play a decisive role in biology or medicine. Other exam-
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ples are described below. In fact, nanotechnology could represent a platform that

would feed biologist’s requests for more sophisticated tools to see smaller and

smaller units with faster and better resolution. Whether chemists’ dreams of using

quantum dots to label live cells and solve important problems will come true is an

open issue; but as the number of scientists working in nanoscience grows, new

horizons open and the role of nanotechnology in biology is likely to expand in

directions not yet been foreseen.

This chapter presents one area in which nanotechnology is rapidly establishing

itself, namely fluorescence imaging. It seeks to describe different imaging tech-

niques, and how new types of fluorescent probes, i.e., quantum dots, can be used

in the context of biolabeling. In Section 1.2, I review some fundamentals of fluo-

rescence by summarily describing the properties of several types of fluorescent

probes. A brief section describes a few ways to excite the fluorescent probes and

some principles of detection that will illustrate the potential of qdots for bioimag-

ing. Section 1.3 considers how sources and detectors can be assembled to allow the

observation of fluorescent signals in live organisms. Then I will take a brief tour

and describe different strategies to make images, insisting on the advantages that

nanoparticles may offer (Section 1.4). Section 1.5 then presents some example ap-

plications where quantum dots may indeed be the probes that biologists have been

looking for.

1.2

Fundamentals of Fluorescence

1.2.1

Basic Principles

Fluorescence is the result of molecules emitting photons after an excitation. The

fluorescence process is generally illustrated by the Jablonski diagram [16] (Fig.

1.1), a schematic based on the energy levels of the molecules. The molecule can

be excited from a ground electronic state to a higher energy electronic state by the

absorption of a photon whose energy is in resonance with the transition energy.

Very rapidly, internal conversion takes place. During this process the molecule

dissipates some excess energy into the vibrational states and falls to the bottom of

the electronic excited state. There, the molecule still needs to dissipate some of its

excess of energy, which is too large to go only through the vibrational modes. The

return to the ground state can use different channels, which are described in de-

tails in the caption of Fig. 1.1. One possible relaxation channel proceeds through

the emission of a photon (black arrows KR) and constitutes what is called ‘‘fluores-

cence’’. The emission energy is always lower than the excitation energy, which

translates into the fact that the wavelength of the emission is always red-shifted

compared with that of the excitation. This difference in wavelength is called the

Stokes shift. The Stokes shift depends on the nature of the molecules and on their

environment (i.e., the solvent), but it is in the order of 10–20 nm. A large Stokes
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Fig. 1.1. Optical properties of organic dyes

and qdots. (A) Jablonski diagram for organic

dyes. Upon absorption of a photon of

appropriate energy (light gray arrow), a

molecule in a vibrational sublevel of the

electronic ground state (S0) is promoted to a

vibrational sublevel of the first excited electronic

state (S1). This excess energy supplied by the

photon is relaxed partially into vibrational

modes by internal conversion (IC). IC is a

radiation-less process that brings the molecule

to the lowest S1 sublevel within picoseconds.

The remaining excess energy is too large to be

dissipated only into vibrational modes. Thus,

the dye emits one photon to reach one sublevel

of S0 (black arrows, KR). Emission takes place

a few nanoseconds after excitation. This is the

fluorescence mechanism of an organic dye.

The energy can also be dissipated through

collisions with other molecules in solution and,

in this case, there is no need to emit a photon

(black dotted arrow, KNR). A third route is

possible in organic molecules: intersystem

crossing to the first triplet state (T1, KISC). The

electronic transition from T1 to S0 is spin-

forbidden and, therefore, requires the

assistance of phonons or external collisions.

Consequently, relaxation to the ground state is

in the microsecond to the millisecond range. It

can take place through emission of a photon

(phosphorescence) or through a nonradiative

process. Note also that oxygen reacts readily

with the triplet state (T1) of the dye, producing

quenching of the emission. In this reaction, the

ground state oxygen molecule, 3O2 (a triplet),

is excited into a singlet state, 1O2
�. This

singlet state can initiate chemical reactions

that lead to bleaching of the dye and its

phototoxicity. The right-hand panel shows the

absorption band of an organic dye (Cy3B) as a
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shift is desirable for imaging because it facilitates separation between the excitation

light and the emission (Section 1.3).

The precedent emission properties are shared by all organic dyes because their

electronic structure is composed of discrete electronic states with vibrational enve-

lopes. Nanotechnology has brought along new types of fluorescent systems that

differ markedly from dyes. These systems are nanometer-size crystals made of

semiconductor materials [12, 17]. In bulk semiconductors, the electronic states

merge into bands, a valence band and a conduction band, separated by a bandgap

[18]. In the ground state, the valence band is fully occupied and the conduction

band is empty. Any photon of energy superior to the bandgap can excite the semi-

conductor by forming an exciton, i.e., by bringing one electron in the conduction

band and leaving a hole in the valence band. Both electrons and holes release part

of their energy by relaxing to the bottom of the conduction band and the top of the

valence band, respectively. Once there, one possible energy relaxation mechanism

is a recombination process where the electron recombines with the hole and the

excess of energy is released as a photon. The photon energy corresponds to

the value of the bandgap. In confined systems of nanometer size dimension, the

same overall picture applies except that the bandgap varies with the diameter of

the nanoparticles: the smaller the particle, the larger the bandgap [17, 19]. There-

fore, the fluorescence of a quantum dot is size tunable. Similarly to the fluores-

cence process in organic molecules, the energy of the emitted photon is lower

function of photon energy along with the

associated fluorescence emission. Note the

limited extension of the absorption band, the

redshift of the emission maximum compared

to the maximum of absorption and the tail in

the fluorescence emission extending towards

low energies. The tail represents the

contribution of photons relaxing into

vibrational levels of S0.

(B) A diagram similar to the Jablonski plot

can be drawn for quantum dots. In a qdot, the

electronic energy levels merge into two bands

called valence and conduction bands. They are

separated by an energy gap. In the ground

state, the valence band is full and the con-

duction band is empty. Upon absorption of a

photon with energy larger than the bandgap,

an electron is promoted to the conduction

band, leaving a hole in the valence band. Both

electrons and holes can easily relieve energy by

relaxing to the bottom of the conduction band

or the top of the valence band, a process

analogous to internal conversion in organic

dyes (although involving electronic states of

qdots and not vibrations). At this stage, there

are no more electronic states available and the

excess energy would be too large to be

dissipated through vibrations of the qdot.

Therefore, qdots emit a photon, whose energy

corresponds to the bandgap. As in organic

dyes, qdots also undergo nonradiative

processes. For instance, a nonradiative channel

is induced by surface/trap states (defect at the

surface of the dots) that create discrete energy

levels within the bandgap. The right-hand

panel shows the absorption spectrum of qdots

along with its emission spectra. Unlike dyes,

the absorption is a continuous band not

limited to a specific energy range. The

fluorescence emission is also redshifted

compared with the absorption band.

Remarkably, the position of the emission is

independent of the excitation energy, although

its amplitude depends on it.

(C) Absorption spectra of a qdots solution

(light gray) and the organic dye Cy3B (in

black). Horizontal lines at the top of the figure

represent the range of wavelengths that can

effectively excite the chromophores. In the

emission spectra, notice the symmetry of the

qdot emission and the tail in that of dyes at

higher wavelengths.

H_________________________________________________________________________________
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than that of the absorbed photon and, therefore, the fluorescence light has a longer

wavelength than the excitation.

A marked difference between a quantum dot and an organic dye is in their

absorption spectra. For a dye, the absorption is centered around bands, conveying

the discrete nature of the electronic states. In quantum dots, the absorption is a

continuum from the band-edge up, mapping the continuous nature of the conduc-

tion band of the material. A continuous excitation spectrum represents clear advan-

tages for imaging purposes. First, a main issue concerns the filtering out of the ex-

citation source. When the excitation and emission are close in wavelength, as with

organic dyes, the excitation light can be filtered out but a fair amount of the emis-

sion is also blocked. The possibility to excite quantum dots far from their emission

greatly improves fluorescent detection. Second, it becomes possible to excite all

sizes of quantum dots with just one single wavelength and therefore obtained all

colors of emission with one excitation. Similarly, the emission of organic dyes ex-

hibits a red tail resulting from transitions from the bottom of the excited state into

the various vibrational levels of the ground state (black arrows KR in Fig. 1.1). In

contrast, quantum dots have symmetric and narrower emission patterns, because

the energies of the radiated photons are determined solely by the size of the

bandgap. Those properties represent distinct advantages for multicolor labeling,

as the rest of this chapter will show.

1.2.2

A Few Types of Fluorescent Probes

Now that the mechanism of fluorescence has been described in general terms, it is

worth looking in more detail into the nature of fluorescent molecules encountered

in biology.

1.2.2.1 Small Luminescent Units and Autofluorescence of Living Organisms

Fluorescence in organic molecules comes from delocalized p orbital states of con-

jugated double bonds [16, 20]. Thus, most aromatic molecules exhibit a natural

emission. This is the case of tryptophan, an amino acid, NADH (nicotinamide

adenine dinucleotide), an important coenzymes found in cells used extensively in

glycolysis and in the citric acid cycle of cellular respiration, and other coenzymes

such as flavins and some forms of pyridoxyl. Because these fluorophores are natu-

ral, cells and tissues fluoresce when excited with a UV source; this is the source of

autofluorescence. The dominant autofluorescence from biological samples usually

occurs below 500 nm.

Autofluorescence represents a fair amount of light. Unfortunately, these natural

fluorophores do not possess properties that are useful for biolabeling. Most

proteins contain a few tryptophan amino acids and therefore all proteins emit to a

certain extent. Because autofluorescence may easily overshadow other unnatural

fluorescent labels, it must be removed by an appropriate combination of filters, or

by the implementation of detection techniques that selectively eliminate autofluo-

rescence (Section 1.4.3).
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Fig. 1.2. Structure of commonly used organic

dyes, fluorescent proteins, qdots and bio-

molecules, and the comparative sizes of

common fluorophores, fluorescent proteins,

qdots, some protein carriers and antibodies.

The scale bar applies to all molecules. Organic

dyes (FLAsh tetracysteine complex, DAE, DTPA-

CS124-Eu, alexa, Cy3 and atto) are organic

conjugated structures 1–2 nm in size. Qdots

passivated to become water-soluble are

@10 nm – comparable to proteins such as

streptavidin and VFP (violet fluorescent

proteins) – but are smaller than a typical IgG

antibody. (Copyright 2004 Nature Publishing

Group. Reproduced with permission from Ref.

[7].)
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1.2.2.2 A few Organic Dyes and their Limitation in Live Cell Labeling

A plethora of unnatural organic dyes cover the whole range of desirable emissions

and have unique optical signatures. Fluorescein, cyanine, rhodamine, alexa or atto

are among the most popular. Figure 1.2 shows the structure of organic dyes and

compares their size with other fluorescent probes and biological units. Organic

dyes consist of aromatic conjugated structures of 2 to 10 units providing different

degrees of electron delocalization, and hence colors of emission. The emission of

an organic dye has a full-width at half-maximum (fwhm) >50 nm and exhibits a

red tail (Fig. 1.1C). The quantum yield, the ratio of the number of photons emitted

to the number of photons absorbed, can be close to one, but it is quite dependent

on the local environment of the dye. Alteration of the media pH, buffer compo-

nents, solvent polarity, or dissolved oxygen can affect or even quench an organic

probe. For instance, in an environment below pH 7, fluorescein is significantly

quenched. Similarly, the solubility of the dyes depends on the solvent and not all

dyes are soluble in aqueous environment. The fluorescence decay time or lifetime

of most organic fluorophores falls in a narrow range of 1 to 5–10 ns, a time win-

dow shared by autofluorescence lifetime. This limits the use of time-gated detec-

tion methods to distinguish between the fluorescence of an unnatural dye and the

autofluorescence (Section 1.4.3). These properties represent an inconvenience for

the use of organic dyes as biolabels. But, in fairness, the dye industry has managed

to downplay these issues by synthesizing alternative or new types of probes that

minimize these effects.

A more serious shortcoming that has not been solved yet is photostability. Dyes

bleach after the emission of 106–108 photons [21]. The exact physical bases for

bleaching are not entirely clear in all cases. The dye is not physically destroyed,

but rather it is altered so that it can no longer emit. One cause of photobleaching

is the oxidative reaction between atmospheric oxygen and the triplet state of the

dye (Fig. 1.1 and its caption). Photobleaching of the dye produces radical oxygen

species (ROS) that may poison and kill the cell in a short while [8]. One way to

markedly reduce photobleaching consists in using antioxidants, an oxygen-free

atmosphere or oxygen scavengers (such as the enzyme glucose oxidase along

with glucose and catalase). Such approaches work well for studying conformation

change of biomolecules, catalytic activity of ribosomes adsorbed on surfaces or

fixed (dead) cells [22]. However, they are inadequate for the study of live organisms

that need oxygen to survive.

1.2.2.3 Green Fluorescent Protein and its Cousin Mutants

Green fluorescent protein (GFP) is a natural fluorescent protein produced by the

jellyfish Aequorea victoria [23]. It has 238 amino acids and a molecular weight of

27 or 30 kDa. The gene responsible for this protein was identified in 1961 [24]

and cloned in 1992 [23]. GFP has a barrel-shape enclosing a short polypeptide

fluorescent unit (Fig. 1.2). The nature of the polypeptide determines the color of

emission. Biologists have selectively modified this short amino acid sequence and

have been able to clone mutants that emit at different wavelengths. The proteins

are called YFP (yellow fluorescent protein), BFP (blue), RFP (red), or CFP (cyan).
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All exhibit, however, a fairly large emission spectrum with a fwhm larger than 50

nm and the distinctive red tail common to all organic dyes. Fluorescent proteins

are relatively stable in the very diverse environments of the cells, although their flu-

orescence properties may be affected. GFP for instance remains fully fluorescent at

pH above 6, below which the fluorescence decreases dramatically.

By applying the powerful methods of DNA recombinant technology it is possible

to link together a specific gene of interest, for instance a therapeutic gene, with the

GFP gene, and to transfect a mammalian cell or a whole organism with this engi-

neered DNA. The cell machinery can translate this DNA into the protein of inter-

est tagged with GFP. The protein complex is fluorescent but, amazingly, the tagged

protein maintains the same function as the natural protein. Biologists have, there-

fore, a fluorescent complex whose location in space and time can be monitored.

This is a marked improvement over traditional antibody labeling techniques that

work on fixed (dead) cells. The ability to fuse the GFP gene to any protein brings

biologists very close to what we called the promised land in the introduction.

Yet GFP and its cousin mutants are still cumbersome to construct. GFP fluores-

cence is the final product of a long, complex pathway involving transcription, trans-

lation, and post-translational modifications. Moreover, GFP and its mutants tend to

form dimeric structures, and there have been questions on the feasibility of using

GFP in certain conditions, for instance for gene expression studies under tumor

conditions [25]. As a result, although GFP and its cousins allowed a huge step for-

ward for molecular imaging, there is still room and need for alternative probes.

1.2.2.4 Quantum Dots

Quantum dots, often abbreviated qdots, are nanometer-size crystals made of semi-

conductor materials [12, 17]. The most widely used and studied quantum dots

consist of a core of cadmium selenide or CdSe [9]. Colloidal chemistry allows the

synthesis of nanoparticles with a very narrow size distribution (<10%) and in

(milli)-gram quantities (Fig. 1.3a). The dimension of the core determines the

bandgap and hence the color of emission of the nanoparticles. For instance, emis-

sion of CdSe quantum dots covers the visible spectrum from green (520 nm,@2.3

nm dots) to red (650 nm,@5 nm dots). It is possible to cover the near-IR and IR

spectrum by synthesizing quantum dots made from other materials such as CdTe

[26], InP [27], InAs [28], PdS [29], PbSe [30, 31] but most of these chemical syn-

theses do not allow the degree of control reached in the case of CdSe. In principle

though, the emission of qdots can be coarse-tuned by the choice of the material

and later fine-tuned by playing with the size of the core (Fig. 1.3b).

The emission of the qdots presents many advantages over that of organic dyes

and GFP. For instance, the emission of a batch of CdSe qdots is symmetrical and

its fwhm is generally around 30–35 nm, although experienced groups can reach an

fwhm as low as 22–25 nm. Moreover, the position of the qdot emission does not

depend on the excitation wavelength. If qdots are excited at 360, 400 or at 500

nm, the emission will occur at the same wavelength (but the intensity will vary).

All together, these relatively narrow and symmetric emissions that can be excited

by a single excitation wavelength are ideal candidates for multiplexing detection
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Fig. 1.3. Overview of CdSe qdots and their

optical properties. (A) Low-resolution

transmission electron microscope (TEM)

image of CdSe qdots, showing an ordered

lattice of CdSe nanocrystals, called a

superlattice. The superlattice extends over a

few microns. Scale bar: 20 nm. Right-hand

side: high-resolution TEM view of the

superlattice, revealing the internal structure

of the CdSe qdots. Scale bar: 5 nm. Note

the different alignment of qdots and the

homogeneous particle size. (Image courtesy of

Dr Natalia Zaitseva, Lawrence Livermore

National Laboratory.) (B) Fluorescence

emission of qdots spans from the UV to the

IR. Different materials emit in different bands.

For a given material, the emission can be fine-

tuned by the size of the qdots. For instance,

with CdSe, the maximum emission is at 530,

550, 590, 620 and 640 nm for qdots of 2.1, 2.4,

3.1, 3.6, 4.6 nm respectively. (C) Comparison

of the photostability of an organic dye (Cy3B)

and a silica-coated CdSe/ZnS qdot in phos-

phate buffer. The qdot–dye conjugate was

synthesized as a model system to study FRET.

The conjugate was illuminated continuously

with a picosecond laser diode (400 nm) and its

emission spectrum collected every 5 s with a

CCD camera. The dye emits at 579 nm and the

qdot emits at@530 nm. In the first 5 s of

illumination, the qdot is not seen because it

transfers its emission energy to the dye

through a FRET process (Section 1.4.4).

However, after <5 s, the dye photobleaches,

the FRET channel closes and the qdot shows

up. The qdot emission remains strong

throughout the measurement, with only a

slight blue-shift. The long-lasting emission

of single dots is the basis of long-term

monitoring of molecular processes in live cells

(Section 1.5.2).
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with minimal or no cross-talk between detection channels. In a proof-of principle

experiment, five orthogonal channels have been simultaneously detected within

the visible range using a single laser excitation [32], but under more realistic con-

ditions, which use ligand–receptor interactions mediated by single-stranded DNA,

only four qdot channels could be unambiguously sorted out [33].

In general, qdots grown by colloidal methods have surface trap states that reduce

their emission to a few percents. However, these trap states can be removed by

passivating the surface with a few layers of a second semiconductor material with

a larger bandgap. For instance, a few monolayers of zinc sulfide (ZnS) can be

grown on top of a CdSe core (Fig. 1.4) [34]. The core/shell CdSe/ZnS are about

20–50� brighter than CdSe cores and their quantum yield can reach 30–50%, al-

though certain laboratories with more experience in the art of growing core/shell

qdots can reach quantum yields above 80–90% by further doping the shell. Core/

shell qdots do not bleach as fast as organic dyes. In fact, qdots in solutions can be

excited continuously well over 4 h with an Arþ laser excitation and their emission

remains fairly stable [35]. Eventually, over the long term, photobleaching occurs. It

is easier to quantify the resistance to photobleaching at the single molecule level.

With organic dyes exposed to air, photobleaching occurs in a matter of seconds,

even for Cy3B, one of the most robust dyes (Fig. 1.3C). Under similar excitation

conditions, qdots can emit for well over a few minutes and in some cases for over

20 min. The photostability of qdots is the major advantage that could allow the

tracking of single molecules over extended periods (see Section 1.5.2).

Qdots are characterized by very high photoabsorption cross-sections. Chemists

prefer to use the extinction coefficients, which measure the absorption of a 1 m

Fig. 1.4. CdSe, CdSe/ZnS and water-soluble

qdots. Schematic of qdot cores, core/shell and

water-soluble particles used in bioapplications

(drawing not to scale). Left: a core of CdSe

surrounded by TOPO (tri-octylphosphine

oxide). The phosphine oxide head of TOPO

(red ball) sticks to the Se atoms of the qdot.

Middle: a thin shell of ZnS passivates the CdSe

core. The shell increases the fluorescence

emission of the core. The quantum yield of

core/shell qdots is 30–50%. Since TOPO

molecules are hydrophobic, core and core/shell

are not soluble in water, where biology takes

place. An additional shell makes the interface

between the inorganic qdot and the organic/

water outside (right-hand side). If the shell is

made of glass, functional groups on the glass

surface allow bioconjugation of the qdots to

biomolecules. Note that, regardless of the

solubilization method, the final size of water-

soluble qdots is close to or above 10 nm, even

if the active CdSe core is only 2–3 nm.
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solution along a 1 cm path. Extinction coefficients scale roughly as the volume of

the qdots and range from@1:5� 105 m�1 cm�1 for CdSe qdots of 2 nm up to over

5� 105 m�1 cm�1 for qdots of 5 nm [36]. For comparison, extinction coefficients of

organic dyes vary from less than 1� 105 to 1:5� 105. High extinction coefficients

mean that a lower amount of light is needed to excite them, a particularly benefi-

ciary thing for the study of delicate systems such as live cells. Similarly, two-photon

cross sections of CdSe/ZnS qdots exceed by far the values of organic dyes. In fact,

two-photon cross-sections of qdots are two to three orders of magnitude larger than

those of organic dyes and one order of magnitude larger than those of molecules

designed specifically for enhanced two-photon absorption [37]. These high values

enable the imaging of organs and tissues at greater depth and lower power than

with any other dyes. A further improvement may come from the use of IR-qdots

whose emitted photons are more transparent to tissues (Section 1.5.3).

Other optical signatures that distinguish organic dyes and qdots are lifetime and

polarization. Qdots have a lifetime of @10–20 ns, which is significantly larger

than the lifetime of organic dyes (1–5 ns) or the lifetime of autofluorescence [38].

This longer lifetime provides an efficient way to reduce the autofluorescence back-

ground by time-gating the detection (Section 1.4.3). Conversely, a negative point of

qdots vs. dyes is the lack of strong polarization of the emitted photons. In fact,

elongated qdots, also called nanorods, do emit photons polarized along the long

axis of the rod [39]. But as the ratio between the long axis and the short axis of

the rod approaches one, the polarization vanishes. Since chemical procedures to

solubilize nanorods are not perfected yet, the present qdot technology does not

allow orientational sensing. Further developments in the post-processing of nano-

rods will likely lift this limitation.

Although qdots have photophysical properties that surpass organic dyes in many

aspects, they have one big shortcoming: quantum dots are not water-soluble. Qdots

are generally synthesized in organic solvents and are passivated with hydrophobic

molecules. It is possible to modify the surface of the qdots to render them hydro-

philic. Many methods have been developed and there is probably no consensus on

which one works best. The most promising solubilization methods for bioapplica-

tions consist in embedding the qdots into a shell or surfactant layer that cannot be

further exchanged. The reason is that the shell/layer represents a protection that

masks the true hydrophobic nature of the qdots. Examples of solubilization strat-

egies include ligand exchange by thiol-containing molecules [40], oligomeric phos-

phines [41], dendrons [42], or two-domain peptides [43]. Other solubilizations pro-

ceed through encapsulation of the qdots by layers of phospholipids micelles [14],

amphiphilic diblock [44], or triblock copolymers [45], polymer [46] or silica shells

[35] and amphiphilic polysaccharides [47]. Regardless of the solubilization strategy,

the difficulty to interface these inorganic objects with the bioworld is a major con-

cern for biolabeling applications, and is likely to require constant improvement in

forthcoming years.

As with organic dyes, water-soluble qdots can be conjugates to biomolecules us-

ing standard bioconjugation approaches [48]. Biologists have developed covalent

conjugation schemes based on thiol, amine, and carboxylic group chemistries (the
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natural functional groups found in amino acids) to crosslink proteins together. It

turns out that similar schemes can be used to link qdots to any biomolecule. Most

biomolecules (DNA, oligonucleotides [14, 33, 49, 50], peptides [13, 43], antibodies

[44], virus peptides [13], proteins [45]) have been linked to water-soluble qdots and,

surprisingly, the binding has no effect either on the qdot optical signature or on

the functionality of the biomolecules. For instance, a single strand of DNA of 24

bases long (@7 nm) linked to a qdot of@10 nm is able to find its perfect comple-

ment within a pool of competing stands. Even a single base mismatch does not

produce hybridization [51]. In addition, the DNA strand does not modify the emis-

sion of the qdot. Similarly, qdots linked to antibodies for surface receptor proteins

indeed find their target on the cell membranes without losing their optical proper-

ties [43]. It is remarkable that a 10 nm qdot does not perturb the function of a bio-

molecule and conversely that a biomolecule does not modify the emission of the

qdot, although it does change the local dielectric constant around the dot. It be-

comes therefore possible to envision studying biomolecules in their native cellular

environment (Section 1.5.2) [2].

1.2.2.5 Toxicity Issues of Nanomaterials

So far, we have described the benefits of using qdots for in vivo labeling applica-

tions. In fact, a major issue for biologists is the toxicity of the qdots for live organ-

isms. Because qdots are made of toxic chemicals, they have to be toxic, or so the

rationale goes. This has sparked a debate that encompasses the general theme of

the environmental impact of nanotechnology [52, 53]. An extreme position calls

for a ban on nanoscience until its environmental impact is accessed. A wiser posi-

tion may consist in taking seriously the potential toxicity of these new nanoprobes

and studying in parallel benefits and shortfalls of this technology. There are no

benefits in banning nanoscience all together. However, there are strong merits in

warning against the potential toxicity of the nanomaterials, while we await the

results of long-term cytotoxicity or genotoxicity studies.

Besides its unknown long-term effects, short-term toxicity is an important factor

for live cell labeling, because the markers must not interfere with the regular cell

cycle. For instance, the presence of qdots in the cell cytoplasm should not impede

the cellular division, nor should it switch off vital cell–cell communication chan-

nels. So far, the toxicity of qdots towards live cells has been studied only through

simple experiments where the survival rate of cells transfected with different types

of foreign material was quantified [15, 54, 55]. The major result in all those studies

is that surface functionalization plays the key role in nanoparticle toxicity. For in-

stance, an apparently inert molecule like C60, with a well-defined surface and no

available dangling bonds, is extremely harmful to cells even at low doses because

C60 is an excellent electron acceptor that can readily react with available oxygen and

water and generate free radicals [56]. These radicals eventually cause oxidative

damage to the cellular membrane. C60 derivatized with hydroxyl groups showed

much lower toxicity because derivatized fullerenes are less efficient in producing

oxygen radicals. A similar situation exists for water-soluble CdSe/ZnS. These qdots

tend to release Cd2þ into the cellular environment, due to photooxidation, which
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leads to the death of the cells by poisoning. If these qdots are solubilized by ligand

exchange with a mercaptoacid [40] the particles present low solubility and a high

toxicity in the cells, essentially because the bond between the qdot and the

mercapto-surfactant is weak, dynamic and unable to prevent diffusion of dissolved

Cd2þ. In contrast, qdots embedded in a cross-linked silica shell have greatly re-

duced toxicity [55]. However, even in such cases, the overall toxicity is a function

of surface functionalization. Silica-coated qdots with negatively-charged phospho-

nate groups at the surface cause a higher rate of cell death than silica-coated qdots

with neutral PEG groups. Such experiments tell us a lot about the compatibility of

the probes to live organisms, but they lack the ability to discriminate further than

the simple toxic/less toxic/non-toxic conclusions. A classification of the effects of

nanomaterials on the expression of genes in live cells would help clarify the poten-

tial dangers of nanomaterials. Those experiments are likely underway.

1.2.3

Sources and Detectors

With a toolkit of bioconjugated qdots in hand, the doors to biology get closer. But

before going there, let us tour the world of sources and detectors that could be

used for imaging qdots. There are many ways to excite fluorescent probes and sim-

ilarly there are many different ways of detecting them. The selection of a particular

type of source and detector is dictated by the type of experiments and the informa-

tion that one wants to access. Imaging time-resolved and dynamic events puts a

stronger constraint on the equipment than the imaging of a static field of fluores-

cent probes. In the next section, we look briefly into the different types of light

sources and detectors commonly used in fluorescence microscopy.

1.2.3.1 Light Sources

Light sources commonly used for fluorescent microscopy are arc lamps and lasers.

Lasers are essentially used for confocal microscopy where an important aspect is

to focus the excitation source (Section 1.3.2). For wide-field (Section 1.3.1) illumi-

nation, however, biologists tend to prefer arc lamps because of their lower price,

relative flexibility (i.e., any wavelength may be selected – an important factor

when using two different dyes) and the lack of interference fringes from reflections

inside the optical system.

Arc Lamps These include mercury lamps or xenon lamps. Mercury lamps exhibit

a compact arc, with some lines dominating the whole spectrum. They can reach

very high flux densities, mainly concentrated in the wavelengths of the mercury

lines. When a broader, more homogenous excitation spectrum is needed, xenon

lamps are the sources of choice. They have a fairly flat spectrum with only a few

lines in the blue and IR region. A main disadvantage of arc lamps is the need of

optical filters to block the excitation light from the fluorescence light. Considering

the broad excitation that often overlaps with the emission of the probes, complete

removal of the excitation source also reduces the fluorescent signal that reaches the

detector. This is a problem when one wants to detect a few labels inside a cell. In
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that case, every photon counts. Arc lamps also lack coherence properties. Because

of their wide spectrum, different wavelengths going through an objective are fo-

cused at different locations in the sample. This is one source of chromatic aberra-

tions in the excitation arm of the microscope. One consequence is that two differ-

ent dyes, exited by two different wavelengths, may show up at the same location on

the recorded image even though they are physically far apart. As a result, high

precision colocalization of two fluorophores cannot be achieved with an arc lamp.

A high level of localization requires coherent light sources.

Lasers Lasers are coherent, monochromatic light sources. While it becomes ex-

perimentally easier to get rid of the excitation light using interference filters, lasers

present the inconvenience that not all organic dyes can be excited by a single wave-

length, so a second excitation wavelength is needed; and the story continues. How-

ever, qdots have a broad absorption band and therefore a single wavelength can

produce the emission of all qdot colors at once. For instance, with a simple Arþ

laser emitting at 488 nm and a shortpass filter with cutoff below 500 nm, it is

easy to observe the glowing of five different colors of CdSe qdots simultaneously

and record it with a color consumer-grade CCD camera. A decided advantage of

monochromatic excitation is that chromatic aberrations in the excitation path are

suppressed altogether. This opens up the possibility of colocalizing multiple qdots

with nanometer precision (Section 1.5.1). A disadvantage of a laser source over an

arc lamp is the smaller area that can be illuminated. A Xe lamp can cover an area

of a few cm2. In contrast, a defocused laser beam can illuminate an area of a few

tens of mm2 only [33, 57].

1.2.3.2 Detectors

Fluorescence microscopy uses digital imaging due to the high sensitivity that such

detectors can reach. The detection of fluorescence signals is often a trivial task, es-

pecially if the signals are strong. This is the case when the nucleus of a cell is

stained with DAPI dyes or when the cell membrane is stained with fluorescent

markers. In these cases, the fluorescence signal is easily observable even to naked

eyes, and can be captured by low-tech techniques such as the traditional emulsion-

based films. Most of today applications, however, look intensively to fluorescence

signals coming from rare events where only a handful of probes emit. One exam-

ple concerns the expression of proteins in live cells following an external stimulus.

Often, these proteins are expressed at a low level (a few hundred to a thousand of

copies per cells) and their localization is spread all around the cell cytoplasm. De-

tecting them is like finding a nail in a haystack. In addition, irreversible photo-

bleaching imposes an additional constraint on the quality of the detector, because

not only there are a few emitting probes, but the time window to detect them is

limited. The detection of weak signals becomes therefore a central piece in bio-

medical applications. Fortunately, the field of optics has developed ultrasensitive

detection devices for all sorts of single-molecule applications that encompass the

field of materials science, chemistry, physics and biology. Broadly defined, there

are two classes of detectors: point detectors and two-dimensional arrays. The next

two sections discuss their properties.
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Point Detectors These detectors include photomultiplier tubes (PMT) and photo-

diodes (PD). Both devices employ a photosensitive surface that captures the im-

pinging photons and generates electronic charges that are amplified and sensed.

Therefore, a common feature of these single-elements detectors is the lack of spa-

tial resolution.

In a PMT, the impinging photon strikes a photocathode that releases second-

ary electrons that get amplified by a series of dynodes. PMT sensitivity depends

on the composition of the photocathode [58]. Photocathodes made of gallium-

arsenide-phosphide (GaAsP) are sensitive in the range of 250–650 nm and GaAs

photocathodes are sensitive to 300–800 nm. InGaAs photocathodes extend the sen-

sitivity from 900 to 1700 nm in the IR range, but they are less common or available

in regular laboratories. The output signal from a dynode is proportional to the

number of impinging photons and a gain of up to 106 can be obtained. Because

PMTs do not store charge, and respond to changes in photon fluxes within a few

nanoseconds, they can be use to monitor extremely fast events such as photon

bursts. A limiting factor of PMTs is their low quantum efficiency (QE), i.e., the

ability to generate a signal from the percentage of incident photons. It ranges

from 20% for GaAs up to 40% for GaAsP photocathodes. In contrast, PMTs have

a large detection area, on the order of 1� 1 cm. Such a large area is a great exper-

imental advantage because it does not require tedious alignment of the microscope

on a daily basis.

Avalanches photodiodes (APDs) are an alternative to PMTs with greater effi-

ciencies. They consist for instance in p-n junctions or heterojunctions operated

at reverse biases close to avalanche breakdown voltage to enable the multiplica-

tion of photogenerated carriers [58]. APDs have generally higher QEs (up to 95%

for silicon APDs) and a relatively flat response over the entire visible range (400–

850 nm). APDs have been fabricated in many semiconductor materials. While Si

APDs have a 90% QE up to@850 nm, their efficiency is greatly diminished in the

1000–1600 nm range. For this wavelength range, APDs made of Ge or other III–V

compounds are used. The temporal response of APDs is comparable to PMTs but

the sensing surface area is much smaller (a few hundreds of microns in diameter).

Although PMTs offer higher gain, APDs feature better quantum efficiency, lower

noise, higher linearity, and compact packaging.

Two-dimensional Array Detectors Two-dimensional detectors consist of a dense

array of photodiodes that collect simultaneously the light coming from an area

several microns or millimeters in size. These detectors are used for imaging a

wide field in a single shot. There are several variations on the same principle, but

the most popular 2D detector used in fluorescence microscopy is the CCD (charge

couple device). A photosensor called a pixel is coupled to a charge storage region

that is connected to an amplifier. The amplifier reads out the quantity of accumu-

lated charge.

The spectral sensitivity of CCD camera is usually lower than that of a simple

photodiode, because the CCD surface has channels used for charge transfer that

are shielded by polysilicon electrodes. These structures do absorb in the blue re-

gion. This reduces the quantum efficiency of the device down to @40% in the
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case of a Si chip. A marked improvement consists in using a back-illuminated

CCD. In this configuration, the light impinges on the back of the CCD on a sur-

face that has been thin-etched to the point of being transparent (@10–15 mm).

This results in quantum efficiencies of@90% over the entire visible spectrum. In

addition, when CCD cameras are cooled to liquid nitrogen temperature, the back-

ground noise can be reduced to a few counts per second, making it possible to de-

tect single emitters spread on a surface in a heartbeat.

The limiting factor of CDD cameras, beside their cost, is the transfer rate, i.e.,

the speed at which the collected frames are read out and transferred to the com-

puter. CCD cameras are often termed slow-scan cameras because their standard

frame rate is usually less than that of a video camera. This is because the data read-

out is performed pixel row by pixel row. The fastest full resolution readout time

reaches a few hundreds of milliseconds or about 10 frames per second in the case

of frame-transfer cameras. As a result, CCD cameras are not appropriate to moni-

tor time-dependent events occurring on a timescale of millisecond or below. For

instance, the dynamics of proteins folding, the lifetime emission of fluorophores

and time-correlated events are too fast for CCD detection, but can be caught quite

easily with a PMT/APD.

1.3

Microscope Configurations

So far, we have discussed how to excite a fluorescent probe and how to detect its

emission. Let us now look at how to assemble these devices into a custom-made

microscope to acquire images. The next few sections discuss the advantages and

disadvantages of each configuration (Fig. 1.5).

1.3.1

Wide-field Methods: Epi-, and Total Internal Reflection (TIR)

Most fluorescence detection techniques in biology use a wide-field illumination. As

the name indicates, a laser or an arc lamp illuminates a large area of interest and

the fluorescence from the whole field of view is collected.

1.3.1.1 Epifluorescence Illumination

By far the simplest microscope uses an epifluorescence configuration in which the

excitation and the emission pass through the same objective (Fig. 1.5). The excita-

tion light, usually a mercury or xenon source, or in rarer cases a defocused laser

beam [33, 57], is directed through an objective by a dichroic mirror and illuminates

the sample. The fluorescence emission is captured back through the same objec-

tive, and passes through an appropriate long pass filter that further removes any

residual excitation light scattered back from the surface. The fluorescent light is

then detected. The simplicity of such a setup has made it the most commonly

used fluorescent imaging technique.

Epifluorescence microscopy has certain limitations. For instance, the samples

are illuminated along the whole path of the excitation light and therefore probes
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that are slightly out of the objective focal plane emit light that can reach the detec-

tor. This results in images that contain a fair amount of background signal. As a

consequence, epifluorescence imaging lacks the sectioning ability and has a lim-

ited spatial resolution. It does not allow discrimination between a probe on the

membrane of the cell or a probe engulfed in the cytoplasm.

1.3.1.2 Total Internal Reflection (TIR) Illumination

One strategy to decrease the background and increase the spatial resolution is to

eliminate fluorescence from outside the focal plane. Various strategies are em-

ployed to restrict the excitation and detection of fluorophores to a thin region of

the specimen. Among them, total internal reflection (TIR) is one way to reduce

the background signal while maintaining the wide-field illumination. Confocal

microscopy is a second option, which will be discussed in Section 1.3.2.1.

Fig. 1.5. A qdot sample can be illuminated in

many ways. Excitation light is represented by

the black line. The most popular illumination is

epifluorescence, where the excitation source

(arc lamp or laser) and the fluorescence

emission go through the same objective. A

dichroic mirror (DM) is used to direct the

excitation in the back of the objective. The

back-scattered excitation light is further

blocked by a bandpass filter (F) that is

transparent to the fluorescence emission that

is directed to the detector. Total internal

reflection (TIR) uses an evanescent wave at

the interface of two phases of different

refractive indexes to excite the probes. It is,

therefore, used to study structures close to

interfaces. TIR illumination can use either a

prism or a special objective configuration. In

both cases, excitation and emission paths

are disconnected. The detection arm of a

TIR microscope is similar to that of an

epifluorescence microscope. In a scanning

confocal microscope, a focused light source,

i.e., a laser, is scanned over the surface at a

fixed height. Although all probes crossing the

laser beam will emit, emissions from outside

the focal plane of the objective are blocked by

a pinhole (P). By varying the focal depth,

sections of the samples can be isolated and

imaged. In a stage-scanning confocal

microscope, the stage is scanned while the

objective is kept fixed. This configuration

allows the removal of chromatic aberration in

the excitation arm. Finally, in a near-field

scanning optical microscope (NSOM), the tip

of a fiber is brought in close to the sample and

is scanned over it.
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The principle of TIR is simple and illustrated in Fig. 1.5. A light beam, incident

on an interface with different refractive indexes for the two phases, is totally

reflected if the incident angle exceeds a critical angle. While the light is totally

reflected, a portion of the radiation exists in the distal phase called the evanescent

wave. The evanescent wave will continue to travel into the medium of higher re-

fractive index, but its strength will decay exponentially. The TIR illumination sys-

tem takes advantage of the evanescent wave to specifically illuminate only a range

of 100–200 nm from the coverslip. The result is that only probes located within

such distance from the surface are excited. This provides an optical sectioning ca-

pability of a few hundreds of nanometers, at least 5� thinner than any existing

confocal microscope (Section 1.3.2).

In general, TIR illumination has potential benefits in any applications requir-

ing imaging of minute structures or single molecules in specimens having large

numbers of fluorophores located outside the optical plane of interest. Since the

excitation light is completely reflected away from the detection, one can easily dis-

criminate the fluorescence signal from the excitation light and achieve very high

sensitivities and detection limits. This capability is particularly useful in many

types of applications. For instance, TIR fluorescence is very helpful in monitoring

the interaction between an intracellular protein and the substrate, especially in

cases where the intracellular protein is of very high abundance in the cytoplasm,

which will inevitably generate very high internal noise using a conventional epi-

illumination. Another important application of TIR is in the characterization of

forces exerted on the substrate during cell motility. For instance, the observation

of points of contacts or focal adhesions between the cell and the substrate holds

information on how the traction forces are transmitted [59]. Finally, by varying

the illumination incidence angle, and consequently the penetration depth of the

evanescent wave, fluorophores can be distinguished by depth on a nanometric

scale. If one were able to vary rapidly the evanescent field depth, target vesicles or

other structures can be tracked at different depths and their positions accurately

determined.

The main limitation of TIR, however, resides in the small penetration depth of

the evanescent field. Imaging chromophores inside cells becomes exponentially

difficult and requires a different strategy.

1.3.2

Scanning Methods for Microscopy

1.3.2.1 Laser-scanning or Stage-scanning Confocal Microscopy

Traditionally, biologists have physically sliced through specimens to look at internal

structures with a conventional light or electron microscope. The laser-scanning con-
focal microscope allows optical sectioning through a whole intact sample. Its prin-

ciple is illustrated in Fig. 1.5. A computer-controlled laser beam is tightly focused

and scanned over the surface at a fixed depth (in fact the objective is scanned). For

each position of the light beam, the emission light is collected back through the

same objective. By using a pinhole in the path to the detector, the fluorescence
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light coming from outside the objective focal plane is rejected, thus providing a

high-resolution image at that depth. By progressively changing the plane of focus,

one can section the entire specimen optically, producing a sharp image of the fluo-

rescently marked components for many different depths. A confocal reconstruction

is produced when all these layers are put together to provide a two-dimensional

representation of the three-dimensional information. The slicing resolution of a

confocal microscope is of the order of @1 mm, i.e., about 5� the z-resolution
achievable by TIR illumination (Section 1.3.1.2). However, the ability to probe en-

tire cells or organisms instead of only their contact point with the surface makes

confocal microscopy the method of choice for many applications. One inconve-

nience of a confocal microscope is the time needed to acquire an image. Consider-

ing an integration time of a few tens of milliseconds per pixel, it takes a few

minutes to capture a high resolution image.

In a laser-scanning confocal microscope, the spatial resolution is limited by the

optics and by the size of the focused laser beam. In particular, diffraction limits its

size so that a tightly focus beam of wavelength l still has a spot with extension of

roughly l/2. Considering that excitation wavelengths are in the 400–500 nm range,

the spot of a focused laser beam is at least 200 nm wide. Two point-like sources

closer than this distance will be excited simultaneously by the focused beam, and

one will not be able to distinguish them. There are two strategies to reduce the

resolution limit of a confocal microscope. First, the excitation volume can to be

narrowed. This can be achieved through interference methods [60] or by stimu-

lated emission depletion [61]. Resolutions beyond the Rayleigh limit have been

achieved, although these methods are cumbersome to implement. The second

strategy is useful when one is interested in the relative distance between two

point-like sources with different emissions rather than the exact location of each

object separately [32]. In this case, one can acquire the diffraction-limited shape

of each point-like source in separate channels, also called point spread function or

PSF, and determine the position of the center of each PSF [62]. This requires a sig-

nal strong enough to accurately fit the PSFs. An additional critical point here is to

make sure that both objects are excited identically. Usually, wavelength-dependent

properties of the objective produce different z-focuses for different wavelengths. In
addition, spherical aberrations and uneven flatness of the back of the objective will

produce distortions in beams scanned off-axis. Finding the exact positions of the

PSFs in these conditions requires an impractical characterization of the whole sys-

tem. One way to circumvent these problems is to use a monochromatic excitation

and move the stage instead of the laser beam. This constitutes the principle of the

stage-scanning confocal microscope. By keeping the laser beam fixed with respect to

the optical setup, chromatic aberrations in the excitation path are removed. With

such a setup, colocalization of two chromophores with distinct emission spectra

in the nanometer range has been reported [32, 62, 63].

1.3.2.2 Near-field Scanning Optical Microscopy (NSOM)

An alternative way to beat the Rayleigh diffraction limit is to use near-field meth-

ods [21, 64]. Near-field optics uses laser spots and tiny fibers with an aperture di-
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ameter smaller than the diffraction limit. If the light that leaks through the fiber

tip is captured in close proximity of the aperture, the excitation spot size is on the

order of the aperture size, i.e., it has a subwavelength dimension. Transmitted and

fluorescence light are collected in the far-field through conventional optics and

detectors. To make an image, the tip is scanned over the surface and an image is

built pixel by pixel.

To obtain a high-resolution image of a specimen, the tip has to be positioned

within a few nanometers of the sample surface all along the scanning process.

This requires a feedback mechanism, usually based on shear force. Although

NSOM has been successful in imaging biological specimens on surfaces, it still

presents a tremendous challenge to image unfixed cells under buffered conditions.

An additional limitation of NSOM comes from the delicate process of manufactur-

ing the fiber tips. These are brittle and may break easily if in contact with rough

surfaces. In addition, the near-field regime disappears quickly in the z-direction,
preventing observations in the cell interior. Finally, the experimental challenges in

NSOM often overcome by far its benefits over confocal microscopy.

1.4

Strategies for Image Acquisition

There are different strategies to collect information and form an image. Each

photon encodes a wealth of information: it has a wavelength, a polarization, and

an arrival time. Each of these properties can be used to create an image. It is also

possible to use a combination of detectors to measure multiple properties of the

photons simultaneously, i.e., the location of multiple chromophores, their spectra,

their polarization and their lifetime, provided there are enough photons to gener-

ate a signal.

1.4.1

Intensity Imaging

The simplest method to acquire an image is to attribute to each pixel a value pro-

portional to the intensity of light impinging on the detector. In its simplest form,

such approach is color-blind since one green photon and one red photon are not

discriminated by a PMT/APD or a CCD camera. However, with the appropriate

use of bandpass filters, it is possible block all photons outside a spectral window

and leave only a few selected photons to reach the detector. By sequentially using

different filters with orthogonal spectral windows, images corresponding to each

spectral window are collected and then overlaid to produce a false-color image. Fig-

ure 1.6(A) illustrates this procedure. It shows a field of HeLa cells whose nucleus is

stained with DAPI, an organic dye, and whose cytoplasm is stained with qdots.

Cells are observed under epifluorescence illumination using a Hg lamp. Since

DAPI emission occurs at@450–550 nm and the qdots emission is centered around

620 nm, the two channels of emission present minimal spectral overlap. By insert-
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ing the appropriate bandpass filters (for instance a short pass filter with cutoff at

520 nm and a long pass with cutoff at 580 nm), a blue image of the nuclei and

a red image of the cell cytoplasm can be recorded separately and then overlaid.

When multiple chromophores with closer emission wavelengths are used, a clear

distinction between channels is not always possible, and spectral imaging (Section

1.4.2) can represent one way to minimize the overlaps. This is especially true for

organic dyes where the emissions are broad (>50 nm) and tailed to the red; but it

also applies to qdots with narrower and more symmetric emission spectra.

If the CCD camera were replaced by a PMT or APD detector, one would acquire

a trace similar to that shown in Fig. 1.6(B). There is no spatial resolution in this

case but a time dependence of the signal, which represents the amount of photons

Fig. 1.6. A simple option for making images –

Intensity imaging. (A) The simplest method of

image making is to collect the fluorescence

light in a CCD or intensified CCD camera. To

discriminate different colors, filters are inserted

in the emission path to block undesired colors.

By changing filters, the same CCD camera can

record, sequentially, different emissions from

the same area. A color image is created by

overlaying individual images. In the example

shown, HeLa cells are imaged through

epifluorescence illumination with an Hg lamp.

The nuclei of the cells were stained with a blue

dye (DAPI) and the cytoplasm stained with red

qdots. Scale bar: 5 nm. (B) If a PMT or an APD

were used, one would have measured a time-

dependent signal with no encoded spatial

information. The integrated intensity over a

period of time may be used for imaging. If a

focused laser beam is scanned over a surface,

each position of the objective can be trans-

lated into a pixel. The value of the pixel is

proportional to the integrated intensity. This is

illustrated by measuring the spot produced by

a single qdot. Note that the qdot spot is

diffraction-limited even if the emitter is a point

source. The white square represents a single

pixel. Pixel size: 50 nm, integration time:

100 ms pixel�1.
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emitted from all over the illuminated area that reach the detector. For imaging

purposes, epifluorescence illumination using an arc lamp and PMT detection is of

limited use. However, things are different if a cw or pulsed laser is used. Here, the

coherence of the laser allows its focusing down to a tiny spot. The fluorescence in-

tensity from the illuminated spot is proportional to the integrated signal reaching

the PMT/APD detector. If the laser spot is scanned over the surface, and the out-of-

focus light blocked by a pinhole (Section 1.3.2.1), an image of the emitters can be

constructed pixel by pixel. For example, Fig. 1.6(B) shows the confocal image of a

single CdSe/ZnS qdot. Although the qdot is less than 10 nm in diameter, its image

is diffraction-limited because it maps the point-spread function of the excitation.

With a sufficient signal-to-noise ratio, the PSF can be accurately fitted and its cen-

ter determined (Sections 1.3.2.1 and 1.5.1) [32, 62]. Because of the scanning nature

of the acquisition process and because typical integration times of a few tens of

millisecond per pixel are needed, the acquisition of a 256� 256 pixels image neces-

sitates a few minutes. The use of a pulsed excitation affords additional imaging

modalities. It allows correlation of the arrival time of the photon onto the PMT/

APD detector to an external clock (i.e., the pulse of the laser), which constitutes

the basis for measuring the lifetime of a chromophore (Fig. 1.8 and Section 1.4.3

below).

1.4.2

Spectral Imaging

A general problem with organic chromophores is their relatively broad emission

spectra. This makes the spectral separation by bandpass filters difficult and imprac-

tical, especially when multiple chromophores with close emissions are used. It is

often impossible to avoid the leaking of one color channel into another one. It is

then advantageous to use spectral imaging. These methods collect all photons

together and record an emission spectrum. Because fluorescence is incoherent,

the total signal is simply the sum of every individual photon. The knowledge

of the emission properties of each single fluorophore permits the deconvolution

of the signal into diverse contributions.

Spectral imaging is illustrated in Fig. 1.7. Green-emitting qdots (emission at

540 nm) are covalently linked to several Cy3B, an organic dye with emission at

about 575 nm. These conjugates are model systems for FRET imaging that will be

discussed in Section 1.4.4. A tightly focused laser excites the conjugates. The fluo-

rescence emission is spectrally resolved using a grating and collected by a CCD

camera. The spectrum clearly shows two components, corresponding to qdots and

dyes, respectively. Notice the narrower contribution of the qdot. A deconvolution of

the spectrum into qdot and dye components allows the encoding of this pixel into

several colors. If the same procedure is repeated for other pixels, a multicolor map

can be constructed. In the simple case of Fig. 1.7, the deconvolution is a trivial

task because the chromophores have almost non-overlapping emissions. However,

spectral imaging may become quite complex as the number of chromophores in-

creases and their spectra start to overlap. With CdSe/ZnS qdots, four colors of
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emission in the visible range could be specifically coded and detected by linking

single-stranded DNA to each color of emission [33]. The use of qdots with emis-

sions in the IR (Fig. 1.3B) can provide additional detection channels while preserv-

ing the simplicity of the excitation/detection schemes.

1.4.3

Lifetime and Time-gated Imaging

Lifetime is another property of fluorophores that can be used for imaging because

it allows high-sensitivity and background-free imaging (Fig. 1.8). After excitation by

a laser pulse, most organic fluorophores emit one photon within a characteristic

time of a few nanoseconds. Two distinct fluorophores are likely to have different

Fig. 1.7. Another simple option for making

images is spectral imaging. Instead of using

filters to separate the different emissions, the

entire beam can be split through a prism or a

grating and detected with a CCD camera or an

intensified CCD camera. Here, the wavelength

of the photon is encoded into the area of the

CCD chip. The spectrum on the right shows

the emission of a complex made of a single

CdSe/ZnS qdot (emission@530 nm) linked

to several Cy3B, an organic dye (emission

@580 nm). By scanning the surface and

deconvoluting the spectrum into these two

components for each pixel, a multicolored map

can be created with a single scan.

Fig. 1.8. Lifetime imaging is a further simple

option for making images. A PMT/APD can

also be used to map the lifetime of the

emission. The arrival time is correlated with

the firing of the laser by a time correlated

single-photon counter (TCSPC). The example

shown here compares the lifetimes of Cy3B, an

organic dye (blue curve,@2 ns), and qdots

(red curve,@10–17 ns). The large difference

allows electronic gating as a way of increasing

the signal-to-noise ratio.
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lifetimes and a simple idea is to harness this difference to encode the image.

Often, however, the difference in lifetime is too small to allow a proper discrimina-

tion between two distinct fluorophores. For instance moieties responsible for the

autofluorescence background of cells and conventional organic dyes have very close

lifetimes and it is difficult to isolate and remove only the background contribution.

Other types of fluorophores have lifetimes of the orders of milliseconds (chelated

lanthanide, metal ligand complexes), but this slow emission process results in a

low turnover rate, i.e., a few photons emitted per second. Qdots combine the ad-

vantage of a high turnover rate with a long lifetime (10–20 ns) that seems more

amenable for high-sensitive or background-free imaging. Lifetime imaging can be

implemented by using either a time correlated single-photon counter (TCSPC) [65]

or a time-gated ICCD camera [38]. In this latter case, the camera is electronically

gated to detect only photons emitted after a certain time window after the laser

pulse and reject all other photons.

Figure 1.9 shows an implementation of lifetime imaging of a cell using qdots to

increase the signal-to-noise ratio [38]. 3T3 epithelial cells were transfected with

qdots and imaged with a stage-scanning confocal microscope (Section 1.3.2). Fig-

ure 1.9(A) shows the image of the cell constructed from all photons reaching the

APD detector. A major contribution comes from autofluorescence background

that masks partially the qdot contribution. The electronically gated image con-

Fig. 1.9. Time-gate detection. The long

lifetime of qdot permits suppression of the

fluorescence of short-lived species, for instance

autofluorescence and emission from other

organic dyes. In this example, 3T3 mouse

fibroblasts were incubated with red qdots.

Imaging was performed using a confocal

microscope (10 ms integration per pixel,

lifetime window of 0–150 ns after the laser

pulse, 5 MHz repetition rate). (A) All photons

have been used to create the image. (B) Only

photons arriving after the disappearance of the

autofluorescence background were retained

(30–65 ns after the laser pulse). Even though

the total signal decreases markedly, the signal-

to-noise ratio increases from 3 to 45. (Adapted

with permission from Ref. [38]. Copyright 2001,

Optical Society of America.)
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structed from photons that arrived 35–65 ns after the laser pulse is shown in Fig.

1.9(B). The autofluorescence background is suppressed but the emission of the

qdots is still visible. The linescan shows that the time-gated imaging, allowed by

the long lifetime of the qdots, considerably increases the signal-to-noise ratio.

1.4.4

Other Imaging Modalities: Polarization and FRET Imaging

Polarization imaging can be achieved by splitting the emission according to the

polarizations of the photons. This can be achieved through the use of a polarizing

beam-splitter or through the use of a 50/50 beam-splitter and the insertion of

polarizers in front of the detector. Similarly, imaging based on fluorescence reso-

nance energy transfer (FRET) can also be performed [66]. In a FRET process, a flu-

orescent donor molecule is excited but, instead of relaxing through the emission of

a photon, it transfers its energy into an acceptor molecule. Emission comes from

the acceptor although excitation was provided by the donor. The FRET process

efficiency is very sensitive to the distance between the donor and the acceptor and

vanishes for distances larger than ~10 nm. Therefore FRET can resolve molecular

interactions, because even though both donor and acceptor probes cannot be

localized below the diffraction-limit individually the fact that FRET occurs is an in-

dication that donor and acceptor are less than 10 nm apart. The detection of FRET

usually proceeds through the detection in parallel of two different channels, corre-

sponding to the donor and acceptor probes. Several protein interactions have been

demonstrated in cells by FRET microscopy [67]. In fact, FRET imaging has been

performed only with pairs of organic dyes or pairs of fluorescent proteins (CFP

and YFP) [68] because the use of qdots as FRET pairs has not yet been established.

CdSe/ZnS qdots are excellent donors even at the single molecule level, as Fig.

1.3(C) indicated. Whether they also can act as acceptors is an open issue. It may

well be that, because of their size and optical properties (Section 1.2.2.4), qdots

will not be efficient probes neither as FRET pairs nor for polarization imaging.

1.5

Qdots in Biology: A Few Selected Examples

So far, we have focused on generic aspects of qdot fluorescence, by insisting on the

properties that distinguish them from organic dyes. We have described several

ways to excite and detect them, and several modalities for imaging them. It is

time to consider their use in life sciences applications. In fact, qdot technology

has generated a great deal of excitement in chemistry and material sciences com-

munities for all their wonderful properties, but biologists have yet to embrace it.

One reason is that the interface between the bioworld and the inorganic world is

still a complex field. For example, live organisms have developed defense mecha-

nisms to fight foreign intruders. Forcing them to tolerate unnatural inorganic

probes may require tricks such as masking the surface of qdots with natural moi-
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eties. This section goes through some examples that illustrate how qdots can

provide unique detection signatures in biology. The examples will give an overview

of the possibilities of qdots for biolabeling. We will start by describing briefly the

problematic that biologists are facing and how qdot technology may help solve

those issues.

1.5.1

Ultra-high Colocalization of Qdots for Genetic Mapping

An important issue in genetic disease screening and diagnostics is the ability to

detect DNA abnormalities in high-throughput. Many diseases result from dele-

tions, additions or rearrangements of short segments of DNA, some of them only

a few bases long. Although single nucleotide polymorphisms can be detected by

DNA microarray methods using either dyes [69] or qdots [51], when the length of

the abnormalities gets bigger, so do the challenges to detect and map them. A new

approach was proposed in the mid-1990s by combining a technique to stretch the

full genome on a glass slide with a technique to hybridize short fluorescently

labeled oligonucleotides along the DNA backbone at selected locations [70]. This

new approach was named dynamic molecular combing, or DMC. It features a ho-

mogenous stretching of the DNA (2 mm per kilobase) that allows the conversion of

physical distances into genetic units. DMC measures the gap between loci labeled

with two different dyes. Loci can be chosen to be contiguous of a specific gene and,

therefore, the measured gap between loci holds information on the length of the

gene. By comparing the gap measured on the normal allele with the gap measured

on the abnormal allele, the size of the deletion/addition can be determined. DMC

proved to be successful in observing kilobase deletions in tuberous sclerosis 2 gene

on patients’ DNA [70].

Detection of smaller abnormalities using DMC requires a method that can local-

ize two distinct sets of probes distance of 10 to 200 nm. This range of distances lies

between the range of FRET detection (1–10 nm) and the Rayleigh resolution limit

of conventional optical microscopes. Two recent methods promised to reach this

goal. In the first approach, resolutions down to the 5–10 nm range have been re-

ported using organic dyes, TIR illumination and a CCD camera [60]. The method

makes use of the photobleaching behavior of one of the two probes. By fitting im-

ages collected both before and after photobleaching of one of the dyes, it is possible

to localize both dyes separately and compute their distance. The method has been

validated by using two identical Cy3 dyes linked by a double stranded DNA [60] or

multicolor dyes that are more amenable for DNA mapping [71]. Colocalization by

photobleaching requires that all random and individual photobleaching events are

resolved. Besides, the numerical methods used to compute the relative distances

may affect the precision of the localization.

The second approach does not rely on such constraints but builds on the

strengths of fluorescent probes: it uses the photostability of qdots. The approach

is based on stage-scanning confocal microscopy with a single excitation source

that allows the imaging of qdots free of chromatic aberrations (Section 1.3.2.1)
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[32]. A laser beam is focused onto a sample sitting on a stage that can be posi-

tioned and moved with nanometer precision. For each position of the stage, the in-

tensity of fluorescence is collected, directed into an APD, and converted into a pixel

value. Pixel by pixel, an image of the emitting object is constructed as illustrated in

Fig. 1.6(B). By using two APDs/PMTs, each recording the light in an orthogonal

fashion, it is possible to image simultaneously two point sources emitting at differ-

ent wavelengths. Because the excitation arm is fixed, it does not produce chromatic

aberrations. Comparison of the positions of the two PSFs allows the determination

of their relative distances. Using such a stage-scanning confocal setup and qdots,

two qdots have been localized with better than 10 nm resolution. Advances in

nanometer-localization imaging are likely to open new doors for DNA mapping. It

may be envisioned that such fluorescence techniques would yield physical maps of

single nucleotide polymorphisms of the whole genome adsorbed on a surface a few

inches wide.

1.5.2

Dynamics of Biomolecules in a Cellular Environment

The ability to track molecules directly in live cells is an important issue in biology

that may lead to an integrative view of cellular function [2, 3]. Indeed, seeing the

whole pathway of a molecule in its native environment, seeing how it works, where

it goes and what it does may reveal precious information on its function and its

communication with the rest of the interconnected cellular network. One way to

study the motion of a biomolecule is to label it with a chromophore and acquire a

succession of fluorescence images that are recombined in a movie. The first experi-

ments of fluorescence tracking of lipids on cell surfaces were reported in 2000,

using TIR fluorescence microscopy [72]. Since then, ion channels, cell-adhesion

proteins [73], virus infection pathways [74] and other biological processes have

been visualized at the single molecule level in live cells. Most of the measurements

provide a low contrast and, above all, a time window for observation limited to a

few seconds before the dye or GFP bleaches out [3, 57, 75].

The photostability of qdots provides a bright and long-lasting photon source that

can be used to monitor biomolecular motion either on cell membranes [11, 76, 77]

or directly inside cells [13] with a high signal-to-noise ratio for many minutes. The

use of an epifluorescence illumination with a CCD detector is a good compromise

between the necessity to monitor an area of a few tens/hundreds of micron square,

a reasonable signal-to-noise ratio, and the time resolution of@100 ms required to

monitor moving molecules. In fact, the monitoring of molecular motion through

fluorescence only reveals changes in the location of a fluorescent spot. It is then

necessary to analyze its position as a function of time and relate it to a physical or

biological process. Traditionally, this has been analyzed in terms of diffusion con-

stants. An example of a physical process is Brownian motion, which is character-

ized by a single diffusion coefficient and a mean square travel distance that de-

pends linearly on time. If linearity is not observed, it may be a sign that an

underlying biological process is at play.
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1.5.2.1 Trafficking of Glycine Receptors in Neural Membranes of Live Cells

The first example of molecule tracking using qdots concerns the study of the mem-

brane structure of spinal neurons. This is achieved by tracking the dynamics of

qdot-labeled glycine receptors (GlyR) for long periods [76, 77]. In general, mem-

brane neurotransmitter receptors, such as GlyR, are free to diffuse in the mem-

brane. However, they can accumulate at synaptic sites by interacting with sub-

synaptic scaffold proteins. The number of neurotransmitter receptors at synaptic

sites is an important parameter because it determines synapse plasticity and the

strength of synaptic transmission. For example, removal of glutamate receptors

from synapses is involved in long-term depression while their insertion contributes

to long-standing synaptic efficiency. Generally, immunochemistry methods used to

study variations in receptors distribution provide a static view of the neurotrans-

mitter receptors and give no information on their dynamics. To study the dynamics

of neurotransmitter receptors, a simple strategy consists in labeling them with

fluorescent latex beads and tracking their motions with a simple epifluorescence

illumination and a CCD detector. The size of the latex beads (@500 nm) prevented

them from accessing the synaptic cleft. Things change by replacing beads with

qdots. Because of their much smaller size (@10–20 nm), qdots can be used to

study the lateral movement of individual GlyR in great detail.

Figure 1.10 shows an example of QD-GlyR motion over the neural surface. Syn-

aptic buttons are labeled in red using an organic dye (FM4-64) while GlyR are

labeled with green qdots using a bridge of biotinylated antibodies and streptavidin

coated qdots. The sequence of images shows one QD-GlyR (in the white circle)

moving from one synaptic button to another one about 4 mm away. In the first 30 s

(top row), QD-GlyR diffuses freely in the synaptic membrane, it then docks at

the synaptic button (bottom row). Further quantitative information is obtained by

analysis of QD-GlyR motions over more than 20 min. The diffusion coefficients

reveal three types of behavior: some receptors diffuse freely and cover large areas

Fig. 1.10. Dynamics of glycine receptors

revealed by qdots tracking: The example here

shows the movement of a single membrane

glycine receptor (circle). The receptor is

labeled by a single green qdot moving from

one synaptic button, labeled b1, to another

labeled b2. The synaptic buttons are labeled

with a red dye. Images on the panel are

selected snapshots from a 20 min sequence.

(Reproduced with permission from Ref. [76].

Copyright 2003, The American Association for

the Advancement of Science.)
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on the membrane, other receptors remain at the synapse, whereas a final pool of

receptors move in a confined space around the synapse. This leads to the classifi-

cation of the neural membrane in three domains (extrasynaptic, synaptic and peri-

synaptic, respectively) with distinct diffusion properties. This beautiful work of

Dahan and co-workers underlies the advantages of using robust qdot probes for

tracking small biomolecules and illustrates the potential of qdots for the study of

membrane dynamics.

1.5.2.2 Dynamics of Labeled Nuclear Localization Sequences Inside Living Cells

The observation of dynamical events directly inside live cells adds one layer of com-

plexity because the cytoplasmic environment is vastly different from conditions

found outside the cell. Live cells have various kinds of inner membranes that

maintain compartmental organization and they have developed various defense

mechanisms to protect themselves against foreign intruders [1]. Whether exoge-

nous qdot labels are compatible with the cell cytoplasm environment is largely

unknown.

Only a handful of preliminary targeting studies using qdots in live cells have

been performed. Perhaps, the simplest approach is to target the largest and most

distinctive organelle of a cell: its nucleus. Nature provides the drive on how to do

that. For example, viruses are hollow particles containing infectious RNA. Their

Fig. 1.11. Dynamics of labeled biomolecules

inside live cells. HeLa cells were transfected

with qdots linked to a nuclear localization

signal (NLS). The NLS–qdots localize around

the nucleus of the cell, and attempt to

penetrate the nuclear envelope. The nucleus of

a single cell is visible in the image. The image

is an overlay of two frames taken 10 s apart

that show how the qdots move during these

10 s (green is at time t, red at tþ 10 s, yellow

is the overlay, 700 ms integration time). Scale

bar: 5 nm. The motions of the two NLS–qdots

indicated by the arrows are shown on the right

of the image. Positions at the beginning of the

imaging process are indicated by stars. The

nuclear membrane is shown as a dashed line.

The NLS–qdot conjugates jiggle around the

membrane and eventually cross it. Scale bar:

5 nm.
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envelope contains peptide sequences, called nuclear localization signals (NLSs),

that are recognized by the cell machinery and ferried towards the nucleus by motor

proteins. It is possible to link a NLS sequence derived from a virus SV40 [78] to a

silanized qdot [13]. Figure 1.11 shows the end stage of the infection process where

NLS-qdots attempt to penetrate through the nuclear pores of a live cell. In a movie

sequence that lasts well over 15 min, the somewhat chaotic jiggling of qdots can be

observed. Some qdots get stuck at the nuclear membrane, while others manage to

cross the nuclear membrane. Two examples of such NLS-qdots are highlighted on

the right of the figure.

Although fluorescence imaging shows qdots concentrated around the nucleus,

the fate of the NLS peptide is not known. The presence of the qdot exogenous

agent is likely to activate the defense mechanisms of the cells. This may result in

the cleavage of the qdot from the NLS peptide with the obvious consequence that

the tracking of the fluorescent probe does not mimic the molecular pathway of the

biomolecule. This is an obvious concern that needs to be addressed in forthcoming

years when, no doubt, people will start tracking biomolecules inside live cells using

qdots.

1.5.3

In Vivo and Non-invasive Detection Using Qdot Reporters

A final example concerns the observation of fluorescent qdots inside small animals

through non-invasive imaging. In general, biomedical imaging in living tissues re-

quires the use of exogenous contrast agents. These include MRI contrast agents,

radioactive PET reporters, or infrared photons that can penetrate deeper into

tissues than visible photons. In particular, the use of IR or near-IR probes would

provide submicron spatial resolution and high sensitivity with simple and cost-

effective detector technologies. Unfortunately, the requirements of absorption cross

section, quantum yield and stability are not met by conventional organic fluoro-

phores emitting in the IR. However, infra-red qdots may be efficient alternatives.

The fact that IR core/shell CdTe/CdSe qdots may be useful probes for non-

invasive detection was demonstrated in early 2004 by mapping the sentinel lymph

nodes in mice [79]. This allowed a major cancer surgery to be performed in an

animal under complete image guidance. A subsequent step forward was achieved

when near-IR CdSe/ZnS dots functionalized with a cancer targeting antibody were

used to detect non-invasively the location of cancerous metastasis in live mice [45].

These two preliminary reports open new windows of opportunities for nanotech-

nology in medicine. The area of non-invasive imaging using qdots is likely to

grow, as chemists get better at synthesizing IR probes.

1.6

Outlook: Is there a Role for Nanoscience in Cellular Biology and in Medicine?

In this chapter we have focused on fluorescence detection, a central diagnostics in

biology and medicine. Fluorescence imaging has reached an incredible level of
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sensitivity, mainly fueled by the desire of some pioneers to watch single molecules.

Today, researchers want to see more than single molecules, they want to see

them rock’n roll (as beautifully phrased by Xavier Michalet [80]), and possibly in

an in vivo environment. Moreover, as other examples discussed in this chapter

have shown, biology and medicine have very ambitious plans to observe molecular

events directly in their native environment. What limits such experiments today is

the availability of appropriate probes, probes that are non-toxic, probes that do not

bleach, probes that can be functionalized. Organic dyes, and to a lesser extent en-

gineered fluorescent proteins, have certain limitations. Their shortcomings will

likely not be compensated by an upgrade of current technologies. Future break-

throughs will rely on the development of advanced technologies based on a radi-

cally different platform. Nanotechnology can provide this platform.

Biology and nanoscience have come to a crossroads after a long courtship.

Driven by the intellectual challenge of addressing the properties of particles with

a finite size (first enounced by Feynman [81] and later addressed theoretically by

Ryogo Kubo [82] and Terrell L. Hill [83] in the early 1960s), experimentalists

started working on the production of small particles in the late 1960s and early

1970s. Over the course of two decades, synthetic methods have been perfected

and the range of material synthesized has been expanded. In the 1990s, the use of

chemical routes permitted the synthesis of semiconductor, metallic and oxide

nanoparticles with excellent crystallinity, and with controlled size and shape [17].

In particular, semiconductor nanocrystals, whose flag carrier is cadmium selenide,

exhibited remarkable optical properties, described in an earlier section, that at-

tracted the interest of biologists as possible biolabels. Eight years after the first

two reports [40, 84], the use of fluorescent nanocrystals in biology is still limited.

This is largely due to the difficulty of interfacing inorganic nanoobjects with the

bioworld. Yet, chemists and physicists are learning how to do it at a fast pace, and

it is likely that fluorescent particles will emerge as useful tools for biology.

We can dream that qdot technology will provide highly integrated probes that

can be customized to perform many tasks at once. For instance, qdots would

be synthesized to carry diagnostics (they fluoresce), functional (they may be pro-

grammed to recognize tumoral cells), and therapeutics properties (they may kill

tumoral cells). Qdots could be linked to MRI or PET active compounds to allow

non-invasive imaging. Because qdots are made of heavy elements they are easily

observable in electron microscopy and through synchrotron radiation, which will

provide access to high-resolution cellular localization. We may imagine that further

developments will allow the tagging of stem cells with qdots, their transplantation

in live animal models, and the remote detection of their differentiation in vivo. One
may argue that the view expressed here is much too optimistic, and even wonder

whether nanotechnology will have a real impact in biology and medicine. Only

time can tell.
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2

Characterization of Nanoscale Systems

in Biology using Scanning Probe

Microscopy Techniques

Anthony W. Coleman, Adina N. Lazar, Cecile F. Rousseau,

Sebastien Cecillon, and Patrick Shahgaldian

2.1

Introduction

The numerous variants of Scanning Probe Microscopies (SPM) that have appeared

since the invention of Scanning Tunneling Microscopy (STM) in 1982 [1] have

opened up a new world for the visualization and characterization of surfaces. Their

application to the biological sciences has allowed imaging of a vast range of sys-

tems hitherto unseen and the spin-offs of SPM have allowed biologists to probe

the forces [2], mechanical properties of biological entities [3] and, with the use of

SPM derived cantilever arrays, develop novel bio-sensors [4–8].

However, this meeting of physics, biology, chemistry and micro-technology was

and still remains, in my opinion, not quite the universal solution to the imaging of

the nano-world of biology. The problems would appear to stem from the near im-

miscibility of the scientific rigor of biology and physics, and this chapter has been

approached from the point of view of a tool user not a tool maker, but one who has

been over the last ten years confronted by the need to characterize and understand

complex structures interacting with biological systems while using physical meth-

ods. As a sideline, I have also spent the last ten years translating between the sci-

entific languages and habits of biologists, physicists, chemists and microsystems

scientists.

Thus this chapter is oriented not to the theory of Scanning Probe Microscopies

but rather to how to obtain, using SPM, useful and valid information about biolog-

ical systems at all levels. The physics of SPM has been widely treated in several

excellent texts and readers are referred to the list of books given in Appendix 1.

Similarly, an extensive body of reviews exists on the imaging of biological systems

(Appendix 2).

With regard to the use of SPM on biological samples, the questions to ask are

really: what information can one obtain from SPM; how can one best set up the

bio-SPM experiment to maximize the chances of success; how can one avoid ob-

taining skewed information from a bio-SPM experiment and finally, and most

importantly, does the information obtained have a real biological sense?
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In view of these questions we will treat the various SPM methods in terms of

the information they generate and also their limitations, some general thoughts

on sample preparation and how this may affect the experiment, the pitfalls that

may arise from various artifacts, before looking at selected examples of imaging,

probing and analyzing biological systems. [Evidently, rarely are artifacts published

but I know that the image files of anyone involved in the field are full of various

types of artifacts, but with biological samples sometimes the seeming artifact may

in fact be real and just seem to be an artifact.] There remains one final question;

why carry out a bio-SPM experiment? To start to answer that question, Table 2.1

presents various microscopy methods with their experimental conditions, sample

treatments, resolutions, etc.

2.2

The Scanning Probe Microscopy Experiment

The basis of all SPM experiments is simple: a probe is scanned across a surface to

generate an image of some type. To obtain the image there must exist a localized

interaction between the probe and the surface, in this way the signal obtained will

be dominated only by the small part of the probe closest to the surface. Hence it

is implicit that there is a strong distance dependence of the interaction so that

Tab. 2.1. The various microscopies available to the bio-sciences, and their characteristics.

Optical

microscope

SEM SPM SNOM-

NSOM

Confocal

microscopy

[9, 10]

Environmental

electron

microscopy

Sample

operating

environment

Air, liquid or

vacuum

Vacuum Gas, liquid

or vacuum

Gas, liquid

or vacuum

Gas, liquid

or vacuum

Gas[a] (up to

10 Torr)

Depth of field Small Large Medium Medium Small Large

Depth of focus Medium Large Small Small Medium Large

Resolution:

x; y (nm)

1000 5 1–10 AFM;

atomic

for STM

20–80 200 5–7

Resolution:

z (nm)

N/A N/A 0.1 AFM

0.01 STM

1 200 N/A

Magnification 1–2� 103X 10–108X 5� 102–108 15–5� 105X

Sample

preparation

requirement

Little Little to

substantial

Little or none Little to

substantial

Little to

substantial

Little

Characteristics

required

for sample

Sample

opaque

to light

Sample must

be vacuum

compatible

Local variations

in surface

height < 10 mm

Incorporation

of a fluores-

cent dye

–

aPossible in wet environments; suitable for hydrated specimens (cells,

plant samples, tissue, etc.).
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only those nearest parts of the probe can contribute to the measured signal

(Fig. 2.1).

Thus the SPM experiment can be defined as requiring:

Signal ¼ f ðdÞn

and effectively the resolution will be governed both by the size of the probe and the

distance dependence, allowing, for example in STM where both tip size is very

small and the distance dependence very strong, imaging at the atomic level.

While the physical basis of the family of Scanning Probe Microscopies is rela-

tively straightforward, and indeed the basis of Scanning Near-Field Optical Micros-

copy was proposed by Synge in 1926 in a letter to Einstein [11], the technical prob-

lems involved in the construction of a working high-resolution SPM system were

the real challenge. It was thus only in the 1980s, with the development of working

piezoelectric materials [12] and the computing power to implement control over

the system, that working systems became available. Even then, their application to

biological materials was at first hesitant.

In the following sections the basic modes of imaging, use of force–distance

measurements and other SPM derived methods will be discussed with particular

emphasis on the information that may be obtained and on the limitations of the

various techniques towards imaging biological systems.

2.3

Scanning Tunneling Microscopy Imaging

Scanning Tunneling Microscopy is based on the principle of ‘‘tunneling current’’

flowing between a metallic tip and a conducting material (when the distance is

small enough, typically around 1 nm) (Fig. 2.2). This current is the result of the

overlapping wave functions between the tip atom and surface atom – electrons

can tunnel across the vacuum barrier separating the tip and sample in the pres-

ence of a small bias voltage. This current is amplified (7 to 10 orders of magnitude)

and allows the distance between the tip and the sample to be kept constant. It is

mandatory to do this amplification as close as possible to the tip because any noise

incorporated before the amplifier would be amplified with the relevant signal. If

the tunneling current goes over its set-point the distance between tip and sample

is increased, if it falls below this value then the distance is decreased.

Fig. 2.1. Principle of probe–sample interaction in SPM. (Courtesy of JPK GmbH.)
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Tunneling current originates from the wavelike properties of particles (electrons,

in this case) in quantum mechanics. When a small voltage, V, is applied between

the tip and the sample, the overlapped electron wave function permits quantum

mechanical tunneling and a current flows across the vacuum gap (Fig. 2.3).

2.4

Atomic Force Microscopy

2.4.1

Generalities

Atomic Force Microscopy (AFM) and its various imaging modes is the most widely

used member of the SPM family in the study of biological systems (Fig. 2.4). The

interactions used in AFM are the local attractive and repulsive forces occurring be-

tween a tip attached to a flexible cantilever and the sample surface. A typical curve

of tip–sample interaction is given below (Fig. 2.5) along with one of the more gen-

erally used scanning conformations. As the tip approaches the surface from an in-

finite distance, firstly attractive forces are present and due to the flexible nature of

the cantilever it deflects toward the surface; at close ranges repulsive forces will

dominate and the cantilever will deflect away from the surface. By use of a laser

beam reflected from the surface of the cantilever (where the tip is mounted) onto

a four quadrant Position Sensitive Device (PSD) the deflection of the cantilever can

be measured and a feedback loop can be activated to position the cantilever with

regard to the surface (Fig. 2.4). Obviously, the choice of the deflection at a set point

to set in place the feedback loop along with the spring constant of the cantilever

allows the forces applied to the surface to be determined.

Fig. 2.2. Principle of scanning tunneling microscopy (STM) imaging.

2.4 Atomic Force Microscopy 41



The schematic shown in Fig. 2.4 is one of two possible configurations of the

microscope set up; here the piezo-ceramic scanners used to move in the x, y and

z dimensions are positioned to move the sample with the cantilever and the tip is

held in a constant position. The second configuration has the piezo-ceramic scan-

ners positioned above the sample to move the cantilever and the tip. Evidently both

configurations present advantages and disadvantages; for a moving sample stage

the rigidity and, hence, stability of the tip positioning can be maximized (however,

access from below to the sample is blocked); this configuration also requires sealed

fluid cells to prevent leakage into the piezo-ceramics when scanning in liquid sys-

tems. The use of a moving cantilever assembly above the sample will be less rigid

and so more prone to ‘‘noise’’ in the images; however, for biological samples the

advantage of being able to couple the AFM to a conventional optical microscope

far outweighs the possible noise problem. There is also in this configuration

much more experimental flexibility with regard to working in liquids.

Fig. 2.3. Metal–vacuum–metal tunneling junction.
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The most used imaging modes in AFM are the contact, force modulation, non-

contact and intermittent contact modes. They may be best defined with regard to

their positioning along the tip–sample interaction curve (Fig. 2.5).

For both contact and force modulation modes the interactions remain entirely in

the repulsive zone of the curve and hence there is no part of the experiment in

Fig. 2.4. Schematic of the atomic force microscope

measurement system using the light deflection mode.

Fig. 2.5. Force curve as function of the distance between the

tip and the surface. (Courtesy of JPK GmbH.)

2.4 Atomic Force Microscopy 43



which the tip is not touching the surface. In non-contact mode the interactions

remain entirely in the attractive part of the curve, while for intermittent contact

(often termed the ‘‘tapping’’ mode) the point will oscillate between attractive and

repulsive parts of the curve.

At this point it is necessary to consider the hydration of a surface in air. Effec-

tively, all surfaces, even highly hydrophobic ones, have a thin ‘‘contamination’’

layer of water associated with them, which is generally of the order of 1–5 nm

high. Hence, experimentally, contact and force modulation modes of SPM imaging

will be with the tip within the aqueous layer, while intermittent contact will involve

the tip moving in and out of the water layer. However, for the non-contact mode it

is possible to position the tip either within the water layer or when there is high

cohesion of this layer to come into feedback at the surface of the aqueous layer;

such positioning can modify the images obtained.

The water layer has a second effect. By capillarity, water will move up the tip

to form a meniscus, and hence generate secondary drag effects when the tip

scans the surface. These capillary forces may often be greater than the applied

tip–sample forces and are often a cause of sample distortion or damage (cf. Section

2.6 on artifacts).

2.4.2

Tips and Cantilevers

The SPM experiment is, in reality, simply a mean to position, move and observe

the probe across a surface – hence the key to the experiment is the probe or tip.

SPM probes generally consist of a sharp (or ultra-sharp) tip mounted on the end

of small flexible cantilevers [13]. Obviously, the shape and the geometry (and also

the quality) of the tip will determine the resolution of the SPM image. They are

generally produced from Si or Si3N4 by micro-fabrication techniques.

Two basic shapes of cantilevers are commercially available, the V-shaped and the

beam cantilever (Fig. 2.6). Because of higher mechanical stability, V-shaped canti-

levers are generally preferred for contact-mode imaging (Fig. 2.7). When mechani-

cal properties (torsion or friction forces) are studied, beam cantilevers would

be preferred. For each type of cantilever, a force (spring) constant could be deter-

mined and depends on its geometry, dimensions and the material from which it

is fabricated.

Fig. 2.6. V-shaped and beam SPM cantilevers.
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Table 2.2 summarizes typical physical data for various commercially available

cantilevers for contact and dynamic modes of SPM.

AFM tips are usually made of the same material as the cantilever as both are

usually fabricated in the same time. The geometry of the tip depends on the

micro-fabrication technique [14]; two main tip geometries exist: pyramidal and

cone-shaped (Fig. 2.8). These tips may be submitted to additional treatments to

sharpen [15] or chemically modify them [16].

Very high aspect ratios may be obtained with electron beam deposited (EBD)

tips, which are AFM tips modified to grow a narrow tip-on-the-tip (Fig. 2.9).

Normally, shaped silicon intermittent-contact cantilevers are modified in scanning

electron microscopes. The electron beam focused on top of the tip deposits a small

column of carbon, leading to a tip with narrow radius and high aspect ratio. The

Fig. 2.7. SEM images of V-shaped pyramidal cantilevers. (Courtesy of Dr A. Wirth.)

Tab. 2.2. Physical characteristics of commercial cantilevers used in different modes

of operation in SPM.

Contact mode cantilevers

Technical data Typical value Range

Thickness (mm) 2 1.5–2.5

Mean width (mm) 50 45–55

Length (mm) 450 445–455

Force constant (N m�1) 0.2 0.07–0.4

Resonant frequency (kHz) 13 9–17

Non-contact and intermittent contact mode cantilevers

Technical data Typical value Range

Thickness (mm) 4 3.5–4.5

Mean width (mm) 30 25–35

Length (mm) 125 120–130

Force constant (N m�1) 42 21–78

Resonant frequency (kHz) 320 250–390
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carbon arises from hydrocarbon contamination in the vacuum chamber of the

SEM. The high aspect ratio of the tip allows imaging of structures such as grooves

or troughs, which are not properly imaged by tips with conventional shapes and

aspect ratios [17].

2.4.3

Contact Mode AFM

In the contact mode the tip is in continuous contact with the surface (Fig. 2.10);

consequently, very high resolution imaging becomes possible. On crystalline sur-

faces atomic level resolution is routine for mineral systems. With well-organized

two-dimensional crystals molecular imaging of proteins with sufficient resolution

to show sub-units can be achieved (see Section 2.7.2 on protein imaging).

The force exerted by the tip on the sample can readily be controlled by modifica-

tion of the set point value; given that this is generated by the deflection of the can-

tilever a lower value will evidently lead to lower interaction forces.

Fig. 2.8. SEM images of pyramidal and cone-shaped SPM tips. (Courtesy of JPK GmbH.)

Fig. 2.9. Electron beam deposited (EBD) modified tip. (Courtesy of JPK GmbH.)
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However, lateral forces will also be present as the tip is effectively dragged across

the surface and these will, for imaging in air, be combined with effects from the

capillary forces of the water contamination layer. This may generate, in systems

having low adhesion to the surface on which the sample is placed, movement of

all or parts of the sample; similarly, samples having low cohesion may be moved.

The problem of capillary forces may be removed by carrying out the imaging in

water.

Cantilevers used in contact mode imaging have, in general, low spring constants

with resonance frequencies of about 10 kHz.

In nanolithography this effect is taken to its extreme and in fact becomes a use-

ful tool, as by increasing the set point and hence the forces applied to the surface

material may be voluntarily removed from the surface. This has been used to mea-

sure the heights of Langmuir–Blodgett films and also to remove self-assembled

monolayers to allow deposition of other molecular layers.

2.4.4

Dynamic Modes

2.4.4.1 Generalities

In the various non-contact or dynamic modes the cantilever vibrates and it is this

oscillation of the cantilever that is measured to generate the image rather than di-

rect tip deflection. Various methods can be used to cause oscillation of the cantile-

ver, for imaging in air these are usually mechanical, magnetic or piezoelectric, but

in liquid imaging the cantilever is driven acoustically.

The resonant frequency f of the cantilever is defined by Eq. (1).

Res: Freq: f ¼ 1

2p

ffiffiffiffi
k

m

r

ð1Þ

where k is the spring constant of the cantilever and m is the mass. Evidently, as the

frequency passes through a resonant condition the amplitude of the oscillation in-

creases to a maximum value before decreasing. This peak in the oscillation of the

amplitude is accompanied by a switch in phase of the detected oscillation. Hence

two modes of detection are possible: either via the amplitude directly or via mea-

surement of the phase shift of the signal.

Fig. 2.10. Contact mode imaging; physical contact between

the tip and the sample. (Courtesy of JPK GmbH.)
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Experimentally the situation is seldom as clear as presented in Fig. 2.11 and,

often, several resonance peaks are available for use. It is also often not clear which

of the resonances will generate the best image!

As the tip approaches the surface the effective mass of the cantilever will change

due to the attractive forces acting on the point and hence the resonant frequency

will vary. By setting the signal acquisition close to the resonant frequency and de-

fining the set point in terms of the signal amplitude the feedback loop is engaged.

2.4.4.2 Non-contact Mode

In non-contact mode (Fig. 2.12) the tip remains at all times in the attractive part

of the interaction curve and the tip is scanned at a small distance (a few nano-

meters) above the surface with a relatively small amplitude. A clear problem with

this mode is that the tip may jump into contact with the surface if the attractive

forces exerted are greater than the spring constant of the cantilever, and thus

much stiffer cantilevers are required. Generally, cantilevers with resonance fre-

quencies in the range 150–300 kHz are used. True non-contact mode is almost

unusable in liquid systems as the damping of the small cantilever oscillations by

water or other liquids is too large and the signal disappears.

Resolution is also reduced in non-contact imaging, with a minimum value of

around 1 nm. However, this may be compensated in the case of very soft samples

by the lack of any contact between the tip and the sample, which may allow more

accurate information in the z-axis, i.e., on the height.

Fig. 2.11. First resonance frequency of a cantilever measured

with optical detection. (Courtesy of JPK GmbH.)

Fig. 2.12. Non-contact mode imaging based on oscillation of

the cantilever due to interaction of the tip with the surface.

(Courtesy of JPK GmbH.)
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2.4.4.3 Intermittent Contact Mode

In intermittent contact mode, or as it is often termed the tapping mode, the canti-

lever moves rapidly with a large oscillation between the repulsive and attractive

regimes of the interaction curve (Fig. 2.13). Here the maximum orthogonal forces

applied to the surface may be lower or higher than those experienced in the contact

mode but such forces are not applied constantly, thus lowering drag forces on the

sample and reducing to some extent the possibility of sample damage. However,

care must be taken with regard to very soft samples in terms of compression and

possible distortion of height information.

Again stiff cantilevers, generally with resonant frequencies in the range 200–400

kHz, are used to allow the tip to break free of the water contamination layer. With

regard to imaging using intermittent contact mode in water the problem of capil-

lary forces is removed and much softer cantilevers, often contact mode, are gener-

ally used. However, again severe damping will occur. Technically this problem is

overcome by driving the cantilever at the resonant frequency of the liquid cell or

of the acoustic cell used.

As noted above, there will be a shift between the phase of the drive signal and

that observed by the lock-in amplifier of the detector. This phase signal is highly

sensitive to the tip–sample interaction and can generate information on the

mechanical properties of the sample. Such phase shifting may occur via adhesion

between the tip and the sample or by a viscoelastic response of the sample. This

can be particularly useful to analyze samples in which a phase separation has oc-

curred between two components of a sample having the same height.

2.4.4.4 Force Modulation Mode

This mode combines the oscillation of the cantilever with scanning in the contact

mode (Fig. 2.14). The cantilever is now oscillated at very low frequencies, normally

between 1 and 5 kHz, and thus much below the resonant frequency of even the

cantilevers used in contact mode imaging.

The information extracted concerns the mechanical and viscoelastic properties of

the sample, and again is useful for extracting information on samples containing

composite materials but which have no topographical differentiation between the

components.

However, the forces applied to the sample can be very high and this mode is

often damaging to both sample and tip.

Fig. 2.13. Intermittent contact mode imaging characterized by

oscillation with high amplitudes. (Courtesy of JPK GmbH.)
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2.4.5

Friction Force Mode or Lateral Force Mode

As noted in Section 2.4.1, the experimental setup of the AFM experiment uses a

four quadrant detector. Thus information is not only available about the topogra-

phy of the sample via the cantilever deflection in the vertical axis but also concern-

ing twisting of the cantilever in the horizontal axis. This information concerns the

friction forces occurring between the tip and the surface.

Gel surfaces that do not contribute to topographical information can be observed

in the lateral mode image.

2.4.6

Force–Distance Analysis

If, in place of scanning, the tip is placed at a fixed point on the sample and now

moved in the vertical direction to the surface and then retracted from the surface

the deflection of the cantilever as it moves can be measured as shown in Fig. 2.15.

The deflection of the cantilever will provide information on the mechanical proper-

ties of the material during the part of the approach and the retraction when it is

in the repulsive, contact region of the cycle, and also on the adhesion interactions

between the tip and the surface as it tries to disengage from the sample. This is

termed force–distance measurement.

When the sample is hard and incompressible, as would be seen with glass, ce-

ramics or metallic surfaces (Fig. 2.16a and b), the tip will simply approach the

surface, jump into contact and then bend; the retraction curve will be the same,

although scanning in air will induce adhesion of the tip to the sample by the water

layer. To remove these water adhesion effects, which can be of the order of several

to hundreds of nano-Newtons, force–distance measurements are normally carried

out in a fluid system.

For more compressible samples the curve will be expected to resemble that in

Fig. 2.16(c) and information on the mechanical properties of the sample may be

extracted. However, care must be taken as effects of the sample substrate may

also be observed. Often, during retraction hysteresis will be seen, particularly if

the sample is not perfectly elastic.

However, now suppose that a molecule has been coupled to the tip and a recep-

Fig. 2.14. Force modulation mode imaging based on the

vertical motion of the scanner undergoing a ‘‘feeling out’’ of

the surface by the cantilever. (Courtesy of JPK GmbH.)
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Fig. 2.15. Schematic diagram of vertical tip movement during

the approach and retract parts of a force spectroscopy

experiment. (Courtesy of JPK GmbH.)

Fig. 2.16. Typical force–distance curves, showing, left to right,

no adhesion on a hard surface, adhesion on a hard surface and

non-adhesion on a soft surface in a liquid. (Courtesy of JPK

GmbH.)
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tor is present on the sample. When the tip is in contact with the surface there will

be ligand–receptor coupling; as the tip is retracted, force will be applied to the

complex until, eventually, the applied force is greater than the interaction force.

At this point the tip will snap off. As the area of the tip is considerably greater

than that of a single molecule one cannot be certain that the rupture of the com-

plex is due to a single molecular event, and so multiple analysis and deconvolution

of the force–distance curves (Fig. 2.17) are required to calculate a single molecule

interaction force. However, where knowledge of the forces involved in single

molecular complexes is not required, assuming that a set of tips are roughly the

same size and using receptors of the same size, e.g., antibodies, the experiment

may be used to analyze whether there is recognition between a ligand and a bio-

molecule [18].

Interaction forces have been calculated for a wide range of molecular interac-

tions, varying from the streptavidin–biotin complex, which has the strongest non-

covalent interaction known for biological systems at 340G 120 pN [26], down to

carboxylic acid–carboxylic acid interactions where forces are in the range of 17 pN

[20]. Table 2.3 gives typical values of molecular interactions forces for biological

molecules and interaction forces for cells.

AFM has also been used to evaluate the strength of a covalent bond (SiaC) under

an external load [36].

For biological molecules other events may be associated with force–distance

curves, including unraveling of the molecule, as has been observed for polysacchar-

ides [37, 38], DNA [39–42] and proteins [43–49].

2.4.7

Chemical Force Imaging

In Chemical Force Microscopy the tip is modified chemically, either directly by

using organo-silane chemistry or by alkylthiol chemistry after first coating the tips

with a thin layer of gold. In this way charged (ammonium or carboxylate), hydro-

gen bonding (hydroxyl) or non-interacting hydrophobic (alkane) surfaces may be

grafted onto the tips, Fig. 2.18 [50].

Fig. 2.17. Force–distance measurement in water between a

ligand fixed to a coated AFM tip and the receptor present on

the sample. (Courtesy of JPK GmbH.)
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Obviously, in the case of gold-coated tips the resolution of the experiment will

reduce convolution effects due to the tip.

Scanning in the lateral force mode allows chemical imaging of structures pres-

ent on the surface due to differences in interactions between the tip and the sam-

ple. Figure 2.19 shows the results of scanning with alkyl carboxylic acid or alkane

Tab. 2.3. Intermolecular forces derived from force spectroscopy.

Receptor Ligand Force (pN) Ref.

Thymine Adenine 54 19

Carboxylic acid Carboxylic acid 16.6 20

Biotin Avidin 160 21

Iminobiotin Avidin 85 21

Adhesion glycoprotein CsA Adhesion glycoprotein CsA 23 22

Concavalin-A (lectin) Mannose 47G 9 23

Meromyosin Actin 15–25 24

Biotin Streptavidin 200–257

340G 120

25, 26

20 Base pairs DNA

16

12

Complementary strand 1520

1110

830

27

Cell-adhesion proteoglycans Cell-adhesion proteoglycans 40–125 28

Biotin Antibiotin antibody 60 29

Anti-HAS, other antibody HAS, other antigen 49–244 30, 31

P-selectin Glycoprotein ligand-1 165 32

Cell receptor RGD 35–120 33

Uterine epithelium Trophoblast 1000–16000 34

Uncoated surface Cell-adhesion proteoglycans 19000–100000 35

Coated surface Cell 100000–220000 35

Fig. 2.18. Schematic of the principle of chemical force

microscopy (CFM). (Reprinted with permission from Ref. [50].

Copyright (1997) Annual Review of Materials Science.)
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modified points on patterned surfaces in which a square pattern of an alkylcar-

boxylic acid has been deposited. The topographic image in Fig. 2.19(A) clearly

shows that there are no variations in layer heights. Figure 2.19(B) presents a fric-

tion force image using a tip modified with a COOH-terminated SAM, and Fig.

2.19(C) a friction force image using a tip modified with a CH3-terminated SAM.

Light regions in Figs. 2.19(B) and (C) indicate high friction, and dark regions indi-

cate low friction [50].

2.4.8

Dip-pen Lithography

In a further extension of SPM derived techniques, the use of AFM tips to directly

‘‘write’’ structures on surfaces has been demonstrated [51–53]. Based on the soft

lithography of Whitesides [54] a suitable molecule is adsorbed by capillary forces

onto the AFM tip. This is then used in the contact-mode to scan pre-determined

patterns on a given surface (Fig. 2.20). The use of suitable programming allows

features of any shape and form to transfer to the surface with a resolution of 30

to 100 nm [53]. The choice of molecular ink to be transferred depends on the par-

ticular surface chemistry of the substrate, the application of alkane thiols onto gold

surfaces being the most generally used chemistry.

2.4.9

Cantilever Array Sensors

In contrast to all SPM derived methods, cantilever sensors [8] are based not on

probe–sample interactions but rather on direct interaction of the sample with tip-

less cantilevers. Signal detection is based on measurement of the mechanical re-

sponse of the thin Si beams, arranged in a micro-fabricated array (Fig. 2.21).

Fig. 2.19. Force microscopy images of a

photo-patterned SAM sample. The 10� 10 m

square region terminates in COOH, and the

surrounding region terminates in CH3. The

images are of (A) topography, (B) friction force

using a tip modified with a COOH-terminated

SAM, and (C) friction force using a tip

modified with a CH3-terminated SAM.

(Reprinted with permission from Ref. [50].

Copyright (1997) Annual Review of Materials

Science.)
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Cantilever sensor arrays experiments can be performed in either static or dy-

namic mode. In the static mode, only one side of the cantilever is chemically modi-

fied (with a receptor molecule); contact with the analyte is responsible for surface

stress that causes a bending of the cantilever. In dynamic mode, both sides of the

cantilever may be modified and detection is based on mass-dependant resonance

frequency (or phase) shifts of the cantilever.

Detection is either by deflection of the laser on the standard AFM photo-detector

or by resonance shifts as detected with dynamic AFM modes (Fig. 2.22).

Fig. 2.20. Schematic of the principle of dip-pen lithography.

(Reprinted with permission from Ref. [53]. Copyright (1999)

Science.)

Fig. 2.21. Microfabricated Si cantilever array. (Reprinted with

permission from Ref. [8]. Copyright (2000) Elsevier.)

Fig. 2.22. Schematic of the detection principle. (Reprinted with

permission from Ref. [5]. Copyright (2001) Elsevier.)aAQ3a
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2.5

Near-field Scanning Optical Microscopy

Near-field illumination of a sample with visible light can resolve features well

beyond the resolution of conventional, far-field microscopes [55–58]. Near-field

Scanning Optical Microscopy (NSOM) thus has the potential of extending the

resolution of techniques such as fluorescent labeling, yielding images of cell struc-

tures and molecules on the nanoscale (Fig. 2.23).

The spatial resolution of ordinary light microscopes is limited to about 250 nm,

the objective lens or equivalent, at a distance from the object observed that is sev-

eral times the wavelength, l, of the illuminating light. At this distance the high

spatial frequencies in the image components giving information about the smallest

features of the object are not collected by the imaging optics and do not contribute

to image formation. It is this phenomenon, rather than the physics of light itself,

that sets the l=2 diffraction limit. If the collecting or the illuminating optics can

be brought closer to the object, to a distance lessf l from its surface (Figure 23,

right-hand side), then the high spatial frequencies can be resolved, at the price of

reconstructing the image from the scan of the optics across the sample. The most

efficient way to do this is to bring an aperture with diameterf l to within a few

nm of the object surface. Positioning at this distance allows collection of light

from the sample that otherwise would be lost to far-field collection. Conversely,

illuminating through the aperture means that the incident light reaches the sam-

ple and interacts with it before it can be diffracted and lost. Thus, NSOM, like

scanning confocal microscopy or AFM, builds an image by registering intensity

for each point of the scan. Like confocal microscopy, NSOM uses visible light.

Like AFM, it achieves super-resolution by means of a very small probe. All of the

Fig. 2.23. Schematic of far-field and near-field microscopies, and probe positioning.
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problems and the promise of NSOM then turn on the problems of fabricating the

aperture, and scanning across the sample surface while keeping it within near-field

distance of the surface.

Two main forms of NSOM tips exist (Fig. 2.24): pulled optical fibers covered with

an aluminum layer and AFM tips into which the aperture is etched. Fiber tips have

a better theoretical resolution, below 20 nm, while that for etched AFM tips is

higher, around 50 nm; however, such resolution is not generally achieved.

In practice, fiber tips are much more fragile than AFM cantilever based tips.

With regard to scanning in liquids, often a condition for biological samples, feed-

back control is easily obtained for the AFM tips in either contact or dynamic

modes; however, fiber tips use either shear-force or an attached tuning fork for

feedback, and damping of the signal is generally very high, making the experiment

difficult.

2.6

Artifacts

2.6.1

Artifacts Related to Tip Size and Geometry

The shape of an AFM tip can modify considerably, with both the geometry and the

radius of the tip causing artifacts. Figure 2.25 shows the effects of tip geometry on

the form of the observed image of a vertical step.

None of these tip geometries can accurately give a true image of the step, indeed

only a truly two-dimensional tip could image correctly such a feature. The image

will always contain elements arising from a combination of tip shape and the true

topography of the surface. While long thin tips will clearly best reproduce the

Fig. 2.24. The two forms of NSOM tips: (a) a pulled optical

fiber with aluminum cladding and (b) an etched aperture in a

standard AFM cantilever.
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topography, there is a trade-off between the mechanical strength of the tip and the

quality of the image, with sharp narrow tips being much more fragile and apt to

break, which can then lead to other artifacts (see below).

Tip artifacts arising from the geometry can be modeled in terms of the cone

angle of the main pyramid forming the tip and the radius of the tip end. Thus im-

ages of small sharp objects will be dominated by the tip radius, leading to sizes in

the x and y dimensions that effectively measure the tip size. However, the informa-

tion in the z-axis is correct and may be used to obtain the correct size of spherical

or cylindrical objects. For larger objects the artifacts will be dominated by the cone

angle, as noted above.

The relationship between the observed width W of a feature and the diameter of

the probe tip can be calculated for an idealized tip shape, such as the one shown in

Fig. 2.26, where x2 ¼ R2 � ðR� dÞ2. For Rg d, W ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
ð8dRÞ

p
and d ¼ ðW 2=8RÞ.

For R ¼ 10 nm and d ¼ 5 nm, the observed width W would be 20 nm.

Fig. 2.25. Tip geometry effects on the image of a sharply stepped surface.

Fig. 2.26. Geometries used in investigating tip deconvolution effects.
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2.6.2

Artifacts from Damaged Tips

Sometimes the tip will be damaged during use or during the fabrication process,

leading to the occurrence of double or multiple tips. Such tips will generate images

in which features will be present as pairs or larger multiples. These are normally

relatively easy to identify (Fig. 2.27). Other damaged tips may simply have non-

pyramidal shapes – again these can be identified by the presence of repeating geo-

metries of all the features.

2.6.3

Artifacts from Tip–Sample Interactions

Artifacts may also occur when tip–sample interactions are greater than the me-

chanical strength of the sample being imaged. This is often encountered in the

contact mode imaging of soft surfaces, or when the response times of the feedback

loop are incorrectly set. This often occurs when there are rapid changes in the

height of the sample in certain areas of the sample and the feedback loop values

have been set on a flat part of the surface.

2.6.4

Sample Artifacts

Biological samples scanned in air are prone to sample artifacts arising from the

presence of buffers in the solution used to prepare the sample. On drying, the

buffer may crystallize, yielding dendritic patterns (Fig. 2.28a). By careful washing

the buffer can often be selectively removed. However, some care may be taken

to determine whether the patterns observed arise from the buffer, the sample or

from highly complex structures arising from self-assembly (Fig. 2.28b). Here the

Fig. 2.27. Artifacts arising from (a) a blunt tip with triangular

geometry and (b) a broken tip with at least double tips.
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apparently dendritic patterns are not ‘‘true artifacts’’ but arise from the protein, in

this case bovine serum albumin, controlling crystallization of composite structures

containing salt–protein complexes [59]. A similar problem was observed in the

self-assembly of cowpea mosaic virus particles into highly ordered comb-structures

with a spacing of 6 mm [60].

2.7

Using the Tools

In this section we attempt to illustrate how the various methods of SPM can be ap-

plied to the study of biological systems, using selected examples for each type of

system. Evidently, due to space requirements, the presentations will not be exhaus-

tive, but rather represent my personal choice (A.W.C.). So, in advance, I apologize

to any author who feels left out in the examples presented.

2.7.1

DNA

DNA has been imaged with a wide range of SPMs since the very debut of such ex-

periments, firstly by STM [61] and then by AFM [62]. Subsequent experiments

have involved various types of manipulation of DNA and determination of the rec-

ognition properties [63] and the mechanical unraveling of DNA strands [64]. Appli-

cation of SPM to DNA has been widely reviewed (see Appendix 2).

2.7.1.1 Topographic Imaging of DNA

In a series of single molecule experiments with different methods of AFM, Ansel-

metti et al. [65] observed topographically various DNA topologies (Fig. 2.29). Linear

Fig. 2.28. (a) Artifact caused by phosphate buffer; dendritic

crystallization is evident in the upper left of the image, (b)

Non-artifactual patterns in a bovine serum albumin–sodium

chloride mesocomposite.
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Fig. 2.29. Topographic images of various DNA

topologies. (a) Linear l-DNA (48.5 kbp), (b)

non-twisted circular DNA plasmids (vector 3.2

kbp) and (c) circular supercoiled DNA with

twists and writhes due to internal supercoiling

(supercoiled DNA ladder 2–16 kbp).

Intermittent contact mode, vertical scale 3 nm.

(Reprinted with permission from Ref. [65].

Copyright (2000) Wiley.)

Fig. 2.30. Topographic images of l-DNA: (a) Before and (b)

after cutting a dsDNA strand. Intermittent contact mode,

vertical scale 3 nm. (Reprinted with permission from Ref. [65].

Copyright (2000) Wiley.)
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double strand DNA, circular plasmids and supercoiled DNA were observed. The

measured widths of the strands were in the range 3–7 nm, which can be compared

to the known radius of 2 nm [66]; thus the size of the imaged DNA is controlled

by the tip convolution effects cited in Section 2.6.1. In comparison the observed

height was 1 nm.

The experiments were further expanded to use the AFM tip as a cutting tool to

locally cut the DNA strands. By using much higher tip-surface forces than nor-

mally used for scanning of soft material and repeatedly scanning at a predefined

point on the DNA strand, the authors were able to use the AFM tip as a mechani-

cal restriction endonuclease (Fig. 2.30).

As discussed above in Section 3.4.4.3, both topographic and phase difference in-

formation are available from the intermittent contact imaging AFM mode. By us-

ing carefully controlled humidity conditions Lee et al. [67] were able to image very

short oligonucleotide strands (a biotinylated 21 mer 5 0-biotinGAGGAGTTGGGG-

GAGCACATT-3 0) attached to streptavidin on a gold surface. Under normal condi-

tions such short strands of DNA-oligonucleotides are impossible to image and

even here at low humidity little information is obtained. However, as shown in

Fig. 6.31, localized signals arising from higher hydration of the oligonucleotide

were observed. Normal phase differences are of the order of 10�; however, phase

differences in the range of 70–100� were obtained (Fig. 2.31c). These show a typi-

cal adsorption curve as a function of concentration, implying saturation of available

streptavidin–biotin binding sites.

2.7.1.2 Imaging DNA Translocation

Atomic force microscopy imaging in liquids allows observation in almost real time

(scan speeds are now such that an image can be acquired in about 1 min) of

biological processes. This recognition was applied by Firman et al. [68] to translo-

cation of DNA by Type 1 restriction-modification enzymes. Here large DNA frag-

ments (2364 and 724 bp) both containing a single recognition site at 175 bp were

used. Figure 2.32 shows the images obtained after fixed incubation times. Both

DNA and the protein are clearly present. By using a large body of images the

amount of translocated DNA associated with loop formation was analyzed. Single

loops observed for the R1–DNA complex were determined. Evidently, the size of

the loop increased with time. The authors were able to determine the velocity of

the translocation process, which proved to be much lower than that previously

measured [69, 70]. Prudently, the authors note that this may be due to sample sur-

face interactions leading to an artificially show translocation process. With the R2–

DNA complex, two loops were formed (Fig. 2.32) – the difference in size between

the loops was postulated to arise from the switch from the recognition to transloca-

tion process occurring independently in the two sub-units of the enzyme.

2.7.1.3 DNA Interactions and Stretching

The double stranded DNA may interact with drugs, specific pharmacological func-

tions being strongly dependent on the nature of the binding of the two systems.
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Single-molecule force spectroscopy can discriminate between different interaction

modes that modulate the binding of the small molecules to the DNA, by measur-

ing the mechanical properties of DNA [71]. Several structure transitions are char-

acterized upon stretching of double stranded DNA; it was observed, at a level of a

single molecule, that the binding of a small molecule on to the DNA strongly af-

fects these transitions (Fig. 2.33).

DNA occurs in solution as an entropic coil. When a DNA molecule attached be-

tween an AFM-tip and a surface is stretched it exerts a restoring force (see black

curve in the Fig. 2.33). Up to a certain limit, these force–extension characteristics

may be described by the worm-like chain model. On further increasing the applied

force, the molecule undergoes an important structural transition (corresponding

to a plateau in the force–extension profile). Initially, this transition plateau was

thought to correspond to a structural modification of B-DNA to an overstretched

S-DNA structure. One study [72] explains the plateau in the force–extension curves

by a mere melting of the double helix, implying also the breakage of hydrogen

bonds in the overstretching transition. After stretching beyond this melting transi-

tion the double stranded molecule is finally separated into two single strands, one

of which remains tethered between tip and surface. The relaxation trace does not

resemble the extension trace and single stranded DNA mechanical properties pre-

vail. At lower forces (<150 pN), partial melting of the DNA molecule can occur

and is observable as a deviation of the relaxation trace from the stretching traces

(melting hysteresis). This model, however, predicts that the overstretching force

should be related to the thermal melting temperature and that the force range

over which overstretching occurs should be related to the width of the thermal

melting transition.

Ethidium bromide is a well-characterized dye that intercalates into DNA without

sequence specificity. Insertion of a single dye molecule increases the base pair rise

by 3.4 Å and unwinds the double helix by 26�. Typical force–extension traces ob-

tained on DNA in the presence of ethidium bromide show that low concentrations

(0.44 mg mL�1 or ca. 1 molecule of ethidium per 10 bp) (Fig. 2.33 curve b) mark-

edly affect the overstretching plateau. The increased slope of the transition regime

is indicative of a reduction in cooperativity as compared to the curve obtained on

the very same molecule before ethidium was added (Fig. 2.33 curve a). The force

is reduced in the beginning of the transition while at the end it rises above 110

pN, almost twice the force at the end of the overstretching transition in non-

complexed molecules. The melting transition, however, is still observed and hyste-

resis between stretching and relaxation remains. At elevated concentrations (Fig.

2.33 curve c), the plateau vanishes and a steadily rising force is observed that be-

gins at larger extensions. Furthermore, the sharpness of the end of the overstretch-

ing plateau is lost, and it is difficult to precisely identify the beginning or end of

the overstretching transition. The mechanical energy that can be deposited in the

DNA double helix before force-induced melting occurs was found to decrease with

increasing temperature. This energy correlates with the base-pairing free enthalpy

DG(bp)(T) of DNA. Experiments with pure poly(dG-dC) and poly(dA-dT) DNA

2.7 Using the Tools 63



sequences again revealed a close correlation between the mechanical energies at

which these sequences melt with base pairing free enthalpies DG(bp)(sequence)

(Fig. 2.34): while the melting transition occurs between 65 and 200 pN in l-phage

DNA, depending on the loading rate, the melting transition is shifted to@300 pN

for poly(dG-dC) DNA, whereas poly(dA-dT) DNA melts at a force of 35 pN [73].

The force at which the melting transition occurs depends on the pulling velocity,

ranging from 68 pN at 0.15 mm s�1 to 300 pN at 3 mm s�1.

Fig. 2.31. (a) Topographic image of oligonucleotide complex,

(b) phase shift image, (c) phase shift variation as a function of

oligonucleotide concentration. Image size 250� 250 nm.

(Reprinted with permission from Ref. [67]. Copyright (2004)

Elsevier.)
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Fig. 2.32. AFM images of DNA translocation.

(a)–(c) Scans taken after 10, 30 and 60 s

incubation, respectively, with R1-complex. Scan

250� 250 nm, height scale 3 nm. (d) Loop

size distribution for images taken after 10 s.

(e, f ) Double loops of DNA translocated by R2-

complexes. (Reprinted with permission from

Ref. [68]. Copyright (2004) Oxford Journals.)
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Fig. 2.33. Schematic of the force–extension

characteristics of DNA (A): at 65 pN the

molecule is overstretched to about 1.7� its

contour length; at 150 pN the double strand

separates into two single strands, one of which

remains attached between tip and surface. (B)

Force vs. extension curve of a single molecule

of DNA in pure buffer (a) and in the presence

of (b) 0.44 and (c) 2.2 mg mL�1 ethidium

bromide. With increasing ethidium bromide

concentration the overstretching plateau

shortens while the force at the end of the

transition increases to 110 pN. At high

concentrations, hysteresis between stretching

and relaxation is drastically reduced.

(Reprinted with permission from Ref. [71].

Copyright (2002) Elsevier.)
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Apparently the flexibility of DNA and RNA molecules depends on the DþC con-

tent. More than that, it was observed [74] that the stacking forces are stronger in

RNA than in DNA, as an increased transition force is noted for RNA molecules.

2.7.2

Proteins

2.7.2.1 Topographic Imaging of Proteins

Collagen presents the archetypal protein for AFM imaging first observed by Lees

et al. in 1994 [75]; the bands of collagen spaced at 67 nm is often the first experi-

ment encountered on entering the field of bio-AFM.

AFM high resolution imaging of membrane, reconstituted in high concentra-

tions in lipid domains, is proving to be one of the major tools for obtaining struc-

tural information on these proteins, which represent a major difficulty for classical

methods, such as X-ray diffraction, of structural analysis.

Contact mode AFM in liquids allows resolution at a level of individual sub-units

of assembled arrays of proteins (Fig. 2.35) for the case of chloroplast ATP-synthase

[76]. The image shows the protein to be formed of 14 sub-units arranged cylindri-

cally. There are alternating cylinder diameters of 5.9G 0.3 and 7.4G 0.3 nm, with

both having the same internal diameter of 3.5G 0.3 nm. Given that SDS-PAGE re-

veals only a single sharp band at 100 kDa, the authors propose that there is alter-

nating presentation of the extra- and intra-cellular faces of the protein. Further-

more the sub-units project by differing amounts from the lipid bilayer, 1.7G
0.3 nm for the wider face and 1.5G 0.3 nm for the narrower face.

Fig. 2.34. Superposition of four extension traces of the same

piece of l-BstE II digest at different pulling velocities: 3, 1.5, 0.7

and 0.15 mm s�1. (Reprinted with permission from Ref. [73].

Copyright (2002) Biophysical Society.)
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Combining AFM with cryo-electron crystallography provides a means to enhance

the structural data that may be obtained from molecular resolution AFM topo-

graphic imaging of proteins.

The lens major intrinsic protein (MIP) has been studied by Engel et al. [77],

using reconstituted purified ovine lens MIP and exogenous lipids to obtain crystal-

line sheets. The sheets show two surfaces, one smooth and the other rough, Fig.

2.36(A) and (B). From the high level of organization, Fourier transform analysis al-

lowed determination of the unit cell and the presence of a tetrameric structure.

The rough surface was imaged by mechanical removal of the smooth part using

high tip-surface forces.

Careful analysis of the geometry of the protrusions present on the surfaces of

the rough and smooth faces, along with analysis of carboxypeptidase Y digestion,

which permitted identification of the smooth face as being cytoplasmic, allowed

the authors to propose a tongue and groove fit between the two surfaces, showing

MIP assembles as a two-layer system (Fig. 2.36). Use of cryo-electron microscopy

projection maps allowed confirmation of a two-layer structure of the crystalline

sheets.

Fig. 2.35. (a) High-resolution AFM contact-

mode images of images of chloroplast ATP-

synthase, showing the fourteen-fold symmetry;

(b) wide and narrow faces; (c) power spectrum

analysis, showing the peak for fourteen-fold

symmetry. (Reprinted with permission from

Ref. [76]. Copyright (2000) Nature.)
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2.7.2.2 Dip-pen Nanolithography Patterning of Proteins

The use of Dip-pen nanolithography to allow deposition of various geometries

of protein arrays on negatively charged SiO2 surfaces has been demonstrated by

Mirkin (Fig. 2.37) [78].

Arrays of 450 nm spots of anti-rabbit IgG with 350 nm spacing were generated

in under 5 min, using a deposition time of 3 s. While not as rapid as conventional

robotic systems, the spatial resolution is much higher. However, this is counter-

balanced by the maximum standard AFM displacement of about 100� 100 mm.

Individual spots of size as low as 55 nm can be generated by using shorter contact

times (0.5 s) with low contact forces (0.5 nN). Such arrays were used to validate

immuno-recognition with suitably labeled fluorescent antibodies.

2.7.2.3 Protein–Protein and Protein–Ligand Interactions

In the classical first experiment on force–distance measurement between a ligand

and a protein, avidin was coupled to a bovine serum albumin coated tip and re-

acted with biotin or iminobiotin attached to agarose beads. The force required to

separate a single avidin–biotin interaction was 160 pN, and 85 pN was required

for a single avidin–iminobiotin complex (Figs. 2.38 and 2.39) [79].

The function of a protein derives from the specific folding of the polypeptide

chain. In the case of muscles or cytoskeletal proteins, the folding is designed to

maintain a certain structure under varying load conditions. Thus, single-molecule

force spectroscopy, in which one end of the protein is attached to the AFM tip and

Fig. 2.36. Treated images of MIP from lens fiber cells. (A) Both

rough and smooth surfaces are visible after using the point to

remove the upper layer. (B) Model of the tongue and groove fit

of the two layers. (Reprinted with permission from Ref. [77].

Copyright (2000) Elsevier.)
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the other end to the surface, provides a unique method of studying single molecu-

lar unfolding and folding under controlled loading.

The study by Gaub of reversible unfolding of titin immunoglobulin domains is a

textbook example [80]. Titin was first chemisorbed onto a gold surface that was

then adsorbed by contact onto the AFM tip. Retraction of the tip from the surface

produced, as shown in Fig. 2.40, force–distance curves that show a saw tooth form

extending to over 1 mm from the surface.

The initial high force peak may arise from tip–gold interactions. Periodicity be-

tween the peaks is between 25 and 28 nm. Using a retraction velocity of 1 mm s�1,

maximum forces observed in the saw tooth curves are between 100 and 300 pN.

The periodicity is close to the 31 nm expected for unraveling of an Ig domain.

Fig. 2.37. Various arrays produced from IgG deposition on

negatively charged Si surfaces. (Reprinted with permission

from Ref. [78]. Copyright (2003) Wiley.)
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This was confirmed using constructs of four or eight Ig domains (Fig. 2.41), which

exhibited a strict 25 nm periodicity measured at 100 pN.

Interestingly, the slope of the rising half of the curves, representing the stiffness

of the protein, decreases from peak to peak. This implies that the stiffness of the

stretched protein decreases, and that the stiffness is dominated by a spring that

softens on unfolding of the Ig domains. The data fits to a worm-like chain model.

Repeated stretching–relaxation cycles showed that refolding occurs when the con-

struct is allowed to fully retract (Fig. 2.42).

Fig. 2.38. Force–distance curves for avidin–biotin interaction.

(Reprinted with permission from Ref. [79]. Copyright (1999)

Elsevier.)

Fig. 2.39. Histograms of (A) biotin–avidin and (B)

iminobiotin–avidin rupture forces. The arrows point to the

locations of peaks in the histograms as determined by

autocorrelation analysis. (Reprinted with permission from Ref.

[79]. Copyright (1999) Elsevier.)
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2.7.3

Polysaccharides

2.7.3.1 Proteoglycan Topographic Imaging

AFM topographic imaging at the molecular level can be used as a structural tool

for the study of biological molecules that prove resistant to methods such as X-ray

crystallography and NMR.

Ortiz et al. have achieved molecular resolution imaging of individual aggrecan

proteoglycans [81]. The non-glycosylated N-terminal region was identified, along

Fig. 2.40. Force–extension curves obtained by

stretching titin proteins; three typical approach

and retract cycles are shown: the AFM tip

approaches the surface covered with the

protein (lower trace), and segments of the

adsorbed titin are picked up at random by an

AFM tip and then stretched (upper trace).

(Reprinted with permission from Ref. [80].

Copyright (1997) Science.)

Fig. 2.41. Force–extension curve obtained by stretching of a

single Ig8 titin fragment. (Reprinted with permission from Ref.

[80]. Copyright (1997) Science.)
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Fig. 2.42. Stretching–relaxation cycles of titin in the force

extension experiment. Upper trace: full relaxation yields the

same saw tooth pattern. Lower trace: after half relaxation the

sawtooth pattern disappears. (Reprinted with permission from

Ref. [80]. Copyright (1997) Science.)

Fig. 2.43. (a) Schematic of the structure of

aggrecan, showing the protein core and keratin

sulfate (KS) and chondroitin sulfate (CS)

chains. (b and c) Molecular resolution images

of aggrecan, where N is the N-terminus of the

protein and C the C-terminus. Image sizes

are 1� 1 mm (B) and 325� 325 nm (C).

(Reprinted with permission from Ref. [81].

Copyright (2003) Elsevier.)
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with nanometer resolution of the keratin sulfate and chondroitin sulfate chains,

and their spacing. Figure 2.43(a) shows a schematic of the structure of aggrecan.

Figure 2.43(b) shows an image of the individual aggrecan molecules and Fig.

2.43(c) shows the GAG side chains. For fetal aggrecan, both the protein core

(400G 60 nm) and the GAG side chains (41G 7 nm) were significantly longer

than in mature aggrecan [protein core (350G 90 nm) and GA chain length

(32G 5 nm)]. The high quality of the imaging showed that the GAG spacing in-

creased from 3.2G 0.8 to 4.4G 1.2 nm on going from fetal to mature aggrecan.

2.7.4

Lipid Systems

Scanning probe microscopies have become key methodologies in the study of

the various types of lipid assemblies, including liposomes [82], solid lipid nano-

particles (SLNs) [83] and supported lipid bilayers (SLBs), and also of functioning

membrane proteins contained in these assemblies. Such assemblies are highly

fragile and often contain water, which hinders their study by conventional electron

microscopies. Their structures are generally perturbed by insertion of fluorescent

probes, effectively eliminating confocal microscopy for their study.

2.7.4.1 Liposomes

A series of articles [84a,b] by Paclet and Morel on the assembly of the NADPH

oxidase complex in liposomes demonstrates the utility of AFM to investigate highly

complex assembly processes involving membrane proteins in their native lipid en-

vironment (Fig. 2.44). The use of functioning proteins allowed the authors to

combine information from the AFM experiments with biological activity data and

hence, as with the work of Firman on DNA-restriction enzymes, to determine the

underlying mechanisms.

The system is particularly complicated as the NADPH oxidase complex involves

assembly of different proteins: the cytochrome b558 an integral membrane protein

composed by two sub-units p22-phox and gp91-phox; three cytosolic activating pro-

teins p67-phox, p47-phox and p40-phox; three monomeric G proteins Rac1 or 2

participating in activation, and Rap1A a regulation factor.

Initial experiments involved simple imaging of the liposomes containing the

b558 complex, where gp91-phox was native or enzymatically deglycosylated. Inter-

estingly, while oxidase turnover rates and liposome heights were identical for both

systems, the liposome diameter decreased from 150 nm for the native system to

68 nm for the deglycosylated system, thus showing the glycosylation is associated

not just with recognition processes but also with structural properties.

As the proteins remained active in the liposomes, activation with arachidonic

acid to generate the NADPH complex was achieved (Fig. 2.44), and, using height

measurement, the size of the active complex was proposed to be 4 nm.

Correlating the height information and the biological activity allowed the authors

to probe the role of the cytosolic proteins in the assembly and functioning of the
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NADPH complex (Table 2.4). The data demonstrated that rp67-phox alone is able

to mediate both assembly (change in liposome height, 6 nm) and activation. The

role of p40-phox was determined; it acts to decrease the turnover rate, and with

p67-phox and p47-phox alone leads to assembly (giving height changes of 6 and

4 nm, respectively, prior to activation). In the full set of cytosolic proteins this

pre-activation assembly is absent.

The study was extended in a second paper to conformational changes in the

cytochrome b558 complex, mediated by the proteins MRP8 and MRP14.

In the final paper, the use of force–distance measurements was applied to

antibody recognition. The authors chose to use a ‘‘global’’ force–distance measure-

ment; here it is assumed that tip size variation is not greater than experimental

error, and thus associated with the use of molecules of the same size (antibodies)

to assume that the total number of interaction events will be roughly constant.

Hence the use of distribution curves (Fig. 2.45A) allows determination of whether

the antibody–antigen recognition process occurs. The observed histograms show

Fig. 2.44. Topographic images showing NADPH oxidase

containing liposomes before (left) and after (right) activation.

(Reprinted with permission from Ref. [84]. Copyright (2000)

American Chemical Society.)

Tab. 2.4. Correlation of assembly and activation steps of the NADPH-oxidase complex.

System Liposome height (nm)

Before

activation

After

activation

Oxidase turnover

[(mol of O2) s
C1

(mol of heme b)C1]

Cyt b558 (PMN)þ rRac1þ
rp67-phoxþ rp47-phoxþ
rp67-phoxþ rp40-phox-GSTþ
rp67-phoxþ rp47-phoxþ
rp40-phox-GSTþ rp47-phoxþ
rp40-phox-GST

5G 1

5G 2

4G 1

10G 2

5G 2

9G 2

6G 2

11G 2

12G 3

13G 3

12G 3

9G 3

20G 4

95G 8

14G 5

35G 4

42G 3

–
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a bimodal form with an interval control, as imprecision in the positioning often

generates an antibody–mica contact (Fig. 2.45B). Again work was carried out using

native and deglycosylated cytochrome b558.

The results present several interesting points (Table 2.6). Firstly, interaction be-

tween the antibody Ab54.1 and the protein are significant even though the epitope

is on the intracellular surface of the protein; this implies that orientation of the

protein with regard to the membrane is statistical on reconstruction. Secondly, in

the case of the mAb11C12 antibody, directed against neutrophil associated cyt-b558
recognition occurs for both native and deglycosylated protein, while for EBV-BL–

cyt b558 for the native protein no recognition is observed; deglycosylation leads to

a strong recognition event, implying that here the epitope is present but hidden

by the carbohydrate chains. The glycosylation is also related to the biological activ-

ity of the complex in the EBV-BL cell lines.

AFM is widely used to investigate the mode of liposomes formation, their size,

the transition of attached liposomes to bilayers patches, and the complexes they

form with biological molecules such as DNA or proteins. The following is the

Fig. 2.45. (A) Typical force–distance curve. (B)

Histogram of frequency against deflection for

antibody–antigen interaction. Both the tip–

mica interaction deflection (<0.05 nÅ) and the

antibody–antigen interaction (0.1–0.15 nÅ) are

visible. (Reprinted with permission from Ref.

[18]. Copyright (2001) FEBS.)

Tab. 2.5. Atomic force microscopy study to investigate the interaction of MRP8/MRP14 with

cytochrome b558 liposomes; measurements of cytochrome b558 liposome height in the presence

or absence of MRP8/MRP14.

Systems Liposome height (nm)

CAA BAA

Cyt b558 PMN 5G 2 6G 2

Cyt b558 EBV-BL 7G 2 6G 4

Cyt b558 PMNþMRP8/MRP14 (Ca2þ) 3G 2 5G 2

Cyt b558 PMNþMRP8/MRP14 (GAA) 8G 3 10G 2

Cyt b558 EBV-BLþMRP8/MRP14 (Ca2þ) 5G 1 15G 5
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work of Vermette et al. [85] on interaction forces between a silica particle and

immobilized liposomes layers. The experiments were performed according to the

colloid probe method developed by Ducker et al. [86]. Thus, a spherical colloidal

particle of pure silica (diameter 4–5 mm) is attached to the microfabricated, gold-

coated AFM cantilever spring via an epoxy adhesive. The liposomes had biotiny-

lated PEG lipids. The resultant biotin moieties on the outer surface of the lipo-

somes were capable of docking onto NeutrAvidin molecules immobilized onto

the hydrogel interlayers. The intention was to provide a platform for binding

NeutrAvidin molecules, at the same time minimizing nonspecific adsorption

events as well as the disruption of liposomes upon contact with the surface. Com-

pression of liposome layers by an approaching silica colloid sphere, mounted on

the AFM cantilever, can be quantified by comparing the force vs. distance curves

measured with a spherical silica particle approaching NeutrAvidin (on hydrogel in-

terlayers) surfaces and putative immobilized liposome surfaces. Comparison of the

release characteristics of fluorescent dye from liposomes in solution and liposomes

bound to the three different hydrogel interlayers showed that the release character-

istics were little affected, indicating that there was minimal disruption of the lipo-

somes upon surface binding. By blocking surface-immobilized NeutrAvidin is

was shown that there exists a physicochemical attractive force of non-negligible

magnitude between PEGylated liposomes and hydrogel surfaces decorated with

NeutrAvidin, and this physicochemical binding mechanism can surface-attach

liposomes when the biologically specific biotin–avidin mechanism is absent.

The utility of AFM for measuring the mechanical properties of adsorbed small

liposomes and stability changes in liposomes has been demonstrated by Liang

et al. [87]. They investigated the effects of cholesterol concentration on the micro-

mechanical properties of the small unilamellar EggPC liposomes adsorbed to

mica. These liposomes are stable and maintain their vesicular form without fusion

when deposited on a mica surface. The elastic properties are revealed by force

curves between an AFM tip and an adsorbed vesicle obtained in the contact mode.

Figure 2.46 presents the types of tip–sample interactions.

AFM analyses quantified the Young’s modulus (E) and bending modulus (Kc)

Tab. 2.6. Measures of interaction forces between specific antibodies and purified native (N) or

deglycosylated (D) cytochrome b558.

Antibody Interaction (nN)

Mica Neutrophil cyt. b558 EBV-BL cyt. B558

N D N D

Negative control 9G 5 16G 5 8G 4 9G 5 9G 4

54.1 10G 5 39G 11 26G 10 12G 2 9G 4

11C12 4G 1 25G 21 23G 7 16G 12 28G 11

(562–569) 5G 2 16G 2 – 8G 3 –

44.1 9G 3 13G 5 – 5G 4 –
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for those unilamellar vesicles (Table 2.7). The analyses showed an increase in both

E and Kc with increasing quantity of cholesterol incorporation into pure EggPC.

This may be explained by the fact that the presence of cholesterol molecules en-

hances the rigidity of the EggPC vesicles.

2.7.4.2 Solid Lipid Nanoparticles (SLNs)

Atomic force microscopy is the most used technique for the size characterization

of nanoparticles, generally in conjunction with Dynamic Light Scattering (DLS).

Atomic force microscopy (FMM and LFM) has been shown to be a key tool for

imaging nanoparticles incorporated in gels of biological interest [88]. It was seen

that SLNs do not aggregate in gels and the use of lateral force and force modula-

tion modes in addition to the classical topographic mode provides additional infor-

mation on the gel structuring (Figure 2.47).

Fig. 2.46. Deflection versus z position

approaching curve. Zero separation is not

defined as described previously. The force

curve was obtained on the EggPC/cholesterol.

Zone I is non-contact. Zones II–IV illustrate

different on-contact stages of tip and sample

interaction. Region II illustrates elastic

deformation of the vesicle under tip

compression. Region III corresponds to further

tip compression after the tip penetrates the

top bilayer. Region IV: tip at the top of the

mica substrate; the steep slope (0.9946)

indicates mica is an infinitely hard surface

without deformation. (Reprinted with

permission from Ref. [87]. Copyright (2004)

Elsevier.)

Tab. 2.7. Comparison of Young’s modulus (E) and bending modulus (Kc) of liposome with

different cholesterol and lipid ratios.

Cholesterol: lipid ratio

Pure eggPC 85:15 80:20 70:30 50:50

E � 106 Pa 1.97G 0.75 12.07G 1.53 10.77G 0.64 10.4G 4.06 13.0G 2.97

Kc � 106 Pa 0.27G 0.10 1.68G 0.21 1.49G 0.09 1.44G 0.56 1.81G 0.41
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To proceed to the use of SLNs in intravenal administration, it is important to

verify that they do not aggregate in the presence of albumins. Gualbert et al. per-

formed AFM studies on the interaction of SLNs based on amphiphilic calix[4]arene

with one of the major circulatory proteins, serum albumin (Fig. 2.48) [89].

The results show that no aggregation occurs between the SLNs and the serum

albumin. The difference in diameter and height of the particles (155 and 15 nm,

respectively) with respect to the size of nanoparticles without protein (250 nm in

diameter and 55 nm in height) may be explained by the fact that the nanoparticles

are included in the protein gel (only the protruding parts being measured). The

more circular shape proves a protective action of BSA, i.e., capping the particles,

preventing their flattening.

AFM and SEM (Scanning Electron Microscopy) analyses were performed by

Dubes et al. [83] on SLNs derived from b-CD21C6 (Fig. 2.49). Comparison of the

Fig. 2.47. Images of carbopol 2020 containing nanoparticles in

topographic (a), lateral force (b) and force modulation (c)

modes; average particle diameter is 150 nm and the average

height is 120 nm. (Reprinted with permission from Ref. [88].

Copyright (2003) Elsevier.)
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results shows that the vacuum drying technique used in sample preparation for

SEM causes shrinkage in the size of the SLNs, whereas the deposition method

used for AFM causes the nanoparticles to form small clusters.

Both techniques confirm that the SLNs are circular. With images obtained from

AFM, the SLNs tend to be organized as clusters of 15–30 nanoparticles. This is

probably due to the sample preparation method, where the colloidal suspension is

slowly dried. At the same time, shrinkage of the nanoparticles analyzed by SEM

Fig. 2.48. Non-contact mode AFM images of para-decanoyl-

calix[4]arene-based solid lipid nanoparticles without (a) and

with BSA (20 g L�1) (b) on a mica surface. (Reprinted with

permission from Ref. [89]. Copyright (2003) Elsevier.)

Fig. 2.49. Non-contact mode AFM images of b-CD21C6-

derived solid lipid nanoparticles (SLNs) at a scan range of

5 mm (a). SEM images of the b-CD21C6-derived SLNs, scale

0.2 mm (b). (Reprinted with permission from Ref. [83].

Copyright (2003) Elsevier.)
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was observed (Table 2.8). This might have been caused by the freeze-drying treat-

ment prior to analyzing.

The advantage of AFM is the simple sample preparation as no vacuum is needed

during operation and the sample does not undergo high vacuum treatment leading

to dehydration and shrinkage.

2.7.4.3 Supported Lipid Bilayers and Monolayers

Supported lipid bilayers (SLBs) are formed by the spreading and unfolding of

liposomes on surfaces. Their formation was first demonstrated by Brian and

McConnell [90] in 1984. The mechanism of their formation was proposed from

AFM imaging by Jass et al. [91] (Fig. 2.50).

More recently, Richter et al. investigated the adsorption and conformational

changes of unilamellar vesicles adsorbed on silica by AFM in real time studies

[92]. They proved that the process of vesicle deposition onto surfaces is more com-

plicated and depends strongly on the nature of the component lipids. Zwitterionic,

negatively charged and positively charged lipids were used for this investigation.

Fig. 2.50. Schematic representation of supported lipid bilayer

formation. (Reprinted with permission from Ref. [91]. Copyright

(2000) Biophysical Society.)

Tab. 2.8. Measured diameters on images

provided by two analysis techniques.

Diameter (nm)

SEM 212G 12

AFM

Diameter 359G 50

Height 140G 27
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Based on AFM analysis, a schema of the pathway of vesicles deposition was pro-

posed (Fig. 2.51).

Table 2.9 exemplifies the types of vesicle deposition, as function of the lipid ratio

and composition.

The height of the SLBs did vary evidently with lipid composition. Bilayers about

4 nm high described the SLBs film.

The reported existence of microdomains in plasma membranes has prompted

considerable recent interest. Microdomains of a similar composition to lipid rafts

Fig. 2.51. AFM imaging determination of supported lipid

bilayer (SLB) formation; (left) image shows SLBs, (right) image

of liposomes. Insets: heights of the structure. (Reprinted with

permission from Ref. [92]. Copyright (2003) Biophysical

Society.)
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have been shown to form in lipid bilayers, providing a model to investigate raft for-

mation [93] (Fig. 2.52).

Many studies led to the conclusion that mixed lipid bilayers generate lipid rafts

that are enriched in sphingomyelin and cholesterol. These two lipid components

are thought to exist in a liquid-ordered phase or gel phase.

Fig. 2.52. Schematic of a lipid membrane with gel and fluid

phase separation. The height difference due to lipid packing is

such that AFM topographic imaging can distinguish the zones.

(Reprinted with permission from Ref. [93]. Copyright (2003)

acsmb@bmb.leeds.ac.uk.)

Tab. 2.9. Dependence of vesicle deposition pathway on the lipid ratio.

Lipid ratio Vesicle deposition pathway

DOTAP DOPC DOPS

1 – – SLB (I)

1 4 – SLB (II)

– 1 – SLB (II)

– 4 1 SLB (II)

– 2 1 SLB (II)

– 1 1 SVL

– 1 2 No adsorption

1 – – SLB (I)

1 4 – SLB (II)

– 1 – SLB (II)

– 4 1 SLB (II)

– 2 1 SLB (II)

– 1 1 SLB (II), restructuration

– 1 2 SLB (II), restructuration
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More evidence about lipids rafts existing in biological membranes is brought by

AFM studies that provide high-resolution imaging under physiological conditions

[94]. Apparently, crucial cellular functions depend on preferential association of

proteins with rafts [95, 96].

Helicobacter pylori vacuolating toxin–SLBs interaction and the preferential associ-

ation of this protein with rafts [97] are presented below (Fig. 2.53).

The VacA film shows particles 7 nm high with an outer diameter of 30 nm (Fig.

2.53a). Supported lipid bilayers, formed of sphingomyelin and cholesterol, and raft

formation (when phosphatidylcholine is added) are observed in Fig. 2.53(b) and (c).

The film based on cholesterol and sphingomyelin is about 4 nm high. The

presence of phosphatidylcholine in the lipids induces the formation of rafts. Differ-

ences of 0.8 nm in height protrude from the lipid bilayer. Analyzing the film of

mixed lipids (all three components) in the presence of VacA (Fig. 2.53d), particles

Fig. 2.53. (A) Protein film; (B) SLB containing

sphingomyelin and cholesterol; (C) SLB

containing sphingomyelin, cholesterol and

phosphatidylcholine; (D) protein containing

lipid rafts (sphingomyelin, cholesterol and

phosphatidylcholine). (Reprinted with

permission from Ref. [97]. Copyright (2004)

Biochemical Society.)
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corresponding to the protein, 2 nm higher than the SLB and of much smaller di-

ameter (25 nm), prove that the protein is inserted and traverses the lipid bilayer.

The VacA obviously associates preferentially with rafts.

Barakat et al. proved [98], in a similar study on P-glycoprotein in a DRM-

enriched membrane bilayer, that the depletion of cholesterol from the rafts induces

protein translocation and aggregation outside rafts (Fig. 2.54). Approximately the

same height differences (about 0.7 nm) were found for the protruding rafts. Reple-

tion of the sample with cholesterol allows the reinsertion of P-gp in the rafts, prob-

ably recovering its P-gp ATPase activity.

Thus, cholesterol appears to be an essential component of DRMs for maintain-

ing a structure of P-gp that is compatible with its optimal activity.

2.7.5

SNOM Imaging

Scanning near-field optical microscopy is generally used complementary to AFM to

enrich the structural details of supported lipid monolayers and bilayers (Fig. 2.55).

The two techniques can detect the presence of domains on the submicron scale

on the supported lipid bilayers. The initial supposition was that a defect in the

lipid layer occurred. Further analysis of these structures simultaneously by high-

resolution fluorescence and topography measurements confirmed that they arise

from coexisting liquid condensed and liquid expanded lipid phases. NSOM is the

only reliable technique able to observe the lipid domains. Hollars et al., using

NSOM fluorescence measurements, showed that lipid domains are quantitatively

similar when formed in lipid bilayers or monolayers [99].

Fig. 2.54. AFM imaging of DRM-enriched membrane bilayers.

(A) 60% cholesterol depleted; (B) after repletion with

cholesterol. (Reprinted with permission from Ref. [98].

Copyright (2005) Biophysical Society.)
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Apparently these domains are common features of the sample, regardless of the

nature of the substrate.

The formation of phase domains can be influenced by the deposition conditions.

As exemplified in Fig. 2.56, the surface pressure at the moment of deposition in-

fluences the distribution of the phase domains on the lipidic film [100].

Taken together, these results prove that SNOM might be a unique technique sen-

sitive enough to observe phase structures present in lipid bilayers at the nanometer

scale and may provide new clues to the existence of lipid phase domains in natural

biomembranes.

Fig. 2.55. (A) NSOM images and (B) AFM

topographic images of monolayers, showing

phase separation. The fluorescence is situated

in the liquid expanded zones, as shown by the

correlation with lower height in the AFM

image. (Reprinted with permission from Ref.

[99]. Copyright (1998) Biophysical Society.)
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2.7.6

Viruses

Figure 2.57 presents typical images of the Moloney murine Leukemia virus emerg-

ing from the surfaces of infected NIH 3T3 cells [101]. The viral particles have an

average diameter of 145 nm, but with a degree of polydispersity. The surfaces of

the virions are studded with projections (tufts) of proteins, which display a range

of packing densities. The tufts are generally 11–12 nm in size and often show a

Fig. 2.56. (A, C) NSOM fluorescence images of mixed DPPC,

diIC18 monolayers; (B, D) corresponding AFM topographic

images. (Reprinted with permission from Ref. [100]. Copyright

(1999) American Chemical Society.)

2.7 Using the Tools 87



high density of surface packing. The authors postulated that these projections are

aggregates of SU protein. In view of the varying aggregation, the variation in size

and geometry can be explained. Moloney murine leukemia virus (M-MuLV) lacking

the gene for the envelope glycoprotein (env�) was produced in NIH 3T3 cells and

investigated using atomic force microscopy (AFM). The particles were compared

with similarly produced wild-type virions, some of which had been exposed to a

monoclonal antibody against the surface component of the envelope protein (SU

protein).

Fig. 2.57. (a–c) Typical AFM images of the surfaces of

Moloney murine leukemia virion, showing the dense packing of

protein projections. (d) AFM image of a virus particle, showing

a low density of protein projection. (Reprinted with permission

from Ref. [101]. Copyright (2002) Blackwell.)
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2.7.7

Cells

2.7.7.1 Topographic Imaging

Optimized methods were realized to study the complex system Shewanella onei-
densis (Gram negative). We exemplify here the work of Micic [102] which correlated

tapping-mode AFM and confocal microscopy (FLIM) to analyze living bacterial

cells. As this technique allows imaging of bacterial cells in their native environ-

ment, Gram-negative Shewanella oneidensis MR-1 cells were spread on poly-l-lysine

coated surfaces or agarose gel coated surfaces for analyzing, confining them a wet

environment, which is propitious for in vivo imaging conditions. Figure 2.58 de-

picts a topographic image (256� 256 pixels) of MR-1 bacterial cells. To reduce im-

age noise, the imaging was acquired in a slow mode, with a raster-scan frequency

of 0.1 Hz.

Single cells images were obtained only by diluting the sample and using a poly-l-

lysine coated substrate. Images of live MR-1 cells bearing flagella of high resolu-

tion were obtained. The topographic image shown in Fig. 2.59(A) demonstrates

that the ends of these elongated cells are thicker than the central portion. However,

more information and structural details are presented by phase imaging (Fig.

2.59B).

The utility of correlated AFM–FLIM imaging on MR-1 cells expressing the

MCP–YFP fusion is presented as follows (Fig. 2.60) by AFM height image, fluores-

cence intensity image, and fluorescence lifetime image of single cells.

The fluorescence images show higher intensities at both ends of the cells, which

suggest polar localization of the SO0584–YFP fusion protein. The same informa-

tion is obtained by the AFM image on both ends of the cells, allowing correlation

between the polar localization of the SO0584–YFP fusion protein and surface

protuberances in MR-1 cells.

2.7.7.2 Interactions and Mechanical Properties

Essential for multicellular development are cell–cell adhesions mediated by

specific cell-surface molecules. By combining single-molecule force spectroscopy

with genetic manipulation and by controlling the interactions between single

cells it is possible to quantify de-adhesion forces at the resolution of an individual

cell.

Presented here as a prototype of cell-adhesion properties are the measurements

of Benoit et al. [22] on a glycoprotein, contact site A (csA), expressed in aggregating

cells of Dictyostelium discoideum, which are engaged in development of a multicel-

lular organism proteins. A simple mechanism of cell addition is used (Fig. 2.61): a

cantilever-mounted cell is positioned on a target cell deposited on a Petri dish. The

two elements were brought in contact until a certain repulsive force is detected and

were then held in this position for a certain time, allowing the establishment of

cell addition.

When retracting the cantilever, force vs. distance measurements were recorded,

until the rupture of the contact between cells.
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Force spectra of Ca2þ-dependent adhesion between cells in the growth phase

were realized. In this particular case, cell–cell contacts were maintained for 20 s

at 150G 20 pN and the rupture was induced at a speed of 1.5 mm s�1. Strong de-

adhesion forces and stepwise separation of cells in the Ca2þ trace are notable.

When replacing Ca2þ by EDTA, adhesion forces are markedly reduced (Fig.

2.62a). Thus it was proved that, in the case of Dictyostelium discoideum cells, cell–

Fig. 2.58. Low magnification, tapping-mode image of an S.

oneidensis colony in agarose. (Reprinted with permission from

Ref. [102]. Copyright (2004) Elsevier.)

Fig. 2.59. AFM tapping-mode images of a pair of S. oneidensis

on a poly-l-lysine surface: (A) topographic height image and

(B) phase image. (Reprinted with permission from Ref. [102].

Copyright (2004) Elsevier.)
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cell adhesion of undeveloped cells depends on the presence of Ca2þ. For the de-

addition process, significant de-addition occurred predominantly in a single step

(Fig. 2.62b).

2.7.7.3 NSOM Imaging

Protein–protein interactions are difficult to elucidate by classical techniques, as it

is difficult to obtain an accurate localization of proteins within the substructure of

Fig. 2.60. Composite correlated AFM-confocal

FLIM image of S. oneidensis bacterial cells on

poly-l-lysine surface: (A) topographic AFM

image, (B) confocal fluorescence intensity, and

(C) confocal fluorescence lifetime image. The

differences in fluorescence intensity and

lifetime are presented by the brightness and

color (inset), respectively. (Reprinted with

permission from Ref. [102]. Copyright (2004)

Elsevier.)
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Fig. 2.61. (a) Experimental procedure for cell–cell adhesion;

(b) light-microscopic image of a cantilever-mounted cell before

being brought into contact with another cell. (Reprinted with

permission from Ref. [22]. Copyright (2000) Nature.)

Fig. 2.62. (a) Force spectroscopy traces for D.

discoideum cells. Cell–cell contacts were

maintained for 20 s at 150G 20 pN and the

cells were subsequently pulled apart at 1.5

mm s�1. (b) Force spectroscopy traces for

cell–cell contacts maintained for 0.2 s at

35G 5 pN. (Reprinted with permission from

Ref. [22]. Copyright (2000) Nature.)
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cells and cellular organelles. Enderle et al. have described the use of near-field

scanning optical microscopy (NSOM) for mapping and detection of colocalized

proteins within a cell, simultaneously and at high resolution [103]. The system

of interest was that of human red blood cells invaded by the human malaria

parasite Plasmodium falciparum. This parasite expresses proteins, during intra-

erythrocytic growth, that are transported across the erythrocyte cell membrane

and associate with the host skeletal proteins. Specifically, these colocalization

studies of the protein pairs of mature parasite-infected erythrocyte surface anti-

gen (MESA)(parasite)/protein 4.1 (host) and P. falciparum histidine-rich protein

(PfHRP1)(parasite)/protein 4.1 (host) have been analyzed by dual color excitation

and NSOM fluorescence detection. A thin blood smear of the trophozoite infected

erythrocytes was fixed, then reacted with antibodies against PfHRP1, and labeled

with tetramethylrhodamine (Fig. 2.63).

While all three cells are imaged in topography, only the one in the lower right

corner was infected and is visible in the fluorescence image. The results imply

that the malarial protein MESA interacts with erythrocyte protein in membranes

of infected red blood cells, whereas PfHRP1 does not interact with protein 4.1.

2.7.8

Cantilever Arrays as Biosensors

The application of cantilever arrays to the detection of biomolecules may open

the way to a new range of biosensors capable of detecting extremely low concentra-

tions of the order of 10 nm of analytes. Figure 2.64 shows three sets of experiments

[7].

Firstly, the effect of a base pair mismatch in oligonucleotide–oligonucleotide rec-

ognition was demonstrated (Fig. 2.64A). Here the difference between full comple-

mentarity and the single mismatch is clearly seen. The detection limit is demon-

strated in Fig. 2.64(B), where decreasing concentrations of oligonucleotide were

used. Given the differences between 12 mer oligonucleotides and proteins, it may

be expected that even lower concentration limits can be attained with protein. Fig-

ure 2.64(C) demonstrates the use of a cantilever array for immunodetection. Here

differential signals between a cantilever coated with protein A and a second one

coated with BSA to allow removal of signals from non-specific binding were used.

Some caution must be taken over the use of cantilever arrays as the microfabrica-

tion of such systems generally leads to arrays having different cantilever thick-

nesses and hence differing spring constants. Thus, much care is required to vali-

date the reproducibility of the biosensors.

2.8

Conclusion

This chapter has illustrated the various types of scanning probe microscopy avail-

able to the biological community. The examples presented in the section on using

2.8 Conclusion 93



the tools are there to stimulate interest in imaging biological systems, and to try

and answer the question posed in the introduction. Why use scanning probe mi-

croscopies in biology?

The final question is where do we go from here? The reply would seem to be

towards integrated studies using SPM as one tool along with the wide panoply of

other physical techniques to probe biological activity in its environment.
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3

Quartz Crystal Microbalance Characterization

of Nanostructure Assemblies in Biosensing

Aren E. Gerdon, David W. Wright, and David E. Cliffel

3.1

Introduction

The characterization of functional nanostructures is crucial in determining their

efficacy for life sciences. Nanostructure design requires careful consideration of

recognition units and material properties, while synthesis can be meticulous, but

evaluation and characterization of the system is equally challenging and important.

Nanostructure creation can not easily be deemed successful without analytical eval-

uation. Furthermore, it may not be used to its potential if it is not well defined and

well understood. The design and development of analytical tools and techniques

for nanocharacterization is, therefore, imperative. A widely-used and effective tool

for structure assembly evaluation is the quartz crystal microbalance (QCM). QCM

is a sensitive technique based on the propagation of evanescent acoustic waves,

which are affected by adsorption processes as well as local changes in density and

viscosity of the contact liquid. Real-time analyte adsorption is monitored through

simultaneous measurement of the quartz crystal’s resonant frequency of oscillation

and the damping resistance caused by liquid loading. One of the paramount appli-

cations of QCM has been the study of adsorption of biomolecules on functional-

ized surfaces. It has also been used in various other applications and is particularly

suited to the study of nanoscale materials [1]. This chapter addresses the principles

and operational aspects of QCM (Section 3.1.1), followed by important QCM appli-

cations to the life sciences (Section 3.1.5). The importance of interfaces between

biology and nanoscale materials will be discussed (Section 3.2) and will precede

examples of QCM-nanoparticle sensors for chemical (Section 3.3), biological (Sec-

tion 3.4), and immunological systems (Section 3.5).

3.1.1

Principles of QCM

The quartz crystal microbalance relies on the converse-piezoelectric effect, reported

by the Curie brothers in 1880. Piezoelectricity describes the electrical charge pro-

duced by pressure applied to solids having certain geometries, while the converse
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effect produces a strain on the crystal when an electric field is applied [2]. Coupling

the crystal to an oscillating circuit provides crystal oscillation at a resonant fre-

quency (Fig. 3.1).

These quartz resonators have been widely used in communication devices, com-

mercial acoustic electronics, and sonar [2, 3]. Sauerbrey first demonstrated the

usefulness of this effect for analytical chemistry by showing a linear relationship

between mass deposited on the crystal and the frequency of oscillation [Eq. (1)]

[1, 2].

Df ¼ �CfDm ð1Þ

Fig. 3.1. Top and side view of a QCM

resonator (a and b) and cross sectional view of

a QCM resonator in contact with a liquid

(bottom). Wave propagation is relatively loss-

less in the piezoelectric material, but becomes

evanescent in the viscous liquid [7]. (Reprinted

with permission the American Chemical

Society.)
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Initially, QCM was used in the gas phase, where oscillator resistance is low and

mass adsorption is rigid. The device was improved in 1982 by the advent of cir-

cuitry capable of crystal operation in liquids. While this advancement introduced

QCM to the world of bioanalytical chemistry, it also introduced new difficulties.

The first is that operation in liquid slows the mass transport of analyte to the

sensor surface. The second is that many binding events in liquid, especially those

biological in nature, are not static but tend to be in equilibrium. The third is reso-

nator damping and viscous loading (Fig. 3.1). The density and viscosity of the con-

tact solution affects crystal frequency response, convolutes mass measurements,

and requires modification of the Sauerbrey equation [Eq. (1)] [2, 4]. Careful consid-

eration of simultaneous mass and liquid loading by Kanazawa [5] and Martin [6]

has shown that Df relates to adsorbed mass and the density and viscosity of the

contact liquid according to Eq. (2) [6].

Df ACfDm � Cf ðDrh=4pfoÞ1=2 ð2Þ

It is, therefore, impossible to distinguish mass loading from liquid loading by fre-

quency measurements alone. Fortunately, the independent term of liquid loading

resistance, RL, depends solely on density and viscosity [Eq. (3)] [6].

DRLAðhq=½c66C1�Þ þ ðNpC1Þ�1ðDrh=pfoc66rqÞ1=2 ð3Þ

Measuring both changes in frequency and resistance provides a means for decou-

pling mass and liquid loading effects, though different methods have been de-

scribed [1, 2, 5–9]. Applying Eqs. (2) and (3) to frequency and resistance measure-

ments to reliably calculate adsorbed mass has proven to be non-trivial. A simple

approach to a reliable mass measurement has been to create a calibration curve of

change in frequency as a function of change in resistance for a system in which

mass loading is minimal. In one case, sucrose, a hydrophilic molecule that will

not independently adsorb to the QCM electrode, was dissolved in DI water at 0, 5,

10, 20, and 40% by weight. Sequential addition of these five solutions to the QCM

sensor provided simultaneous changes in frequency and resistance that were due

to density and viscosity effects only (Fig. 3.2) [1]. The relationship between fre-

quency and resistance within this range is linear and provides an accurate calibra-

tion. Above @40% sucrose, the relationship deviates from linearity, making this

approach only applicable to systems in which the resistance changes by less than

500 W [5, 10]. Problems also occur with this calibration, as in any QCM measure-

ment, when coupling to the sensor is non-rigid and the analyte has its own viscous

properties. Calibration allows for the calculation of Dm through simultaneously

solving Eqs. (2) and (3) and using a sensitivity factor, Cf , of 56.6 Hz cm2 mg�1,

which is known for a 5 MHz crystal [11]. Decreasing the crystal thickness increases

the resonant frequency and can provide enhanced sensitivity.

Since his study of simultaneous QCM mass and liquid loading in 1991 [6], Ste-

phen Martin from Sandia National Laboratory and collaborators at Leicester Uni-

versity have continued to contribute experimental and theoretical-based insight
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into the details of QCM measurement in liquids. Four contributions, since 1997,

have covered resonator response to liquid loading [7], the modeling of resonator

response under loading conditions [12], the modeling of viscoelastic film response

[13], and a model for wetting characteristics of roughened surfaces [14]. This col-

lective work has provided a better understanding of loading responses in QCM and

has supported more rigorous evaluation of important systems.

Another area of QCM sensor development has been multi-channel QCM. Using

arrays of resonators or micro-fluidics to partition individual resonators could pro-

vide the simultaneous measurements needed for multi-analyte detection strategies.

A significant challenge in multi-channel QCM is the isolation of each electrode.

Circuit shorting or resonance overlap from electrode to electrode could cause con-

siderable problems. Two approaches to this problem have made use of electrode

miniaturization [15] and the restriction of oscillation to indented areas surrounded

by thicker quartz [16]. Both approaches have had success in the construction of a

multi-channel QCM instrument.

3.1.2

QCM Wave Penetration Depth

QCM works well with 3D substrates and multilayer adsorptions often encountered

in materials applications [1]. QCM acoustic shear waves are evanescent and decay

exponentially in the contact liquid, causing a loss of sensitivity at distances from

Fig. 3.2. Practical QCM mass calibration using a non-mass

loading system. Frequency and resistance changes mirror each

other upon the addition of deionized (DI) water with (A) 0, (B)

5, (C) 10, (D) 20 and (E) 40% sucrose. Inset: linear calibration

curve of change in frequency vs. change in resistance [1].
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the sensor surface (Fig. 3.1). Mass that is rigidly coupled to the sensor propagates

the wave without loss, whereas viscous material causes immediate wave decay [8].

The depth at which these waves penetrate the contact liquid affects instrument

sensitivity. QCM, at 5 MHz, has a calculated penetration depth of 250 nm [2],

with a total decay length of 1 mm [8], though experiments have shown no loss of

sensitivity for layers as large as 400 nm [1, 8, 17, 18]. In comparison, surface plas-

mon resonance spectroscopy (SPR) has a calculated penetration depth of only 150

nm and has shown significant peak broadening with layers less than 200 nm [19,

20]. Examples of peak broadening in SPR come from the use of metal nanoclusters

for signal amplification [21–23]. Antibody-presenting gold nanoclusters binding to

immobilized anti-IgG increased the SPR shift as compared to free antibody [21,

22]. This also caused broadening of the SPR curve, which increased in width as

the density or diameter of the colloidal gold was increased [23]. QCM has not suf-

fered from this sensitivity loss, even at extensive adsorption [1].

3.1.3

QCM Sensor Specificity

A challenge in QCM, and in many biosensors, is sensor functionalization for im-

proved specificity. While the gold QCM electrode imparts almost no specificity of

its own, it provides a substrate for various functionalizations. The gold electrode

is amenable to hydrophobic interactions, is well-suited for self-assembled mono-

layer (SAM) formation, and enables electrochemical surface reactions. Approaches

to improve specificity in QCM have used SAMs [24–26], ionic interactions [27–30],

electrochemical deposition [31, 32], and protein adsorption (Fig. 3.3) [33–35].

These methods allow for the immobilization of various biological species and

nanostructures and permit various detection schemes. SAMs have been studied

extensively [26, 36, 37] and feature a defined orientation, high aerial density, and

programmability in the exposed head-group. They have recently been used for the

covalent immobilization of oligosaccharides [24] and peptide epitopes [38].

Ionic layering, using polyelectrolyte [28–30] or SAMs with ionic head-groups

[27], has allowed for effective immobilization and orientation of various nano-

particles. Though the interaction is generally non-specific, relying on electrostatic

and van der Waals interactions, layer-by-layer growth is highly tunable according

to concentration, ionic strength, and pH. This promotes high-affinity binding, re-

versibility, and high packing density, and has been used for single layer deposition

and multilayer nanorainbow assembly [28, 30].

Electrode functionalization and nanoparticle immobilization has also been pur-

sued with electrochemical deposition, using an electrochemical quartz crystal mi-

crobalance (EQCM). Viologens, such as N-methyl-N 0-ethylamine-viologen dinitrate

(MEAV), have been previously studied [32] as electroactive species and adhere to

electrodes upon reversible reduction of the [viologen]2þ=1þ couple. Attachment of

MEAV to nanoclusters allows similar adhesion to electrodes, thereby immobilizing

the nanocluster on the QCM surface [31].

Another route employs Protein A for immobilization of antibodies in an accom-
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modating conformation. Protein A is a cell wall protein that forms stable com-

plexes with gold through van der Waals interactions (Ka @ 108 m
�1) [33] and con-

tains five tandem domains that bind the Fc region of IgG with high affinity and

selectivity. These properties optimize the presentation of antibodies such that both

antigen binding regions (Fab) are unobstructed (see also Figs. 3.4 and 3.6) [33–35].

3.1.4

Calculation of Equilibrium and Kinetic Constants

An important advantage of real-time binding measurements is the ability to derive

equilibrium binding constants and kinetic rate constants. These constants provide

valuable information concerning the affinity or avidity of one material for another,

Fig. 3.3. Examples of QCM functionalization

techniques to impart specificity: (a) Self-

assembled monolayers immobilize ligands in a

high density, and often use poly(ethylene

glycol) spacers. (b) A polyelectrolyte provides a

thin layer of charge (positive or negative) for

ionic interactions. (c) Viologen functionalized

electroactive nanoclusters can be electro-

chemically deposited on the QCM surface.

(d) X-ray crystal structure of a Protein A frag-

ment commonly used in the immobilization of

antibody [35].
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the rate at which they interact, and the interaction order. A molecule’s affinity is

defined through the equilibrium association constant (Ka) for the interaction and

is generally valid for monovalent, one-to-one interactions. Avidity is related to the

same equilibrium process (Kv), but describes multivalent processes. For example,

at low ligand concentrations a multivalent ligand could bind to several monovalent

receptors, increasing the affinity of the ligand for the receptor. There are also cases

of multivalent receptors with monovalent ligands as well as multivalent receptors

with multivalent ligands [39]. The complexity of these interactions can be daunt-

ing, especially for molecules like lectins that are designed for increased affinity

through multivalency. The simplest case would be the interaction of a monova-

lent ligand (e.g., an antigen) with a monovalent receptor (e.g., a ScFv antibody):

Agþ Ab $ Ag–Ab. The elementary equilibrium expression for the formation of

the complex is [Eq. (4)],

Ka ¼ ½Ag–Ab�=ð½Ab�½Ag�Þ ð4Þ

where Ka is the equilibrium association constant and is generally in the range of

106 to 1012 m
�1 for monoclonal antibody interactions, indicating a large equilib-

rium shift to product formation when antigen is in the presence of antibody. If

this association and equilibrium shift occurs at a surface, where the first compo-

nent adsorbs to the surface-supported second component, the equilibrium expres-

sion can be rearranged to an adsorption isotherm. The adsorption isotherm repre-

sents the connection between the amount of substance adsorbed, the concentration

of the bulk solution, and the equilibrium constant, Ka. The Langmuir isotherm is

commonly used and relies on three important assumptions: (1) there is no lateral

interaction between adsorbed species; (2) the surface is homogeneous; (3) the max-

imum adsorption is saturation to a monolayer. Adsorption isotherms are some-

times written in terms of fractional coverage (Y) or percent of monolayer forma-

tion. A generalized Langmuir isotherm in this form is given by Eq. (5).

Y=ð1� YÞ ¼ KaC ð5Þ

For QCM studies, the fractional coverage is related to the change in mass (Dm) and

the initial concentration of surface immobilized antibody is related to the maxi-

mum change in mass (Dmm). Rearranging to solve for Dm provides a commonly

used form of the Langmuir isotherm [Eq. (6)].

Dm ¼ Dmm½KaC=ð1þ KaCÞ� ð6Þ

Plotting Dm as a function of bulk concentration (C) shows a steep increase in

adsorption that levels off with increasing concentration as a complete monolayer

is achieved (Fig. 3.9d below). This line can be fit to nonlinear regressions, but

does not provide a simple means for extracting the equilibrium constant. Instead

a reciprocal plot can be used to obtain a straight line fit. There is more than one

way to obtain a reciprocal plot by rearranging the Langmuir isotherm [Eq. (6)].

Two options are Eqs. (7) and (8).
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Dm ¼ �ðKaÞ�1ðDm=CÞ þ Dmm ð7Þ

C=Dm ¼ ðDmmÞ�1ðCÞ þ ðDmmKaÞ�1 ð8Þ

With Eq. (7), Dm is plotted against Dm=C and the inverse of the slope provides Ka.

With Eq. (8) C=Dm is plotted against C and the Ka must be extracted from a com-

bination of the slope and y-intercept. Both techniques have been used in the liter-

ature and provide reliable Ka [1, 24, 40–42]. Once the equilibrium association con-

stant is known, it can be used to calculate both the fractional coverage at an infinite

time point [Yy, Eq. (9)] and the Gibbs free energy of adsorption [DGads, Eq. (10)].

Yy ¼ C=ðC þ Ka
�1Þ ð9Þ

DGads ¼ �RT ln Ka ð10Þ

This method offers a simple way to determine equilibrium constants for systems

that generally follow the assumptions outlined for a Langmuir isotherm, though

variations on the Langmuir isotherm can account for more complex systems.

Equilibrium association constants for antibody/antigen interactions can be deter-

mined in different ways, not necessarily involving real-time measurements. Kinetic

information, however, requires time-resolved information. The rate at which an in-

teraction takes place can be valuable in evaluating component efficacy. The time

course for monolayer formation is given by Eq. (11).

YðtÞ ¼ ½C=ðC þ Ka
�1Þ�f1� exp½�ðkfC þ krÞt�g ð11Þ

According to Eq. (9), Yy can be substituted in and the exponent can be simplified

by calling (kfC þ kr) equal to the time constant (t�1) [Eq. (12)],

YðtÞ ¼ Yy½1� expð�t�1tÞ� ð12Þ

For a given concentration of the bulk solution (C), YðtÞ is related to Dm at a partic-

ular time and Yy is related to the maximum change in mass [Dmm, Eq. (13)],

Dmt ¼ Dmm½1� expð�t�1tÞ� ð13Þ

Fitting Eq. (13) to each time point in the real-time adsorption binding curve yields

the time constant. Knowing the concentration of the bulk solution allows the ex-

traction of forward (kf ) and reverse (kr) rate constants. The ratio of these kinetic

constants is equal to the equilibrium constant (Ka ¼ kf=kr) and can be used for

comparison with isotherm methods.

3.1.5

QCM Application to Life Sciences

The benefits of QCM and detailed functionalization strategies have allowed the

study of many biological and chemical systems [2, 43]. An early and notable exam-
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ple of a chemical study is the direct kinetic measurements of thiolate molecules

self-assembling on two-dimensional gold surfaces [37]. This helped provide a foun-

dation for QCM kinetic studies and was quickly followed by a kinetic study of anti-

fluorescyl antibody binding to fluorescein lipids in Langmuir–Blodgett films [41].

The fluorescein hapten was coupled to lipids and mixed with unfunctionalized

lipids to form a bilayer with@5% fluorescein lipid. Through QCM measurements,

monoclonal antibody was found to have an affinity (Ka) in the range 107–108 m
�1

and forward and reverse rate of reaction constants of approximately 2� 105

m
�1 s�1 and 2� 10�3 s�1, respectively.

More recently, Zeng et al. conducted two immunoassay experiments using QCM

[24, 44]. The first was a study of a-Gal carbohydrate antigen as anti-Gal antibodies

are of interest for therapeutics in xenotransplantation. Thiolated trisaccharides

were immobilized on the surface of the QCM through the formation of a self-

assembled monolayer and exposed to polyclonal anti-Gal antibodies, a lectin from

Griffonia simplicifolia, and a lectin from Marasmius oreades. The antibody displayed

the strongest binding, with a dissociation constant (Kd) three orders of magnitude

greater than either of the lectins. They concluded that this QCM approach is com-

petitive with established label-free techniques [24]. The second immunoassay

made use of single-chain fragment variable (ScFv) antibodies to increase the sur-

face density of antigen binding sites (Fig. 3.4). The recombinant antibodies were

genetically engineered to contain a linker arm and cysteine residue to ensure self-

assembly in a defined orientation. Considering their size (27 kDa) and ease of

engineering, they have a considerable advantage over Fab fragments or full-sized

IgG for the detection of antigen. The ScFv antibodies were initially expressed and

evaluated using SDS-PAGE and Western blot analysis. After immobilization on the

QCM gold electrode, the monolayer assembly was verified electrochemically with

cyclic voltammetry and electrochemical impedance. This confirmed surface cover-

age, but provided no information on antibody orientation. The ScFv rabbit anti-IgG

antibody was successful in detecting rabbit IgG down to 1.1 nm, which is more

than 7 times lower than that detected with an anti-IgG Fab fragment sensor.

Another benefit of this system is the reversibility of IgG binding coupled with the

Fig. 3.4. (a) Single-chain fragment variable recombinant

antibody with cysteine incorporated into the linker; (b) rabbit

IgG; (c) interaction between immobilized ScFv and rabbit IgG.

(Reprinted with permission from the American Chemical

Society.)
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stability of the ScFv monolayer to allow regeneration and reusability of the sensor

[44].

A piezoelectric immunosensor has also been developed to detect aerosolized

SARS-associated coronavirus [45]. Since the introduction of circuitry able to oper-

ate QCM in liquids, gas phase measurements have primarily been used in metal

vapor deposition techniques, rather than biological studies. A functionalized QCM

crystal could be used as a biological ‘‘nose’’ for the detection of aerosolized agents,

such a coronavirus. In this example, polyclonal anti-SARS-CoV was presented on

the gold QCM electrode through a specific Protein A intermediate. Antigen powder

was then reconstituted in the saliva of a healthy volunteer and aerosolized in the

presence of the sensor. The antigen bound quickly to the antibody and was de-

tected at concentrations down to 0.60 mg mL�1.

Many other interesting and pertinent biological systems have been studied, in-

cluding the use of glycosphingolipids for detection of ricin [46], the use of high

resonant frequency quartz crystals (39 to 110 MHz) for the detection of phages

[47], and the study of annexin A1 binding to solid-support membranes [48]. A

complete review of QCM applications to the life sciences is not the scope of this

chapter, though other sources can be consulted for further examples [2, 43].

3.2

Interface Between Biology and Nanomaterials

Fundamental advances in chemistry and biology have allowed biotechnology and

materials science to develop over the past decades. Biotechnology has attempted

to emulate naturally occurring functional assemblies, from the double helix of

DNA to the multi-subunit protein cage, ferritin, while material science has taken

advantage of chemical methods for the miniaturization of functional devices. Fur-

ther evolution of these disciplines into the emerging field of bionanotechnology

depends on the successful development and evaluation of structurally well-defined

interfaces that bridge biology and inorganic materials chemistry. Interdisciplinary

collaboration between these fields will allow for improved biological components

to generate new materials while advanced materials will be used to ameliorate bio-

logical problems [49]. The design, synthesis, and characterization of readily pro-

grammable, structurally well-defined biological interfaces for inorganic materials

represent significant challenges for the realization of these goals.

Progress has been made towards the development of such interfaces, though

many options have yet to be explored. Some encouraging synthetic attempts have

used DNA, semiconductor-binding peptides, genetically-engineered viruses, and

silica-precipitating peptides. Specifically, synthetic single-stranded oligonucleotides

coordinated to nanoparticles have been shown to self-assemble with the appropri-

ate complement to form higher ordered structures (Fig. 3.5a) [50]. Phage-display

libraries have been used in the successful selection of 12-mer peptides that specifi-

cally bind to the 100 face of GaAs single crystals (Fig. 3.5b). Bivalent peptides of

this nature could be used in the directed assembly of nanoscale components [51].
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Recently, the iron-storage protein ferritin, which contains its own interface be-

tween biology and inorganic iron oxide, has been used as inspiration for the design

of a genetically-engineered viral cage that can precipitate nanoclusters. The virus,

cowpea chlorotic mottle virus, was engineered with HRE peptide epitopes on its

surface and provided a template for the symmetry-directed synthesis of Au0 nano-

particles (Fig. 3.5c) [52]. Another attempt at interfacing biology and inorganic ma-

terials has made use of a synthetic peptide based on silaffin from various eukary-

Fig. 3.5. Examples of successful interfaces

between biology and inorganic materials: (a)

TEM of 8 nm diameter Au nanoparticles

connected to a 31 nm diameter Au

nanoparticle through complementary strands

of DNA [50]. (Reprinted with permission from

the American Chemical Society.) (b)

Fluorescently labeled antibody bound to

peptide presenting phage, which specifically

recognized the 100 face of GaAs [51].

(Reprinted with permission from Nature

Publishing Group.) (c) TEM of virus templated

synthesis of Au0 nanoparticles [52]. (Reprinted

with permission from the Royal Society of

Chemistry.) (d) Electron micrograph of silica

particles precipitated via a synthetic peptide

[53]. (Reprinted with permission from the Royal

Society of Chemistry.)
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otic algae or diatoms. This peptide was shown to efficiently precipitate silica under

mild conditions, mimicking diatom activity (Fig. 3.5d) [53]. These functional mate-

rials have enjoyed success in the assembly of nanoscale materials, but have not

shown results for sensor applications. Still, they have succeeded at interfacing

biology and inorganic materials and have served as inspiration for the subsequent

design of sensor interfaces.

One biomolecular recognition method that has not been widely employed in the

assembly of nanoscale materials is immunomolecular recognition. Immunoglobu-

lin (IgG) antibodies have affinities (association constant, Ka) on the order of 106–

1012 m
�1 and have been well studied for sensor applications [54–57]. Applications

of such immunoassays have had a tremendous impact on medical diagnosis and

the treatment and understanding of disorders and diseases. Interfacing immunol-

ogy and nanomaterials will expand these applications and provide potential for

improvements on existing assays and treatments. There are several cases where

immunology and inorganic materials have been successfully brought together to

provide a ground work for further development.

Progress began with the non-specific immobilization of antibody on micron-

sized, hydrophobic, latex beads [58–60]. Antigen binding to immunoreactive beads

causes agglutination, which can be quantified by changes in solution turbidity [60].

Similarly, antibodies have been non-specifically immobilized on 11 nm diameter

colloidal gold particles. These particles were used in traditional sandwich immuno-

assays, where the gold particle provided signal amplification when binding was

detected with surface plasmon resonance spectroscopy (SPR) [21]. More recently,

Nam et al. created an immunoassay using micron-diameter immuno-magnetic

particles in conjunction with 13 nm diameter DNA/antibody derivatized gold

clusters. Magnetization allowed for facile separation of agglutinated particle, while

double stranded DNA provided an amplification avenue through polymerase chain

reaction (PCR) [61]. Other strategies have used nanocluster/antibody interfaces as

a means for multiplexing and amplification [62–64]. Another approach made use

of a peptide epitope known to bind monoclonal antibody associated with the

human malarial parasite, Plasmodium falciparum, and was the first example of an-

tigen encapsulated nanoclusters assembling with antibodies through the antibody

(paratope)/antigen (epitope) interface [65]. This important advancement appears to

provide a robust, functional nanostructure that has the potential of successfully

mimicking a biological entity. Together these interface-dependent techniques have

suggested new routes for the study and detection of human IgG, prostate specific

antigen, hepatitis B surface antigen, and the human malarial parasite.

3.2.1

Antibodies

Extraordinary binding affinities, ease of use, and relevance to medical disorders

make antibodies attractive analytical reagents and recognition units for interfacing

with nanoscale materials. The classic IgG immunoglobular has a prototypical Y-

shape made up of two heavy and light chains (Fig. 3.6). The antigen binding
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site (paratope), within the Fab (fragment of antigen binding), is formed by the

three-dimensional (3D) arrangement of the complementarity determining regions

(CDR). In antibodies, this is the key region of immunorecognition and results in

the proteins valency. Three different types of antibody preparations are in use for

immunoassays: polyclonal, monoclonal, and single chain fragment variable (ScFv).

Polyclonal antibodies (pAb) are generally collected from animals and result as a

response to the injection of an antigen. They are produced by many different B

lymphocytes and recognize different epitopes within the same antigen, resulting

in a mixture of antibodies, with only a subset of total IgG recognizing the epitope

of interest. Monoclonal antibodies (mAb), however, are produced in a colony of

identical B cells. Each antibody binds to the same epitope and the mAb sample is

homogeneous [54]. Single chain fragment variable (ScFv) antibodies represent the

smallest functional domain of a traditional monoclonal or polyclonal antibody as

they consist of one linked Fab domain [44, 66]. Phage-display recombinant anti-

body technology has produced high-quality, antigen-specific ScFv antibodies with

affinities (binding strengths) comparable or greater than those of traditional anti-

bodies [51]. This technique and these antibodies are particularly useful for anti-

gens that are poorly immunogenic, readily degrade, or for which monoclonal or

polyclonal antibodies are difficult to obtain. These three types of antibodies provide

a range of options for interfacing immunology with nanoscale materials.

3.2.2

Nanoparticles

The interface between biology and inorganic materials has manifested in many

different forms, covering the range of biological systems and the range of inor-

ganic materials. Immunology has interfaced with many substrates, including two-

dimensional (2D) surfaces [24, 38, 44], organic polymers [58, 60, 61], large metal

particles [21, 65], semiconductor quantum dots [67], and small, ligand-capped

Fig. 3.6. Cartoon structure of a typical IgG antibody,

highlighting heavy and light chains joined by disulfides, a

constant fragment (Fc), two fragments of antigen binding

(Fab), and complementarity determining regions (CDRs).
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metal cores [1]. The interface of antibodies with each of these substrates has pro-

duced interesting functional materials, though ligand-capped noble-metal clusters

(monolayer-protected clusters, MPC) have received attention for their unique con-

solidation of self-assembly techniques and metal nanoparticle chemistry [68–70].

Furthermore, their chemical, electronic, and physical properties, a lack of air and

water sensitivity, and convenient characterization make them robust materials [65,

71–74]. Programmed specificity through the introduction of biologically relevant

molecules is one of their most promising features and lends to the development

of an immuno-interface [75, 76].

Synthesis and assembly of MPCs can occur through several routes, using various

metals (Au, Ag, Cu, Pt, CdS, ZnS, Ag2S) [77], reductants (citrate, Na2S, NaBH4),

and capping ligands (thiolate, disulfide, amine, imidazole, carboxylic acid, phos-

phine, iodine). Surfactants, templates, and physical methods (photochemistry, so-

nochemistry, radiolysis, thermolysis) have also been employed [78]. Conventional

methods have primarily been based on the Brust–Schiffrin method, published in

1994 [79]. This was originally a two-phase synthesis with stabilization by organic

soluble thiolates and reduction by NaBH4 (Fig. 3.7a). This method was subse-

quently adjusted for the synthesis of water-soluble MPCs, which is generally a

one-phase synthesis and follows a simple equation [Eq. (14)] [72].

HAuCl4 xH2OðaqÞ þ 3RSHðaqÞ þ 10NaBH4ðaqÞ ! Auo
xSRy þ RSaSRz ð14Þ

Templeton et al. have reported the synthesis of water-soluble tiopronin [N-(2-
mercaptopropionyl)glycine] MPCs 1.8G 0.7 nm in diameter by this method. Char-

acterization of these nanoclusters follows from traditional materials techniques, as

previously described in depth [69, 72, 80]. Figure 3.7(b) and (c) shows examples of

a transmission electron microscopy (TEM) picture and proton nuclear magnetic

resonance spectroscopy (1H NMR) spectrum, respectively. Daniel et al. have re-

cently published a more complete review of gold nanoparticle synthesis, character-

ization, and applications [78].

One of the most promising features of MPCs is their ability to exchange thiolate

ligands with ligands in solution. This allows for the specific introduction of biolog-

ically active molecules, programmable specificity, and the synthesis of functional

nanoclusters. In this way, nanoscale inorganic materials make potentially interest-

ing solid supports for the immobilization and presentation of antibody or antigen,

leading to a successful interface with an immunological system. Place exchange of

free thiol onto 3D MPCs is a relatively facile process that is regulated by solvent,

reaction temperature, reaction time, and properties and concentration of original

and replacement thiol [75]. Investigation of the dynamics, kinetics, and mecha-

nism of place exchange are abundant and generally support an associative, SN2

mechanism [75, 76, 81, 82]. Place exchange on MPCs has been compared to pre-

ceding studies of place exchange on 2D self-assembled monolayers. Exchange is

more likely to occur on 3D surfaces (MPCs) than 2D surfaces (SAMs) due to the

higher propensity for defect sites in structures with a substantial radius of curva-

ture [36, 75, 83]. Another important feature of place exchange reactions is the
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idea that fast-exchange sites are not static. Evidence for this has come from the

exchange of several different ligands onto the same MPC [69, 76] and from an in-

ability to completely remove ligand that had been previously exchanged on a clus-

ter [75, 76]. A significant implication of these results is the ability of a thiolate to

migrate across the monolayer of an MPC and position itself for an optimal inter-

face [83].

There are many examples of successful place exchange and coupling reactions

with organic and water-soluble MPCs, resulting in functional nanostructures. For

example, Templeton et al. [76] used traditional amide coupling techniques to attach

12 different functional ligands to nanoclusters, introducing spin labels, amino

acids, fluorophores, sugars, and electroactive moieties. Place exchange has also in-

troduced fluorescein and an electroactive viologen species. Electrochemical quartz

crystal microbalance of this MPC showed redox activity of the viologen as well

Fig. 3.7. Representative synthesis and

characterization for a tiopronin (N-2-

mercaptopropionylglycine)-protected cluster.

(a) Synthesis conditions based on a modified

Brust method and cartoon schematic of a

monolayer-protected cluster (MPC). MPC

ligands are connected through thiolate

moieties at one end and generally have a

functional group at the opposing end (gray).

(b) TEM image of MPC showing spherical

shape and size dispersity. (c) 1H NMR of

tiopronin MPC, showing broad aCH3 (@1

ppm) and aCH2a/aCHa (@3.5 ppm) peaks.

The water peak is at 4.8 ppm.
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as deposition of the MPC upon viologen reduction [31]. Antimicrobial nanoclus-

ters have been prepared by functionalization with vancomycin [84], glutathione-

protected nanoclusters have been shown to interact with the enzyme glutathione

transferase [85], and biotinylated nanoclusters bind to streptavidin [85]. This

type of MPC functionalization produces nanostructures with specific activity and

suggests potential for further nanocluster modulation in the design of bioreactive

materials.

3.3

QCM Nanoparticle-based Chemical Sensors

The evaluation of interfaces between biology and nanotechnology has been an area

of recent research interest, but originally started through the early development of

chemical sensors. Originally, QCM was designed for gas-phase measurements and

has been used in the control of metal vapor deposition. QCM continues to be used

for gas-phase measurements, but has employed polymer and nanoparticle films for

organic vapor sensing [86–88]. In 2001, dodecanethiol MPCs of 2 and 5 nm diam-

eter were covalently assembled on a QCM substrate through dithiol linkages or

non-covalently through carboxylic acid hydrogen bonding [86]. The nanoparticle

thin-layers were then studied for their ability to partition toluene, hexane, metha-

nol, ethanol, and water vapors. Vapor sorption was detected by simultaneous mon-

itoring of frequency and resistance. Results suggested the viability of nanostruc-

ture films for vapor sensing and highlighted similarities and differences between

the size of MPC used and the assembly technique.

Shortly thereafter, Zamborini et al. used electrochemical QCM to simultaneously

measure conductivity and vapor partitioning in MPC films [87]. This approach

used small (1.6 nm diameter) nanoclusters with mixed monolayers of alkanethio-

late and o-carboxyalkanethiolate. The free carboxylic acid was used in conjunction

with Cu2þ ions to assemble a network polymer of carboxylate-Cu2þ-carboxylate

bridges. These ion bridges allowed for electron transport through the polymer,

though film swelling due to vapor partitioning (ethanol or dichloromethane) di-

minished electron flow.

Another example [88] made use of a greater variety of nanoclusters, protected

with dodecanethiol, benzenethiol, 4-chlorobenzenethiol, 4-bromobenzenethiol, 4-

(trifluoromethyl)benzenethiol, 4-hydroxybenzenethiol, and 4-aminobenzenethiol.

Nanoparticle films were spray coated onto a QCM substrate and monitored by

QCM to a final change in frequency of@10 000 Hz. It was important to deposit a

film with a thickness large enough to partition vapor, but small enough to rigidly

couple the entire film to the sensor, maintaining an accurate sorption response.

Motional resistance was monitored during film deposition to ensure rigidity as

resistance is related to film viscoelastic properties. Results implied that differ-

ent nanocluster films had increased sensitivity for different vapors (hexane, tol-

uene, butanone, and butanol) and compared with vapor partitioning into organic

polymers.
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3.4

QCM Nanoparticle-based Biosensors

Inspired by the success of QCM bioassays (Section 3.1.5) and bionanotechnology,

researchers have developed nanoparticle-based detection schemes using QCM for

improved sensitivity. A popular area of analytical biochemistry involves the detec-

tion of DNA for a range of applications from gene analysis to forensic applications,

where low detection limits are required. Willner et al. have developed three ampli-

fication paths for the detection of single-base mismatches in DNA with QCM de-

tection [89–91]. Each path begins with the immobilization of ssDNA (25 bases)

through SAM technology. Its complementary strand with an extra 16 bases is

then introduced and allowed to base pair. In some cases a complement DNA

strand with a single base-pair mismatch is purposely assembled. This allows for a

single nucleotide, coupled with biotin, to bind at the mismatch site. At this point,

three different approaches can be used: (1) free avidin can bind to the base-pair

biotin, followed by biotin-labeled liposome binding; (2) avidin-labeled nanocluster

can bind, followed by controlled nanoparticle growth for amplification; (3) avidin-

labeled alkaline phosphatase can bind and catalyze the precipitation of an insoluble

organic product for amplification. These methods lead to mismatch detection with

detection limits ranging from 10�12 to 10�16
m

�1. QCM gravimetry is well-suited

for such precipitation/amplification schemes.

A similar approach to DNA hybridization detection and amplification also uses

avidin-labeled alkaline phosphatase (as above). In this case, the enzyme catalyzes

the production of the reducing agent, p-aminophenol, from a p-aminophenyl phos-

phate precursor. The reducing agent reduces Agþ ions in solution, which biomi-

neralize into Ag nanoparticles on the DNA strand or on the QCM sensor surface,

causing QCM signal amplification. The deposited silver can then be used in

anodic stripping voltammetry to further confirm DNA binding, down to 100 am

concentrations.

Another example involves a glucose oxidase-based glucose sensor, which results

from a complex nanostructure assembly. In this case, the QCM sensor was not

used in the final analyte detection, but is a good example of the ability to assemble

and monitor the assembly of complex nanostructures. First, polyethyleneimine

(PEI) was immobilized, followed successively by 9–45 nm silica nanoparticles and

PEI until several layers were assembled. This provided a roughened surface that

allowed the immobilization and increased density of glucose oxide enzyme. QCM

was used to monitor these depositions and provided information for subsequent

layer-by-layer construction on latex particles.

3.5

QCM Nanoparticle-based Immunosensors

The design, synthesis, and assembly of functional nanostructures are important

challenges in the interface with immunology. Finding key recognition units and
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presenting them in the appropriate environment and conformation are crucial to

programming material specificity and affinity. A unique and creative idea for inter-

face assembly may provide a good starting point, but redesign and optimization is

difficult without a method for evaluating the proposed interface. The understand-

ing of an interaction places interface development and application within reach.

Traditional techniques have supplied qualitative information on antibody recogni-

tion for interface design and are widely used. Nanotechnology has expanded

immunoassay options for the study of more diverse systems and, combined with

QCM, provides a label-free, quantitative alternative. These analytical techniques

can determine structural integrity of assembled nanoarchitectures, can provide

equilibrium and kinetic binding constants of biological entities, and can detect

analytes (antibodies, toxins, etc.) for medical diagnostic applications.

3.5.1

Traditional Immunoassays

Radiolabeled immunoassays were one of the first techniques used in the detection

of antibody or antigen in biological systems. In this assay, radioisotopes, com-

monly 125I, were used to label the antibody or antigen, and scintillation counters

measured the gamma or beta emission of the isotope. This provided the low detec-

tion limits needed for immunoassays, but regulation of radioactive isotopes made

this technique inconvenient [92].

Another standard immunoassay is the enzyme-linked immunosorbant assay

(ELISA). Its success comes from the ability to amplify binding through an enzyme

reaction, which produces a spectroscopic signal. There are many formats for an

ELISA experiment, though the indirect sandwich assay format has been widely

accepted. In this format, the primary antibody is immobilized on a solid support

(typically a well-plate) and antigen is allowed to bind. A second, polyclonal antibody

for the antigen from a different species than that used as the primary antibody is

then added and binds to the other side of the immobilized antigen, creating a

‘‘sandwich’’. An antibody that recognizes the second antibody (an anti-antibody) is

functionalized with an enzyme (typically horseradish peroxidase) and allowed to

bind. Finally, a substrate for the enzyme is introduced, which produces an enzyme

product that is chromogenic. The chromophore is detected by conventional spec-

troscopic methods [57]. While the signal amplification from the enzyme reaction

is beneficial, there are certain limitations to ELISA experiments. A lack of simple

quantitation and excessive time required to assemble the complex immunomolec-

ular biosensor, as in the case of an indirect sandwich assay, are poignant draw-

backs. An example is the recent development of a quantitative ELISA assay for the

detection of human IgG, which requires 19 hours from analyte immobilization to

chromophore detection [93]. Other limitations include the need for labeling with a

bulky enzyme, which could interfere with the antibody/antigen interaction, and

the nonspecific adsorption of analyte to a hydrophobic well plate could lead to

random orientation of binding sites and possible denaturation of substrate [57].

Surface plasmon resonance spectroscopy (SPR) has recently been used to detect
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antibody binding. Details of SPR phenomena have been previously outlined [20,

94]. Briefly, SPR is an optical technique that takes advantage of plasmon excitation

in bulk metal by wave vector matched photons. The photons induce oscillations of

free electrons in the metal, which then propagate an additional field into the con-

tacting dielectric medium. The plasmon excitation requires a transfer of energy

from the photons, which can be observed through the sharp minimum of reflec-

tivity during resonance, leading to an SPR signal [94]. Therefore, measuring the

change in reflection angle provides real-time, label-free detection of antigen/

antibody interaction. SPR has been used to study several different systems, an ex-

ample being the characterization of FLAG peptide epitope arrays [38]. Important

drawbacks of the SPR method are the complicated and expensive optics required

for operation, loss of sensitivity at distances from the sensor, and interference

from molecules with high molar absorptivity.

3.5.2

Immunoassays using Nanotechnology

Radiolabeling, ELISA, and SPR are important and effective techniques for the

evaluation of traditional antibody/antigen interactions. Inorganic materials, such

as nanoclusters, offer useful spectroscopic and microscopic properties that can

make analysis convenient, but can also introduce added challenges. One of the first

interfaces between materials and antibodies [58] was designed because radiolabel

immunoassays were cumbersome and enzyme immunoassays require delicate pro-

cedures [59]. The potential of materials was harnessed to design a simpler method

and successfully used antibody-functionalized latex beads and turbidity measure-

ments to detect agglutination [58, 60]. Improvements to this method quickly fol-

lowed, using electric pulses to promote antibody/antigen interaction and decrease

reaction time [59].

A similar, though more recent, nanoimmunoassay also used antibody-

functionalized particles. These 70 nm diameter silica particles had exterior anti-

body functionalization and interior fluorophore entrapment. Fluorescent-labeling

techniques have enjoyed long-lived success, though low fluorescence intensity and

photoinstability have been recurring problems. Encapsulation of Ru(bpy)3
2þ fluo-

rophore in silica nanoparticles yielded high intensity fluorescence and increased

photostability due to exclusion of damaging oxygen [95]. These nanoparticles were

compared to popular quantum dots (Qdots), which are semiconductor nanopar-

ticles with intense intrinsic fluorescence, and were found to have similar intensity

and stability. Antibody-functionalized Qdots have also been used as fluorescent

tags for the imaging of live cells [67, 96].

Metal nanoparticles have been used as electrochemical labels for the simultane-

ous detection of four antigens, b2-microglobulin, IgG, bovine serum albumin, and

C-reactive protein [64]. In this experiment, a large magnetic bead was functional-

ized with four types of antibodies corresponding to the four different antigens.

After binding antigen to the antibody on the magnetic bead, antibody with

unique nanoparticle labels bound to the immobilized antigen. Collection of the
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nanoparticle-labeled antibody and detection with square-wave stripping voltamme-

try provided four unique signals from the reduction of four unique metal nano-

particles [64].

A microscopic technique often used in nanocluster characterization, but not in

immunoassay, is transmission electron microscopy (TEM). Metal nanoclusters ab-

sorb electrons, making them visible in TEM, while small carbon-based molecules

do not. In a recent study, antibody-functionalized nanoparticles were incubated

with pathogens Staphylococcus saprophyticus and S. aureus and examined with

TEM. Functionalized nanoclusters bound to antibody binding sites and were de-

tected. Furthermore, bacteria-bound magnetic particles were collected, thereby con-

centrating target pathogens [63].

Success with traditional immunoassay formats prompted SPR research in the

area of nanoimmunotechnology. In 1998, Natan’s group showed SPR signal am-

plification of antibody-nanocluster complex binding as compared to free antibody

[21]. These results were confirmed with the detection of human complement factor

4 (C4) and C4 attached to colloidal Au particles [97].

These techniques, along with others, have had some success in the evaluation of

interfaces between immunology and nanoscale materials. They also have their

drawbacks. Many suffer from a lack of sensitivity and use large diameter particles

(50–1000 nm) with relatively low surface area. Others rely on labeling to provide a

detectable signal, which can interfere with recognition events and change the im-

munoassay dynamics. With SPR, nanoparticle labeling is used to acquire enhanced

binding signals. Unfortunately, this also significantly broadens peaks, leading to a

loss of sensitivity, complicated time-resolved measurements, and limited structural

information [19, 20]. Efforts to develop a label-free, time-efficient, quantitative as-

say format that allows for 3D substrates and multilayer adsorptions have involved

the quartz crystal microbalance (QCM) [1].

3.5.3

QCM Nanoparticle-based Immunosensors

Piezoelectric biosensors developed since 1990 have gained ground on traditional

labeling experiments and on competing label-free instrumentation such as SPR

[2, 98, 99]. The field of QCM immunosensors has also developed rapidly [43]. Con-

sidering the age of the new, though explosive, field of nanotechnology (the Brust

nanoparticle synthesis was published in 1994), QCM immunosensors for nano-

technology applications are limited. One example used gold nanoparticle growth

to amplify antibody-mediated lung carcinoma cell detection using QCM [100]. In

these experiments a monoclonal antibody to cell surface antigen was immobilized

on a polystyrene film and captured lung carcinoma cells. The same antibody con-

jugated to 10 nm diameter citrate-reduced gold nanoparticles bound to the immo-

bilized cell in a typical sandwich scheme. Auric acid and NH2OH were then intro-

duced, reacted with the pre-existing gold nanoparticle, and caused the nanoparticle

to grow. This growth created an increased QCM signal and allowed for the detec-

tion of cells at levels as low as 100 cells mL�1. This method provided results simi-

lar to ELISA, but was less time consuming.
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Another example used polymer immobilized colloidal gold particles (@15 nm

diameter) as an alternative approach to antibody immobilization [101]. Thiol-

terminated Fab 0 antibody fragments will often denature on an unprotected hydro-

phobic gold QCM electrode, but retained activity when bound to the polymer/

nanogold mixture. This nanoparticle-based immunosensor supplied a means for

phenotyping leukemia cells for medical diagnostics with detection limits of 6000

cells mL�1. An important technical detail of this work was the ability to detect

four different phenotypes simultaneously using an array of QCM sensors. Other

nanoparticle-based QCM immunosensors have made use of peptide epitope func-

tionalized nanoclusters.

3.5.3.1 Antigen Mimic Design

There are two ways that functionalized nanoclusters can interface with immunol-

ogy through paratope/epitope recognition: an antibody can be covalently attached

to an MPC or an MPC can play the role of the antigen (Fig. 3.8). Antibody/

nanocluster complexes have been previously studied as mentioned above. Briefly,

immunoassays for human IgG have been developed using antibody bound latex

beads [59, 60], signal amplification was observed with antibody bound gold nano-

clusters in SPR immunoassays [21], and antibody bound magnetic microparticles

have been used as capture agents [61]. There is further interest in using nanopar-

ticle labeled antibodies as nanoprobes [102].

An alternative approach would be to attach an antigen to an MPC or functional-

ize an MPC with a peptide epitope (Fig. 3.8b). An epitope is the antigenic determi-

nant of a protein and corresponds to the region of the protein that is specifically

recognized by the antibody [103]. Accordingly, epitopes are only defined in an op-

erational or functional sense: anything that is bound by an antibody is, by defini-

tion, an epitope. Therefore, epitope regions from proteins have been synthesized

and expressed as smaller functional units and have been shown to bind antibodies.

Examples of these would be the FLAG or E tags commonly used in expressed

proteins [38, 44]. The current approach to this type of antigen mimetics is to syn-

thesize the linear epitope and rely on primary structure (amino acid sequence) to

Fig. 3.8. Cartoon schematic of (a) nanocluster presenting

antibody (antibody mimic) and (b) nanocluster presenting

antigen (antigen mimic). Epitope antigens are generally smaller

than antibodies and can be presented at a higher aerial density

than antibodies.
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provide specificity. Combining this type of mimetics with nanoscale materials

produced the first example of antigen encapsulated nanoclusters assembling with

antibodies through the paratope/epitope interface. A linear peptide epitope known

to bind monoclonal antibody associated with the human malarial parasite, P. falci-
parum, was used in the assembly of a robust, functional nanostructure that

successfully mimicked a biological entity [65]. A more recent example used

glutathione-protected nanoclusters and polyclonal anti-glutathione antibodies. This

approach confirmed the ability to assemble epitope-protected nanoclusters with

antibodies and provided quantitative binding information through improved ana-

lytical techniques [1].

These two examples used nanoclusters with peptide epitopes completely cover-

ing their surface and were synthesized with large amounts of the ligand, rather

than specifically functionalized with small amounts of peptide. The next step in

antigen mimic design was to functionalize pre-existing nanoclusters through place

exchange reactions described above. This type of assembly provided a more com-

plex nanostructure with three or more components and allowed for the use of

more complicated linear and conformational epitopes. In a very recent study a lin-

ear peptide epitope, from the hemagglutanin (HA) protein related to influenza, has

been synthesized and specifically presented at a controlled density on the surface

of a pre-existing tiopronin-protected cluster [104]. This mimic of the HA protein

was shown to interface with monoclonal anti-HA antibody and was compared to a

self-assembled monolayer of the same peptide epitope.

Linear peptide epitopes used in the malaria, glutathione, and HA examples rely

on primary amino acid sequence to provide antigenicity and specificity. This does

not take into account the complex secondary structure (local conformation) exhib-

ited by native proteins, which is essential to antibody recognition. Cyclization of

peptides to approximate a loop structure has been used to introduce epitope con-

formation [105], but the development and presentation of a peptide epitope that

reconstitutes a physiological conformation is an interesting alternative. This was

recently achieved through the bidentate presentation of a peptide epitope from a

loop region in the protective antigen (PA) of B. anthracis [83]. The conformational

antigen mimic was able to interface with monoclonal anti-PA antibodies and

showed a greater than two-fold increase in affinity over a linear antigen mimic.

This variety of antigen mimics using small molecule, linear, and conformational

epitopes suggests multiple routes to interfacing inorganic nanoclusters with bio-

logical antibodies. Many other options are also available and, together, supply a

‘‘toolbox’’ of interfaces that can be used and studied in a multitude of systems.

The three examples of GSH-MPC, HA-MPC, and PA-MPC are reviewed in further

detail below.

3.5.3.2 Glutathione-protected Nanocluster

This research aimed to develop an immunoassay to study the test case of anti-

glutathione antibody recognition of glutathione-protected nanocluster. The immu-

noassay was designed to be label-free, time-efficient, and quantitative and allow 3D

substrates, multilayer adsorptions, and non-rigid biological recognition. QCM tech-
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nology was used for many of the reasons previously mentioned, including high

sensitivity, real-time detection, low cost, and a large wave penetration depth. Gluta-

thione (GSH) monolayer-protected clusters (MPC) were used for their ease of syn-

thesis, water solubility, high surface area and ligand valency, and the commercial

availability of polyclonal anti-GSH antibody. Both GSH and tiopronin (Tiop), a gly-

cine derivative and truncate of the GSH tripeptide, nanoclusters were synthesized

according to a modified Brust method and characterized. The GSH-MPC had an

average diameter of 3:7G 1:2 nm, average composition of Au953GS199, and average

molecular weight of 220 kDa.

The immunosensor consisted of the gold QCM electrode, Protein A, bovine se-

rum albumin (BSA), and polyclonal anti-GSH antibody (Fig. 3.9a). Protein A was

used to conveniently immobilize the antibody on the sensor surface in a defined

orientation and BSA was used to block any exposed gold that might contribute to

non-specific binding. Protein A bound to the gold electrode as a multilayer, BSA

binding was minimal, and IgG bound specifically to Protein A, completing the im-

munosensor assembly (Fig. 3.9b). One drawback of this immunosensor design is

the lack of reversibility and the need to reassemble the immunosensor structure

before each experiment.

Analyte, GSH-MPC, was detected in a dose-dependent manner that was de-

signed to limit non-specific adsorption and aggregation. Samples of different con-

centration were introduced to the immunosensor in short (5 min) doses and

provided changes in mass that fit a logarithmic curve, revealing saturation of the

immunosensor (Fig. 3.9d). This showed that the antibody was able to recognize

the glutathione tripeptide epitope presented on the surface of a nanocluster. Fur-

thermore, control experiments showed a lack of antibody binding to Tiop-MPC,

suggesting antibody recognition of the g-glutamic acid portion of GSH as opposed

to the glycine portion (Fig. 3.9c). Equilibrium and kinetic constants for polyclonal

anti-GSH antibody binding to GSH-MPC were calculated from Langmuir isotherm

fits (Fig. 3.9e) and from individual binding curves (Fig. 3.9c and f ). The equilib-

rium association constant, Ka, was found to be 3:6G 0:2� 105 m
�1, the rate of

forward reaction, kf , was 5:4G 0:7� 101 m�1 s�1, and the rate of reverse reaction,

kr, was 1:5G 0:4� 10�4 s�1. These values are reasonable, considering the use of

polyclonal antibody. These results confirm the usefulness of a QCM immuno-

sensor and suggest that epitope-presenting nanoclusters can be immunoreactive

materials.

3.5.3.3 Hemagglutanin Mimic Nanocluster

Hemagglutanin (HA) and neuraminidase are two virus glycoproteins that are re-

sponsible for influenza infection and are targets for antibody neutralization. A pep-

tide epitope-presenting nanocluster was designed to mimic one aspect of HA (Fig.

3.10a) and a QCM immunosensor was developed to examine the interface between

monoclonal anti-HA and the HA-MPC. The peptide spanning amino acids 98–106

in the protein amino acid sequence (sequence: YPYDVPDYA) have been involved

in influenza vaccine studies [106, 107]. The HA mimic was assembled by specific

presentation of the synthetic peptide epitope on the surface of a pre-formed Tiop-
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MPC through place exchange reaction. This produced a three-component system

consisting of 3:5G 1:0 nm colloidal gold, tiopronin ligand, and HA peptide, with

a final composition of Au807T242HA4. A QCM immunosensor was then used in

the evaluation of the interface between HA-MPC and anti-HA antibody.

In this immunoassay, a different assembly technique was used than for the

Fig. 3.9. (a) Cartoon schematic of

immunosensor assembly using Protein A. (b)

Representative total immunosensor assembly

showing Protein A binding, BSA blocking, IgG

capture, and MPC detection. (c) Binding

curves (A) 1 mm free GSH, showing mass

stripping; (B) 4.1 mm tiopronin-MPC; (C) 2.3

mm GSH-MPC; (D) 4.5 mm GSH-MPC; (E) 9.1

mm GSH-MPC. (d) Dm vs. [GSH-MPC] with

logarithmic fit, showing saturation of the

biosensor. (e) Linear Langmuir adsorption

isotherm. (f ) Adsorption kinetics. (Reprinted

with permission from the American Chemical

Society.)
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preceding GSH-MPC experiments. This approach made use of ionic interac-

tions to immobilize the nanocluster and detect antibody binding. One reason

for using this approach was the available option of analyzing complex sam-

ples containing one more antibody and various other components. The immuno-

sensor consisted of the gold QCM electrode, a positively charged polyelectrolyte

[poly(diallyldimethylammonium chloride)], nanocluster, and BSA (Fig. 3.10b).

Polyelectrolyte had been previously used in the multi-layering of quantum dots

and provided a thin layer of positive charge on the surface of the QCM. Negatively

charged HA-MPC bound non-specifically and was immobilized for antibody bind-

ing. Before analyte was introduced, BSA was used to block non-specific polyelectro-

lyte binding sites (Fig. 3.10b). Again, a limitation of this immunoassay approach is

the lack of reversibility and the time required to reassemble the sensor before each

experiment.

This immunosensor was used for two applications, the first being an exami-

nation of antibody binding as related to the density of peptide presented on the

Tiop-MPC. Three nanoclusters with 4, 11, and 33 peptides per cluster were exam-

ined and suggested that the lower density of peptide allowed the highest ratio of

antibody to peptide interaction. The second application was a thorough study of

the antibody interface with the HA-MPC displaying four peptides per cluster.

Samples with different concentrations of antibody were introduced to the sensor

in dose amounts and produced changes in mass that fit a logarithmic curve and

showed saturation of the biosensor. This suggested that the antibody did recognize

the peptide epitope specifically presented on the surface of a nanocluster. Control

experiments using Tiop-MPC presenting no peptide showed a lack of antibody

binding, signifying the specificity of the antibody for the epitope. Preliminary cal-

culations have suggested an equilibrium binding constant (Ka ¼ 1:0G 0:3� 107

m
�1) and kinetic rate constants (kf ¼ 5:1G 0:6� 105 m�1 s�1 and kr ¼ 9:4G 0:7�

10�2 s�1) for the association of anti-HA and HA-MPC.

These results were compared to traditionally used peptide epitope arrays.

Self-assembled monolayers (SAMs) consisting of tiopronin ligand and mixed-

monolayers of both peptide and tiopronin were formed on the QCM gold electrode.

Antibody was introduced to the mixed-monolayer peptide array in dose amounts

and bound in a manner similar to that seen with the functionalized nanocluster

(Fig. 3.10c). Preliminary equilibrium association constant (Ka ¼ 4:1G 0:7� 106

m
�1) and kinetic constants (kf ¼ 1:4G 0:2� 105 m

�1 s�1, kr ¼ 3:5G 0:2� 10�2

s�1) were calculated and compared to those for the antigen mimic HA-MPC. The

Ka for the nanocluster is more than double that for the SAM, indicating a more

accurate reconstitution of the peptide epitope on the surface of the MPC.

3.5.3.4 Protective Antigen of B. anthracis Mimic Nanocluster

This study [83] made use of a QCM immunosensor, four independently func-

tionalized nanoclusters, and monoclonal antibodies to effectively map one antibody

clone to one peptide epitope. Not only did the identified antibody distinguish be-

tween three different peptide epitopes from the protective antigen (PA) of B. an-
thracis, it had an increased affinity for a conformational epitope as compared to a

linear version with the same amino acid sequence. Epitopes from PA were used for
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four reasons: (1) epitopes had been previously identified through various mapping

techniques; (2) PA has been a target for immunological studies, as anti-PA anti-

bodies confer immunity to anthrax; (3) PA has both conformational and linear

epitopes; (4) anthrax has been identified as a potential bioterrorism agent. Identi-

fied PA peptide epitopes [108–111] span amino acids 680–692 (PA680), 703–722

(PA703), and 730–735 (PA730) in the intact protein, and were each synthesized

for use in antigen mimic design. The functional nanostructures were assembled

by specifically presenting conformational or linear epitopes on the surface of

pre-existing Tiop-MPCs through place exchange reactions. Four antigen mimics

had final peptide densities of 4 (PA680B, conformational), 4 (PA680M, linear), 8

(PA703B, conformational), and 10 (PA730M, linear) peptides per MPC. A cartoon

schematic of PA680B-MPC and the crystal structure of PA [109] are given in Fig.

3.11(a). Labeling experiments suggested the bidentate attachment of loop epitopes

to MPCs, implying the formation of conformational antigen mimics. Increased

antibody affinity for the conformational over the linear epitope provided a strong

case for faithful reconstitution of the loop structure.

The QCM immunoassay used ionic interactions for the immobilization of MPC,

similar to that used with HA-MPC (Section 3.5.3.3). Polyelectrolyte acted as an in-

termediate between the gold electrode and the MPC for successful immobilization

(Fig. 3.11b). Again, BSA was used to block non-specific binding sites. This immu-

nosensor assembly was used for two different studies, the first being the screening

of seven monoclonal anti-PA antibodies against the four antigen mimics. The anti-

bodies were known to bind the full-sized 83 kDa PA protein, but had not been

tested for neutralization ability [112]. Screening provided qualitative binding infor-

mation and pointed to one antibody as being specific for the conformational anti-

gen mimic, PA680B-MPC. The magnitude of antibody binding as a function of

antibody concentration was the second system studied. Antibody did not bind to

PA703B-MPC or PA730M-MPC, but PA680B-MPC (Ka ¼ 5:9G 0:7� 106 m
�1)

and PA680M-MPC (Ka ¼ 2:6G 0:9� 106 m
�1) were evaluated to obtain equilib-

rium association constants. Both were also evaluated in buffer of high ionic

strength. In this system, PA680B-MPC had a Ka similar to that previously re-

ported, though PA680M-MPC showed no binding. Kinetic studies of antibody

binding for PA680B-MPC yielded forward and reverse reaction rate constants of

9G 2� 103 m
�1 s�1 and 2:3G 0:5� 10�3 s�1, respectively. Free peptide (amino

acids 680–692), unencumbered or unconstrained by nanocluster or protein scaf-

fold, showed only non-specific binding to the antibody. In this immunoassay, anti-

PA antibody was immobilized using Protein A, as previously described (Section

3.5.3.2), and free peptide was introduced. This implies that the peptide epitope

was presented in a more accommodating conformation on the surface of the

MPC, as opposed to being free in solution.

These results point out that peptide epitopes and monolayer protected nano-

clusters can be brought together in the successful assembly of an immunoreactive

material and be interfaced with biological antibodies. They also show the screening

and effective mapping of an antibody to a peptide epitope, as well as differentiation

between conformational and linear presentation.
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3.6

Conclusions and Future Directions

The future of bionanotechnology lies at the interface between biology and inor-

ganic nanomaterials and relies on the ability to probe and evaluate that interface.

Many analytical techniques outlined in this chapter, including AFM, TEM, NMR,

Fig. 3.11. (a) X-ray crystal structure of the

protective antigen (PA) of B. anthracis with

epitope regions highlighted (dark). Schematic

of PA680B-MPC antigen mimic, highlighting

conformational peptide epitope. (b)

Representative total immunosensor assembly,

showing polyelectrolyte and MPC binding, BSA

blocking, and antibody detection.
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and molecular imaging, have been developed for this very purpose, for the analysis

of all types of interfaces. The quartz crystal microbalance is another technique that

has evolved to become a central tool in the study of both biological and nanomate-

rials applications. QCM has principal advantages for the investigation of bionano-

technology over existing immunological techniques: low cost and ease of opera-

tion, quantitation, real-time measurements, and large wave penetration depth, to

name a few. For these reasons QCM technology has been applied to the exploration

of various life science applications. QCM nanoparticle-based immunoassay is a

relatively new field, but has been designed for the evaluation of several antigen

mimics. Specifically, QCM has shown that antibody can recognize and interface

with immunoreactive nanomaterials designed with linear and conformational pep-

tide epitopes presented on the surface of monolayer-protected clusters. This is only

one interface that QCM has successfully characterized. Given the virtues of this

technique and the vast number of possible combinations between biology and

nanotechnology, more systems will doubtlessly be studied.

The prospects of biotechnology and nanomaterials science are most promising at

their interface, where they overlap in the emerging field of bionanotechnology.

This interfacial discipline further relies on analytical techniques that can probe

the boundary where they meet. The quartz crystal microbalance is certain to be an

integral tool in the exploration of this frontier. Specifically, QCM can expand its

applicability through the design of new immobilization strategies for repeated, re-

versible interactions. An improved, commercially available, multichannel detection

apparatus will improve throughput and multiplexing. In the realm of medical diag-

nostics and defense-based toxin detection, a blood sample, water-way, or gaseous

area could be largely characterized through multi-analyte detection. This is pos-

sible because of the portability, low cost, and ease of use of existing QCM in-

struments and potential devices. Furthermore, advances in nanotechnology and

improved understanding of biology will produce smart sensors and functional de-

vices capable of carrying out an environmental analysis or capable or modulating

an environment. Continued research on advanced nanomaterials in a biological

paradigm using an effective QCM transducer can make this a reality.
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Symbols

A area of the QCM electrode

[C] concentration of a bulk solution

[C]o initial concentration, initial concentration of surface immobilized analyte
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C1 motional capacitance of the unperturbed crystal

c66 piezoelectrically stiffened quartz elastic constant

Cf Sauerbrey sensitivity factor, 2fo 2/A(c66rq)
1=2

fo frequency of crystal in air (unperturbed) (Hz)

kf forward kinetic rate constant

kr reverse kinetic rate constant

N overtone number

R gas constant (8.3145 J K�1 mol�1)

RL loading resistance

T temperature (K)

Df change in frequency (Hz)

DGads Gibbs free energy of adsorption

Dm change in mass (g)

Dh change in viscosity

Dr change in density

hq effective quartz viscosity

Y fractional coverage of a surface by a species

Yy fractional coverage at infinite time

rq quartz mass density

t�1 kinetic time constant, equal to kfC þ kr
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4

NMR Characterization Techniques –

Application to Nanoscaled Pharmaceutical

Carriers

Christian Mayer

4.1

Introduction

The use of nanoparticles for biomedical applications has been widely discussed

in recent years. Among their wide variety, organic nanoparticles in stable aqueous

dispersions are most promising candidates for pharmaceutical carrier systems.

Controlled release and drug targeting are the main issues motivating their develop-

ment [1–6]. In many cases, the preparation of these dispersions is quite straight-

forward, even on a technical scale. However, the analysis and detailed characteriza-

tion of nanoparticle systems still represent a considerable challenge for common

analytical methods. Most problems are connected to the fact that the particle struc-

tures are evidently nanoscopic, sensitive to many types of sample preparation tech-

niques and often represent inhomogeneous and quite complex systems. Different

approaches of transmission and electron microscopy can be applied successfully,

but are often complicated by the necessity of tedious sample preparation. Atomic

force microscopy is an important tool for studies on the particle assembly, but,

as for electron microscopy, this method asks for isolated particles on a surface, a

condition that may easily induce the formation of artifacts and destroy sensitive

structures.

With the desire to analyze the particles in their ‘‘natural habitat’’, the liquid dis-

persion, researchers are left to choose from a selection of spectroscopic methods.

While most spectroscopic measurements do not differentiate between solid and

liquid components, i.e., the particles and the surrounding or encapsulated liquid,

nuclear magnetic resonance spectroscopy is a notable exception. Its unique ability

to simultaneously detect chemical structure together with the lateral and rotational

molecular mobility of every single system component makes it perfectly suitable

for the study of particle dispersions [7–15]. This particular advantage of NMR spec-

troscopy is especially helpful in studying pharmaceutical carrier systems [16–22].

As most NMR methods are run under extremely mild physical conditions, mea-

surements on nanoparticle dispersions may be extended over long periods under

a wide variety of chemical and thermal influences. This allows for long-term time-

resolved observations and opens up the possibility for continuous monitoring of
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slow release and degradation processes. In most cases, the influence of the NMR

measurement on the particle system can be completely neglected. The main disad-

vantage of NMR spectroscopy, its significant lack of sensitivity, is compensated by

increasing the particle concentrations or sample volumes.

Clearly, NMR is not a routine technique for process or quality control and will

always require special equipment and experimental skills. However, it may play a

key role for the development and design of nanoscaled pharmaceutical carriers.

Unlike any other single method, it yields comprehensive data on the structure

and the function of these systems under a large variety of conditions. The combi-

nation between high resolution and solid-state NMR together with the application

of pulsed field gradient (PFG) turns out to be especially promising. The experi-

mental techniques are quite straightforward and can be performed on standard

commercial NMR spectrometers. Analysis of the resulting data is often compli-

cated by the fact that slow rearrangements on the nanometer scale, e.g. rotational

diffusion of the particles, affect line shapes and require numerical simulation of

the spectra. However, these phenomena offer the chance to study motions on

the microsecond scale such as particle tumbling. Thus, NMR becomes a valuable

tool for the time-dependent observation of processes like particle degradation or

agglomeration.

In the following, examples are presented that demonstrate the power and versa-

tility of NMR spectroscopy in its application to nanoparticle dispersions. They in-

clude studies on basic particle characteristics such as the nanoparticle structure,

phase transitions of the particle matrix, exchange processes on the particle surface,

permeability of nanocapsule walls, release and particle degradation. Analysis of the

NMR data is performed using adapted simulation procedures based on rotational

and lateral diffusion of nanoparticles and their individual system components.

4.2

Structural Analysis of Nanoparticles

The unique power of NMR spectroscopy lies in its ability to simultaneously detect

the chemical nature and molecular mobility of individual chemical components in

a complex system. Identification of the chemical composition of a substance in the

liquid or solid phase is a well-known feature of NMR and is practiced on a routine

basis. With solid components, it requires solid-state techniques, with magic-angle

spinning (MAS) as the most prominent representative. In addition, broad line

NMR techniques and relaxation measurements have been applied for the analysis

of rotational molecular mobility. Recently, commercial NMR instruments have also

acquired the capability of detecting lateral motion, a method that generally com-

bines classical echo sequences with pulsed magnetic field gradients. All three ap-

proaches may be successfully combined for studies on dispersed nanoparticles.

In a spectrum of a static sample, all solid constituents (like the particle matrix

and capsule walls) are easily identified by their wide spectral lines, whereas all

liquid and dissolved components yield relatively narrow signals due to their
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rapid isotropic rotational diffusion. Due to their spectral widths, the signals of

the solid components usually appear at very small amplitude and often remain

undetectable.

Figure 4.1(A) shows an example of a directly excited 13C spectrum of

dispersed nanoparticles. It was obtained on an aqueous dispersion of poly-n-

butylcyanoacrylate nanocapsules, a capsule system where the liquid core is formed

by a commercial triglyceride (Miglyol 2) and which is stabilized by a block-

copolymer surfactant (Synperonic F682) [9, 23–25]. The spectrum lacks all traces

of the polymer forming the solid capsule walls, but clearly shows all liquid and

dissolved components [8]. A comparison with reference spectra of the individual

system components (Fig. 4.1B and C) allows for the identification of all capsule

constituents in the liquid phase. The complete absence of the monomer signals

(spectrum D in Fig. 4.1) proves the completion of the polymerization process dur-

Fig. 4.1. Comparison of a directly excited 13C

spectrum of dispersed poly-n-butylcyano-

acrylate nanocapsules (A) with the correspond-

ing spectra of dissolved surfactant (B), of

liquid triglyceride (C) and of a solution of the

monomer used for capsule formation (D) [8].

Capsule spectrum A shows no traces of the

resonances of spectrum D (arrows), proving

the absence of any residual monomer after

capsule formation. For assignment of the

signals see Fig. 4.2.
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ing capsule formation. The increased line widths in the presence of the capsules

are assigned to partial immobilization of molecules on the capsule surface and

the local inhomogeneity of the magnetic field.

To enhance the spectral contribution of the solid material, the (1H)a13C cross-

polarization (cp) technique may be applied, which strongly amplifies signals from

molecules with slow tumbling mobility [8, 17, 26] and therefore allows for the si-

multaneous observation of all constituents. The resulting (1H)a13C cp spectrum

of the dispersion clearly shows relatively narrow signals superimposed on the char-

acteristic wide line of the solid polymer (Fig. 4.2A). The broad contribution to the

capsule spectrum is reproduced by a cp solid-state spectrum of a bulk sample of

poly-n-butylcyanoacrylate (Fig. 4.2B). The positions of the narrow lines of the cap-

Fig. 4.2. Comparison of a (1H)a13C cross-

polarization spectrum of dispersed poly-n-

butylcyanoacrylate nanocapsules (A) with a

corresponding spectrum of bulk solid poly-n-

butylcyanoacrylate (B) and directly excited
13C-spectra of liquid triglyceride (C) and of an

aqueous solution of the surfactant (D). All

system components (B–D) are detectable in

the capsule spectrum A; their line widths

depend strongly on their phase state (see text).

The carbonyl signal of the triglyceride (signal i

in spectrum C) and two carbon signals of the

polymer remain invisible in cp spectra A and B

due to lack of hydrogen at these positions.

Signal assignments are given in the inserts.
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sule spectrum are in good agreement with those of reference spectra of the liquid

oil phase and the dissolved surfactant (Fig. 4.2C and D). Again, an increase in line

width is detected in the presence of the capsules.

Clearly, identification of the solid components is difficult given the low resolu-

tion of the corresponding wide signals. Spectral amplitude and resolution can

be improved significantly using sample spinning conditions such as magic-angle

spinning (MAS), which has been widely used for bulk samples of solid polymers

[27–29]. For particle dispersions, one generally faces the problem that a typical

sample spinning process induces a gravitational field similar to the conditions of

a centrifugation experiment [7]. However, if the dispersion is sufficiently stable,

or the density of the particles is matched to the density of the liquid phase, the

method can be applied to particle dispersions [7, 18].

Figure 4.3 shows an example for a sample-spinning experiment on a nanosized

carrier system [18, 30]. The spectrum was obtained on an aqueous dispersion of

Fig. 4.3. Top: Result of a sample-spinning

experiment of an aqueous dispersion of cetyl

palmitate nanoparticles (SLN) obtained under

direct excitation on 13C nuclei. The sample was

spun at a rate of or=2p ¼ 1660 Hz and at an

angle of 52.5�, which deviates from the magic

angle. Signals A–C can be assigned to the

central methylene, end methylene and end

methyl groups, respectively. Due to incomplete

relaxation, the integrals of the signals do not

reflect the corresponding number of nuclei.

Bottom: comparison between signal line

shapes A–C and their simulated fits based on

the expected rotational diffusion of the

particles.
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solid lipid nanoparticles (SLNs) that consist of cetyl palmitate nanospheres with di-

ameters between 100 and 200 nm [31]. Sample spinning was performed at a spin-

ning rate of or=2p ¼ 1660 Hz and at an angle of 52.5�, which differs slightly from

the magic angle (54.74�). Under these conditions, one obtains sufficient resolution

for the assignment of the signals to the central methylene, end methylene and end

methyl groups (signal A, B, and C, respectively, in Fig. 4.3). At the same time, the

deviation from the magic angle leads to a characteristic variation of line shape that

depends on the rate of rotational diffusion of the particles [18, 30]. Thus, the chem-

ical composition of the particles can be studied together with their rotational diffu-

sion. However, the influence of isotropic tumbling on signal line shapes is not at

all straightforward. Analysis of the effect on the NMR spectrum requires a numeric

simulation procedure that has been developed based on a finite element scheme:

the time axis as well as the orientation in space is segmented into a set of discrete

numbers and positions, such that the NMR time signal can be numerically calcu-

lated based on given sets of system parameters and experimental data [26, 32, 33].

The influence of rotational diffusion of the molecules is approximated by a corre-

sponding spin exchange between adjacent ‘‘sites’’, with rate constants depending

on the equilibrium population, orientation and rotational diffusion constant. After

Fourier transformation, the simulation procedure yields sets of NMR spectra that

can be compared with experimental ones. A typical example for the end methyl

group of cetyl palmitate under the experimental parameters given above is shown

in Fig. 4.4. It refers to correlation times of isotropic rotational diffusion from 15 ms

(front) to 15 ms (back), showing the strong dependence of line shape on the rate of

the motion [7, 18].

In some cases, the particle matrix undergoes local phase separations, leading to

an inhomogeneous solid phase on the nanometer scale. On these occasions, analy-

Fig. 4.4. Set of simulated 13C spectra for the

end methyl group of cetyl palmitate (signal C

in Fig. 4.3) for different rates of isotropic

rotational diffusion. The correlation time varies

from 15 ms (front) to 15 ms (back). Rotational

sidebands are weak and not included in the

given frequency window [7, 18]. For all spectra,

the simulated sample spinning has been

adjusted to a frequency of or=2p ¼ 1660 Hz.

The spinning axis is tilted at 52.5� with respect

to the direction of the external magnetic field.
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sis of spin diffusion between different components of the matrix material allows

for the detection of inhomogeneous distribution and the determination of domain

sizes [21]. Due to spin diffusion between all protons in the solid phase, only a sin-

gle common relaxation curve is observed for all proton signals of a homogeneous

matrix domain. As soon as different domains with sizes exceeding approximately

5 nm are formed, it is possible to identify different decay curves for the proton

spin–lattice relaxation ðT1rÞ in the rotating frame. Hereby, phase separations be-

tween a solid matrix and a solid active ingredient may be detected and quantified

[21].

The methods introduced so far allow for the identification of chemical compo-

nents together with their assignment to the liquid and to the solid phase. However,

with nanocapsules, we often deal with two separate liquid compartments: the

continuous (solvent) phase and the encapsulated liquid domain. The widths of the

spectral signals or their development in a cross polarization spectrum does not dif-

ferentiate between the two, as their rotational diffusion is within the same order of

magnitude. The only physical property that differs between the two liquid compart-

ments is represented by the characteristics of lateral self-diffusion. While mole-

cules of the continuous phase undergo almost free self-diffusion, lateral motion of

the encapsulated counterparts is strongly hindered by the capsule walls. Let us as-

sume that we can observe the average lateral dislocation of the molecules in the

liquid phase. If the observation period is very short, the difference between free

and encapsulated becomes almost negligible as the number of molecules that col-

lide with the capsule boundaries is very small. On extending the observation pe-

riod, the number of wall collisions increases and the difference between the inner

and the outer phase becomes increasingly evident. Finally, the residual mobility of

the molecules in the capsule content appears to be identical to the mobility of the

capsules as a whole.

In NMR, this theoretical consideration is experimentally reproduced by applica-

tion of the pulsed field gradient (PFG) technique. In combination with echo se-

quences, like the Hahn or the stimulated echo, it allows the determination of

mean-square displacements over given time intervals D, which can be varied over

a wide range [34–37]. This method has served for the characterization of heteroge-

neous systems such as emulsions [36, 38, 39]. Figure 4.5 shows an example for

the application to poly-n-butylcyanoacrylate nanocapsules [9]. The basic pulse se-

quence (insert in Fig. 4.5) consists of a so-called stimulated echo sequence that pro-

duces a proton echo signal after three pulses of equal duration. In combination

with two gradient pulses (FG) of a given duration ðdÞ, the amplitude of the signal

(and of the corresponding line spectrum) depends on the gradient strength and on

the average lateral dislocation during the gradient pulse spacing D. While the de-

pendence on the gradient strength Gmax allows one to determine the average dislo-

cation pattern, the variable D determines the time window for the observation. The

resonance signals shown in Fig. 4.5 correspond to different liquid or dissolved

components in the capsule system: water, ethanol, triglyceride and the block-

copolymer surfactant. With increasing gradient strength Gmax, the signals of water

and ethanol show rapid decay, indicating free, efficient lateral self-diffusion. The

4.2 Structural Analysis of Nanoparticles 151



signal for the surfactant exhibits a much shallower decay, caused by slower self-

diffusion connected to its much larger molecular mass. An even smaller depen-

dence is observed for the triglyceride signal, which almost stays constant on the

given scale. As the molecular mass of the triglyceride is much smaller than that

of the surfactant, this observation strongly hints that the triglyceride oil is enclosed

inside the capsule walls.

This becomes more evident if the echo decay of the triglyceride signal at 2.1 ppm

is studied under variation of the diffusion time D. Figure 4.6 shows a plot of the

negative logarithmic echo intensity (�ln Irel) vs. the parameter g2G2
maxd

2ðD� d=3Þ,
with g standing for the gyromagnetic ratio of the observed nucleus [9]. This type of

plot yields linear dependencies with slopes identical to the apparent self-diffusion

constant Dapp. Evidently, the resulting apparent diffusion constant strongly depends

on the diffusion time D (Fig. 4.7). For very short observation periods (D < 10 ms),

it comes close to the value of 2:3� 10�11 m2 s�1 found for a bulk triglyceride sam-

ple [9]. On this time scale, we observe local dislocations where the presence of the

capsule walls affects only a small fraction of the oil molecules. Consequently, there

is little difference between the behavior of free and encapsulated oil. On increasing

Fig. 4.5. Set of proton spectra obtained in a

pulsed field gradient experiment on a

dispersion of poly-n-butylcyanoacrylate

nanocapsules. The pulse sequence (insert)

consists of a stimulated echo sequence on

protons combined with two gradient pulses

FG. All signals in the displayed region can be

assigned to liquid or dissolved system

components: water, ethanol, triglyceride and

surfactant. The dependence of signal intensity

on gradient strength ðGmaxÞ indicates lateral
dislocation of the molecules within the given

time window of D ¼ 30 ms. Efficient self-

diffusion leads to strong decays of the signals

for water and ethanol, while those of the large

surfactant molecules and the encapsulated oil

show much smaller dependencies [9].
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Fig. 4.6. Reciprocal echo decay plots for the

triglyceride signal from an aqueous dispersion

of poly-n-butylcyanoacrylate nanocapsules.

Negative logarithmic echo intensities are

plotted vs. the parameter g2G2
maxd

2ðD� d=3Þ as
derived from the triglyceride 1H signal at 2.1

ppm (Fig. 4.5). As typical for restricted

diffusion, the observed slopes depend strongly

on the diffusion time D. Apparent diffusion

constants DappðDÞ are determined from the

slopes of the individual plots (Fig. 4.7).

Fig. 4.7. Dependence of the apparent self-

diffusion constant ðDappÞ of the triglyceride oil

component on the observation time interval D

(diffusion time). For short D, Dapp comes close

to the self-diffusion coefficient of the bulk oil

(D ¼ 2:3� 10�11 m2 s�1, top line). For long

diffusion times, Dapp approaches the diffusion

constant that describes the Brownian motion

of the capsules in aqueous medium

(D ¼ 1:6� 10�12 m2 s�1, bottom line).
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diffusion time, the apparent diffusion constant decreases significantly and finally

approaches the value for the Brownian motion of the capsules in the aqueous dis-

persion (Fig. 4.7) [9]. In this case, the lateral shift of the encapsulated molecules

becomes seriously restricted by the capsule walls. Finally, for D > 50 ms, the posi-

tion of all oil molecules average out in the capsule center and we observe the mo-

bility of the complete capsules.

The similarity between the apparent oil diffusion constant for short time inter-

vals with that observed for the bulk oil can serve as proof that we actually deal

with ‘‘hollow’’ capsules with obviously no diffusion barriers in the internal volume.

This important structural information could hardly have been obtained with other

techniques. In summary, the NMR approach allows chemical identification of the

solid matrix and the external liquid as well as the liquid-encapsulated components.

In addition, it yields data about the molecular dynamics of the system, from which

further conclusions on the particle structure can be derived.

4.3

Phase Transitions of the Particle Matrix

Even if we restrict ourselves to solid particle matrices, we still have to consider

certain varieties of the solid phase. A prominent example is the gel phase formed

by extensively swollen polymers, which is often encountered when particles are

formed by polymer precipitation [40]. This gel phase may be reversibly or irrevers-

ibly transformed into a ‘‘real’’ solid state by removal of the solvent. An example of

an irreversible phase transition is represented by poly-e-caprolactone nanoparticles

formed by the emulsion-diffusion process [20, 41] (Fig. 4.8). Preparation starts

with the polymer being dissolved in the organic phase of an o/w emulsion, the

continuous water phase being saturated with the organic solvent ethyl acetate. In

the next step, the aqueous phase is diluted, causing the ethyl acetate to diffuse

from the droplets into the surrounding water. Hereby, the polymer, which is dis-

solved in ethyl acetate at the maximum concentration, precipitates and forms

nanospheres (Fig. 4.8, left-hand column). In the presence of a hydrophobic oil

component, the process leads to nanocapsules with the oil forming the liquid core

(Fig. 4.8, right-hand column). In both cases, the organic solvent is subsequently

removed by evaporation.

Initially, the solid matrix of the particles consists of a physically crosslinked net-

work that is swollen by water and some residual ethyl acetate. A solid-state 13C

NMR spectrum of the freshly prepared nanospheres (Fig. 4.9, top) reveals a very

high degree of local mobility for the polymer chains. Compared with a solid-state

spectrum of the bulk polymer (Fig. 4.9, bottom), the spectrum of the particles

exhibits relatively narrow lines that are consistent with rotational diffusion on the

microsecond time scale [7]. This means that, on a local scale, most of the polymer

behaves as though in a dissolved state while it still forms the framework of a solid

particle on the sub-micrometer size range. This apparent contradiction is explained
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by assuming a gel state of the polymer induced by a high water content that is

much beyond the value expected from the swelling equilibrium.

On removing the water, an irreversible phase transformation is observed (Fig.

4.10). Careful evaporation under lowered pressure induces the appearance of an

increasing contribution of polymer in the classical solid state. At the same time,

the process is accompanied by a slight decrease in particle diameter [20]. The

transformation is irreversible, as addition of water does not lead back to the gel

state. Alternatively, removal of water from the particle matrix can be induced by

simple freezing of the sample [7, 20]. At all stages of water removal, the amount

of polymer in both phase states can be quantitatively determined by solid-state

NMR [7].

This phenomenon opens up the possibility for an interesting application of gel

particles: the matrix of nanospheres or nanocapsules in the gel state may be re-

Fig. 4.8. Schematic representation of

processes leading to the formation of gel

phase nanospheres (left) and nanocapsules

(right) by the emulsion-diffusion process. Top:

a polymer dissolved in an organic solvent

(optionally containing an oil component, right-

hand column) is dispersed in an aqueous

phase. Center: water is added to the

dispersion, causing the organic solvent to

diffuse into the aqueous phase in connection

with reestablishment of the distribution

equilibrium. Bottom: polymer precipitation is

induced by loss of solvent in the organic

phase, forming gel nanospheres (a) or gel

nanocapsules (b). In both cases, the polymer

becomes physically crosslinked and is swollen

beyond the point that accords with the

thermodynamic swelling equilibrium [7, 20].
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garded as an ‘‘open’’ carrier system, allowing ingredients to diffuse into or through

the matrix. After the particles are loaded, they may be irreversibly ‘‘sealed’’ by a

simple freezing step that turns the gel matrix into a relatively dense, impermeable

solid polymer, a state that is preserved after melting the dispersion. The whole pro-

cess of phase transition of the polymer and encapsulation of an active ingredient

may be conveniently monitored by NMR spectroscopy.

4.4

Adsorption to the Particle Surface

For medical applications of nanoparticles, it is of special interest to elucidate

adsorption phenomena on the external particle surface. The most important adsor-

bent is the surfactant used to stabilize the particle dispersion. Additional compo-

nents, such as encapsulated ingredients, may also adsorb to the particle surface.

Surface adsorption usually means an equilibrium state, where adsorption and de-

sorption processes take place simultaneously at equal rates. NMR offers an experi-

mental approach for the study of adsorption phenomena and the molecular ex-

change connected to a continuous adsorption–desorption process [7, 17].

The use of cross-polarization in solid-state NMR generally favors the spectral

Fig. 4.9. Comparison of a (1H)a13C cross-

polarization spectrum of freshly prepared poly-

e-caprolactone nanospheres (top) with a

corresponding spectrum of the bulk polymer

(bottom). Obviously, the dispersed particles do

not contain organic material in the classical

solid state [7, 20]. A high degree of local chain

mobility leads to narrow signals that can be

assigned to the polymer (P). All other peaks

derive from the surfactant [poly(vinyl alcohol)]

and small amounts of poly(vinyl acetate). The

insert indicates the pulse sequence used.
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contribution of solid constituents. It requires reduced mobility of the molecular

environment and is therefore quite inefficient for dissolved molecules. However,

there is a notable exception: if dissolved molecules become temporarily adsorbed

to a solid surface, they remain relatively immobilized for a time interval in the

millisecond range, which is sufficient to efficiently allow for the polarization trans-

fer, e.g., between protons and carbon nuclei. The small adsorbed fraction is usually

not directly detectable by NMR. However, after the molecules desorb, they again

undergo rapid rotational diffusion and their cross-polarization induced carbon sig-

nal becomes a dominant contribution to the spectrum (Fig. 4.11).

In an aqueous dispersion of poly-n-butylcyanoacrylate nanocapsules, this phe-

nomenon is observed for the block-copolymer surfactant as well as, to a somewhat

smaller degree, for the encapsulated oil [7, 17]. Indications for an unusual mecha-

nism of cross-polarization are obvious from the characteristics of cross-polarization

development. While the solid-state signal of the nanocapsule wall material is al-

ready fully developed after a cross-polarization period of 0.1 ms, the narrow signals

of the triglyceride and the surfactant still gain intensity after 1 ms and reach their

maximum only after 5 ms [7]. After 10 ms of cross-polarization, the polymer signal

is almost fully relaxed, while the signals for the triglyceride and the surfactant re-

Fig. 4.10. (1H)a13C cross-polarization spectra

of dispersed poly-e-caprolactone nanospheres

in different stages of irreversible dehydration.

With the original water content after the

emulsion-diffusion process (a), all polymer

signals (P) indicate a high degree of local

mobility. After removal of ca. 50% of the

swelling water (c), the complete polymer

content has transformed into a rigid state.

Spectrum (b) represents an intermediate

situation [7, 20]. Pictograms on the left

symbolize the corresponding stages of network

formation.
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main constant for more than 30 ms. Such a cross-polarization and relaxation pattern

is quite uncommon and indicates a special mechanism of polarization transfer.

Studies under variation of the spin-lock time have been performed to elucidate

this polarization phenomenon, assuming an adsorption–desorption cycle on the

capsule walls (Fig. 4.12). For comparison, corresponding relaxation curves obtained

under direct excitation have been measured that focus on the triglyceride and sur-

factant molecules in the liquid phase. In this case, all data could be fitted assuming

a mono-exponential decay and long relaxation times between 34 and 79 ms for the

Fig. 4.11. Schematic representation of the

process of (1H)a13C cross-polarization

induced by temporary adsorption of dissolved

molecules to a nanocapsule wall. The degree

of polarization is indicated by the intensity of

the grey shading of the symbol. First, we focus

on a molecule absorbed shortly after an initial

pulse is set to the proton nuclei (a). A spin-

lock pulse may be included at this time to

study spin–lattice relaxation [7, 17] (b). Later,

during the period of adsorption, simultaneous

pulses on 1H and 13C nuclei are adjusted to

fulfill the Hartmann–Hahn condition, which

allows for an efficient (1H)a13C polarization

transfer within the immobilized molecules (c).

Finally, the molecule is desorbed, taking the

strong polarization of the 13C nuclei into the

fluid state, where it can be easily detected [7,

17] (d).

Fig. 4.12. Relaxation curves showing the

dependence of two aliphatic signals of

triglyceride oil (top and center) and a single

aliphatic signal of the surfactant (bottom) on

the duration of a spin-lock period. With direct

excitation experiments (left-hand column),

which focus on molecules in the liquid phase,

the spin-lock period follows the initial pulse on

the protons. All resulting relaxation curves can

be fitted mono-exponentially. For cross-

polarization experiments (right-hand column)

the spin-lock pulse is set before the cp period

(see phase b in Fig. 4.11) and the signal

intensity is observed via the corresponding

carbon signals. The resulting relaxation curves

are bi-exponential and consist of an initial

steep decay, which corresponds to immobilized

molecules (dotted line), and a subsequent

shallow decay that can be assigned to

molecules in the liquid phase (dashed line).

Pulse sequences are indicated schematically at

the top of each column [17].

________________________________________________________________________________G
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triglyceride oil and 131 ms for the strongest signal of the surfactant [17]. With

cross-polarization experiments (right-hand column in Fig. 4.12), the spin-lock

pulse is set prior to the cp period (see Fig. 4.11b) and the signal intensity is ob-

served via the corresponding carbon signals. No significant change in the reso-

nance line shapes is observed during the full course of the experiment [17]. How-

ever, all resulting relaxation curves are distinctly bi-exponential and consist of an

initial steep decay and a following shallow section of the relaxation curve. The

latter is very similar to the results obtained by direct excitation with relaxation

times that differ only slightly from those mentioned above [17]. This part clearly

corresponds to the fraction of molecules in the desorbed state. The initial steep de-

cay is connected to relaxation times of 1–2 ms, which resemble those of the solid

polymer. This contribution obviously reflects the fraction of molecules that are in

the adsorbed state. The complete signal decay curves from the cp experiment can

be analyzed for adsorption–desorption characteristics using a relatively simple ex-

pression for relaxation under molecular exchange [42].

Figure 4.13 summarizes the results of the best fit to the complete set of relax-

ation data. They reveal that the average duration ðtadsÞ of the adsorption step of

an individual molecule is around 1 ms for the surfactant and 3 ms for the oil com-

ponent. The overall signal intensities for both components consist of the signal

Fig. 4.13. System parameters obtained from a

least-squares fit on the data shown in Fig. 4.12,

based on an analytical expression for relaxation

under molecular exchange [42]. tads and tdes
for the triglyceride oil and the surfactant refer

to the average duration of adsorbed and

desorbed states, respectively, of molecules

taking part in the adsorption–desorption cycle.

Pads, Pdes, and Pfree stand for signal

contributions of the adsorbed, desorbed and

‘‘free’’ molecules, respectively. The latter

fraction derives from those molecules in the

liquid phase that do not take part in the

adsorption–desorption cycle during the

observation period.
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fraction Pads of the adsorbed molecules, the signal fraction Pdes of the desorbed

molecules, and finally the fraction Pfree of the molecules that take no part in the

adsorption–desorption cycle during the observation period. Notably, these fractions

are relative signal contributions and do not reflect the actual number of molecules

involved in these processes. The resulting average residence times of molecules on

the particle surface compare well with results on similar systems obtained with

pulsed field gradient NMR [43, 44]. Using comparable non-ionic surfactants, resi-

dence times between 7.0 and 13.4 ms were detected. These values were obtained

with much lower surfactant concentrations than for the results illustrated in Fig.

4.13; it was also shown that the residence time decreases with increasing surfac-

tant concentration. Therefore, the value of 1 ms found for the highly concentrated

block-copolymer on the poly-n-butylcyanoacrylate nanocapsules is within the ex-

pected range.

Principally, cross-polarization NMR (as well as pulsed field gradient experi-

ments) offers another promising experimental approach for the study of adsorp-

tion phenomena on surfaces. In contrast to field gradient techniques where lateral

diffusion is the key parameter, it distinguishes adsorbed molecules from molecules

in the fluid phase by their degree of rotational diffusion. As the immobilized frac-

tion is only observed indirectly after desorption into the fluid phase, it is generally

more sensitive in its detection. However, there is also a significant disadvantage.

As cross polarization is involved, there is no possibility of quantitative analysis of

the adsorbed and desorbed molecules. Conversely, the cp experiment gives access

to the time scale of the adsorption–desorption cycle of all system components.

Such adsorption–desorption phenomena on the nanoparticle surface are of key

importance for the primary physiological response to nanoparticles when applied

to living organisms.

4.5

Molecular Exchange through Nanocapsule Membranes

According to the nomenclature of Kreuter [40], nanocapsules are nanoparticles

that form a shell-like wall, encapsulating a generally liquid content. Nanocapsule

walls can be very thin, with thicknesses down to few nanometers. For polymer

capsule walls, this corresponds to only a few molecular layers. Obviously, this can

not be considered as an impermeable barrier for compounds of small molecular

weight. At the same time, the main purpose of nanocapsules is based on their abil-

ity to separate two fluid domains and to block the diffusion of encapsulated compo-

nents into the continuous phase. Therefore, the capsule wall permeability repre-

sents a key parameter for the characterization of the capsule system.

A very straightforward approach for a physico-chemical determination of the

capsule wall permeability involves fluorescent labels and the use of a dialysis cell.

In many cases, however, transfer through the capsule membranes is too rapid to be

followed in this manner. On these occasions, NMR offers an extremely versatile

and reliable technique for the study of trans-membrane exchange in capsule dis-
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persions. It relies on the fact that free and encapsulated molecules can be sepa-

rated by the characteristics of their lateral diffusion (Section 4.2). This criterion

can be used to follow release processes in a time-resolved manner, similar to ex-

periments using fluorescent labels. In addition, for rapid exchange through cap-

sule membranes, this method offers an especially promising alternative. It allows

for the observation of trans-membrane exchange of a tracer molecule in the equi-

librium state, a method that has been successfully applied to nanocapsules [9], mi-

cellar carriers [45, 46] and vesicles [47].

The basic idea of this experimental approach may be shown by the example of

block-copolymer vesicles [48, 49]. The result of a pulsed field gradient (PFG) mea-

surement on vesicles from poly(2-vinylpyridine-block-ethylene oxide) [47] is repre-

sented in Fig. 4.14. The external as well as the internal domain are completely

identical in their chemical composition and mainly made up from water. Polyeth-

ylene oxide (PEO) molecules of variable molecular mass are used as water-soluble

tracers to sample the permeability of the vesicle membrane. Figure 4.14 displays

four of the resulting echo decay curves (cf. Figs. 4.5 and 4.6), showing dramatic

changes of the exchange pattern depending on molecular mass of the PEO tracer.

All echo intensities were obtained from the proton signal at 3.2 ppm and are

plotted logarithmically in relation to the original echo intensity I0. In the absence

of trans-membrane exchange, interpretation of the plots is quite straightforward.

In general, the steep initial decay corresponds to the free molecules, while the en-

capsulated fraction of the tracer is represented by the subsequent plateau. The level

of the plateau indicates the fraction of encapsulated molecules, e.g., a ln(I/I0) of �4

corresponds to a relative fraction of exp(�4) ¼ 0.0183, which means that 1.83% of

the tracer is in the encapsulated state. The slope of the initial decay is identical to

the negative self-diffusion coefficient of the tracer in the continuous phase, while

the slope of the final plateau is dominated by the (relatively slow) Brownian motion

of the vesicles themselves.

For tracers with high molecular mass (e.g., PEO-1500 with Mw ¼ 1500 g mol�1),

the result of the PFG measurement basically follows this simple interpretation. As

expected from impermeable vesicle membranes, the decay curves show no signifi-

cant dependence on the diffusion time: for D ¼ 15 to 300 ms, the plots are more or

less identical. With both fluid domains strictly separated, the experimental result is

not affected by a change in observation period. This result changes dramatically for

a PEO tracer with Mw ¼ 400 g mol�1. Here, the plateau value decreases with D.

This is due to the relatively high permeability of the vesicle membrane for PEO-

400. With increasing time period ðDÞ, more and more of the initially encapsulated

Fig. 4.14. Experimental and simulated echo

decay curves for a block-copolymer vesicle

dispersion containing poly(ethylene oxide)

tracer molecules of different molecular mass:

PEO-1500 (Mw ¼ 1500 g mol�1), PEO-400

(Mw ¼ 400 g mol�1), PEO-300 (Mw ¼ 300

g mol�1), and PEO-200 (Mw ¼ 200 g mol�1).

Echo intensities are plotted as lnðI=I0Þ vs.
g2d2G2ðD� d=3Þ such that the resulting slope

is equivalent to the negative self-diffusion

coefficient for free diffusion. Calculated curves

(solid lines) are assigned by the symbols on

the right-hand axis. Table 4.1 lists the

parameters for the simulated curves [47].

H_________________________________________________________________________________
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PEO molecules will be exchanged with those from the external domain, which

already have suffered a large lateral dislocation. Therefore, the resulting slope is

determined by a certain mix of the external self-diffusion constant, the apparent

constant for the restricted diffusion in the confined space and the Brownian

motion of the vesicles. The influence of the exchange is increasingly relevant with

increasing observation period D. As expected, this dependence is even more domi-

nant for PEO-300 and PEO-200, with Mw ¼ 300 and 200 g mol�1, respectively.

Finally, with PEO-200 and D ¼ 300 ms, the rapid exchange does not allow for an

experimental distinction between external and encapsulated tracer molecules and

the encapsulated fraction is not detectable.

All in all, detailed analysis of the PFG data yields extensive information on the

exchange characteristics of the different tracer molecules. However, such an analy-

sis is not always straightforward. For very small nanocapsules where, to a first ap-

proximation, the internal diffusion may be neglected it is possible to use an analyt-

ical approach for molecular exchange between two domains with different signal

decay properties [9, 45, 46], similar to that developed for magnetic relaxation [42].

If internal self-diffusion of the encapsulated tracer is significant, restricted diffu-

sion within the nanocapsules has to be accounted for. Analysis of PFG NMR mea-

surements for restricted diffusion in a spherical confinement has been treated

analytically [50–52]. However, in combination with molecular exchange through

the capsule walls, there is no simple solution to this problem [53]. This again

asks for a numerical analysis approach that is once more based on a finite element

approximation [7, 47]. In this case, the external as well as the internal volume is

segmented into small finite elements in space along the axis of the field gradient.

Lateral diffusion is then approximated by an exchange of spins between adjacent

space elements with rates defined by the diffusion constant. An additional spin ex-

change between space elements for the internal and those for the external domain

accounts for the simultaneous transfer of molecules through the capsule walls

[47]. Except for the exchange of spin contributions, all processes are assumed to

be in steady state equilibrium, therefore the net flow during the simulated tracer

diffusion is zero.

The result of a simulated best fit to the experimental data is shown by solid lines

in Fig. 4.14 [47]. Basically, all plots for a given PEO tracer are fitted by a single pa-

rameter that is the average exchange rate constant kex. The encapsulated fraction

xin of the tracer, which is identical to the partial volume of the vesicles, can be de-

termined from the echo decay plots as well as by independent measurements. The

complete set of simulation data (including one for PEO-600, which is not shown in

Fig. 4.14) is listed in Table 4.1. As expected, the trans-membrane exchange rate

decreases with increasing molecular mass of the tracer. For the given mass range,

the rates vary between 0.05 and 1.6 s�1, which is equivalent to half-life times of the

encapsulated state between 13.8 s and 430 ms. Of course, all molecules that leave

the encapsulated domain are simultaneously replaced by molecules from the exter-

nal domain in an equilibrium exchange. With exchange rates in the given range,

the equilibrium state between the internal and the external domain is sufficiently

established within minutes after addition of the tracer. So the actual experiment is
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kept quite simple: the tracer is added to a given vesicle dispersion, the PFG-NMR

experiment is started after a waiting period of approximately one hour. After com-

pletion of the measurement, the tracer A can be removed by successive washing/

dialysis cycles and be replaced by a tracer B.

A systematic study of wall permeability using a series of tracers plays a signifi-

cant role in a general characterization of capsule membranes. For block-copolymer

vesicles, it is used to understand the mechanism of the molecular transfer through

the vesicle walls. Figure 4.15 shows a logarithmic plot of the average exchange con-

stant kex vs. hydrodynamic radius of the PEO molecules in aqueous solution [47].

For molecular masses between 200 and 600 g mol�1, the plot shows a roughly lin-

ear dependence between log kex and the hydrodynamic radius. Based on the Arrhe-

nius law, this indicates that the activation energy of the molecular transfer through

the vesicle membrane is proportional to the radius of the molecule. Possibly, the

energy barrier for the transfer is connected to a local disruption of the membrane

Tab. 4.1. Simulation parameters used for the numerical reproduction of the echo decay curves

shown in Fig. 4.14 (including data for PEO-600) [47].

Tracer molecule Approx. molar mass

(g molC1)

Encapsulated

fraction (xin)

Exchange rate

(kex ) (s
C1)

PEO-200 200 0.022G 0.001 1.6G 0.2

PEO-300 300 0.023G 0.001 0.85G 0.05

PEO-400 400 0.0205G 0.001 0.38G 0.02

PEO-600 600 0.015G 0.001 0.075G 0.01

PEO-1500 1500 0.028G 0.001 0.05G 0.01

Fig. 4.15. Logarithmic plot of rate constants

ðkexÞ for the trans-membrane exchange (Table

4.1) vs. hydrodynamic radii of PEO tracers in

aqueous solution. For molecular masses

between 200 and 600 g mol�1, the dependence

of log kex on hydrodynamic radius is nearly

linear, indicating that the activation energy for

the membrane transfer is proportional to the

size of the molecule [47].
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– one that grows linearly with increasing size of the tracer molecule. Obviously, the

tracer PEO-1500 does not obey this rule. This could be linked to a specific unfold-

ing mechanism necessary for the transfer of larger molecules. In general, the use

of tracers under systematic variation of size, polarity, conformational flexibility etc.

leads to specific information on the membrane characteristics. Such information is

crucial for the capsule design in order to optimize the stability, permeability and

release properties.

4.6

Particle Degradation and Release

The final steps during the life cycle of a particulate carrier system usually consist

in the release of the active ingredients and, more or less simultaneously, degrada-

tion of the particles. Given the ability of NMR to distinguish between chemical

components that are embedded in nanospheres, confined in nanocapsules or part

of the continuous phase, it is not surprising that it gives easy access to release pro-

files. In general, all techniques described in Section 4.2 can be applied in a time-

resolved manner; therefore, NMR represents an efficient method to follow struc-

tural changes such as the release of an active ingredient over time.

Figure 4.16 shows an example of a simple time-resolved measurement on poly-

electrolyte nanospheres containing poly(ethylene oxide) as a model ingredient [54].

After dispersion in an aqueous environment, the directly-excited 1H signal of the

PEO is followed over time in occasional measurements. While the solid PEO in-

side the nanospheres is practically invisible under these conditions, it is possible

to determine the amount of dissolved PEO by detecting the integral of the single

Fig. 4.16. Time-resolved observation of the 1H signal of the

model compound PEO incorporated in polyelectrolyte

nanospheres. The signal is obtained under direct excitation,

therefore only the released fraction of PEO is detected as a

function of time after the addition of water at t ¼ 0.
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1H peak at 3.2 ppm. In direct excitation, the signal integral is strictly proportional

to the quantity of the observed component. In the given case, the variation in peak

intensity over time clearly shows a phenomenon that was quite undesired: on addi-

tion of water, the system undergoes a burst release of @90% of the model active

ingredient within the first 3 min. The residual 10% of the PEO then slowly escapes

into the fluid phase within the following 20 h. This observation yields the release

profile, but also gives a certain clue about the particle structure. Most probably, the

largest part (90%) of the PEO is loosely adsorbed onto the particle surface; only

about 10% seems to be integrated into the particle matrix.

The solid matrix of nanospheres and nanocapsules is subject to various degrada-

tion processes. They make take place during storage as well as during their in vivo
application and may be connected to chemical as well as physical phenomena.

They all affect the solid contribution to the magnetic resonance spectrum, so cross

polarization is a promising technique to study particle degradation. However, some

mechanisms of matrix decay also lead to the formation of low molecular weight

components in the liquid phase. In this case, the direct excitation approach is espe-

cially suitable. Of course, both experimental methods can be combined to yield a

complete analysis of the degradation process.

Figure 4.17 shows an example for such an analysis on an aqueous dispersion of

poly-n-butylcyanoacrylate nanocapsules. It refers to thermal decomposition of the

dispersion induced by storage for 3 h at different temperatures (50, 100, 130 �C)

[55]. As mentioned before, the cp spectra (left-hand column of Fig. 4.17) focus on

the solid matrix of the capsules. While the broad solid-state spectrum is virtually

unchanged after treatment at 50 �C (a), it shows increasing loss in intensity after

storage at 100 �C (b) and completely disappears after 3 h storage at 130 �C (c). The

narrow peaks assigned to the triglyceride and the surfactant remain visible but

suffer significant losses at higher temperatures. Their residual cp signal intensity

corresponds to the fraction Pfree (Fig. 4.13), which is independent of polarization

transfer on the particle surface. Clearly, the solid-state components have vanished

after 3 h treatment at 130 �C. Since obviously no new solid phase has been gener-

ated, the material that originally formed the solid matrix has to show up in the

liquid phase. Traces of it can be seen in the directly excited spectrum (right-hand

column in Fig. 4.17) after heat treatment at 130 �C (c, arrows). Figure 4.18 shows a

scaled-up comparison between the ‘‘new’’ signals (top) and the counterparts from a

spectrum of the monomer n-butylcyanoacrylate (bottom). Obviously, these ‘‘new’’

signals show up near corresponding peaks expected for the product of depolymeri-

zation. The slight deviations for the chemical shifts of 1 to 3 ppm may derive from

differences in the chemical environment: the reference spectrum was taken in

CDCl3 as a solvent, while the depolymerization product was dissolved in an aque-

ous environment containing some residual ethanol. Hence, the loss in solid poly-

mer seems to be accompanied by the appearance of monomer in the fluid phase.

This indicates that the matrix has been subject to a thermally induced depolymeri-

zation that finally leads to complete disintegration of the particles.

At this point, two varieties of particle defragmentation are possible: (a) depoly-

merization of the matrix could cause the capsule to separate into smaller solid
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Fig. 4.17. Proton-decoupled 13C spectra of

aqueous dispersions of poly-n-

butylcyanoacrylate nanocapsules after heat

treatment for 3 h at (a) 50 (b) 100 and (c)

130 �C. Wide lines in the (1H)a13C cross-

polarization spectra (left-hand column)

indicate the loss of solid matrix material at

higher temperatures. The superimposed

narrow signals derive partially from adsorption

of liquid components to the capsule walls, and

partially from the residual cp in the liquid

phase. Direct excitation spectra (right-hand

column) show the liquid and dissolved

components and, for T ¼ 130 �C (c, arrows),

indicate the formation of a depolymerization

product (Fig. 4.18). Inserts: pulse sequences

used for cross-polarization and direct

excitation experiments.

168 4 NMR Characterization Techniques – Application to Nanoscaled Pharmaceutical Carriers



fragments or (b) the capsule could essentially preserve its spherical geometry while

the capsule wall corrodes and finally disappears. In the first case, the smaller solid

fragments should lead to an increase in the tumbling rate, leading to a correspond-

ing narrowing of the cp resonance lines of the solid-state spectrum. Figure 4.19

shows that this is clearly not the case: direct comparison of the spectra after an-

nealing at 100 and 130 �C shows that the solid line shapes are virtually identical –

no indications for a motional narrowing of the cp signal are found. This leaves the

second alternative: while suffering increasing material loss, the capsule sphere pre-

serves its overall geometrical shape and therefore keeps its original low tumbling

rate.

One of the principal advantages of decomposition studies based on NMR detec-

tion is its variability for chemical and physical conditions. The NMR experiment

can be performed under a wide variety of thermal, chemical or other influences

on the sample during the time-resolved observation. At the same time, the impact

caused by the static NMR measurement itself is insignificant, which allows for un-

disturbed and extended measurements over long periods.

Fig. 4.18. Comparison between enlarged

sections of direct excitation 13C spectra

obtained on poly-n-butylcyanoacrylate

nanocapsules after heat treatment for 3 h at

130 �C (top line) and on a solution of n-

butylcyanoacrylate in CHCl3 (bottom line). The

‘‘new’’ signals a–d can be assigned to traces of

monomer resulting from depolarization of the

capsule matrix. The obvious variation of the

chemical shifts could result from the different

solvent environments. Inserts: signal

assignments and pulse sequence used for

direct excitation.
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4.7

Summary and Outlook

This selection of NMR experiments on nanoparticles is meant to show the power

of NMR in this field. Unlike any other analytical technique, it combines a distinctly

non-invasive character with the ability to analyze for a chemical composition as

well as for local mobility of individual system components. Its main disadvantages,

most prominently represented by its relatively low sensitivity and the time con-

suming acquisition of experimental data, can be overcome by a suitable choice of

pulse sequences and experimental conditions. Applied to nanoscaled pharmaceuti-

cal carrier systems, it gives access to several important structural details and

system parameters. Table 4.2 gives an overview of various experimental NMR tech-

niques that are suitable for studies focusing on different particle characteristics.

Evidently, this scheme is by no means complete, but it may serve as a starting

point to elucidate further approaches in NMR in this field.

One new technique that is presently under development may serve as an exam-

ple: Studies are in progress that focus on the characterization of magnetic nanopar-

ticles in liquid dispersion (magnetofluids) [56–61] used for medical applications,

e.g., for the magnetically controlled local application of drug-loaded organic car-

riers. Here, the local perturbation of the magnetic field caused by the nano-sized

magnets is detected by the observation of spins in the solid or fluid environment

of the particles. It is used to characterize system parameters such as the magne-

tism of the particles and their distribution in space. The particle-induced magnetic

perturbation may also be used in the opposite sense: by creating a very strong local

field gradient it could allow for the observation of lateral molecular mobility on a

very small scale. As for many other approaches of this kind, analysis of such exper-

imental data requires a numerical simulation procedure that accounts for the local

structures on the nanometer scale. Such algorithms are being developed based on

the idea of small-scale susceptibility effects [61].

Fig. 4.19. Comparison between enlarged

sections of cross-polarization spectra of

dispersed poly-n-butylcyanoacrylate

nanocapsules after heat treatment for 3 h at

100 and 130 �C. The spectrum for 130 �C has

been vertically expanded to match that for 100
�C in its solid-state contribution. Both solid-

state line shapes (superimposed by narrow

signals for the triglyceride and surfactant) are

virtually identical. For the solid matrix, no

motional narrowing is detected that would

indicate the formation of smaller fragments

with increased tumbling rate. Insert: pulse

sequence used for the cp measurement.
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5

Characterization of Nano Features in

Biopolymers using Small-angle X-ray Scattering,

Electron Microscopy and Modeling

Angelika Krebs and Bettina Böttcher

5.1

Introduction

Biological molecules and systems have several attributes that make them highly

suitable for nanotechnology applications. For example, proteins fold into precisely

defined three-dimensional (3D) shapes, and nucleic acids assemble according to

structural rules. Antibodies are highly specific in recognizing and binding their

ligands, and biological assemblies such as molecular motors can perform transport

operations. Because of these, and other favorable properties, they are ideal for

applications in nanotechnology. Gaining structural information of such complexes

is crucial for understanding their functionality and for their successful incorpora-

tion in nano technologies.

Various techniques are available that provide information at various degrees of

reliability and detail. Protein crystallography and multidimensional NMR are well-

established methods that provide models of biological macromolecules on an

atomic scale. With small-angle X-ray scattering the structure of macromolecules

in solution can be investigated. Typical samples range from small proteins (from

5–10 kDa) to multi-domain proteins and protein complexes (up to MDa). The scat-

tering data are sensitive to domain orientations and conformational changes and/

or flexibility as well as to molecular associations; atomic resolution, however, will

not be achieved. The technique is most powerful when used as a complementary

tool with other structural techniques, such as three-dimensional electron micros-

copy (3D-EM). Three-dimensional image reconstructions from electron micro-

graphs have become important in recent years, because near atomic resolution

has been achieved with cryo-EM for several important systems. At the moment,

low-resolution EM structures are obtained almost routinely for complex biopoly-

mers and this information can be used advantageously in combination with other

methods. One example is the merging of complex structures determined by EM at

medium resolution with high-resolution crystal structures of their components.

Another possibility, which is the scope of this chapter, is the merging of structural

information obtained by EM with information obtained from SAXS.

After a general introduction to SAXS and EM, this chapter explains how both
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methods together can be used successfully to gain structural information on the

nanoscale.

5.2

Small-angle X-ray Scattering

Small-angle X-ray scattering is a well-established technique for structural investi-

gations of proteins on the nanometer length scale (1–300 nm), having its origins

more than 50 years ago [1–4]. Recently, biological SAXS has gained additional

importance, mainly due to outstanding hardware and software development. Very

important in this context are new SAXS instruments and advanced methods to

analyze SAXS data from macromolecular solutions (e.g., ab initio low-resolution

structure analysis and rigid body refinement). Common applications in nano-

technology are the investigation of micro-emulsions or liquid crystals, the particle

sizing of suspended nano-powders or investigations concerning structural infor-

mation of polymer films and fibers. Applications in life science and biotechnology

mainly deal with proteins, viruses and DNA complexes, whereby the border be-

tween nanotechnology and life science constantly diminishes.

5.2.1

Scattering Technique

5.2.1.1 Scattering Phenomenon

X-rays are photons with wavelengths in the range 0.1–100 Å and, depending on the

frequency of electromagnetic waves, different interactions with matter are observ-

able. They are usually generated by bombarding a target with electrons of energies

of 10 000 eV or more. Upon collision, these high-energy electrons can knock elec-

trons out of the target atoms, leaving vacancies in atomic shells. If, for example, a

vacancy is produced in the innermost (K) shell of an atom, it rapidly will be filled

by an electron descending from the next (L) shell, or one from the one after that

(M). The photons emitted as a result of these transitions are the X-rays; they vary

in wavelength according to the path of the electron. Copper is commonly used as a

target, where CuKa radiation is emitted by electrons propagating from the L to the

K shell and CuKb is the radiation emitted by an electron changing from the M to

the K shell.

X-rays interact with matter in different ways, i.e., absorption, elastic and inelastic

scattering (Fig. 5.1). Elastic scattering is the basic event for X-ray scattering tech-

niques. There, the incident X-ray photons undergo perfectly elastic collisions with

the electron, leaving their energy unchanged and leading to radiation propagating

away from the sample in all directions [1, 3–5].

The event behind that is the following: When a beam of electromagnetic radia-

tion strikes an electron, some of the energy is momentarily absorbed and the elec-

tron becomes displaced from its unperturbed position due to the force exerted on it

by the electric field. As a result, the electron is set into periodic motion with a fre-
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quency equal to that of the exciting radiation. Since, according to the Maxwell

equations, any accelerating or decelerating charge must radiate an electromagnetic

wave in all directions and since the radiations reemitted by the electron has the

same frequency as the exciting radiation, the experimental observation gives the

impression that the incident radiation is scattered in all directions by the electron.

Thus the electrons can be considered as centers of secondary waves and the wave-

length of the incident and the scattered radiation is the same (elastic scattering).

The amount of scattering is described by the Thomson equation [Eq. (1)], which

states that scattered intensity from a single independent electron IðyÞ is given by:

IðyÞ ¼ I0
e4

m2
0 c

4a2
1þ cos2ð2yÞ

2

� �
ð1Þ

where e is the electronic charge, m is the mass of the electron, c is velocity of light, a
is the sample–detector distance and 2y is the scattering angle. The product e4=m2

0 c
4

is known as the electronic scattering factor (also termed electron-scattering cross

section and Thomson’s constant), and the quantity in parentheses is known as po-

larization factor. The angle y is defined as one-half the angle of deflection of the

incident beam relative to the scattered beam. In so-called reciprocal space the scat-

tering vector h (nm�1) is usually used [Eq. (2)], where with l is the wavelength.

h ¼ ð4p=lÞ sin y ð2Þ

Fig. 5.1. Scattering phenomenon. When a

beam of electromagnetic radiation strikes an

atom it is mainly the electrons that react.

Some of the energy is momentarily absorbed

and the electron becomes displaced from its

unperturbed position due to the force exerted

on it by the electric field. As a result, the

electron is set into periodic motion with a

frequency equal to that of the exciting

radiation. Since, according to the Maxwell

equations, any accelerating or decelerating

charge must radiate an electromagnetic wave

in all directions, and since the radiation

reemitted by the electron has the same

frequency as the exciting radiation,

experimental observation gives the impression

that the incident radiation is scattered in all

directions by the electron.
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While scattering from a single electron is extremely weak, in real systems, such as

a protein in aqueous solution, we measure the total scattering from all electrons in

the irradiated volume (which is of the order of 0.1 mL). Since the dimensions of

macromolecules are always large relative to the wavelength of the incident X-ray

radiation, interference occurs between the radiation scattered from individual elec-

trons. Thus the spatial distribution of electrons in one molecule leads to several

secondary waves that are able to interfere. The phase difference of the scattered

waves depends on the path distance of the electrons in the molecule. This path

difference increases with larger scattering angles and is the cause of diminishing

scattering at larger angles. At very large scattering angles the scattered intensity is

0. This is why we observe small-angle X-ray scattering.

5.2.1.2 Scattering Curve and Pair Distance Distribution Function

In general, because electrons are not localized, it is better to describe an electron

density rðrÞ in a volume element dV; the scattering then is proportional to

rðrÞ dV . Therefore, for a continuous electron distribution, the sum of all secondary

(scattered) waves e�ihr is replaced by an integral [Eq. (3)].

FðhÞ ¼
ð

V
rðrÞe�ihr dV ð3Þ

The integral is over the entire sample. This equation is the single fundamental

equation that governs all X-ray scattering and diffraction. If the electron density

distribution rðrÞ of a sample is known, one can compute the structure factor,

and from this one can compute the expected X-ray scattering for all scattering

geometries.

In solution small-angle X-ray scattering, however, the information contained in

the 3D electron-density distribution rðrÞ, which describes the whole structure of

the particle, is reduced to a one-dimensional distance distribution function pðrÞ,
because the particles we measure are non-oriented in solution. [For solution

scattering rðrÞ stands for the difference in electron density between sample and

solvent.] The pðrÞ function is proportional to the number of lines with length r
that connect any volume element i with any volume element k of the same particle.

The spatial orientation of these connection lines is not important and the connec-

tion lines r are weighted by the product of the number of electrons situated in the

volume elements i and k respectively. Each distance between two electrons of

the sample as part of the function pðrÞ leads to an angular dependent scattering

intensity. This physical process of scattering can be mathematically expressed by a

Fourier transformation that defines how the information in real space (distance

distribution function) is transferred into reciprocal space (scattering function) [Eq.

(4)], with gðrÞ as a measure of the probability of finding two points with the dis-

tance r within the particle of interest (correlation function).

IðhÞ ¼ 4p

ðy

0

gðrÞr 2 sin hr

hr
dr ð4Þ
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The correlation function can be calculated from the scattering intensity using a

Fourier transform [Eq. (5)].

gðrÞ ¼ 1

2p2

ðy

0

IðhÞh2 sin hr

hr
dh ð5Þ

With pðrÞ ¼ gðrÞr 2 one can calculate the pair distance distribution function from

the scattering intensity according to Eq. (6).

pðrÞ ¼ r 2

2p2

ðy

0

IðhÞh2 sin hr

hr
dh ð6Þ

5.2.1.3 Determination of Scattering Parameters

SAXS parameters, such as the radius of gyration RG, maximum particle size Dmax,

volume V and molecular weight MW can be determined directly from the scatter-

ing behavior of the sample. In the following the procedures are outlined briefly:

(a) The radius of gyration, RG, i.e., the root-mean-square of the distances of all

the electrons of the particle from its center of electronic mass, is a characteristic

geometric parameter of any particle. It can be determined according to a Guinier

plot [ln IðhÞ vs. h2] [Eq. (7), with Ið0Þ as scattering intensity at zero angle].

IðhÞ ¼ Ið0Þe�ðh2RG
2=3Þ ð7Þ

Another way is to use the information given by the distance distribution function

[Eq. (8)].

RG ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiÐ
V rðrÞr 2 dV
Ð
V rðrÞ dV

s

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

Ð
V rðrÞr2 dr
Ð
V pðrÞ dr

s

ð8Þ

(b) The maximum diameter Dmax of a particle can be determined by a linear dia-

gram of pðrÞ vs. distance r. Dmax is then given by the crossover of the pðrÞ function
with the x-axis.
(c) The hydrated volume can be assessed according to Eq. (9), with Q ¼Ð
IðhÞh2 dh being the invariant according to Porod.

V ¼ 2p2 Ið0Þ
Q

ð9Þ

(d) Finally, the relation of the scattered intensity to the primary intensity is a mea-

sure of the molecular weight of the biological sample [Eq. (10)].

MW ¼ Ið0Þa2

NATeP0ðz2 � n 02r1Þ
2 dc

ð10Þ
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where P0 is the primary intensity of the X-ray beam, NA is the Loschmidt number,

Te is the Thomson factor, (7:9� 10�26 cm2), z2 is the number of electrons per

gram of the soluble sample in (mol g�1), r1 is the electron density of the solvent

in (mol mL�1), n 02 is the isopotential specific volume in (mL g�1), d is the thickness

of the sample in cm, and c is the concentration (g mL�1).

5.2.1.4 Experimental Setup

With solution SAXS it is possible to study monodisperse as well as polydisperse

systems. For monodisperse systems one can determine size, shape, interparticle

interactions and internal structure of the particles. For polydisperse systems a size

distribution can be calculated under the assumption that all particles have the

same shape. In the SAXS experiments, the sample is irradiated by a well-defined,

monochromatic X-ray beam (Fig. 5.2).

There exist laboratory instruments based on more conventional sources and

synchrotron-based instrumentation. Synchrotron radiation sources with their in-

tense brightness and natural collimation are ideal because biological materials are

very poor scatterers. There is always some form of beam shaping required to main-

tain the small cross-section in going from the source to the sample and to reduce

distortions from parasitic scattering from whatever obstacles, including air, are

encountered. This is where much of the experimental effort is required and

additional mathematical corrections take care of the non-ideal circumstances of

a normal scattering experiment. A sample stage that may or may not involve

heating/cooling elements then follows, ideally all within an in-vacuum path. No

preparation such as staining of the material is required (in contrast to EM), and

thicknesses of the biological sample between 1 and 3 mm are usually sufficient.

Most commonly, small vials are used. As shown here the SAXS technique is

performed in transmission mode. An extended sample–detector distance is usu-

ally required to give the barely scattered photons room to spread out from the

main beam and also to reduce the detected X-ray background. Finally, a propor-

tional counter, a scintillation counter, or a position sensitive detector, ideally two-

dimensional, is required to measure the scattered intensity. As can be seen here,

the black spot would be the beamstop that is absolutely essential to block the

Fig. 5.2. Typical SAXS experiment.
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main beam. To reduce errors, measurements are performed repeatedly, because

the statistical error is inversely proportional to the square root of the counts.

5.2.2

Interpretation of Data

5.2.2.1 Direct Methods

Interpreting SAXS data can be very difficult, unless one is very lucky and the sam-

ple fits one of the many idealized models developed over the years. Regular wide-

angle X-ray scattering tends to focus on the location, width, shifts, etc. of Bragg

peaks that arise from crystalline lattice structures. One can still observe Bragg

peaks in SAXS but these will result from regular spacings that are of the order of

hundreds of angstroms. Most of the time, however, the observed curves tend to be

apparently featureless.

Direct methods of analysis give us information based on interpretation of the

clean (background corrected) data with no further manipulation [6]. All of these

parameters are based on well-defined assumptions, such as the existence of uni-

form density within our particle, uniform density in the background, sharp in-

terfaces between the two, etc.

At very small angles, the slope of the scattering in the so-called Guinier region

(Fig. 5.3) can be used to get an idea of the radius of gyration of any distinct

structure [see Eq. (7)]. For unisometric particles the radius of gyration of the

cross-section and the radius of gyration of the thickness can be determined with

equations similar to Eq. (7) (for further details see Ref. [4], p. 155). At higher an-

gles, if we have a system of relatively identical particles, dilute enough for there to

be no interactions, we may be able to see broad peaks that give us information on

Fig. 5.3. Scattering curve and SAXS model from a biopolymer

on the nanometer scale (hemoglobin from the earthworm

Lumbricus terrestris).
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the shape of the particles. At still higher angles, the so-called Porod region, the

shape of the curve is useful in obtaining information on the surface-to-volume

ratio of the scattering objects. This can also be used to gain information on the

dimensions of our scattering particles. The area under the curve gives us the in-

variant, which is a measure of how much scattering material is seen by the beam

and allows us to estimate the hydrated volume according to Eq. (9). The volume is

a very important parameter, which we can determine with SAXS [the scattering

amplitude is well defined according to Eq. (1)], whereas this is not easy in EM.

Changes in the invariant can be used, for instance, to monitor the crystallization

process in polymer materials. Finally, the shape of the pðrÞ function gives addi-

tional information on the size and overall structure of the particle as well as the

maximum diameter. Thus we gain useful information rather quickly by careful

analysis of the scattering behavior of the particle (Table 5.1).

5.2.2.2 Indirect Methods

For further interpretation purposes, it may be helpful if we propose specific struc-

tures and simulate their scattering behavior. The model-scattering data are then

compared with the experimental data and the fit is a measure of the quality of the

proposed structure. This approach, however, tends to imply that we already know

the answer. Another possibility, therefore, if we don’t really have any clear order to

base our interpretation on, would be to assume a strongly disordered structure and

to change this structure as long as it takes to gain a similar scattering behavior of

the model and the experiment. This then is the basis of any indirect interpretation.

In recent decades, various indirect modeling techniques have been described, in-

cluding simple whole-body approaches, multi-body procedures and advanced ab
initio modeling techniques (Fig. 5.4) (for summaries see Refs. [7, 8]).

Tab. 5.1. Experimental SAXS data and model data of Lumbricus terrestris hemoglobin.

Lumbricus terrestris hemoglobin

Experimental

SAXS data.[a]
SAXS

‘‘consensus

model’’[b]

EM model

‘‘expected

volume’’[c]

EM model

‘‘hydrated

volume’’[d]

RG (nm) 10:71G 0:02 10:68G 0:04 11.30 10.73

Dmax (nm) 29:37G 0:21 29:61G 0:05 29.39 29.03

V (nm3) 6200G 200 6200G 400 4500 7200

MW (MDa) 3:5G 0:2

Number of spheres 6844 11671 23021

Radius of spheres (nm) 0.66 0.45 0.426

aExperimental data are taken from Ref. 90.
bMean values and standard deviations result from averaging the 22

models included in the consensus model shown in Fig. 5.3.
cThreshold ¼ 171, voxel-size ¼ 0:726� 0:726� 0:726.
dThreshold ¼ 115, voxel-size ¼ 0:687� 0:687� 0:687.
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Conventional Whole-body and Multi-body Modeling Approaches As a first approxi-

mation, biopolymers can be modeled as spheres, prolate or oblate ellipsoids or tri-

axial bodies with unequal axes. Approaches along this line are called whole-body

modeling [9–11]. They consider hydration contributions by using experimental

molecular properties such as the hydrated volume, V, which can be directly ob-

tained by SAXS (see above). The surface of whole-body models is entirely smooth

and therefore whole-body approaches are not used to determine structural details

on the nanoscale.

For nano-applications the use of an assembly of spheres (beads) instead of a

single geometrical body seems appropriate, e.g., Refs. [7, 12–18], because proteins

and other types of biopolymers are often composed of various constituents. In

multi-body modeling approaches the target experimental profile is simulated by a

finite element method (‘‘bead modeling’’) and we can either use a small number of

objects (each object would then simulate a subunit of the whole protein complex

under investigation) or a large number of small spheres (in that case the spheres

might be chosen to represent single amino acids or slightly larger details of the

nano particle). Model scattering curves are usually calculated by means of Debye’s

formula [4].

Fig. 5.4. Modern SAXS modeling techniques.
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An example of a two-step multi-body approach is the consensus model of a giant

multisubunit protein complex with a diameter of about 30 nm; this complex with a

molecular weight of about 3600 kDa and an overall D6 symmetry [19, 20] is re-

sponsible for oxygen transport in the earthworm Lumbricus terrestris (Fig. 5.3).

Due to considerable differences in mass estimations, the exact stoichiometry of

the components was unclear for a long time [21, 22]. Two models have been pro-

posed to explain the architecture of Lumbricus Hb: The first consists of 24 octa-

meric subassemblies of globin chains and 24 linker chains [23]. In the second,

the so-called ‘‘bracelet model’’ [21, 24–26] 12 dodecameric 200 kDa subunits, each

composed of 3 monomeric and 3 trimeric heme-containing globin chains, and 36

heme-deficient linker chains form the HBL complex with a total mass of about

3.6 MDa. Several 3D reconstructions from cryo-EM have been presented [27–29]

and the crystal structure at 5.5 Å resolution has been published [30], revealing an

organization of 144 oxygen-binding hemoglobin subunits and 36 non-hemoglobin

linker subunits, similar to the bracelet model.

Solution SAXS studies and subsequent multi-body modeling led to the consen-

sus model, which consists of 6844 spheres of equal size (radius 0.66 nm) but un-

equal weight. In the first step, about 600 different models, all biased to represent

the biopolymer structure in eclipsed arrangement (top and bottom half exactly on

top of each other), were generated by trial and error and tested for equivalence in

scattering with the protein complex. In the second step, the 22 best-fitting models

were superimposed and averaged, a procedure that resulted in spheres of different

weights according to the different occupation densities of positions [18]. No struc-

tural bias other than hexagonal symmetry (known from early EM studies) was

imposed in the model calculations. The model shown here is an early example of

generation of a SAXS model that allows us to determine better and worse defined

areas of the model. This is an important step to produce more reliable SAXS

models. The scattering behavior of this model is compared with the experimental

data in Table 5.1.

Structure Reconstruction by Ab Initio Modeling Approaches A fascinating aspect of

modern evaluation procedures for SAXS data is the possibility to establish ab initio
reconstructions of low-resolution biopolymer shapes [7, 31–35], even without re-

sorting to any kind of spatial information. Among these highly advanced methods,

in particular the approaches based on simulated annealing [36–38], a genetic algo-

rithm [39], Monte-Carlo approaches [40, 41] or a molecular-dynamics algorithm

[42] need to be addressed.

In the simulated annealing approach [37] models from densely packed dummy

atoms (beads) are established. Each dummy atom is ascribed either to the particle

or the solvent. Starting from a random initial configuration in a chosen search

space (in general a sphere of diameter exceeding slightly the particle diameter, or

a chain-like ensemble of dummy residues to mimic the backbone of the protein

structure and dummy water molecules to simulate hydration), simulated annealing

is used as a global minimization algorithm to find a configuration matching the

SAXS data. In the beginning symmetry information or other information on the
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shape of the particle (from other methods, such as EM) may be introduced to in-

crease the reliability of the generated models.

Using the genetic algorithm the scattering curves may also be iteratively fitted

[39, 43]. There, a population of genes codifying a given mass distribution on a hex-

agonal lattice in a confined volume (e.g., an ellipsoidal search space of selected di-

mensions) is randomly generated. From each genotype the obtained model struc-

ture is compared to the observed SAXS data (by calculating the scattering profile of

the model body by the Debye approach) and a fitness criterion is used to generate

the next population by genetic operators (crossover and mutation), until, as a con-

sequence of the selection pressure, the system converges, i.e., the best-fitting

model is found. The fitting starts with a low number of large spheres and uses,

incipiently, only the innermost portion of the scattering curve; during the run, the

size of the spheres is gradually scaled down and the limit of resolution is increased

by addition of further portions of the scattering curve. Monte Carlo approaches add

and remove beads on a lattice until an optimum fit to the experimental SAXS pro-

file is reached and the value of the score is at its minimum [40, 41].

In general, a thorough analysis to develop a structural model from SAXS data

requires the execution of multiple runs for each condition chosen (e.g., bead ra-

dius, i.e., resolution) to avoid misinterpretations owing to unfavorable or ill-posed

calculation conditions. A comparison of the results requires visualization, align-

ment and superimposing of the obtained models, followed by some kind of averag-

ing and filtering. In any case, the resultant models cannot guarantee absolute

uniqueness. In particular, for very complex structures or if considerable particle

inhomogeneities exist, a note of caution is advised. In such cases, structural knowl-

edge from other methods (such as EM) is extremely helpful for the creation of

SAXS models and should therefore be introduced at the beginning of the model

calculations.

Generation of Averaged Models Averaging of SAXS models is a legitimate proce-

dure to point out structural tendencies by emphasizing the most persistent fea-

tures [17, 44]. In this way, important, recurring features in the protein structure

can be spotted and interpreted accordingly. Structural details at high resolution,

however, may be lost during the averaging procedure and the averaged model

may also provide a worse fit of the experimental data. Despite these reservations,

averaging can be a valuable tool to reduce the problem of uniqueness of shape re-

constructions and, nowadays, best-matching alignment and superposition of the

bead models and subsequent averaging may be done automatically [44, 45].

5.3

Electron Microscopy

As we have seen in preceding paragraphs, interpretation of SAXS data greatly

benefits from the incorporation of a priori knowledge of the structural organization

of the nano-particles. Here EM can provide useful information on size and shape.
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In addition, merging of different views allows reconstruction of the 3D image in-

formation. Such image reconstructions provide quite accurate phase information

of the object but often show a modulation of the amplitude profile, which, in

turn, can be corrected by combination with SAXS measurements.

5.3.1

Image Formation

Microscopy, as other methods, relies on the interference of electromagnetic radia-

tion with the object. In contrast to diffraction methods, images contain the com-

plete image information, consisting of amplitude and phase information. In EM

the source of electromagnetic radiation is electrons accelerated by high voltage in

a vacuum. The velocity of these electrons is close to the speed of light. With a typ-

ical accelerating voltage of 200 kV the electrons already reach a speed of 210 000

km s�1, which is @70% of the velocity of light. At these high relativistic speeds,

electrons can be considered as waves with wavelengths of the order of a few picom-

eter (2.5 pm at 200 kV).

5.3.1.1 Interference of Electrons with Matter

Electron waves interfere with an object in several modes (Fig. 5.5). Most of the in-

coming electrons pass a thin object without interference. A certain fraction of elec-

trons is elastically scattered by small angles and interferes with the unscattered

Fig. 5.5. Interaction of electrons with the object in EM. Phase

contrast, which is the main source of contrast for thin

unstained specimens composed of elements with low atomic

numbers, is generated by interaction of the elastically scattered

electrons with the unscattered electrons.
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beam. These electrons contribute to the phase contrast, which is the main source

of contrast in transmission EM of thin objects. Another fraction of electrons is scat-

tered by higher angles and does not reach the back-focal plane. These electrons

contribute to amplitude contrast. Some of the incoming electrons are scattered in-

elastically and deposit energy on the object, which leads to beam-damage and con-

sequently to loss of high-resolution information. The event of inelastic scattering

is not highly localized. Therefore, the inelastically scattered electrons do not con-

tribute to the high-resolution information but contain image information at low

spatial frequencies [46].

The cross-section of atoms in the sample for scattering electrons increases with

the atomic number. Heavy metal atoms have much larger cross-sections than car-

bon, oxygen or nitrogen atoms, which are the main building blocks of biopolymers

and organic polymeric materials. Therefore, heavy metal compounds play a crucial

role as stains in EM. As a consequence of their larger cross-sections more electrons

are scattered and contribute to the phase contrast. The stronger interaction also in-

creases the number of electrons scattered by larger angles, leading to an increase

in amplitude contrast. For a thin stained catalase crystal the amplitude contrast is

of the order of 37% [47] whereas for unstained biological samples the amplitude

contrast is only about 7% [48].

The cross-section for the inelastic scattering also depends on the atomic number.

Up to an atomic number of about 10 the inelastic cross section is larger than the

elastic cross section [49], meaning that for every elastic scattering event, which

contributes to phase or amplitude contrast, at least one or more electrons are scat-

tered inelastically and contribute to beam damage. Especially for biological objects

and organic polymers, which consist mainly of elements with low atomic num-

bers, this leads to a serious limitation in resolution by beam damage. For example,

in carbon, for each electron that is elastically scattered, three electrons are inelasti-

cally scattered (for an accelerating voltage of 100 kV), depositing an average en-

ergy between 10 and 25 eV on the sample. Therefore, to recover high-resolution

information, electron doses are limited to about 5–10 e Å�2. However, at these

small doses images are noisy. At large spatial frequencies the signal is much lower

than the noise level. To recover the high-resolution information the image informa-

tion of many low-dose images has to be merged. In theory the combination of only

3000–10000 individual images [50, 51] is sufficient to calculate a 3D image recon-

struction to 3 Å resolution.

5.3.1.2 Contrast Transfer Function

These considerations assume perfect transfer of contrast in the electron micro-

scope. However, this is far from the real situation, where image contrast is modu-

lated, depending on different parameters. In theory a thin object can be considered

as a weak phase, weak amplitude object. Interference of the electron wave with the

phase object introduces a phase shift w. This phase shift depends on the defocus D,

the spatial frequency R and the wavelength of the electrons l. With a perfect lens a

pure phase object in focus has no contrast. However, electron lenses are far from

perfect. They deflect electrons much more strongly further from the optical axis
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than in their centre. This causes an aberration, which introduces an additional

phase shift that depends on the ‘‘hardware’’ of the electron microscope, such as

the spherical aberration of the lens Cs, the wavelength of the electrons (l) and the

spatial frequency R. The phase-shift w is given by Eq. (11).

w ¼ p

2
ðcsl3R4 � 2DlR2Þ ð11Þ

In phase contrast the contrast is proportional to the sine of the phase shift,

whereas amplitude contrast is proportional to the cosine. For an accurate descrip-

tion of the image information the exact ratio of amplitude and total contrast (a) has
to be known. For most conditions it is a sufficient approximation to assume that

the ratio between amplitude and phase contrast is constant over the spatial fre-

quencies. For the contrast transfer function (CTF) it follows that

CTF ¼ a cosðwÞ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� a2

p
sinðwÞ ð12Þ

According to Eq. (12), a pure phase object has almost no contrast at low spatial

frequencies, whereas a pure amplitude object shows optimal contrast.

At high spatial frequencies, additionally to the modulation of the contrast-

transfer due to the phase-shift, a decrease in contrast transfer occurs that is caused

by imperfections of the electron optics such as spherical and chromatic aberra-

tions. This dampening of contrast transfer can be described by exponential decay

functions [52]. For spherical aberration, the function depends on the defocus and

the illumination half-angle. This has serious implications for high-resolution imag-

ing of low contrast phase objects. Usually, micrographs are taken with a defocus of

2–5 mm to increase contrast at low spatial frequencies (visibility of the particles). At

this defocus and with moderate exposure times of 1–2 s, the dampening of con-

trast transfer is already evident at spatial frequencies of about 1/(2 nm) in electron

microscopes with thermionic guns. For better contrast-transfer at higher spatial

frequencies either electron microscopes with brighter electron sources such as field

emission guns or longer exposure times, which require extremely stable sample

holders, have to be used.

5.3.2

Sample Preparation

In contrast to SAXS, sample preparation in EM is an important issue. Sample

preparation has three major aims: (1) The object has to be reduced to a suitable

size (40–500 nm thick, less than 3 mm in diameter). (2) The object has to be stabi-

lized to resist the high vacuum inside the electron microscope. (3) The structure

has to be preserved to withstand beam-damage over a high electron dose.

5.3.2.1 Vitrification of Biological Specimens

Nano-particles such as biological complexes, viruses or artificial polymeric materi-

als are in general small enough to be imaged as a whole. However, the high vac-

188 5 Characterization of Nano Features in Biopolymers



uum inside the electron microscope makes it impossible to image these particles

in an aqueous environment, where the vacuum leads to instant evaporation of the

solution. This evaporation can be avoided by lowering the vapor pressure of the

water by cooling the sample [53]. However, slow cooling leads to the formation of

ice crystals, which can destroy the fine-structure of the object. Therefore, the aim

of preservation is to maintain a state of water that is as close to liquid as possible.

Such a state is the vitrified form of water, where water solidifies in an amorphous

modification [54–57]. Vitrification is achieved by high cooling rates, which are of

the order of 3� 106 K s�1 [58]. These cooling rates are so rapid that water does

not form sizeable ice crystals. Electron diffraction patterns of vitrified solutions

show smooth rings, demonstrating the amorphous nature, with some variability

in the average spacing between molecules [54]. The average nearest neighbor dis-

tance between two oxygen atoms in the vitrified state is 2.76 Å. The structural

model, which had been proposed for the vitrified form of water, is based on cubic

ice but with a greater variation of the second nearest neighbor distance [59].

In practice, vitrified samples are prepared by forming a thin film of particle sus-

pension and plunge freezing it in liquid ethane. To form the thin film, 2–5 mL of

particle suspension are applied to a carbon-coated copper grid. The carbon film is

used as support for the sample. Because strong interactions between the object and

the carbon film can lead to distortions and the carbon adds an undesirable back-

ground, instead of a continuous film, often a film with holes (diameter 1–5 mm)

is used, where the particle suspension spreads over the holes. For a good spread

of particles and an even thickness of the vitrified water, a hydrophilic surface of

the support film is required, which is achieved by mild plasma etching.

For formation of the thin film most of the sample is removed with filter paper.

The thickness of the remaining film is ideally between 20 and 100 nm. Thicker

films are possible but usually lead to micrographs of poor quality (low contrast,

multiple scattering, charging). This is a major limitation for the investigation of

large nano-particles, which are thicker than 100 nm. If the thickness of the film is

below the diameter of the object, the particle experiences a considerable pressure,

forcing it out of the aqueous environment into the air. This pressure can be so

large that deformation (e.g., liposomes) or even bursting of the object (e.g., whole

cells) occurs.

Freezing Apparatus Immediately after film formation the sample is rapidly frozen

by plunging it into liquid ethane. The cooling rates in ethane are sufficient to pre-

vent formation of ice crystals. The vitrified modification is stable and can be stored

below the devitrification temperature of about 150–160 K for a prolonged time. To

date, different types of apparatus have been used for vitrification. The simplest one

is a guillotine in which the forceps holding the grid are mounted [57]. The sample

is applied to the grid and then removed by pressing a filter paper against the

liquid. Exact observance of the area where filter paper and sample touch allows

determination of the best moment when the film has the right thickness. Then

the guillotine is released and the forceps with the grid are plunged into a pot with

liquid ethane, which is cooled by a surrounding bath of liquid nitrogen.
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The timing for blotting depends on ambient humidity, viscosity of the sample

and concentration of solutes and requires some experience before reproducible

results are achieved. Furthermore, evaporation of the sample leads to an increase

of solute concentrations and a measurable drop in temperature. Evaporation can

be reduced by surrounding the sample with a humidified chamber (Fig. 5.6),

which can be temperature controlled if necessary [60]. Here blotting times are

constant and no longer depend on ambient parameters. Alternatively, evapora-

tion can be minimized by blotting the sample from both sides (e.g., Ref. [61])

where the surrounding filter paper wetted with the sample provides a defined

microenvironment.

The ethane pot also requires special attention in the setup. At liquid nitrogen

temperature ethane is solid. After condensation of ethane gas, ethane freezes

within a relatively short time when cooled by a bath of liquid nitrogen. This pro-

vides only a short time window in which the thin film has to be formed before

plunge freezing. This period can be increased if cooling is slowed by surrounding

the ethane pot with an insulating layer. Alternatively, ethane can be heated with a

thermo-foil to just above its freezing point. This provides constant conditions over

long periods.

After freezing, the sample has to be transferred from the ethane tank to liquid

nitrogen, where it is stored. During transfer, the grid is vulnerable to accumulating

surface contaminations such as small hexagonal ice crystals formed by condensa-

Fig. 5.6. Freezing apparatus for vitrifying samples. Forceps

holding the grid are mounted in a humidified chamber (water

soaked sponges). After release the grid is plunged by a spring

driven mechanism into liquid ethane, which is cooled by a bath

of liquid nitrogen.
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tion of ambient humidity. Therefore, a dry environment for the transfer is desir-

able, which can easily be achieved by increasing the height of the walls of the sur-

rounding nitrogen bath above the top of the ethane pot. Evaporation of liquid nitro-

gen forms a dry nitrogen atmosphere, which is usually sufficient to minimize

surface contamination.

Vitrification preserves the sample in an environment that is similar to the aque-

ous phase. However, there are also important differences, such as the density of

the vitrified phase, which is more similar to cubic ice than to liquid water [56, 59].

Consequently, the packing density of the water molecules must have decreased

during the short period of freezing. Whether this sudden change in the structure

of the water induces structural alterations in the nano-particles is still unclear. For

the many biological objects investigated so far, there is no evidence that vitrifica-

tion by itself induces damage. The change in density from the liquid to vitrified

state increases the contrast between the nano-particle and the solvent. This has to

be taken into account when combining data from EM and SAXS.

During imaging of vitrified samples constant cooling below the devitrification

temperature is required. This cooling has the advantageous effect that beam dam-

age is significantly reduced compared to that at room temperature [62–65]. One

reason for this reduction is the decreased mobility of breakdown products at

lower temperatures. Consequently, at even lower temperatures (4–10 K) this pro-

tective effect is further increased, permitting higher doses [66] without losing

high-resolution information. In the past, this has been exploited in acquiring

high-resolution information (2.8–4 Å) of two-dimensional crystals of membrane

proteins (e.g., Refs. [67–71]). However, at low resolution (>20 Å) the protective ef-

fect is not evident; on the contrary, with increasing dose a massive loss in contrast

occurs. This is most likely caused by an increase in density of the solute that sur-

rounds the particles. The cause for such a change can be either a change in the

modification of the water by a transition to a high density vitrified state [56] or/

and the beam-induced enrichment of high density break down fragments, which

usually evaporate at higher temperatures and therefore do not alter the contrast.

These changes in density have to be taken into account when merging data from

EM and SAXS.

5.3.3

Two-dimensional Merging of Electron Microscopic Data

To preserve a certain resolution of an organic or biological material the permissible

dose is limited to about 5–20 e Å�2. At higher doses, in vitrified samples bubbles

form at the surface of protein or carbon [54]. This event marks severe damage to

the gross structure and defines the highest tolerable dose for structure determina-

tion. As a consequence, micrographs have to be taken with low electron doses,

which results in poor counting statistics. To improve the signal-to-noise ratio, and

thus recover the high-resolution information, many images of different particles

have to be merged. As a prerequisite for a coherent merging of the data, particles

must exist in multiple identical copies. For many biological complexes, which have

5.3 Electron Microscopy 191



defined stoichiometries and assembly pathway, this is fulfilled. For artificially cre-

ated nano-particles made of organic polymeric material the exact stoichiometry and

shape is often not precisely determined. In this case, the assumption that the par-

ticles exist in multiple identical copies is no longer valid. For such particles, which

are usually similarly sensitive to radiation as biological complexes, high-resolution

structure determination becomes impossible.

5.3.3.1 Cross Correlation Function

Another prerequisite for coherent merging of image data is that the particle im-

ages show the same view of the object. If this is the case, the images are only

variable by in-plane operations such as image-shift and image-rotation (x and y
for the origin of the particle and f for the in-plane-rotation). These parameters

can be calculated by cross-correlation functions between the noisy particle images

and a common reference (Fig. 5.7). The relative image shift between the reference

and the raw image is determined from the position of the maximum of the cross-

Fig. 5.7. Cross correlation function: Upper

row: The cat on the left is correlated to the cat

in the central panel. The cross-correlation

function between the two cats shows a sharp

peak (right-hand side). The position of this

peak relative to the centre gives the

translational shift between the two cats.

Central row: The two cats vary by their in-plane

rotation. The correlation function between the

two cats (right-hand panel) shows a broad

peak. Lower row: Cats from the central row are

transformed into cylindrical coordinates. The

cross-correlation function (right-hand panel)

shows a defined peak. The position of the peak

relative to the centre gives the relative in-plane

rotation.
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correlation function relative to the image-centre. The height of the peak above

background is a direct measure for the correlation and thus for the signal-to-noise

ratio. If the reference and raw image do not match, the peak is broad without a

well-defined shape. In this case, determination of the common origin from the

cross correlation function becomes unreliable. A direct measure of how well the

reference and raw image agree is the cross correlation coefficient, which ranges be-

tween �1 and þ1, where 0 means no correlation and 1 indicates that the compared

images are identical. If the two images have opposite contrast, the cross-correlation

coefficient becomes negative.

The rotational angle between reference and raw image is also determined by a

cross correlation function but this time a polar-coordinate grid is used (Fig. 5.7).

The position of the maximum in the cross-correlation function in this coordinate

system gives the relative rotational angle. Exact determination of the rotational

angle requires that reference image and raw image have the same origin. However,

precise determination of the origin also requires the same rotational angle between

the two compared images. To solve this dilemma, both origin and rotational angle

are often searched alternately in an iterative process.

If all particle images in the data set are brought to a common origin and have

the same in-plane rotation, the images can be averaged pixel-wise. Noise has ran-

dom distribution whereas image information has the same position in all aligned

images. By averaging many images the signal from the localized image informa-

tion grows much faster than the one from the randomly distributed noise, increas-

ing the signal-to-noise ratio.

For precise alignment of very noisy images the choice of reference plays a crucial

role. Alignment of pure noise to a well-defined reference reproduces the basic fea-

tures of the reference in the average [72, 73]. Averaging large numbers of pure

noise images preserves the features of the reference over many iterative steps.

This makes it difficult to spot whether a certain feature in an average is a genuine

feature of the particle or arises from noise correlation. Recently, several strategies

have been suggested to test data for such artifacts. One possibility is the exclusion

of certain bands of spatial frequencies from the reference image. If the correlation

in this resolution band is only due to noise correlation, after alignment to a refer-

ence with the missing spatial frequencies, the correlation will drop to levels below

significance in this band. Another possibility is to mask off small areas in the ref-

erence image. If, after alignment, the feature in this ‘‘blind’’ spot of the reference

is reproduced faithfully in the average, it represents a real feature of the particle

and is not solely caused by noise correlation.

5.3.3.2 Identification of the Different Views

Particles prepared for EM only rarely assume a single unique orientation – an

exception is two-dimensional crystals. For single particle preparations a unique

orientation of particles is uncommon. Instead particles usually have different ori-

entations and often show a random distribution of views. This creates the problem

of identifying the different views and merging only those particle images that

represent the same view. Identification of the different views requires statistical
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analysis of the image data, in which differences caused by noise are separated from

those related to overall changes in shape related to a difference in particle orienta-

tion. The most common approach is a statistical method, which is similar to the

principal component analysis used in the analysis of correlated data. The basic

idea is that certain details of an image that are related to positional variations

change in a concerted way, whereas noise varies independently across the image.

For the analysis of similarity between images, each particle image is represented

as a single point in a multidimensional space. The space is defined by linear inde-

pendent axes that point into the directions of the major differences between all im-

ages in the data set [74, 75]. The advantage of this representation is that compara-

ble particle images will be in close proximity whereas images of different views will

be further apart. Therefore, the distance between particle images can be directly

used to group particle images according to similarity. The axes of the coordinate

system can also be regarded as images (Eigenimage), representing the major

changes between different views, and are therefore quite informative to identify

common properties of the images. For example, in data of centered particles with

random in plane rotation, rotational symmetry can be easily spotted in the Eigeni-

mages [76]. In this case two of the major Eigenimages will show a ring of alternat-

ing bright and dark areas, which have the same rotational symmetry. Another

property of the particles, which can be easily identified by analysis of the Eigeni-

mages, is heterogeneity in size distribution [77]. Representation of particle images

in Eigenimage space is the bases for the subsequent grouping of particles. Classifi-

cation algorithms sort particle images in close proximity into the same class. These

images represent approximately the same view and therefore fulfill the require-

ments for coherent merging, which leads to improvement of the signal-to-noise

ratio.

For particle images representing different views (or different types of conforma-

tions or architectures), a single reference is no longer the best choice for align-

ment. Instead, multiple references, which represent all characteristic views, are

more suitable and allow a more precise alignment. Appropriate sets of references

can be generated from class averages to which each noisy particle image is aligned.

As origin and rotational angle for the raw image the parameters from the align-

ment to the reference image with the highest cross correlation coefficient are

chosen.

To reduce the bias introduced by the choice of an unrepresentative first reference

a combination of classification and multi-reference alignment is favorable. This

strategy was coined alignment by classification [76]. The basic idea is to classify a

data-set of pre-centered particle images. A first set of references is generated from

selected class-averages. By doing so only representative views are used as refer-

ences and biasing by choosing an unsuitable single reference image is avoided.

The limitations of this approach are connected to the accuracy of pre-centering.

For approximately spherical particles quite accurate pre-centering is achieved by

alignment to a rotationally averaged mean of all particle images. However, for elon-

gated particles, where the different views vary significantly in their dimensions or
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for spherical particles belonging to different size classes this gives unsatisfactory

results.

Alternatively to the alignment by classification, neuronal networks are used to

generate self-organizing maps to avoid biasing by the first reference [78]. Although

this is a quite promising stable approach, it also relies on accurately pre-centered

particles.

5.3.4

Merging of EM-data in Three Dimensions

Due to the high depth of field caused by the small permissible apertures, an elec-

tron micrograph can be considered a good approximation of a projection of particle

density. Consequently, no 3D information is obtained if the object is imaged from

only one side. This is in contrast to light microscopy where the depth of field is

much smaller than the thickness of the object. Here 3D image information is

reconstructed by stacking consecutive focus layers.

5.3.4.1 Sinogram Correlation

To reconstruct a three-dimensional volume from electron micrographs different

projections have to be combined. With single particles, where the object has ran-

dom orientations, the class averages can be considered as random projections of

the object. A prerequisite for reconstructing the 3D volume is that the relative

orientations of the projected particles are known. These orientations can be deter-

mined in real space by sinogram correlation [79] or in Fourier space by the equiv-

alent method of cross common lines [80].

In 3D-Fourier space the 2D-Fourier-transform of a projection is a single plane.

Fourier transforms of different projections have the same origin but different ori-

entations, which depend on the direction of projection in real space. The planes in

Fourier-space intersect along lines at which the phases and amplitudes in the two

intersecting Fourier transforms are equal. These lines are called cross-common

lines. The position of the cross-common lines in a pair of intersecting transforms

reflects the angular relationship between the two projections in real space. Pair

wise comparison of three transforms is sufficient to allow the determination of

the complete angular relationship to which further projections can be fitted. The

relative orientation of the first three projections can be determined by an exhaus-

tive search. For finding the orientation of further projections, the cross-common

lines between the transform of the projection with the unknown orientation and

the set of transforms with known spatial relationship are searched for all possible

orientations.

The real space approach uses sinograms [79], which are stacks of regularly

angular-spaced 1D-line-projections of a 2D projection. Two different 2D-projections

will share one 1D-line-projection with the same profile (Fig. 5.8). This line can be

identified by sinogram correlation. The position of this 1D-line projection in the

two sinograms depends on the angular relationship between the 2D projections.
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The common 1D-line-projection in sinograms is equivalent to the cross-common

lines between the two Fourier transforms in the cross common line approach.

For asymmetric particles these two approaches are problematic because only a

very small part of the image information is used for determining the relative angu-

lar relationship between the different projections (three pairs of line projections in

real space or three pairs of cross-common lines in Fourier space). Therefore, this

method is only reliable for very accurate projections, which have a very high

signal-to-noise ratio and are centered precisely. To cover the space optimally three

approximately orthogonal views should be chosen for the first three projections.

Other approaches for the determination of orientations work with multiple

micrographs of the same object where the relative tilt angle between consecutive

images and the position of the tilt axis are known. These methods are much more

robust for determining the initial orientations from projections of asymmetric par-

ticles. One example of these strategies is the conical tilt reconstruction [81], where

two micrographs of the same object are recorded. In the first micrograph the object

is highly tilted (preferably 60–70�) and in the second micrograph it is un-tilted.

The same particles are selected pair wise from both micrographs. When the orien-

tation of the tilt axis and the tilt angle are known the relative spatial orientation

between the two projections of the particle can be calculated. For unambiguous

determination of the spatial orientations only those particle images are considered

that show the same projection in the un-tilted micrograph.

For a particular view the in-plane rotation of the particles is determined by stan-

dard alignment procedures of the images of the un-tilted object. Knowing the tilt

axis and tilt angle gives the complete information on the relative spatial orienta-

tions for the complementing tilted images.

5.3.4.2 Reconstruction of the Three-dimensional Model

The next step is to reconstruct the 3D model from the different projections with

known orientations. This can be either done in real space or in Fourier space. In

real space the back-projection is used [82], where each projection is projected back

to a three-dimensional volume. The direction for the back-projections is the same

as the original direction of projections. For a single projection, back-projection

Fig. 5.8. Sinogram-correlation: Two 2D-projections of the same

object share a common 1D-line projection.
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results in a prism, where the image information is smeared out in the direction of

projection (Fig. 5.9). Many of these back-projected volumes are averaged to recon-

struct the three-dimensional volume.

This approach leads to an overestimation of the low spatial frequencies, result-

ing in a blurred appearance. To reduce this problem filter algorithms are em-

ployed that take the angular spread of projections and the resulting degree of over-

sampling into account. This leads to a faithful representation of the 3D volume.

Alternatively to reconstruction in real space, reconstruction can also be carried

out in Fourier space. Here, for the different projections, Fourier-transforms are

calculated, which are combined in 3D-Fourier space. The 2D-Fourier-transforms

in 3D-Fourier space are given the same orientations as determined for the corre-

sponding projections in real space. Fourier synthesis provides the final recon-

structed three-dimensional volume [83]. As in real space, over-sampling of the

low-resolution information occurs and has to be properly corrected. For an object

that is tilted around a single axis the maximal obtainable resolution d is given by

the diameter D of the particle and the number n of evenly spaced views between

�90� and þ90� [Eq. (13)].

d ¼ p
D

n
ð13Þ

For a nano-particle of 50 nm diameter, for instance, about 80 regularly spaced pro-

jections are needed to reconstruct the volume at 2 nm resolution. At higher resolu-

tion the Fourier-space is under-sampled and can therefore not be reconstructed

Fig. 5.9. Back-projection: 2D-projections are projected back

into 3D space using the same direction for back-projection as

that initially used for generating the 2D-projections. Averaging

of the back-projected volumes regenerates the original volume.
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properly. According to the formula thinner objects need less independent projec-

tions. Importantly, resolution depends not only on these spatial considerations

but also on the signal-to-noise ratio, which is related to the cumulative number of

scattered electrons [51] and the general quality of the micrograph.

Often the projections are not equally spaced over the asymmetric unit but cover

only a certain area. In this case the resolution is no longer isotropic and is worse in

the direction where views are missing. Such image reconstructions look blurred

and elongated in one direction.

For further refinement of orientations, reference-based approaches are chosen

where the 3D model is taken into account. For example, in sinogram correlation

the orientation of a projection is determined by sinogram correlation against a set

of sinograms of equally spaced ‘‘anchor’’-projections of the three-dimensional vol-

ume. Alternatively a projection matching algorithm is employed, where the volume

is projected in different directions and the particle images are aligned by multi-

reference alignment to this set of references. After alignment the particle is as-

signed the same orientation as the direction of projection of the reference image

to which the particle correlated best [84]. A similar approach is followed in

Fourier-space. Here Fourier transforms of the particle images are compared to the

3D-Fourier-transform of the reference-volume, testing different orientations for the

best match [85].

For high-resolution image reconstructions, the transfer of contrast by the elec-

tron microscope plays an important role. This modulation is described by the con-

trast transfer function. Depending on the defocus and other imaging conditions

this function has zeros at certain spatial frequencies, where no information is

transferred and pass-bands at other spatial frequencies, where the information

is transferred alternately with positive or negative contrast. In the pass-bands the

strength of contrast transfer varies between no transfer and complete transfer of

information. The simplest approach to correction is the contrast-inversion in every

other pass-band, which leads to transfer of image information with the same con-

trast. Doing that is sufficient for obtaining image reconstructions where the phases

are accurately preserved but the amplitudes show a clear deviation from their true

values. Especially at low spatial frequencies the amplitudes are severely underesti-

mated (e.g., no phase contrast transfer at 0 spatial frequencies). More sophisticated

approaches also attempt to correct for the amplitude information. However, at spa-

tial frequencies, where the overall contrast transfer is close to zero or zero, the in-

formation is often too noisy and should not be amplified by huge factors. This

problem is solved by a Wiener filtering algorithm in which a maximal permissible

amplification factor is set (e.g., Ref. [86]). The choice of maximal amplification fac-

tor depends on the signal-to-noise ratio and is chosen close to 1 when correction

for the contrast transfer function is done on raw images and can be considerably

higher (e.g., 10; Ref. [86]) if the correction is done on averaged images. Even with

these more sophisticated approaches to contrast transfer correction, low spatial

frequencies are usually underestimated. Therefore, the amplitude profile is not cor-

rectly maintained. However, the relative amplitudes in a certain resolution band

are preserved accurately.
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5.4

Merging of Methods

5.4.1

Comparison of EM and SAXS Data

SAXS data provides information on the accurate amplitude profile. For a combina-

tion with electron microscopic data a relative scaling of the amplitude profiles is

required. For such scaling it is necessary to understand the underlying mecha-

nisms that influence the amplitude profile in the electron microscopic data. We

have already discussed in detail the effect of the contrast transfer function. An ex-

act knowledge of if and how it was corrected is a prerequisite for the interpretation

of the amplitude profile. In addition, at low spatial frequencies the contrast be-

tween particles and solvent determines the amplitude profile. Here differences in

density between water in the SAXS measurements and vitrified water in the elec-

tron microscopic measurements have to be taken into account. Furthermore, in

many image reconstructions of electron microscopic images band-pass filtering of

the data has been used to suppress information at low and high spatial frequen-

cies. Again the exact filter parameters and the shape of the filter have to be known

to reproduce the true amplitude profile. Another serious effect on the amplitude

profile is decay in contrast-transfer at higher spatial frequencies, which is best

described by a temperature factor, similar to the one known from X-ray crystallog-

raphy. Many parameters contribute to this overall temperature factor, such as

spherical and chromatic aberration of the microscope, stability of the holder,

beam damage, charging, inaccuracy in the determination of particle orientations,

effects of interpolation in image processing, and the modulation transfer function

of the CCD or the photographic film and scanner. Typical cumulated temperature

factors have been estimated to range between ca. 500 and 1000 Å2 [51, 87], which

is considerably larger than those observed in X-ray crystallography. Accurate esti-

mates of the temperature factors in the raw data come from comparison of the

amplitude profile from electron micrographs and SAXS measurements on Herpes

Simplex Virus [88]. These temperature factors ranged between 50 and 200 Å2, de-

pending on the defocus.

To illustrate that, we discuss here a direct comparison of SAXS and EM data

from Lumbricus terrestris hemoglobin. SAXS data include the scattering curve,

IðhÞ, pair distance distribution function, pðrÞ, radius of gyration, RG, hydrated

volume, V and the maximum diameter of the particle, Dmax. EM data provide infor-

mation on the 3D electron density distribution (Table 5.1). For direct comparison

the EM data need to be converted into data suitable for SAXS model calculations.

As outlined in previous sections, in SAXS models, the protein mass is simulated

with a large number of small spheres. Accordingly, to compare EM data with

SAXS profiles, EM data are used to calculate models with a large number of small

spheres, whereby the position of the spheres is given by the EM model coordinates.

Then model scattering functions, pair distance distribution functions and molecu-

lar parameters (radius of gyration, maximum particle diameter, volume) of the EM
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model can be calculated in a way similar to the calculation of the SAXS models

(Table 5.1). To convert the EM electron density in a meaningful weighting scheme

for the model calculations, the weight of spheres is chosen to represent density

values between 0.3345 (electron density of water) and 0.4395 (averaged electron

density of a protein). Here the value for the electron density of water was chosen,

because vitrified water, as used in the EM experiment, forms no ice crystals (see

above). Additionally, appropriate rescaling is necessary to fit the positions of the

maxima of the experimental scattering curve and the model parameters (scaling

due to magnification differences).

A common problem in EM is the exact determination of the volume of the

biological sample and here knowledge from SAXS studies may help. Figure 5.10

Fig. 5.10. Comparison EM (dashed line) and SAXS data

(experimental data dotted with error bars; model data solid

line) for Lumbricus terrestris hemoglobin.
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shows that the threshold of the EM model has to be chosen in a way that the model

represents the hydrated particle volume rather than the ‘‘expected’’ volume of the

protein to give good agreement of data. The ‘‘expected’’ particle volume is calcu-

lated by the molecular weight of the protein, and the partial specific volume. This

is usually much smaller than the hydrated volume [18].

We see that SAXS and EM data agree very well up to a scattering angle of

h ¼ 1:2 nm�1. Careful analyses of the scattering curves reveal that the 1st mini-

mum of the experimental scattering curve is not fitted within the limits of error

by the scattering curve calculated from the EM data. The minimum of the model

scattering curve seems to be more pronounced than the minimum of the experi-

mental curve. This, however, must not be taken too seriously. In scattering ex-

periments the randomly oriented particles in solution together account for the ob-

served scattering and the structural information from all the particles in solution is

summarized in one scattering curve. This summarizing of structural information

may lead to an additional ‘‘smearing’’ of the minima of the scattering curve. If, on

the other hand, the scattering curve of a model (e.g., an EM model) is calculated,

the information of only one particle is present, giving rise to a very ‘‘clear’’ scatter-

ing curve. Therefore, model scattering curves sometimes show more pronounced

minima than the experimental curves and consequently, as long as the positions

of the minima and the heights and positions of the maxima are fitted correctly by

the model data, this does not decrease the quality of a model.

The observed differences in the outer part of the scattering curve, however, may

be due to slightly different structures of the protein observed in vitreous ice and in

solution. Another explanation might be the contrast transfer of the magnetic lens

of the electron microscope or the application of an additional filtering procedure

during the EM reconstruction (as mentioned above).

In general, it is important to state that the value of the hydrated volume can only

be determined with sufficient certainty from the SAXS data, whereas information

on the 3D electron density distribution is contained in the EM data. Thus, both

methods together give maximal information.

5.4.2

SAXS Modeling Approaches using EM Information

We have seen that SAXS modeling is not unique and therefore SAXS data are

usually interpreted by comparing the experimental data with model profiles. The

creation of model profiles is not trivial and, as stated above, it is very useful to

implement structural knowledge from other methods to increase the reliability of

any SAXS modeling attempt. As an example we want to discuss here an indirect

incorporation of information gained by EM into automated SAXS modeling: In

this approach, first templates are created using the structural information gained

by EM. Subsequently, those templates are used as starting models for the auto-

mated SAXS model creation.

In Fig. 5.11 different models of the hemoglobin from the leech Macrobdella
decora are shown. Overall the protein complex is related to the hemoglobin from
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Lumbricus terrestris and it has a similar appearance (hexagonal bilayer architecture).

In Fig. 5.11 the trial-and-error approach from SAXS multi-body modeling is shown

in part (A) (similar to the approach shown earlier for L. terrestris hemoglobin). Fig.

5.11(B) shows the automatically generated SAXS model calculated without struc-

tural information other than D6 symmetry (ab initio modeling). For Fig. 5.11(C)

additional information concerning shape and internal structure was incorporated

in the calculations by the use of a template derived from 3D EM reconstructions

[89]. Clearly, this final example shows that SAXS modeling procedures can be in-

creased in accuracy and reliability through the use of suitable EM templates. SAXS

and EM model values are given in Table 5.2.

In conclusion, if characterization of a nano-particle is attempted by either SAXS

or EM, a combination of knowledge gained by different methods is advisable. Al-

though such approaches are not yet well established, the results shown here illus-

trate that this is the way forward for nano applications.

Fig. 5.11. Models of Macrobdella decora hemoglobin: (A) two-

step trial-and-error SAXS model, (B) automatic generation

without information other than D6 symmetry, (C) automatic

generation employing a template created with information from

EM data.
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87 Böttcher, B., Wynne, S.A.,

Crowther, R.A. Determination of the

fold of the core protein of hepatitis B

virus by electron cryomicroscopy.

Nature, 1997, 386, 88–91.
88 Saad, A., Ludtke, S.J., Jakana, J.,

Rixon, F.J., Tsuruta, H., Chiu, W.

Fourier amplitude decay of electron

cryomicroscopic images of single

particles and effects on structure

determination. J. Struct. Biol., 2001,
133, 32–42.

89 de Haas, F., Boisset, N., Taveau,

J.-C., Lambert, O., Vinogradov,

S.N., Lamy, J. Three-dimensional

reconstruction of Macrobdella decora
(Leech) hemoglobin by cryoelectron

microscopy. Biophys. J. 1996, 70,
1973–1984.

90 Krebs, A., Zipper, P., Vinogradov,

S.N. Lack of size and shape alteration

of oxygenated and deoxygenated

Lumbricus terrestris hemoglobin?

Biochim. Biophys. Acta 1996, 1297,
115.

References 207



6

In Situ Characterization of Drug Nanoparticles

by FTIR Spectroscopy

Michael Türk and Ruth Signorell

6.1

Introduction

Infrared (IR) spectroscopy is an important tool to characterize nanomaterials in life

sciences. Refs. [1–10] highlight only a few recent examples in this large field, in-

cluding catalysis using nanoparticles, the targeted synthesis of nanoparticles, the

use of nanoparticles as biosensors, and the characterization of drug nanoparticles.

This chapter focuses on particulate matter built from molecules and in particular

on drug nanoparticles. For the characterization of these molecular nanoparticles IR

spectroscopy is particularly well suited. It is relatively sensitive and non-invasive,

which is decisive for instance for the investigation of sensitive molecular particles.

Furthermore, IR spectroscopy can be used for different kinds of particulate sam-

ples (aerosols, particles on a holder, or particles in a matrix) and under a broad

range of different experimental conditions (temperature, pressure, etc.). For molec-

ular particles, it opens a direct window to the characteristic intermolecular and in-

tramolecular vibrational dynamics. The vibrational spectra of such large aggregates

contain a wealth of information not only about the chemical composition or the

phase behavior of the particles, but also about intrinsic particle properties such as

the particle size, the particle shape, or structural changes in the particles’ surface.

Approximately 80% of all pharmaceutical products are in solid dosage form.

Thus, in biomedical applications both the size and shape of the solid particles are

important quantities to know, for instance because they can affect the bioavailabil-

ity of drug particles. The size of the particles manifests itself in the IR extinction

spectra by scattering phenomena. They lead to slanted baselines and to a disper-

sion shape of the absorption bands. To determine the size distribution for a particle

ensemble directly from the infrared spectrum it is crucial to know the frequency-

dependent optical data (indices of refraction) of the particles. Nowadays, few data-

bases provide refractive index data for particulate systems and most of these data

bases focus more on molecular ice particles than on biomolecular substances.

Since the optical properties of particles can differ markedly from those of the solid

bulk, corresponding bulk data are often not suitable either. This clearly illustrates

the need for optical data of particles, especially for substances of biomolecular in-
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terest. The particles’ shape can lead to characteristic band structures in IR extinc-

tion spectra. These phenomena, however, are pronounced only for very strong vi-

brational transitions. The structure and position of weak absorption bands are

dominated by rather local effects, i.e., by interactions with neighboring molecules,

such as the formation of specific hydrogen-bonded networks in the particles.

The main focus of this chapter lies in the in situ characterization of nanoparticles

by Fourier-transform infrared (FTIR) spectroscopy. Most often, off-line techniques

are used to investigate particles, which have, consequently, first to be collected on a

holder. This approach is not only very slow, but the process of collecting can also

affect the particles’ properties. In situ characterization by contrast is quick, thus al-

lowing us to investigate and control the particle properties during their formation.

We compare and complement the results from direct absorption FTIR spectros-

copy in situ with particle sizing using a scanning mobility particle sizer, with 3-

wavelengths-extinction measurements, with scanning electron microscopy, with

differential scanning calorimetry, and with X-ray diffraction.

The infrared investigations are combined here with two different particle gener-

ation methods, viz. Rapid Expansion of Supercritical Solutions (RESS) and electro-

spraying. Rapid expansion of supercritical CO2 solutions is a particularly useful

method to micronize thermally labile drugs, which often consist of lipophilic com-

pounds. The main advantage of the solvent CO2 lies in its low critical data and in

the fact that it can easily be separated from the product after particle formation. As

an example, the mixing/coating of phytosterol with polymers (Eudragit7, L-PLA) is
discussed. Encapsulation of drugs with polymers is especially attractive to avoid ag-

glomeration and to control drug release in the body. Electro-spraying of aqueous or

alcoholic solutions allows us to generate nanoscale particles of hydrophilic com-

pounds. Here, the particle formation of sugar-like substances is discussed. This

class of substances is attractive as carrier for administering drugs in solid dosage

form.

6.2

Particle Generation Methods

6.2.1

Rapid Expansion of Supercritical Solutions (RESS)

The potential of RESS for the micronization of molecular substances has been

demonstrated previously [11–15]. The key idea behind RESS is to dissolve the sol-

ute of interest in a supercritical fluid followed by a rapid expansion of the super-

critical solution. This leads to an extremely fast phase change from the supercriti-

cal to the gas-like state, resulting in high supersaturation in the supersonic free jet

and the formation of submicron particles. Since the solvent is a dilute gas after ex-

pansion, the RESS process offers a highly pure final product. Dissolution experi-

ments demonstrate that the RESS processing of Griseofulvin leads to a signifi-
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cantly better dissolution rate of the drug, resulting in an improved bioavailability

[14].

We have built up several types of RESS apparatuses [14–18], which differ in size

(continuous and batch RESS apparatuses) and in the mode of expansion, i.e. con-

tinuous expansion versus pulsed expansion. A general scheme of a RESS appara-

tus is depicted in Fig. 6.1. Our setup is designed for experiments in the tempera-

ture range 300–600 K and for pressures up to 60 MPa. The gaseous solvent (CO2,

N2O, CHF3) is taken from a reservoir, liquefied by a cryostat, and pressurized

(pump 1: diaphragm pump or pneumatic pump) to the desired pressure in the ex-

tractor (pext). For the formation of nanoscale particles of thermally labile drugs,

CO2 is a particularly suitable solvent since it has low critical data (Tcrit ¼ 304 K,

pcrit ¼ 7:38 MPa), is non-toxic, and can be easily separated from the particulate

phase after particle formation. The extractor is a heated (Text) high-pressure auto-

clave that is packed with the solute. For continuous operation, the supercritical

solution is expanded directly through the pinhole nozzle. For pulsed operation, a

heatable high-pressure reservoir ðTN; pNÞ is filled with the solution first. Expansion

then takes place from this reservoir, the pressure of which is kept constant during

the pulses (duration tpuls > 100 ms) by a movable piston connected to pump 2. The

length of the pulses is controlled by the pneumatic valve in front of the nozzle. The

pinhole nozzles used have variable inner diameters of 20–200 mm and lengths of

Fig. 6.1. Scheme of the RESS apparatus.
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50–300 mm. The nozzle is positioned in the expansion chamber, as further ex-

plained in Section 6.3.1.1 and depicted in Fig. 6.3 below.

Particle generation by RESS can be used, in principle, for a wide range of differ-

ent solutes [11–14]. This statement, however, has to be qualified to some extent for

thermally labile substances such as drugs for which the solvent has to meet special

requirements. Here, carbon dioxide is often the only suitable solvent so that the

application of RESS is restricted to compounds with reasonable solubility in super-

critical CO2. Micronization with RESS, in general, produces particles with rather

broad size distributions [geometric standard deviation s > 1:5, see Eq. (2)]. In this

context, an important factor is the agglomeration of the primary particles, which

leads to a broadening of the size distribution. Different methods (RESSAS,

CORESS, CPD) for stabilizing the primary particles against agglomeration have re-

cently been realized [19–26]. They are discussed briefly in Section 6.5.

6.2.2

Electro-Spraying

Electro-spraying is a method of generating particles of molecular compounds that

are preferentially soluble in polar solvents such as water or different alcohols. A

scheme of the Electrospray Aerosol Generator (EAG, TSI 3480) is depicted in Fig.

6.2 (see also Refs. [9, 27–30] for further information). The compound of interest is

Fig. 6.2. Scheme of the electrospray.
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dissolved in an aqueous buffer solution (ammonium acetate/ammonium hydrox-

ide in H2O). The buffer solution serves to adjust the pH and to increase the electric

conductivity of the solution (usually, 500–2000 mS cm�1). Typical concentrations of

the solute lie between 2 and 10 vol%. The solute concentration determines the di-

ameters of the final particles, which lie below @100 nm. The setup consists of a

capillary that is immersed in the solution. The solution is driven through the cap-

illary (@70 nL min�1) by a pressure gradient. Between the capillary tip and an elec-

trode with a pinhole, a high voltage is applied so that highly charged primary drop-

lets of the solution (diameters@ 150 nm) are formed. The droplets are neutralized

by a radioactive source and the solvent evaporates from these primary droplets in a

sheath-flow of clean dry synthetic air (N2/O2;@2 L min�1). The neutralized aerosol

flow then enters the multireflection sheath-flow cell described in Section 6.3.1.1.

The electrospray generates small particles with relatively narrow size distribu-

tions. Typical geometric standard deviations amount to s ¼ 1:3. This is a great

advantage over many other particle generation methods, which for molecular sub-

stances often lead to particles with fairly broad distributions (s > 2). As mono-

disperse products exhibit much more homogeneous properties they are usually

highly preferred over polydisperse particle ensembles. However, particle genera-

tion by electro-spraying has two major disadvantages. One concerns the separation

of the solvent. The commonly used solvents are liquid at atmospheric conditions

and thus can easily condense on the particles collected from the gas phase. The

second more severe problem is the clogging of the capillary, especially of the capil-

lary tip. This reduces the general applicability of electro-spraying for particle gener-

ation to substances that are slow to crystallize at the capillary tip (i.e., with a ten-

dency to form supersaturated solutions).

6.3

Particle Characterization Methods

6.3.1

In Situ Characterization with FTIR Spectroscopy

6.3.1.1 Experimental Setup

Figure 6.3 shows the experimental setup for the in situ characterization with Four-

ier transform infrared spectroscopy (FTIR). The nozzle of the RESS apparatus (see

Section 6.2.1 and Fig. 6.1) is positioned in the expansion chamber and is connected

to the reservoir of the RESS apparatus with a high-pressure hose. The expansion

chamber and the buffer volume are connected vacuum chambers with a total vol-

ume of 0.8 m3. The buffer volume helps to limit the increase of pressure, pc, in the

expansion chamber. The whole vacuum part is evacuated to pc ¼ 0:03 mbar by two

rotary piston vacuum pumps (Leybold DK 100 and E 250) connected in parallel.

With the 50 mm nozzle and a reservoir pressure of pR ¼ 400 bar, the pressure in

the chamber typically increases to 0.16 mbar after a pulse of 0.5 s duration. A pulse

duration of 2 s leads to pc ¼ 0:55 mbar. The IR spectra of nanoparticles were
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recorded in situ using a Bruker IFS 66v/S FTIR spectrometer. As depicted in

Fig. 6.3, the supersonic flow is probed radially by the infrared beam. The in-

frared beam from the Globar light source is focused into the center of the expan-

sion by a first off-axis parabolic mirror (327 mm focal length). After passing the

expansion, the light is collected by a second off-axis parabolic mirror (327 mm focal

length) and a third parabolic mirror (109 mm focal length) focusses the light onto

a liquid nitrogen cooled MCT detector. The spectrometer and detector chamber are

Fig. 6.3. Scheme of the vacuum apparatus for the in situ characterization with FTIR.
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separated from the expansion chamber by two KBr windows. The rapid-scan mode

of the spectrometer allows us to synchronize the acquisition of IR spectra with the

pulsed expansion. With a scanner velocity of 280 kHz, one scan is recorded in 30

ms at a resolution of 2 cm�1, which means that several scans can be made during

one pulse (pulse duration > 100 ms). To get a good signal-to-noise ratio, we typi-

cally accumulate more than 500 scans. A similar combination of direct absorption

FTIR spectroscopy with intense fluid pulses through a slit-nozzle into the vacuum

has been realized for the first time by Suhm and coworkers [31, 32] to study the

vibrational dynamics of small clusters.

The investigation of particles during their generation in the aerosol phase by in
situ FTIR spectroscopy has many advantages. First of all, IR spectra contain infor-

mation about various particle properties such as the size distribution, chemical

composition, and structural aspects. Therefore, the combination with rapid charac-

terization in situ represents a very useful method for process control. With the

setup described here, the particles do not have to be collected first but can be con-

tinuously analyzed during their generation. This allows us, for instance, to control

their size by changing the process parameters such as the temperature, pressure,

or concentration of the supercritical solution. It also enables us to control the por-

tion of different components in the final product if supercritical solutions with sev-

eral solutes are used. This is of interest for the coating of drug particles or for the

generation of mixed drug/matrix particles (see also Section 6.5.3). In addition,

with the vacuum option we can change the generation conditions of the particles

by varying the pressure pc in the expansion chamber. With phenanthrene particles,

particles generated under vacuum conditions have smaller mean sizes but broader

distributions than those generated at ambient pressure (see Ref. [10] and Section

6.5.1). Section 6.3.1.2 demonstrates that our setup can also be used to study the re-

gion of the expansion before the Mach disc, which is essential for a better under-

standing of the RESS and is crucial to verify corresponding theoretical predictions

[12, 33–38].

Particles generated in the electrospray (Fig. 6.2) are investigated spectroscopi-

cally in a multireflection sheath-flow cell [30, 39]. The cell consists of two concen-

tric cylinders. The carrier gas is introduced into the gap between the two, enters

the inner cylinder through a large number of small holes, and is finally pumped

off at the bottom. This creates a smooth sheath-flow for samples injected coaxially

at the top of the inner cylinder. The cell is operated at room temperature with a

sheath-flow of 1.5 L He per minute. The sheath-flow serves to guide the aerosol

through the flow tube and to minimize contaminations of the mirrors. The cell is

equipped with White optics with an optical path length of about h ¼ 16 m.

6.3.1.2 Characterization of the RESS Process

The mole fraction of the solute in supercritical CO2 typically lies below 0.1–0.01

[40]. In other words, the supercritical solution expanded in the RESS process

mainly consists of CO2. Evidently, the influence of CO2 on particle formation is not

negligible. Due to the high supersaturation, one expects that not only the solute

with its low volatility but also the CO2 itself condenses into small particles within
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the nozzle and some nozzle diameters downstream [12, 33–38]. Figure 6.4 shows

that these solvent particles really can be observed in the collision-free region before

the Mach disc. The experimental IR spectrum in the region of the antisymmetric

stretching vibration n3 of CO2 is depicted in the upper trace. The sharp peaks

superimposed on the broad band have nothing to do with the solvent particles,

they arise from residual gas-phase CO2 in the expansion. The appearance of the

broad band is characteristic of CO2 particles [41]. It allows us to estimate the size

of the solvent particles [10] since both the width and the shoulder at about 2340

cm�1 strongly depend on the particle size. As a rough rule one can say that for

larger particles the band broadens and the intensity of the shoulder increases. The

size is an important quantity to know since the condensation/evaporation behavior

of the solvent influences the particle formation processes. It is also of interest to

verify corresponding theoretical predictions [12, 33–38]. The sizes are estimated

by fitting calculated extinction spectra to the experimental IR spectrum. For that,

we have assumed Mie theory [42] and a log–normal size distribution that is char-

acterized by the mean particle radius (r0), the geometric standard deviation (s) and

the particle number concentration (N) [see Eq. (2)]. The refractive index data have

been taken from Refs. [43, 44]. Typical parameters for expansions at temperatures

between 298–398 K and pressures between 100–400 bar are listed in Table 6.1. As

Fig. 6.4. Upper trace: Experimental IR

spectrum of CO2 particles recorded in the

collision-free region before the Mach disc.

Experimental conditions: nozzle diameter

d ¼ 50 mm, pR ¼ 400 bar, TN ¼ 298 K. The

sharp peaks arise from residual gas phase CO2

in the expansion. Lower trace: Calculated CO2

particles spectrum. For the fit we have used

the refractive index data from Ref. [44], a Mie-

model [42], and a log–normal distribution [Eq.

(2)]. ~nn is the transition wavenumber.
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expected, we find a systematic decrease of r0 with decreasing reservoir pressure

(pN) and with increasing temperature. The values of the radii of the solvent par-

ticles in Table 6.1 lie well above 100 nm. However, because the parameters s and

r0 turned out to be highly correlated we have fixed the value of s at 1.4 during the

refinement procedure. For comparison, the last row of Table 6.1 gives one example

with the geometric standard deviation fixed at s ¼ 2:1. Comparison with the first

row shows that the mean size decreases if a broader distribution is assumed. Inde-

pendent of the widths of the distribution, however, we can finally state that the

mean particle radius of the solvent particles lies clearly above r0 ¼ 50 nm for tem-

peratures between 298 and 398 K and pressures between 100 and 400 bar [10].

In the collision-free region of the expansion, CO2 and the solute both exist as

small particles due to the supersaturation and subsequent condensation upon ex-

pansion. This result is in good agreement with the modeling results published by

Helfgen et al. [38]. From these calculations it follows that the decrease of pressure

and temperature in the supersonic free-jet can lead to solvent condensation. De-

pending on the pre-expansion conditions, the condensate mass fraction goes up

to around 30% for CO2 and 25% for CHF3. As mentioned above, the mole fraction

of the solute in supercritical CO2 lies below 0.1–0.01 so that the amount of con-

densed CO2 is much higher than that of condensed solute. But it is not clear

whether the two components form (statistically) mixed particles or whether the sol-

ute condenses first to small particles that then act as condensation nuclei for the

more volatile CO2 (coated particles). We have investigated this question for an ex-

pansion of a n-nonadecane/CO2 solution. Figure 6.5 shows the corresponding IR

spectrum in the region of the CH-stretching vibrations of n-nonadecane (C19H40)

particles. The region of the antisymmetric stretching vibration of the CO2 particles

is not shown again. It looks the same as already depicted in Fig. 6.4. The shape and

the band positions in the spectrum of the nonadecane particles in Fig. 6.5 are the

same as those for pure nonadecane particles [10]. We consider this fact a hint that

coated particles rather than mixed particles exist in the collision-free region before

the Mach disc. The preference of coated particles, however, is much more plausible

since nonadecane is much less volatile than CO2 and thus condenses first, proba-

bly already within the nozzle [12, 33–38].

Tab. 6.1. Geometric standard deviation s, mean particle radius r0, and particle number

concentration N [see Eq. (2)]. Data from IR spectra have been obtained from a fit to the

experimental data using Mie theory and two different sets of refractive index data [43, 44]. Since

r0 and s are strongly correlated, the value for s has been fixed [10].

pN/(bar) TN/(K) s r0/(nm) N[a]/(108 cmC3)

400 298 1.4 300 0.2

100 298 1.4 180 0.1

400 360 1.4 210 0.2

400 298 2.1 70 3.9

aValues for N for a path length of h ¼ 1 cm.
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The conditions and processes before the Mach disc described in this section cer-

tainly influence the properties of the final particles. But the processes taking place

at and after the Mach disc and the manner in which the particles are collected are

much more important factors, for instance for the size of the final particles. All

these factors can lead to coagulation and agglomeration of primary particles. The

sudden temperature and pressure increase taking place at the Mach disc leads to

evaporation of the solvent particles so that after the Mach disc only pure solute par-

ticles are present. However, we have shown previously [10] that complete evapora-

tion of the solvent particles takes some seconds. Since agglomeration and coagula-

tion seem to be important it is not astonishing that the electron microscopy images

of the final products, which are further discussed in Section 6.5, often show ag-

glomerates consisting of relatively small (50–100 nm) primary particles. One pos-

sibility to avoid this subsequent agglomeration is by coating the particles as dis-

cussed in Section 6.5.3.

6.3.2

In Situ Characterization with 3-WEM

In continuous particle formation processes, fast in situ measurement techniques

for on-line particle size determination are desirable. In contrast to the usual off-

line examination techniques, the particles are therefore measured in the expansion

Fig. 6.5. Experimental IR spectrum of nonadecane in the

region of the CH-stretching vibrations. The spectrum was

recorded in the collision-free region before the Mach disc. In

this region both nonadecane and the solvent CO2 condense to

small particles. ~nn is the transition wavenumber.
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chamber on-line and in situ with the Three-Wavelengths-Extinction (3-WEM) mea-

surement technique (see Fig. 6.3). The 3-WEM measuring devices used are

equipped with three lasers emitting at wavelengths of 405, 633, and 1064 nm

(home-built device) and of 674, 814, and 1311 nm (WIZARD-DQ, Wizard Zahoran-

sky KG, Todtnau, Germany), respectively. The fiber-coupled transmitter of the lat-

ter device is placed at the optical access of the test volume. The remaining light is

detected with the opposite receiver. The relative transmissions of the three differ-

ent wavelengths I=I0 are used for the evaluation on a PC. According to Mie theory

[42], the system allows the measurement of particle diameters in a range from 0.2

to 4 mm and particle concentrations ranging from 105 to 108 particles per cm3 [10,

45]. The advantages of the 3-WEM measurement technique are that it is a suitable

method for measuring particle size and number concentration under sub-, near-,

and supercritical conditions. In addition, the 3-WEM enables on-line process con-

trol because particle characteristics can be determined within 10�6 s. However, for

non-spherical and/or agglomerated particles the 3-WEM measurement technique

can lead to incorrect results for the particle size distribution. To overcome this, a

combination of different measurement methods has to be used to accumulate suf-

ficient information on the size and structure of the particles investigated. There-

fore, samples for additional SEM examination (see Section 6.3.3) were taken 300

mm from the nozzle exit directly behind the 3-WEM-probe. A more detailed de-

scription of the apparatus and the experimental procedure is given elsewhere [16].

6.3.3

Characterization with SMPS and SEM

The number size distribution of the aerosol is also measured on-line with a Scan-

ning Mobility Particle Sizer (SMPS), which can be connected to the RESS expan-

sion chamber (Fig. 6.3) or to the electro-spray (Fig. 6.2). The SMPS consists of a

differential mobility analyzer (TSI 3080L/N), which classifies the particles accord-

ing to their mobility in an electric field, and of a condensation nuclei counter (TSI

3022A), where the particles are counted optically. The SMPS only works at atmo-

spheric pressure and at room temperature and, therefore, can only be used for a

limited range of experiments. Compared with 3-WEM and IR spectroscopy it leads

to more detailed size distributions since it measures the number of particles for

each single size and does not rely on any assumption about the type of the size dis-

tribution (e.g., log–normal distribution). However, the SMPS is much slower than

3-WEM or IR spectroscopy. Typical acquisition times lie around 2 min. Examples

for size distributions measured with the SMPS are given in Section 6.5.

To visualize the shape of nanoparticles and also to determine their approximate

size, we use Scanning Electron Microscopy (SEM). This off-line characterization re-

quires collection of the particles first, which often leads to agglomeration. We col-

lect them either on a polycarbonate membrane or on a silicon holder previously

covered with a thin gold layer (11 nm). After collecting, the sample is covered

with a second gold layer (7 nm) to avoid evaporation of substances inside the

SEM apparatus. Examples of SEM images are depicted in Section 6.5.

218 6 In Situ Characterization of Drug Nanoparticles by FTIR Spectroscopy



6.4

Determination of Refractive Index Data in the Mid-infrared Region

Knowledge of the frequency-dependent complex refractive index nþ ik of the sol-

ute particles is a prerequisite for in situ characterization with FTIR spectroscopy.

Therefore, we have started to derive corresponding optical data from the measured

infrared extinction spectra of organic aerosols and from size distributions deter-

mined experimentally with the SMPS and with 3-WEM (Section 6.3). The formal-

ism is given below by Eqs. (1–5). The refractive index data thus derived are col-

lected in Ref. [46] together with a short description and an estimate of their

accuracy. There exist other databases for refractive indices in the mid-infrared re-

gion (see for instance Refs. [47–49]) which are, however, focussed more on molec-

ular ices rather than on particles of biomolecular interest.

Our data are obtained from particle spectra and not from thin films. It is more

difficult to derive accurate data from particle spectra than from thin films since it is

often very difficult to get accurate information about the correct size distribution or

the shape of the particles. On the other hand, the structure and even the chemical

composition of the particles (crystalline/amorphous, modified structure of the par-

ticle surface [9, 30, 41, 50–52]) can strongly depend on the generation method and

conditions. The latter aspect clearly illustrates the need for optical data obtained

directly from particle spectra. Ref. [46] contains an accurate description of the

methods used, but due to the limited information about size and shape of the par-

ticles the tabulated data only provide a first starting point towards the determina-

tion of more accurate data. Although we use three different methods (SEM, SMPS,

and 3-WEM) for the characterization of the size and shape it is nearly impossible to

get very accurate experimental data for these properties. The main disadvantage of

SEM is that, upon collecting, the particles often agglomerate. Analysis with SMPS

and 3-WEM relies on assumptions for the particle shape or the size distribution.

Moreover, the derivation of the infrared optical data is based on models [see Eqs.

(1–5)]. The Mie theory used for that purpose gives the solutions for the scattering

and absorption of light by spherical particles. The assumption of a spherical shape

is often regarded as an adequate approximation even for non-spherical particles.

But this is more of an assertion than a fact and would have to be tested for each

case [42, 53]. For instance, Mie theory fails for non-spherical particles in the case

of strong vibrational transitions when transition dipole coupling is dominant [41,

54, 55]. We also neglect multiple scattering, which will not lead to major errors as

long as the particle density is not too high.

The frequency-dependent complex refractive index nþ ik of solute particles has

been determined directly from the experimental extinction spectrum of the corre-

sponding aerosols in the mid-infrared region by following two alternative ap-

proaches: (a) a Lorentz model fit and (b) a Kramers–Kronig inversion. Both pro-

ceed via the complex refractive index to characterize the optical properties of the

particulate phase. We employed Mie theory for spherical particles [42] to calculate

the observed extinction spectrum. The refractive index of the surrounding medium

(different gases) was set to unity. The frequency dependent extinction cross section
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(Cj) is calculated separately for each value of the particle radius (rj). The calculated

total absorbance (Acalc) is obtained by summing over all different radii using the

experimentally determined particle size distribution:

Acalc ¼ h
X

j

NjCj ð1Þ

where h is the optical pathlength and Nj is the number density of aerosol particles

with size rj. The experimental size distribution is determined either by the SMPS

(Section 6.3.3), by 3-WEM (Section 6.3.2), or by a combination of both [9, 10, 15,

29, 30, 41]. The classifier of the SMPS determines the particle radii (rj) for different
size intervals j. Each decade of particle size is divided into 64 equidistant logarith-

mic intervals. The particle counter of the SMPS then measures the particle num-

ber concentration (Nj) in each interval j. The measurement range of the SMPS is

limited to the region 7–1000 nm. Size distributions that exceed this range are ex-

trapolated by using a log–normal distribution. A log–normal distribution for the

particle radii (r) is also assumed for the interpretation of the 3-WEM experiments.

Its form is given by [56]:

df ¼ 1
ffiffiffiffiffi
2p

p
ln s

exp � ½lnðr=uÞ � lnðr0=uÞ�2

2ðln sÞ2

( )

d½lnðr=uÞ� ð2Þ

with the mean particle radius (r0) and the geometric standard deviation (s) as pa-

rameters; u is the unit radius. The product N�h of the particle number concentra-

tion (N) and the pathlength (h) is determined by the absolute values measured for

the extinction [Eq. (1)].

In the first approach to determine the complex refractive index of the nanopar-

ticles we assume a model function for the (complex, frequency dependent) dielec-

tric function (e) of the solute particles. The empirical parameters of this function

are determined from a nonlinear least-squares fit of the calculated extinction, Acalc

[Eq. (1)], to the experimental aerosol spectra. In this study we have used the so-

called Lorentz model, which describes the optical properties of the solid by a collec-

tion of isotropic damped harmonic oscillators coupled to the electromagnetic field

of the light by their effective charge. Solution of the classical equations of motion

leads to the Kramers–Heisenberg dielectric function [42, 57]:

e ¼ e1 þ ie2 ¼ ee þ
X

s

~nn2s fs
~nn2s � ~nn2 � igs~nn

ð3Þ

The dielectric function is directly related to the complex index of refraction ðn; kÞ:

n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e21 þ e22

p
þ e1

2

s

k ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e21 þ e22

p
� e1

2

s

ð4Þ
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The parameter ee is the dielectric function at frequencies that are high compared

with the vibrational excitations considered (but low compared with electronic exci-

tations, which are neglected here). Eq. (3) sums over all oscillators in the spectral

region of interest. They are characterized by their resonance wavenumber (~nns),

their reduced oscillator strength ( fs) and a width (gs) resulting from the damping

of the oscillator.

To the extent that a Lorentz oscillator can be compared to a molecular oscillator

(e.g., a molecular normal mode), ~nn2s fs is proportional to the absorbance
Ð
Að~nnÞ dn

integrated over the corresponding absorption band (also termed integrated inten-

sity). Eq. (3), however, neglects any local field correction, i.e., it assumes that each

oscillator experiences the external electric field, which is not necessarily a good ap-

proximation in the condensed phase. An approximate local field correction for iso-

tropic media leads to a formally identical expression [58], but with shifted reso-

nance wavenumbers and modified effective reduced oscillator strengths. For the

relatively small values of the reduced oscillator strengths found in the vibrational

spectrum of many of the solutes, the wavenumber shifts can be neglected. The

modification of the reduced oscillator strengths significantly changes their absolute

values, thus affecting their interpretation in terms of molecular transition mo-

ments [58]. The relative values, however, remain approximately unchanged by the

local field correction.

In the second approach, we exploit the Kramers–Kronig relation between the

real (n) and the imaginary (k) part of the complex refractive index [42, 57]. The op-

tical constants can thus be derived from the experimental extinction spectrum

without assuming any particular model. In its so-called subtractive form the

Kramers–Kronig relation [59–61] is given by Eq. (5).

nð~nn 0Þ ¼ nð~nnrÞ þ
1

p

ð~nnmax

~nnmin

kð~nnÞ
~nnþ ~nn 0

� kð~nnÞ
~nnþ ~nnr

þ kð~nnÞ
~nn� ~nn 0

� kð~nnÞ
~nn� ~nnr

� �
d~nn ð5Þ

Eq. (5) requires knowledge of the real index of refraction at some reference

point, ~nnr. Although in principle arbitrary, it is best (for numerical reasons) chosen

to lie within the spectral region of interest. Starting with some guess for the real

part n of the refractive index its imaginary part k is adjusted (by bisection) so that

the Mie scattering calculation reproduces the experimentally measured extinction

separately for each value of the wavenumber ~nn. Eq. (5) is then applied to kð~nnÞ to pro-

duce an improved guess for nð~nnÞ. The Cauchy principal value of the integral in Eq.

(5) was calculated on a grid as described in Ref. [61] with the difference, however,

that kð~nnÞ was expanded to fourth order around the singularity at ~nn ¼ ~nn 0. The whole

procedure is repeated until convergence is reached. Since the reference value nð~nnrÞ
of the real index of refraction cannot be determined through this procedure it

enters as the only free parameter. Here it was set to the value obtained from the

Lorentz model fit at 2000 cm�1, where the experimentally measured extinction

vanishes. Otherwise this second approach to the determination of optical constants

constitutes an inversion of the experimental spectrum rather than a fit.
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6.5

Examples

6.5.1

Phenanthrene Particles: Size, Shape, Optical Data

Phenanthrene (C14H10) serves here as a model system to demonstrate the different

aspects of the particle generation and characterization methods described in Sec-

tions 6.2–6.4. Phenanthrene has been used as a representative compound in the

modeling of particle formation processes with RESS [33, 36, 37]. Polycyclic aro-

matic hydrocarbons such as phenanthrene are of importance as pollutants in the

atmosphere [62, 63] and have also been discussed in astrophysics as carriers of

the ‘‘unidentified’’ infrared bands [64, 65].

We have generated phenanthrene particles with the RESS apparatus (Section

6.2.1) under various experimental conditions. In summary, we find that the phe-

nanthrene particles are nearly spherical, as depicted in the SEM image in Fig.

6.6(a). Various SEM images also show that the tendency to form agglomerates is

only minor for this substance, which is in contrast to the behavior of phytosterol

particles discussed in Section 6.5.3. For phenanthrene, we found no major differ-

ences in the properties of the particles by changing the pre-expansion conditions

(temperatures between 298 and 350 K, pressures between 20 and 40 MPa, and for

different nozzle diameters). In this context we also mention the partly contradic-

tory discussions in Refs. [15, 66–70]. One parameter that affects the size of the par-

ticles is the pressure pc in the expansion chamber: Particles generated under vac-

uum conditions (pc ¼ 0:03 mbar) have smaller mean diameters by about 30% but

larger geometric standard deviation by about 30% than those formed at pc ¼ 960

mbar. Whether this is a general trend for other substances as well remains to be

seen.

Typical size distributions for the expansion against pc ¼ 1000 mbar (Text ¼ TN ¼
298 K, pR ¼ 400 bar) are depicted in Fig. 6.6. From different SEM images recorded

under equivalent conditions, we have determined a rough size distribution, which

is shown by the bars in Fig. 6.6(a). Each bar represents the relative number of par-

ticles in the corresponding size interval. This size distribution is obviously very

coarse and, in particular, it does not contain any information about the particle

number concentration (N) of the corresponding aerosol from which the SEM sam-

ples were collected. This information is important for the derivation of optical data

from corresponding IR spectra as discussed below. Detailed information about the

particle number concentration and the size can be obtained with the SMPS. The

corresponding experimental number size distribution is shown by the bars in Fig.

6.6(b). The circles represent a fit to the measured distribution assuming a log–nor-

mal distribution [Eq. (2)]. This fit allows us to extrapolate the distribution beyond

the measurement range (see Section 6.4) and leads to the following typical data for

the phenanthrene particles:

r0 @ 120 nm; s@ 2:2; and N@ 5� 106 cm�3 ð6Þ
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Comparison of Fig. 6.6(a) and (b) shows that the size distribution from SEM and

from SMPS are in good agreement. Since the phenanthrene particles are nearly

spherical the 3-WEM should also lead to similar results as SEM and SMPS. In con-

trast to this expectation, the 3-WEM leads to larger mean radii (40%) and smaller

geometric standard deviations (20%) than the two other methods. Similar behavior

has already been observed in previous studies that compared 3-WEM with other

sizing methods [16, 45, 71]. At the moment we cannot finally explain the origin

of this deviation but it is, presumably, due to assumptions implicit in the analysis

of the 3-WEM data (Section 6.3.2).

Fig. 6.6. (a) Bars: Size distribution of

phenanthrene particles obtained from SEM

measurements. Ordinate: Percentage of

particles with sizes in size intervals of 50 nm.

Inset: Typical SEM image. (b) Bars: Number

size distribution of phenanthrene particles

measured on-line with the SMPS. c is the

number concentration per logarithmic

sampling interval. Bars indicate the center of

the intervals. Circles: Fit to the measured

distribution assuming a log–normal

distribution [Eq. (2)]. Conditions for particle

formation: Text ¼ TN ¼ 298 K, pext ¼ pN ¼ 400

bar.
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The size information is also contained in the IR spectrum of the aerosol depicted

in Fig. 6.7(a). Thus, the scattering by the particles leads to the slanted baseline,

which is characteristic for the size distribution of the particle ensemble. Note that

the strong bands from gas-phase CO2 (residues of the solvent) below 800 cm�1 and

between 1900 and 2500 cm�1 have been cut from this spectrum. The determina-

Fig. 6.7. (a) Experimental IR spectrum of phenanthrene

aerosol particles. (b) Fitted infrared spectrum (see Section 6.4).

(c) Imaginary part k of the complex index of refraction. (d) Real

part n of the complex index of refraction. ~nn is the transition

wavenumber.
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tion of the particle size distribution from the experimental mid-infrared spectrum

requires knowledge of the corresponding refractive index data nþ ik for the solute

in this region (Section 6.4). Since these data were not known for phenanthrene par-

ticles, we have derived them from a fit to the experimental spectrum using the ex-

perimentally measured size distributions from the SMPS (Fig. 6.6b). We assumed

Mie theory for spherical particles and a Lorentz model for the optical properties

[Eqs. (3, 4), and [42]]. More details of this procedure can be found in Refs. [15,

30, 42]. According to Eq. (3) each Lorentz oscillator is characterized by three pa-

rameters: The resonance wavenumber, the oscillator strength, and the damping

width. The number of oscillators is not determined a priori. It depends on the

number of intra- and intermolecular vibrations and on interactions between them.

The phenanthrene spectrum in Fig. 6.7(a) consists of sharp resolved absorptions.

Therefore, we have assigned one Lorentz oscillator to each of these bands. The re-

sults from our Lorentz fit are depicted in Fig. 6.7(b–d). Trace (b) shows the fitted

IR spectrum, which reproduces the experimental spectrum quite well. The region

below 2000 cm�1 is dominated by the strong absorption of the CH out-of-plane

bending at 819 cm�1. All other vibrations in the mid-infrared region are rather

weak. The region below 2000 cm�1 consists of well-resolved individual transitions

whereas the CH-stretching transitions around 3100 cm�1 strongly overlap. Trace

(c) shows the imaginary part k and trace (d) the real part n of the complex index

of refraction. The corresponding fitted parameters and refractive index data to-

gether with a description of the estimated uncertainties (@20%) are available in

Ref. [46]. With these data the determination of the size distribution now becomes

possible directly from IR spectra for phenanthrene aerosols.

Apart from the size, the IR spectrum also contains information about the chem-

ical composition, about the structure (crystalline, amorphous), and sometimes

about the particle shape. Comparison of the experimental spectrum in Fig. 6.7(a)

with corresponding spectra for crystalline phenanthrene reveals the crystalline

character of the phenanthrene particles [72]. Fig. 6.7(c) and (d) show that there ex-

ists a spectral range around 819 cm�1 where n is small and k varies widely. In clas-

sical scattering theory, this is the condition for the occurrence of shape effects in

particle spectra [42]. We have pointed out previously [44] that on a molecular level

this can be explained by exciton coupling (transition dipole coupling), which eluci-

dates that shape effects only occur for bands with relatively large molecular transi-

tion dipoles (dm > 0.1–0.2 D). For phenanthrene this is fulfilled only for the band

at 819 cm�1, which is shown in an expanded view in Fig. 6.8(a). By different exam-

ples [52, 54, 55, 73] we have illustrated that different particle shapes lead to differ-

ent band structures for such strong absorption bands in the IR spectra. Figure

6.8(a) shows the band at 819 cm�1 for spherical phenanthrene particles as depicted

in the SEM image of Fig. 6.6(a). To modify the shape of the phenanthrene particles

we have produced a layer of particles on a NaCl window and recorded its IR spec-

trum, which is depicted in Fig. 6.8(b). This layer no longer consists of single spher-

ical particles but of strongly agglomerated/coagulated primary particles, as illus-

trated by the SEM image in trace (b). The deviation from the spherical shape

obviously leads to a completely different band shape in the IR spectrum of the par-
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ticle layer (trace in Fig. 6.8b) compared with the aerosol (trace a). In accordance

with the explanations above, we do not observe such deviations between the two

different spectra for the weak absorption bands.

6.5.2

Sugar Nanoparticles

Sugar-like substances such as cyclodextrins are attractive carriers for drugs to ad-

minister them in solid dosage form and improve their dissolution. Cyclodextrins

are cyclic oligosaccharides of d-glycopyranose units able to form inclusion com-

plexes with many drugs [74, 75]. Controlled particle deposition (CPD, [74, 76]) is

one possibility to produce such complexes. In CPD the solute of interest is dis-

solved in supercritical CO2. This solution then permeates the pores of the carrier

where the drug precipitates after a fast drop of the pressure. Another possibility is

to generate mixed particles with an electro-spray or with RESS by using a solution

Fig. 6.8. (a) Expanded view of the IR

spectrum of phenanthrene aerosol shown

in Fig. 6.7(a) in the region of the band at

819 cm�1. (b) IR spectrum of a layer of par-

ticles on a NaCl window together with the

corresponding SEM image of this layer. The

different band shapes in traces a and b most

likely arise from the different particle shapes

of the two samples. ~nn is the transition

wavenumber.
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of both the drug and the carrier (CORESS [19–22, 24, 74, 76]). This results in en-

capsulation of the drug by or mixing of the drug with the carrier. In this section we

show some results concerning particle formation of different sugar-like substances

with the electro-spray (Section 6.2.2) and with RESS (Section 6.2.1). The compli-

cated network of hydrogen bonds in such sugar particles gives rise to various amor-

phous and crystalline forms that can affect their use in nanoparticle technology. In-

frared spectroscopy again proves to be useful to elucidate the complex inter- and

intramolecular hydrogen-bond dynamics in these particles.

We have investigated different sugar particles generated with the electro-spray,

including glycolaldehyde, hydroxyacetone, glyceraldehyde dimer, dihydroxyacetone

and its dimer, glucose, fructose, saccharose, ribose, 2-deoxyribose, and erythrose

[9, 29, 30, 51]. Figure 6.9 shows, from top to bottom, the IR spectra of fructose

particles (C6H12O6), glucose particles (C6H12O6), ribose particles (C5H10O5), and

2-deoxyribose particles (C5H10O4). Common to all of these spectra are the relatively

broad absorption bands, which clearly indicate that the aerosol particles are amor-

phous and not crystalline. This statement has been further corroborated by com-

paring the particle spectra with spectra of the crystalline substances. In contrast to

the particles the latter exhibit narrow bands in the IR spectra, as illustrated for

2-deoxyribose by Fig. 6.10(b), with the corresponding particle spectrum shown in

Fig. 6.10(a). Comparison of the four spectra in Fig. 6.9 also shows that the finger-

Fig. 6.9. Infrared spectra of aerosol particles

of (a) fructose, (b) glucose, (c) ribose, and (d)

deoxyribose. Fructose, glucose, and ribose

molecules form pyranose rings in the particles,

as indicated by the molecular structures. For

deoxyribose a furanose ring is shown, but it is

not clear in this case whether the particles

consist of furanose or pyranose rings. ~nn is the

transition wavenumber.
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print region below 1800 cm�1 is characteristic for each compound, even for com-

pounds as similar as the two isomers fructose and glucose. The fingerprint region

does not only allow us to distinguish between different sugars, it even provides in-

formation about the structure of the molecules in the particles. For instance the

missing carbonyl band (expected at 1750 cm�1) in all four spectra proves that the

sugar molecules are not present in their open form but that they form ring struc-

tures in the particles. In addition, from comparison of the IR spectra with quan-

tum chemical calculations it is possible, for some sugars, to make statements

about the kind of ring structure (e.g., furanose or pyranose). For fructose, glucose,

and ribose the pyranose rings seem to be predominant, as indicated by the molec-

ular structures (insets) in Fig. 6.9. For deoxyribose, however, it is not clear from the

analysis of the IR spectra whether the particles consist of pyranose or furanose

rings.

Fig. 6.10. (a) Experimental IR spectrum of

deoxyribose aerosol particles. (b) Experimental

IR spectrum of crystalline deoxyribose in KBr.

(c) Optimized damping constants gs and (d)

optimized relative transition intensities ~nn2s fs

from the Lorentz model [Eq. (3)]. (e) Real part

n and (f ) imaginary part k of the complex

refractive index obtained by a Kramers–Kronig

inversion of the experimental particle spectrum

[Eq. (5)]. ~nn is the transition wavenumber.
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In contrast to the fingerprint region, the OH-stretching region around 3300

cm�1 looks almost identical for all four sugars. It is characterized by a single, un-

structured, very broad band, which is shaded towards lower frequencies. This spec-

tral region is strongly influenced by the formation of inter- and intramolecular

hydrogen bonds. The characteristic band shape seems to reflect a more general be-

havior that is common to all four carbohydrate particles. To elucidate this phenom-

enon we have performed a band shape analysis assuming a Lorentz model that

leads to the dielectric function given by Eq. (3). The relation to the refractive index

data is given by Eq. (4). The same procedure as described in the previous section

for phenanthrene particles was used to determine the optical data. As a result, we

obtained the oscillator strengths (~nn2s fs) and the damping widths (gs) of the different

Lorentz oscillators with resonance wavenumbers (~nns). For deoxyribose, the values

for gs are depicted in Fig. 6.10(c) and the values for ~nn2s fs in 6.10(d). Here, we are

mainly interested in the OH-stretching region. The sequence of oscillator strengths

and widths found in this region for the particle spectra reveals a hierarchy of differ-

ent hydrogen bonds: large redshifts (~nns) of OH-stretch transitions are accompanied

by an increase in transition intensity (~nn2s fs) and a stronger coupling to the environ-

ment (gs). We interpret this observation as a result of a certain degree of short-

range order in the amorphous solid particles caused by intermolecular hydrogen

bonds. Since the other three sugars give the same qualitative results as discussed

here for deoxyribose this hints at similarities in the kind of short range order for

the different sugar-like substances. The band shape analysis with the Lorentz

model also yields refractive index data. We have further improved these data by a

Kramers–Kronig inversion [Eq. (5)]. The final refractive index data n and k are

listed in Ref. [46] and are shown in Fig. 6.10(e) and (f ) respectively. With these

data, the determination of the size distribution now becomes possible for deoxyri-

bose aerosols.

In addition to the electro-spray generation, a batch RESS apparatus has been

used to investigate the formation of submicron sugar particles. This apparatus is

designed for experiments in the temperature range from 270 to 370 K and pres-

sures up to 25 MPa. The RESS experiments were performed at a pre-expansion

temperature of 338 K and a pre-expansion pressure of 20 MPa. In all experiments

the extraction conditions were Text ¼ 323 K and pext ¼ 20 MPa. Figure 6.11 shows,

on the left-hand side, maltodextrin particles and, on the right-hand side, lactose

particles produced by RESS. These SEM pictures are typical examples of the prod-

ucts obtained and show that the spherical particles are less than 300 nm in diame-

ter. However, notably, due to the very low solubility of both maltodextrin and lac-

tose in supercritical CO2 a co-solvent should be used in further investigations to

enhance the solubility of the sugars in CO2.

6.5.3

Drug Nanoparticles

One main problem arising from the micronization of drugs with RESS is that in

the final products the small primary particles often coagulate or agglomerate to
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form much larger aggregates. These processes can take place either upon particle

formation, or upon collecting the particles, or during storage of the powders. Coag-

ulation and agglomeration leads to a decrease of the active surface and thus re-

duces the dissolution rate and the bioavailability of drugs. This can be overcome

by mixing with or encapsulating by a second substance that avoids or at least

reduces agglomeration. For instance, this can be achieved by rapid expansion

of a ternary supercritical mixture which leads to co-precipitation of the two solutes

(CORESS). Until now, much work has been done on producing particles of pure

solutes by RESS, but only a few studies have been devoted to the simultaneous

co-precipitation of two solutes [19–22, 24, 26, 74, 76]. Another way to prevent par-

ticle growth through coagulation and agglomeration and to stabilize the particles

is to spray the supercritical solution directly into an aqueous surfactant solution

(RESSAS [14, 18, 23, 25]). Encapsulation of particles is not only of interest for sta-

bilizing primary particles, it is also a promising way for controlled drug delivery in

the body. For instance, the coating can allow for targeted drug release in different

intestinal regions (pH-dependent release). We have investigated such aspects for

different pharmaceutical agents such as griseofulvin (oral antifungal drug), ibupro-

fen (anti-inflammatory drug), and phytosterol [10, 14, 18, 24, 74, 76]. In this sec-

tion, we discuss the agglomeration behavior of phytosterol particles generated

with RESS and the influence of co-expanding a polymer in the supercritical solu-

tion (CORESS). Phytosterol is a mixture of 85% b-sitosterol, 10% stigmasterol, and

5% campesterol. The main component b-sitosterol can be used as an additive for

cosmetic substances or as an agent to reduce the amount of cholesterol in the hu-

man blood.

Pure phytosterol particles generated by RESS have a strong tendency to

coagulate/agglomerate. This is documented by the two SEM images in Fig. 6.12.

The survey in trace (a) shows that micronized phytosterol has a spongy structure

that consists of coagulated/agglomerated primary particles. This can be seen best

in trace (b), which represents an expanded view of trace (a). The agglomerated

Fig. 6.11. Maltodextrin particles (left) and lactose particles

(right) produced by RESS. The particles are 300 nm in

diameter.
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spongy structure consists of primary particles with diameters between 50 and 150

nm. With our in situ characterization methods we have tried to find out where the

agglomeration of the phytosterol particles takes place. In principle, the particles

can agglomerate before and at the Mach disc, after the Mach disc in the gas phase,

or during the particle collection on the sample holder for the SEM examination.

From our measurements, we cannot make firm statements about agglomeration

processes taking place before and at the Mach disc, but the 3-WEM at least indi-

cates that the phytosterol particles are quite small (r0 @ 50 nm, s@ 1:8) immedi-

ately after the pulse and after all CO2 has evaporated. After the pulse has finished,

however, we can observe the behavior of the aerosol in the expansion chamber as a

function of time. For the very large agglomerated particles depicted in Fig. 6.12(a),

we would expect a decrease of the extinction in the IR spectra and a decrease of the

extinction signals recorded for the 3-WEM with increasing time. The reason for

that is the settling of the agglomerates. For comparison, settling of the phenan-

threne particles with mean diameters around 400 nm leads to a decrease of the ex-

tinction by 70% already after 10 min. In contrast to these expectations, both the in-

frared signal and the 3-WEM signal are almost completely constant for more than

15 min after the end of the pulse. This is shown in Fig. 6.13(a) and (b). Both fig-

ures show only a minor change of the signal with time. This means that most of

the particles in the gas phase are very small and stay small (no agglomeration).

Bigger particles or agglomerates would settle down in our chamber and thus lead

to a decrease in the extinctions for FTIR and 3-WEM. This is a clear experimental

hint that the agglomeration takes place predominantly during the sample collec-

tion for the SEM measurements.

Based on a modified RESS-process (CORESS [19–22, 24, 74, 76]), additional

experiments were performed with biodegradable polymers [Eudragit7 and poly-l-

lactic-acid (L-PLA)] and phytosterol as solutes. In these experiments both phytos-

terol and the polymer are thoroughly mixed and weighed out and then packed

into the extraction vessel. Experiments with Eudragit7 were performed with the

batch apparatus (see Section 6.2.1) at pre-expansion temperatures between 310

Fig. 6.12. SEM images of pure phytosterol particles produced

by RESS. (a) Survey and (b) detailed view.
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and 340 K and a pre-expansion pressure of 20 MPa. With L-PLA the continuous

RESS apparatus was used. These experiments were performed at an extraction

temperature of 313 K, pre-expansion temperatures between 348 and 388 K and a

pre-expansion pressure of 20 MPa. To avoid clogging, the nozzle temperature was

10 K higher than the respective pre-expansion temperature. These pre-expansion

conditions were chosen to prevent particle precipitation inside the capillary nozzle.

SEM was used to observe the morphology of the particle surface. The size of the

particles produced by CORESS was measured online with 3-WEM. Differential

Scanning Calorimetry (DSC) was used for physical characterization (melting point,

heat of fusion, and crystallinity) of the original and the processed materials. The

decrease of the heat of fusion obtained in the first heating-run allowed us to esti-

mate the amount of polymer in the mixture. In addition, the unprocessed and the

processed substances were characterized by X-ray diffraction (XRD).

Figure 6.14 shows, on the left, typical results for the co-precipitated phytosterol/

Eudragit7 particles. As mentioned above, the pure phytosterol particles are usually

agglomerated and show a spongy structure. Contrary to these results the CORESS

experiments performed with mixtures of phytosterol/Eudragit7 (mass ratios of 1:1

and 1:10) lead to finely dispersed particles with diameters in the range of 250 nm.

Fig. 6.13. (a) Infrared spectra of pure

phytosterol aerosol particles recorded at

t1 ¼ 230, t2 ¼ 440, and t3 ¼ 650 s after the

end of the expansion pulse (t ¼ 0 s). ~nn is the

transition wavenumber. (b) Extinction signals

from 3-WEM for the three lasers with

wavelengths l1 ¼ 405, l2 ¼ 655, and

l3 ¼ 1064 nm. The signals remain nearly

constant as a function of time (t) after the end

of the expansion pulse.
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The particles thus obtained were analyzed by DSC and compared with the un-

processed materials to determine the amount of polymer in the particles. The melt-

ing temperature and the heat of fusion of the original phytosterol were found to be

413 K and 56.9 J g�1, respectively. These values differ markedly from those of the

submicron phytosterol/Eudragit7 particles (407 K and 37.1 J g�1, respectively, for a

mass ratio of 1:10). Depending on the initial mass ratio of the mixture in the ex-

traction vessel, the amount of Eudragit7 in the particles varies from @10 to @35

wt%. Additional FTIR analysis of the phytosterol/Eudragit7 particles obtained con-

firm these results.

Additional CORESS experiments were performed with mixtures of phytosterol/

L-PLA (mass ratios of 1:5 and 1:8). As shown in the right-hand part of Fig. 6.14, the

experiments again lead to dispersed particles 250 nm in diameter. The product was

characterized by DSC and XRD. Both the melting temperature and the heat of fu-

sion were reduced in comparison to pure phytosterol. Typical DSC curves of pure

phytosterol particles, of phytosterol/L-PLA particles, and of pure L-PLA particles

are depicted in Fig. 6.15. The curve of pure phytosterol shows a melting peak in

the range between 403 and 415 K while the curve of the phytosterol/L-PLA par-

ticles shows a broad peak between 388 and 411 K, corresponding to the micro-

encapsulation of phytosterol. Depending on the initial mass ratio of the mixture

in the extraction vessel, the amount of L-PLA varied from 12 to 40 wt%. Figure

6.16 displays typical XRD patterns of pure phytosterol particles, of phytosterol/L-

PLA particles, and of pure L-PLA particles. For both the pure phytosterol and the

phytosterol/L-PLA mixture diffraction peaks characteristic for crystalline phytos-

terol are obtained. These diffraction peaks disappear for the submicron L-PLA par-

ticles. Thus, the L-PLA particles are in the amorphous state. This result is in good

agreement with the DSC analyses where no melting peak of crystalline L-PLA was

observed (Fig. 6.15).

IR spectroscopy allows us to determine and thus to control the amount of L-PLA

Fig. 6.14. Phytosterol/Eudragit7 particles (left) and

phytosterol/L-PLA particles (right) produced by CORESS. The

amount of Eudragit7 is@10 wt% and the amount of L-PLA is

@12 wt%.
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in situ during particle formation. This is much faster and simpler than the analysis

with DSC and allows us to optimize the amount of polymer by adjusting the pro-

cess parameters during particle formation. Figure 6.17 compares the IR spectrum

of pure phytosterol particles (trace a) with two spectra of mixed phytosterol/L-PLA

particles (traces b and c). The spectrum of pure phytosterol particles has strong ab-

sorption bands in the OH/CH-stretching region around 2900 cm�1 but only weak

absorption bands in the fingerprint region below 1800 cm�1. Although there are

many bands in this region, they are barely visible due to their weakness. Traces

Fig. 6.15. DSC curves of (a) pure phytosterol particles, (b)

phytosterol/L-PLA particles, and (c) pure L-PLA particles.

Fig. 6.16. XRD patterns of (a) pure phytosterol particles, (b)

phytosterol/L-PLA particles, and (c) pure L-PLA particles.
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(b) and (c) show that the strongest band of L-PLA in the fingerprint region is the

carbonyl stretching-band around 1765 cm�1. In contrast to the other absorption

bands of L-PLA in the fingerprint region it is well separated and does not overlap

with phytosterol bands or CO2 bands. Moreover, L-PLA shows no significant ab-

sorbance above 2800 cm�1. Therefore, the ratio of its carbonyl band intensity to

that of the phytosterol OH/CH absorption is well suited to determine the relative

content of L-PLA in the particles. From trace (b) to trace (c) the amount of L-PLA

in the particles increases by@70%.

In summary, these results illustrate that the simultaneous co-precipitation of two

solutes is a promising method to produce composite particles. The particles ob-

tained from the CORESS process appear as a drug core encapsulated in a polymer

coating. This encapsulation helps to prevent agglomeration and to control drug re-

lease, which both depend on the amount of polymer in the particles. The easiest

way to control the amount of polymer is by in situ FTIR spectroscopy during parti-

cle formation.

Fig. 6.17. (a) Infrared spectrum of pure phytosterol aerosol

particles. (b) and (c) IR spectra of mixed phytosterol/L-PLA

aerosol particles. There is@70% more polymer in the particles

of trace (c) than in trace (b). ~nn is the transition wavenumber.
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6.6

Summary and Conclusion

FTIR spectroscopy provides a wealth of information about molecular nanopar-

ticles, which makes it an particularly powerful method for the characterization of

such systems. Vibrational spectra of particulate systems allow us to draw conclu-

sions about the chemical composition, the size, the shape, and about structural

properties of the particles. Especially attractive is the use of in situ direct absorption

FTIR spectroscopy, which allows us to characterize and control the particle proper-

ties during or shortly after their generation. For these investigations it is crucial

that in situ FTIR spectroscopy is fast, that it can be combined with various particle

generation methods, and that it can be used under very different experimental

conditions.

The different examples in this chapter document the general applicability of this

characterization method and the wide range of information it provides for biomo-

lecular particles. This comprises different aspects of particle characterization. One

example is the investigation of the particle formation process itself. In agreement

with previous modeling results the RESS experiments show that, depending on the

pre-expansion conditions, condensation of the solvent CO2 can occur in the initial

stage of particle formation. Such information is very useful for the evaluation of

the obtained particles since the condensation/evaporation behavior of the solvent

has a strong influence on particle formation and therewith on the properties of

the final solid particles. Another example is the on-line control of particle composi-

tion. This is crucial, for instance, for polymer encapsulated drugs when a well de-

fined amount of polymer in the particles has to be maintained.

A prerequisite for a successful analysis of the information contained in the IR

spectra is the knowledge of the corresponding refractive index data. These data pro-

vide information, for instance, about the size effects and the shape effects to be ex-

pected in extinction spectra. We have demonstrated that the determination of accu-

rate optical data from experimental IR spectra is not easy. The main reason lies in

the lack of accurate information about the size, shape, and number concentration

of the particles and in the model assumptions used in the derivation of the optical

data. Therefore, it is not astonishing that, nowadays, only a few databases provide

optical data for particulate systems and nearly none for nanoparticles of interest in

life sciences. The lack of these data certainly represents one of the major restric-

tions for the routine application of FTIR spectroscopy for particle characterization.

To alleviate that restriction is one of the most important challenges in the field.
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7

Characterization of Nanoscaled Drug Delivery

Systems by Electron Spin Resonance (ESR)

Karsten Mäder

7.1

Introduction

Nanoscaled drug delivery systems (nano-DDS) have been heavily investigated due

to their large potential to make drug therapy more efficient. After years of intense

research, they have entered the pharmaceutical market and many systems have

reached the late clinical state. Nano-DDS are only defined by their submicron

size. They are made from different materials (e.g., lipid or polymer based) and

include very different kinds of associates and particles. Examples include (mixed)

micelles, polymer micelles, liposomes, microemulsions, polymer nanoparticles,

solid lipid nanoparticles, nanocapsules. The main applications are in peroral and

parenteral drug delivery, although nano-DDS are also considered for other admin-

istration routes (dermal, pulmonal). In peroral drug delivery, higher absorption

rates and decreased variabilities of poorly soluble drugs are achieved. Nano-DDS

make the i.v. injection of poorly soluble drugs feasible and help to push drug tar-

geting strategies from the conception to reality.

The performance of nano-DDS strongly depends on many parameters, including

composition, particle size, surface charge and the physical state of the matrix.

Appropriate characterization of nanoparticle systems is a serious challenge due to

following reasons:

� the submicron size of the objects;
� the sensitivity of many Nano-drug delivery systems to environmental changes,

including drying, freezing or dilution;
� the coexistence of several colloidal species;
� the importance of dynamic phenomena;
� material properties might differ significantly from bulk material.

Some commonly used methods require tedious sample preparation (electron mi-

croscopy) or fixing of the particles (AFM). Fixation by drying of the samples com-

posed of soft matter such as lipid nanoparticles, however, will change considerably

the sample characteristics. Therefore, there is a need for methods that are can char-
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acterize Nano-drug delivery systems with no or minimized sample preparation.

NMR spectroscopy, fluorescence and other optical techniques, Raman-spectroscopy

and ESR are methods that offer possibilities to conduct such studies. The challenge

of appropriate characterization is considerable higher for characterization in bio-

logical surroundings in vitro or in vivo. Most techniques are not capable of in vivo
measurements. Radiolabeling techniques are used to monitor the distribution of

Nano-drug delivery systems in the body of animals and man; however, they provide

no information about the physicochemical changes of the drug delivery system

caused by interaction with the environment or metabolic processes. Consequently,

our knowledge of the detailed fate of the drug and drug carrier in vivo is still rather
limited. This chapter will discuss how ESR can contribute to shedding more light

on nanoscaled drug delivery systems. The basic requirements of ESR will be dis-

cussed. Examples will show which information can be extracted from the spectra

and how this information can be used to characterize drug delivery systems.

Finally, the opportunities and limits of ESR for the in vivo characterization will be

shown.

7.2

ESR Basics and Requirements

Electron Spin Resonance (ESR) or synonymously Electron Paramagnetic Reso-

nance (EPR) can be regarded as a sister method for Nuclear Magnetic Resonance

(NMR). Both methods were first described about 60 years ago and both require the

presence of a magnetic moment. In NMR, the magnetic moment comes from the

nuclear spin (e.g., 1H, 13C, 19F), in ESR it derives from unpaired electrons. Sources

of unpaired electrons are free radicals and certain oxidations states of transition

metals.

The basic magnetic resonance experiment (NMR and EPR) requires the posi-

tioning of the sample in a homogenous magnetic field. The applied magnetic field

leads to parallel or anti-parallel alignment of the spins. Irradiation of the sample

with an appropriate frequency (¼ resonance frequency) leads the spins to switch

between both states. Under such conditions, part of the energy is absorbed and a

signal observed. Higher magnetic fields lead to higher sensitivity and need higher

frequencies. Typical NMR frequencies are radiofrequencies (e.g., 20–600 MHz),

whereas typical ESR frequencies are in the microwave range (10 GHz). However,

the recent development of high-field NMR (800 MHz and higher) and low-

frequency ESR (1 GHz and 300 MHz) have led to partial overlapping of the NMR

and ESR frequency ranges. Due to the high dielectric loss, the standard ESR

frequency of 10 GHz penetrates only 1–2 mm in water-containing samples (e.g.,

biological tissue). The development of low frequency ESR was necessary to make

possible the investigation of larger samples with high water content. It permits

ESR experiments on whole living mammals (mice and rats). Refs. [1, 2] give a

broad coverage of basic ESR and biological related applications.

NMR is per se less sensitive than ESR due to the smaller magnetic moment of
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the nuclear spin. However, this disadvantage is compensated by the much higher

concentrations of nuclear spins and the development of pulsed NMR. Most ESR

spectrometers work in the continuous mode because most radicals relax very rap-

idly and, therefore, pulsed methods are difficult or impossible to apply. Table 7.1

summarizes the main features of NMR and ESR.

The basic instrumentation of ESR requires a magnet, a microwave bridge, and

a resonator with phase sensitive detection. Of course, modern spectrometers are

operated via a computer interface. Most spectrometers operate at 9 to 10 GHz

(X-band). Due to the high dielectric loss, the measurement of samples with high

water content is limited to a size < 1–2 mm. Recent progress in the design of in-

struments has resulted in small, sensitive benchtop spectrometers at reasonable

prices (Fig. 7.1). Larger objects with high water content (tablets or small animals)

can be assessed by spectrometers that work at lower frequencies, e.g., 0.3 or 1 GHz

(Fig. 7.2).

We will focus only on drug delivery and will not consider other important ap-

plications such as ESR oximetry [3], the measurement of nitric oxide [4] or the

direct detection [5] of radical metabolites. Spin trapping is a method that transfers

very reactive radical intermediates into more stable spin adducts [6]. However, very

careful preparation of the experiments and interpretation of the results is neces-

sary to avoid artifacts [7, 8]. Artifacts might be caused by impurities of the com-

Tab. 7.1. Comparison of NMR and ESR.

ESR NMR

Prerequisite Electron spin Nuclear spin

Examples Free radicals, Cu2þ, Mn2þ, Fe3þ 1H, 13C, 19F, 35P

Magnetic moment (J T�1) Larger: me� ¼ 9:274� 10�24 Smaller: mH ¼ 5:051� 10�27

Typical frequency 9–10 GHz 100–800 MHz

Mode of operation Continuous wave FT-NMR

Typical line widths MHz <Hz

‘‘Time window’’ (s) 10�9–10�11 10�5–10�9

Fig. 7.1. Benchtop 9 GHz ESR-spectrometer (X-band) with

temperature unit (below the spectrometer).
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mercial spin traps, non-radical reactions or instability of the spin adduct. In-

experienced researchers often misinterpret the experimental results due to their

poor knowledge of the reactivity of the radical, the trapping efficiency, the in-

stability of the trap under the experimental conditions and the adduct stability.

ESR spin trapping has been used recently to detect the radical formation from

TiO2 nanoparticles [9] and the antioxidant potential of selenium nanoparticles

[10].

Paramagnetic species that can be detected by ESR are free radicals and certain

oxidation states of metal ions. ESR spectra of metal ions (e.g., Fe3þ, Cu2þ, Mn2þ)

are in most cases very broad due to short relaxation times and magnetic interac-

tions. Sometimes, their detection requires study at very low temperatures (77 K

and below). ESR spectroscopy of metal ions permits the characterization of en-

zymes and organs, but it is of low importance in drug delivery. Some materials

like bentonite and kaolin contain Fe3þ as impurity. Nearly all ESR studies in the

field of drug delivery are based on the detection of free radicals, because most sam-

ples are ESR silent. Endogenous radicals could be present in the case of gamma

sterilized or mechanical treated samples, if the delivery matrix or the drug is in

the crystalline state and has a high melting point [11, 12]. Gamma irradiation in-

duced radicals will rapidly decay in liquid and semisolid matrices and in polymers

with a low glass transition temperature, but they can be detected and quantified by

Fig. 7.2. L-band (1 GHz) ESR spectrometer

with imaging possibility. The lower frequency

of the L-band permits noninvasive

measurement of larger samples with high

water content, including mice and rats. The

spectrometer consists of a computer (a), a

magnet power supply (b), a microwave bridge

(c), the magnet with resonator (d) and power

supply for the imaging gradients (e).
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spin-trapping techniques or at low temperatures [13]. Gamma irradiation induced

radicals can be used to follow water penetration in biodegradable polymers in vitro
and in vivo, if they have sufficient thermostability (e.g., slow decay rates at 37 �C)

[14].

Magnetite is a very important material for both diagnostic and therapy, and

exhibits endogenous ESR signals. Magnetite is used as an MRI contrast agent as

well as for local hyperthermia. Magnetite has very broad ESR lines. These can be

used to quantify and characterize the material, including the uptake in cells and

tissue [15, 16, 17].

However, most samples are ESR silent and require the addition of radicals. For

this reason, the addition of radical probes is a necessity. In most cases, nitroxide

radicals are used. A large variety of nitroxides with different hydrophobicity, charge

and functional groups is commercially available. Most nitroxides derive from piper-

idine, pyrrolidine or imidazolidine structures. Examples of nitroxide radicals are

illustrated in Fig. 7.3.

The numerous different structures (hydrophilic, hydrophobic, charged, un-

charged, aliphatic or aromatic) permit one to choose a molecule with the desired

Fig. 7.3. Examples of nitroxide radicals with different hydrophilicities.
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physicochemical properties. Nitroxides can be used as spin probes (¼ model drugs)

to monitor processes of drug delivery in vitro and in vivo. Larger molecules (e.g.,

proteins, PVA, chitosan) can be spin labeled by the covalent linking of a chemically

activated nitroxide to a suitable group of the macromolecule (e.g., amino, hydroxyl,

carboxyl groups). For most macromolecules, the spin labeling procedure will lead

to small and insignificant changes in the properties the molecules; however, this

has to be verified. Spin labeling of low molecular weight compounds will lead

to significant changes in molecular properties because the nitroxide moiety con-

tributes significantly to the whole molecule.

7.3

Information from ESR Spectroscopy and Imaging

The following information can be obtained by EPR spectroscopy and imaging:

1. nitroxide concentration

2. micropolarity and microviscosity

3. microacidity

4. distribution of radicals and spatial resolution of parameters 1–3 (by imaging

techniques or using different nitroxide isotopes).

Let us consider the information content step by step.

7.3.1

Nitroxide Concentration

Nitroxide concentrations can be used to follow the release and distribution kinetics

of drug carriers. ESR spectra are recorded in most cases in the form of the first

derivative. Therefore, the nitroxide concentration can be obtained by double inte-

gration of the spectra. The signal intensity depends on the radical concentration,

the parameters of measurement (microwave power, modulation amplitude, resona-

tor type, filling factor, sample positioning, temperature etc.) and the dielectric loss

of the sample. Samples with higher dielectric loss will give lower signal intensities

for equal radical concentrations. It is highly recommended to use internal stan-

dards for quantitative measurements and to take great care about the positioning

of the sample, reproducible filling factors, and sufficient scan width.

The hydrophilic ascorbic acid reduces piperidine nitroxides rapidly to the EPR

silent hydroxylamines, and the loss of the EPR signal intensity indicates the acces-

sibility of the nitroxide to the aqueous outer phase (Fig. 7.4). Solid lipid nano-

particles (SLN) and nanostructured lipid carriers (NLC) are less protective, respec-

tively, than a nanoemulsion. This finding can be explained by the platelet structure

of the SLN and the expulsion of foreign molecules during lipid crystallization.
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7.3.2

Micropolarity and Microviscosity

The unpaired electron of the nitroxide group is distributed between the nitrogen

and oxygen of the nitroxyl group. Mesomeric forms of the distribution are illus-

trated in Fig. 7.5.

The nitrogen nucleus has a nuclear spin of 1. Magnetic interaction between the

electron and nuclear spins of the nitrogen leads to a splitting of the ESR signal into

three lines, which is also called hyperfine splitting (Hfs). Hfs is given by the Hfs

constant aN (Fig. 7.6).

The oxygen atom has no nuclear spin and therefore does not contribute to the

splitting. Polar solvents (e.g., water) will favor the left-hand form in Fig. 7.5 and

increase the spin density (¼ density of the unpaired electron) at the nitrogen.

Non-polar solvents (e.g., oil) will increase localization of the spin at the oxygen

and, therefore, decrease the spin density at the nitrogen. As a result, a smaller hy-

perfine coupling constant aN will be observed (Fig. 7.6). Figure 7.7 shows quantita-

tive values of hyperfine splitting in different solvents of pharmaceutical relevance.

For nitroxides, hyperfine coupling between the electron and nuclear spins is

anisotropic. The aNs are smaller for the x and y direction (around 0.6 mT) than

Fig. 7.4. Kinetics of nitroxide reduction of different colloidal

lipid carriers. The lipophilic nitroxide TEMPOLBENZOATE is

reduced more rapidly from solid lipid nanoparticles (SLN) and

nanostructured lipid carriers (NLC) than with a standard

nanoemulsion.

Fig. 7.5. Mesomeric forms of the nitroxyl group. The free

electron is distributed between the nitrogen and oxygen atom.
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for the z direction (around 3.3 mT). The anisotropy is averaged by rapid movement

of the nitroxide in low viscous environments and an isotropic Hfs of around

1.5 mT results: aN-iso ¼ ð0:6þ 0:6þ 3:3 mTÞ=3 ¼ 1:5 mT.

Viscous or even solid environments permit only partial or no averaging of the

anisotropy. Incomplete averaging of the Hfs results in changes of the spectral

shape and increased linewidths (Fig. 7.8). Initially, increased line widths, but no

changes in line positions, are observed. The third line is most sensitive for mobility

changes and shows the largest broadening, which leads to the smallest amplitude

(see spectrum at 15 �C). If mobility of the nitroxides is further restricted, the line

shape changes and anisotropic spectra are observed (Fig. 7.8). If the nitroxide tum-

bling is very slow (e.g., microseconds and below), no averaging occurs and the ESR

spectrum depends on the orientation of the nitroxide axis to the magnetic field.

Typical ‘‘powder’’ ESR spectra are recorded if the nitroxide is randomly orientated

(Fig. 7.8, �30 �C).

The following examples demonstrate how the sensitivity of ESR spectra to micro-

polarity and microviscosity might be used to characterize nanosized drug delivery

systems.

Fig. 7.6. ESR spectra of the spin probe TEMPOL in middle

chain triglycerides (MCT) (oil) and water. Note the larger

hyperfine splitting (aN) in the solvent with higher polarity.

Fig. 7.7. Hyperfine coupling constants of TEMPOL in different

solvents of pharmaceutical relevance.
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Nitroxide mobility might differ in different environments of heterogeneous

systems. It will also change with time due to water penetration or degradation of

the delivery matrix. Figure 7.9 shows simulated spectra and their integrative forms

of different ratios of samples where immobilized and mobile nitroxide molecules

Fig. 7.8. Influence of temperature on ESR

spectra of TEMPOL in poly(oxyethylene-

pentaerythrol): Lower temperatures increase

the viscosity and lead to a decreased averaging

of the anisotropy of the hyperfine coupling. The

high mobility of TEMPOL at 60 �C leads to a

nearly isotropic shape; higher viscosities at

lower temperatures lead to imperfect averaging

(15 to �15 �C) of the anisotropy. At �30 �C,
no averaging occurs on the ESR timescale and

fully anisotropic spectra are recorded.

Fig. 7.9. Simulated ESR spectra of nitroxides with high and

low mobility. The ratio indicates the ratio of mobile to

immobile nitroxide molecules. Simulated ESR spectra (left) and

their integrals (right) of different ratios of both components are

represented.
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coexist. The ESR spectra (¼ 1st derivative) are very sensitive to narrow lines and,

therefore, mobile (¼ solubilized) nitroxides are detected below 1%. Immobilized

nitroxides are more difficult to detect due to their broad lines and low signal ampli-

tudes. They are easily overlooked in the ESR spectra if their concentration is below

50% of the total content. It is recommended that ESR spectra are integrated to

make them more visible (Fig. 7.9).

The surface properties of nanoparticles play a significant role in vivo. Chau-
vierre et al. have used covalent ESR spin labeling of the dextran coat to investigate

the surface properties of poly(isobutylcyanoacrylate) nanoparticles. They found a

superposition of different nitroxide mobilities (similar to Fig. 7.9) and a depen-

dency on the method used for particle synthesis [18]. The authors measured the

mobile and immobile compartments in a quantitative manner. Italian scientists

have used ESR to characterize the influence of lipid composition and the chain

length of PEG on the characteristics of pegylated liposomes [19].

ESR can not only be used to characterize drug delivery systems before their use,

it is also a method to shed more light on the release mechanisms themselves. The

method can give unique and important information because different release

mechanisms lead to different changes in spectral intensity and shape. Pure surface

erosion will lead to a decrease in signal intensity, but no changes in spectral shape.

In contrast, diffusion-controlled drug release can be recognized by changes in spec-

tral shape due to increased mobility of the incorporated nitroxide.

The next example investigates the influence of temperature on the polarity of Po-

loxamer 188 solutions. Figure 7.10 shows ESR spectra of the lipophilic spin probe

TEMPOLBENZOATE in 2% Poloxamer solutions. The ESR spectrum recorded at

25 �C indicates that the nitroxide is localized in a polar environment. The spec-

trum can be simulated with one species with a Hfs constant of aN ¼ 1:66 mT.

Heating the sample to 60 �C leads to significant changes in spectral shape, which

are most visible in the region of the third line. Obviously, the experimental spec-

trum is now a superposition of at least two ESR spectra from TEMPOLBENZOATE

localized in different microenvironments. Simulation results for the ESR spectrum

show that about 25% of the probe is localized in a polar environment (aN ¼ 1:66

mT, third spectrum from top from Fig. 7.10). This environment is highly polar

and very similar to the one and only environment observed at 25 �C. About 75%

of the spin probe, however, is localized in a less polar, more viscous environment

(aN ¼ 1:568 mT, bottom spectrum in Fig. 7.10). This environment was not ob-

served at 25 �C. Therefore, heating Poloxamer 188 solutions results in a new

hydrophobic environment, in which lipophilic molecules accumulate. Experimen-

tal results demonstrate the thermal reversibility of this process. The temperature-

induced formation of this hydrophobic environment has to be kept in mind if heat-

ing of Poloxamer solutions takes place (e.g., DSC).

The usefulness of ESR to get more insights has also been demonstrated for

colloidal lipid carriers. The results indicate that the loading capacity of colloidal

solid lipid dispersions is very low due to the crystalline nature of the lipid. They

also showed that solid lipid nanoparticles (SLN) and nanostructured lipid carriers

(NLC, composed of solid and liquid lipids) do not offer the proposed advantages in
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comparison with a submicron emulsion, because lipid crystallization leads to ex-

pulsion of the lipophilic nitroxide into the aqueous phase. Detailed analysis of the

ESR spectra shows that about 2
3 of TEMPOLBENZOATE were exposed to a polar

environment in a 10% colloidal dispersion of Compritol (a mixture of different

glycerolbehanates) – which demonstrates the poor performance of SLN (Fig. 7.11)

[20]. Incorporation into the lipid is even worse if the lipid crystal is more perfect.

The incorporation rate of lipophilic nitroxides in cetylpalmitate is close to zero

(own unpublished results).

Lipid crystallization might be retarded in nanosized systems due to the small

size. Therefore, sample storage might greatly influence the lipid crystallization

and localization of the incorporated drug. Figure 7.12 shows that the nitroxide

TEMPO distributes in a ratio of 1:3 between the polar (aqueous) and nonpolar

(lipid) environment, if the sample is stored at room temperature. Data from

NMR, DSC and X-ray measurements show that the lipid matrix does not crystallize

under such conditions. Storage at low temperatures induces crystallization of the

lipid, at least partially. The lipid crystallization is connected with a redistribution

of the nitroxide into a more polar environment and a 1:1 distribution is observed.

Clearly, solid lipids can accommodate only traces of foreign molecules, because the

concentration of the spin probe is rather low (3 mmol kg�1).

An important aspect of colloidal drug delivery systems is dynamic phenomena,

e.g., the kinetics of distribution processes. The dilution assay monitors the change

in spectral shape after further addition of the outer phase (Fig. 7.13). Current re-

Fig. 7.10. ESR spectra of TEMPOLBENZOATE

in 2% (w/w) Poloxamer 188 solutions at 25

and 60 �C. Note the different line shape at

60 �C, as indicated by the arrow. The bottom

spectra are the result of simulating the

experimental 60 �C spectrum, indicating the

distribution of the nitroxide in two

environments with different polarity.
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sults obtained from different colloidal carriers (SLN, NLC, nanoemulsions, nano-

capsules and polymeric nanoparticles) suggest that distribution processes take

place in the range from seconds to minutes for nitroxides with moderate lipophi-

licity (log P < 4). This is not surprising with respect to the very short diffusion

length within the particles and the very small thickness (e.g., 10 nm) of the shell

of nanocapsules [21]. Nitroxides with very high hydrophobicity such as HDPMI

(Fig. 7.3) can be simulated with one component before and after dilution. They do

Fig. 7.11. Localization of the lipophilic spin probe

TEMPOLBENZOATE (TB) in different colloidal lipid carriers.

Note that the nitroxide is almost exclusively localized in liquid

lipids and only partially in solid lipid nanoparticles (SLN) and

nanostructured lipid carriers (NLC).

Fig. 7.12. 2.1 GHz ESR spectra of TEMPO loaded (20% w/w)

WITEPSOL (mixtures of triglycerides and partial glycerides)

dispersions, (a) experiment: sample stored at room tempera-

ture, (b) experiment: stored at refrigerator, (c) simulation:

lipophilic component, (d) simulation: hydrophilic component.

252 7 Characterization of Nanoscaled Drug Delivery Systems by Electron Spin Resonance (ESR)



not change their spectral shape due to their high preferential localization in the

lipophilic environment.

ESR has been used to follow the pH-induced micelle-to-vesicle transformation of

oleic acid in more detail [22]. Changes in the ESR spectra can also be used to fol-

low the interaction between colloidal drug carriers and colloidal lipid dispersions

with cells. Slovenian scientists found that the transfer depends on the spin probe,

colloid matrix, and surfactant [23].

7.3.3

Monitoring of Microacidity

The development of pH-sensitive nitroxides offers the opportunity to monitor mi-

croacidity in drug delivery systems in vitro and in vivo. Figure 7.14 illustrates the

principle.

Kroll et al. reported the first pharmaceutical application, monitoring drug degra-

dation induced pH changes inside nontransparent w/o-ointments [24]. The pH is

of crucial importance in the field of biodegradable polymers, because commonly

used materials such as polyhydroxyesters, polyanhydrides and polyorthoesters are

hydrolyzed to acids. The pH might affect the stability and solubility of incorporated

drugs and, furthermore, also the degradation rate of many polymers to a large

extent. The first in vivo measurement of the pH inside degrading PLGA implants

was published in 1996 [ ]. The pH drops to as low as 2 inside subcutaneous PLGA

implants in mice.

EPR has also been used to determine the acidity in PLGA-PEG microparticles

designed for protein release [26]. For this purpose, albumin was covalently linked

to a pH-sensitive label. Another study describes the influence of drugs and buffer

substances on the acidity within the microparticles. Gentamicine base and sodium

acetate are able to increase the pH inside the particles [27]. ESR is, therefore, a

useful tool to monitor the success of a formulation measure in influencing the

pH inside drug delivery systems. The principles of pH-measurement by ESR can

also be applied to colloidal drug carriers and I am sure that we will soon witness

further applications in this field.

Fig. 7.13. ESR spectra of TEMPOLBENZOATE loaded

nanocapsules before (top) and after (bottom) 1:4 dilution with

the outer phase. The change in spectral shape is caused by

increased localization of the probe in the aqueous

environment.
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7.3.4

ESR Imaging

From the ESR spectrum, conclusions can be drawn on the nitroxide concentration,

micropolarity, microviscosity and (using appropriate nitroxides) pH. Deeper in-

sight into drug delivery processes is possible if the information can be attributed

to a certain layer of the delivery system. Spectral–spatial information can be ob-

tained by ESR imaging techniques. For example, pH gradients of almost two units

within a distance of a few micrometers have been found in degrading polyanhy-

drides [28]. A more recent study showed the formation of pH gradients in poly-

mers composed of polyorthoester and polylactide units [29]. Another study demon-

Fig. 7.14. Principle of pH measurement by

imidazolidine nitroxides. Protonation of the

nitrogen at position 3 leads to significant

changes in the spin density and hyperfine

coupling constant. At pKa 4.7, the ESR

spectrum results from equal contributions of

protonated (small Hfs) and unprotonated

(larger Hfs) forms of the nitroxide. The

influence of pH on Hfs is shown in the lower

part of the figure.
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strated that commercial ointments can modify the microacidity in human skin in
vitro, leading to pH gradients in the skin [30]. The resolution of ESR imaging, in

the range of a few microns, is insufficient to monitor distributions inside nano-

scaled systems. However, it can be used to follow the fate of nanostructures with

a macroscopic controlled release system (e.g., tablets that release nanoparticles)

or, even more interestingly, to follow the fate of nanocarriers in mice and rats.

7.4

In Vivo ESR

The development of low-frequency spectrometers and imagers has made noninva-

sive ESR studies on mice and rats possible. In vivo applications include the charac-
terization of antacid induced pH changes of the stomach in mice [31].

Correlation of in vitro and in vivo data is very important for the development

and quality control of delivery systems. Major differences may arise from decreased

water accessibility in vivo, different pH or buffer capacities or the involvement of

enzymes. EPR is a useful tool to figure out whether the general release mechanism

in vitro corresponds to the in vivo situation in a small mammal. For example, in-

complete release of a water-soluble nitroxide has been found in vivo due to encap-

sulation of the polymer implant [32].

EPR observations show that release processes from biodegradable polyesters and

polyanhydrides are rather complex [25, 33]. A surface erosion front mechanism

with zero-order kinetics has been observed for P(CPP-SA) 20:80 polyanhydrides.

The in vivo release was 1.5� slower than for in vitro experiments [33]. Substitution

of the aromatic dicarboxylic acid CPP by long-chain aliphatic dicarboxylic acids

(FAD) leads to increased mobility inside the manufactured polyanhydride and a

more complex release pattern with partially diffusion-controlled processes [32].

For P(FAD-SA) implants, an intermediate increase in viscosity inside the degrad-

ing polymer has been observed, which was caused by precipitation of the dicar-

boxylic acids. EPR spectra of nitroxide-loaded poly(lactide-co-glycolide) implants did

not change in shape or intensity during the first week, indicating an initial lag

time. During the second week, a small portion of the nitroxides became solubilized

within the polymer. The ratio of solubilized/immobilized nitroxides increased with

time and a rapid, almost pulse-like release was observed after four weeks. The au-

thors were able to distinguish release processes of the core from the outer layers by

manufacturing sandwich implants that contained 14N-nitroxides in the outer layers

and 15N-nitroxides in the core [33]. These studies show the possibility of obtaining

unique information about drug delivery processes in vivo.

7.5

Summary and Outlook

ESR can be applied to samples that are otherwise difficult to assess, e.g., nontrans-

parent, solid or multiphase samples, or samples with heterogeneities in the nano-
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meter range. This allows monitoring of the distribution kinetics and protection

capacity of nanoscaled drug delivery systems.

Technical developments now permit sensitive ESR spectroscopy and imaging of

mice and rats. An increasing number of in vivo spectrometers are being built, and

I am sure that we shall soon see many papers that focus on the in vivo character-

ization of nanoscaled drug delivery systems by ESR spectroscopy and imaging.

Acknowledgment

I thank the former and present members of my group, S. Liedtke, K. Jores, A.
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8

X-ray Absorption and Emission Spectroscopy

in Nanoscience and Lifesciences

Jinghua Guo

8.1

Introduction

The properties of matter at nanoscale dimensions can be dramatically different

from the bulk or the constituent molecules. The differences arise through quan-

tum confinement, altered thermodynamics or changed chemical reactivity. In gen-

eral, electronic structure ultimately determines the properties of matter, and it is

therefore natural to anticipate that a complete understanding of the electronic

structure of nanoscale systems will lead to progress in nanoscience and bioscience,

not inferior to that seen in recent years.

The ability to control the particle size and morphology of nanoparticles is of cru-

cial importance, both from a fundamental and industrial point of view, considering

the tremendous amount of high-tech applications of nanostructured metal oxide

materials devices such as dye-sensitized solar cells, displays and smart windows,

chemical, gas and biosensors, lithium batteries, supercapacitors. Controlling the

crystallographic structure and the arrangement of atoms along the surface of nano-

structured material will determine most of its physical properties.

So far the electronic structure and dynamics in biological systems have been

little investigated. Synchrotron-based X-ray diffraction has been used to determine

the molecular geometry that in many cases can determine the biological function

of the molecule. Unfortunately, as crystallography was unable to address the local

structural geometry of a chemisorbed molecule on surface, disordered biological

systems may be a challenge too. When studying biological systems it is necessary

to perform the experiments in a natural environment, i.e., in water/liquid solu-

tions. We show later in this chapter that X-ray photon-in and photon-out spectros-

copy can be used for in situ spectroscopic studies of wet systems.

X-rays originate from an electronic transition between a localized core state and a

valence state. By the second half of the twentieth century, technological adavances

in detector and X-ray spectrometry produced a renaissance of interest in X-ray

spectroscopy as an analytical tool in chemical analysis and as a tool for studying

the solid state in general [1]. The parallel development of computational methods

in solid-state physics and quantum chemistry, abetted by modern high-speed com-

Nanotechnologies for the Life Sciences Vol. 3
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puters, enabled theoreticians to return to the many unrevolved problems in X-ray

spectroscopy. Thus, the last decade has seen a rebirth of effort in expanding the

methods of X-ray spectroscopy as well as applications to a growing lists of studies

in various fields of science.

Soft X-ray spectroscopy has some basic features that are important to consider

[2]. As a core state is involved, elemental selectivity is obtained because the core

levels of different elements are well separated in energy, meaning that the involve-

ment of the inner level makes this probe localized to one specific atomic site,

around which the electronic structure is reflected as a partial density-of-states con-

tribution. The participation of valence electrons gives the method chemical state

sensitivity and, further, the dipole nature of the transitions gives particular symme-

try information.

An introduction to soft X-ray absorption spectroscopy (XAS) along with soft X-

ray emission spectroscopy (XES) is given in Section 8.2, and their chemical sensi-

tivity in nanostructured and molecular materials is discussed in Section 8.3. A

number of examples, including some recent findings, then illustrate the potential

of XAS and XES applications in the nanoscience (Section 8.4) and bioscience (Sec-

tion 8.5).

8.2

Soft X-ray Spectroscopy

Synchrotron radiation has become an indispensible tool in many areas of science.

Synchrotron radiation is the light emitted by electrons as they circulate around a

high-energy accelerator. This light covers the spectrum from hard (short wave-

length) X-rays through soft (long wavelength) X-rays, ultraviolet (UV), visible, and

infrared. The use of synchrotron radiation has grown to a powerful research tool in

science in the last decade. Vacuum ultraviolet and X-ray photons emerging from

storage rings are now among the most frequently used probes for advanced inves-

tigation of the electronic and geometric structure of matter.

The newly developed theoretical methods in band theory and quantum chemis-

try, as well as the use of different instrumentation, set the soft X-ray community

apart from hard X-ray spectroscopists [3]. This separation has long been symbol-

ized by the existence of separate triannual international conference series on Vac-

uum Ultraviolet Radiation Physics [4] and X-ray Physics and Inner Shell Ionization

[5].

The utility of hard X-ray absorption spectroscopy as a probe of chemical identity

in the biological, environmental and biomedical sciences is well documented [6–

12]. Metals in enzymes can be probed in all oxidation states and spin states, and

environmental samples can be examined in a chemically undisturbed form. In ap-

propriate cases, intact tissues or even an entire organism can be examined. For ex-

ample, a 23 amino-acid synthetic lytic peptide (Hecate) has been covalently linked

to magnetite nanoparticles, and the lytic peptide-bound nanoparticles characterized

by X-ray absorption near-edge structure spectroscopy [13]. In recent years, the ad-
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vent of synchrotron sources as the best source for both X-ray regions has greatly

reduced the barriers between the two communities [14]. Soft X-ray absorption fine

structure, or NEXAFS technique, has become a powful tool to study molecules

bonded on surfaces [15].

Current developments in synchrotron radiation techniques have led to extremely

bright undulator sources. The use of synchrotron radiation for the excitation of soft

X-ray emission spectra adds several important qualities to this spectroscopic

method. Firstly, it provides a very intense photon-excitation source. Secondly,

monochromatized soft X-ray photons offer a higher degree of energy selectivity

than do electrons. Thirdly, synchrotron radiation offers the possibility of exciting

soft X-ray spectroscopy by polarized light.

8.2.1

Soft X-ray Absorption Edges

The X-ray absorption spectrum of a given element consists of series of edges, each

corresponding to excitation of a different core electron. Electron levels with the

quantum number n equal to 1–4 are named as K, L, M, N levels, respectively. K-

edges arise from the innermost 1s orbital, L-edges from the second shell, M-edges

from the third and N-edges from the fourth. While there is only one K-edge, the

higher order edges are further divided by the angular momentum of the resulting

core electron vacancy. Hence, there are three L-edges, denoted L1, L2 and L3, aris-

ing from 2s, 2p1=2 and 2p3=2 final states, respectively. Similarly, there are five M-

edges and seven N-edges. These edges are well separated in energy. With Fe2O3,

for example, the O K-edge is at 530 eV, and the Fe L2 and L3-edges are close

together at 720 and 707 eV, while the observable M-edge has a very low energy of

52 eV.

The soft X-ray region ranges from about 50 to 1200 eV. Much of biological and

environmental science can be based on soft X-ray spectroscopy measurements.

This is because the X-ray edges in this region offer routes to chemical information

not readily obtained by other techniques. Edges in the soft X-ray region include:

the light element K-edges, including C, N, O, F, Si; the first transition metal L-

edges, including Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn; the M-edges of Fe through to the

lanthanides, and N-edges of the lanthanides etc. All the absorption edges can be

found on a website of the Center for X-ray Optics, Lawrence Berkeley National Lab-

oratory [16], and some of the edges are illustrated in Fig. 8.1.

8.2.2

Soft X-ray Emission Spectroscopy

In soft X-ray emission, the core vacancy left by the excited 1s electron is filled by a

valence-orbital electron, thereby also giving direct information about the chemical

bonding. Characteristic X-ray emission spectra consist of spectral series with lines

having a common initial state with the vacancy in the inner level. The emission

intensity from a disordered sample is given by the formula
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Iz
X

f

o3
if jrif j

2
Dðo 0 � oif ;GÞ ð1Þ

Eq. (1) can be further simplified in the one-electron approximation. To be specific

let us consider the K-emission of atom n in a molecule. The transition matrix ele-

ment rif describes now the one-electron transition between the 1sn core orbital and

occupied molecular orbital (MO) i, the effective wavefunction of which can be

written as

fi ¼
X

n

wncin ð2Þ

where wn is the p-orbital of the atom n. Thus, the intensity Eq. (1) becomes

Iz
X

i

c2niDðo 0 � oi; 1s;GÞ: ð3Þ

where oi; 1sA ei � e1s, ei and e1s are the energies of the 1s electron and MO i.
Further simplification could be made by retaining only the first term in the ex-

pansion of the exponential function, i.e., the so-called dipole approximation. This
important approximation assumes krf 1. Such an approximation works well for

soft X-ray radiation. As result of the dipole approximation, K-emission probes the

p-character of a molecular orbital fi, while L-emission probes the contributions of

s and d atomic orbitals in f. One can map the MO f by measuring spectra of all

series (K, L, M, . . .) of all atoms.

Fig. 8.1. Schematic illustration of X-ray absorption edges from

the K-edges of some light elements and L-edges from some

transition metals.
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8.2.3

Soft X-ray Absorption Spectroscopy

A soft X-ray absorption spectrum provides information about the unoccupied

states. For example, in the oxygen K-edge absorption, the oxygen 1s electron is ex-

cited to empty electronic states in the water unoccupied molecular orbitals, and the

dipole selection rule provides a tool to study locally the O 2p character of these un-

occupied valence band (Fig. 8.2). The atomic nature of the core hole implies ele-

mental and site selectivity. The probability of such a transition is related to the

X-ray absorption cross section. The intensity of these secondary electrons or the

photons can be measured as a function of incoming photon energy. This will

reflect the absorption cross section as the intensity of the secondary electrons/

emitted photons are proportional to the absorbed intensity. Because of the short

mean free path of electrons, the electron-yield-detection method is very surface

sensitive. If the out-coming photons are detected (fluorescence yield), the X-ray ab-

sorption becomes bulk probing (about 100–200 nm) due to the comparatively

larger attenuation lengths.

The photoabsorption transition probability for a transition from an initial state

jii to a final state j f i is governed by Fermi’s ‘‘Golden Rule’’:

Pif ¼
2p

�h
jh f jV jiij2Dðo� ofi;Gif Þ; ofi ¼ ef � ei ð4Þ

where ef and ei are energies of final and initial states of the system, and Gif is the

width of the spectral transition, V describes the interaction between molecule and

light, and Dðe;GÞ is the Lorentzian function

Fig. 8.2. Left: schematic illustration of X-ray absorption and

emission spectroscopy. Right: X-ray absorption and emission of

a water molecule.
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Dðe;GÞ ¼ G

pðe2 þ G2Þ
ð5Þ

The final electron state j f i could be a bound or a continuum state, depending on

the photon frequency o.

Thus, the expression for the X-ray absorption (XAS) cross section is obtained as

Eq. (6).

s ¼ 4p2

m2

e2

c

1

o
jh f je � pjiij2Dðo� ofi;Gif Þ ð6Þ

8.2.4

Resonant Soft X-ray Emission Spectroscopy

The big improvement in the performance of synchrotron radiation based soft X-ray

spectroscopy during the last decade is the high brightness of the third generation

source combined with high quality optical systems for refocusing the mono-

chromatized soft X-ray beam. The new generation synchrotron radiation sources

producing intense tunable monochromatized X-ray beams has opened up new pos-

sibilities for soft X-ray spectroscopy. X-ray absorption and emission have been tra-

ditionally treated as two independent processes, with the absorption and emission

spectra providing information on the unoccupied and occupied electronic states,

respectively.

The possibility to select the energy of the excitation has created an extra degree

of freedom compared with traditional spectroscopy pursued with high-energy elec-

tron or characteristic X-ray excitation. The energy selectivity makes it possible to

perform resonant excitation, i.e., exciting to particular empty states [28–30]. The

introduction of selectively excited soft X-ray emission has opened a new field of

study by disclosing many new possibilities of soft X-ray resonant inelastic scatter-

ing (RIXS). Among the new tools available with this technique are site selectivity in

high-Tc superconducting materials [31], femtosecond dynamics [32] and chemical

bonding mechanism [33] by detuning from resonance, etc.

Resonant inelastic X-ray scattering at core resonances has become a new tool for

probing the optical transitions in transition metal oxides. The scheme of RIXS pro-

cess is presented in Fig. 8.3. For the hard X-ray K-edge RIXS process, the interme-

diate state in a transition metal is the same as the final state in a K absorption mea-

surement, while the RIXS final state (when scanning the Ka region) is the same as

in L absorption spectroscopy [21, 22]. For L-edge and M-edge RIXS, the final states

are typical d–d or f–f excitations [23, 24].

Final states probed via such a channel, RIXS or XRS, are related to eigenvalues

of the ground state Hamiltonian. The core–hole lifetime is not a limit on the reso-

lution in this spectroscopy. According to the many-body picture, an energy of a

photon, scattered on a certain low-energy excitation, should change by the same

amount as a change in an excitation energy of the incident beam, so that inelastic
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scattering structures have constant energy losses and follow the elastic peak on the

emitted-photon energy scale.

The formulations of RIXS lead to a Kramers–Heisenberg type dispersion for-

mula for the cross section, with generally only the resonant part of the scattering

process taken into account [17–20]. Second-order perturbation theory for the RIXS

process leads to the Kramers–Heisenberg formula for the resonant X-ray scattering

amplitude. Using this starting point RIXS has been analyzed in periodic solids as a

momentum conserving process, suggesting that it can be used as a novel ‘‘band-

mapping’’ technique in diamond and graphite [25–27].

The spectral and polarization properties of the RIXS process can be described by

a double differential cross section

d2
s

do 0 dW
¼

X

n

X

n

o 0

o
jFnnðoÞj2Dðo� o 0 � onn;GnnÞFðo� o0Þ ð7Þ

where o and o 0 are the frequencies of incident and scattered X-ray photons, re-

spectively. Gnn is the final-state lifetime broadening. Fðo� o0Þ is the spectral pro-

file of the incoming beam. The broadening of the core excitations Gnk is much

larger than the lifetime broadening Gnn of optical transitions n ! n. It is thus rea-

sonable to assume that Gnn ¼ 0, replacing the D function by a Dirac d-function.

This is the basis for super-highly resolved X-ray spectroscopy, which allows us to

record X-ray fluorescence resonances without the lifetime broadening [18]. Further

discussion on resonant soft X-ray emission spectroscopy is beyond the scope of this

chapter, but it can be found in earlier reviews [34–37].

8.2.5

Experimental Details

An outline of an undulator beamline, such as beamline 7.0.1 of the Advanced Light

Source [38], is presented in Fig. 8.4, showing its principle elements. It consists of a

Fig. 8.3. Schematic representation of RIXS process (a), soft

X-ray RIXS in study of dd (ff ) excitations (b).
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5 m, 5-cm period undulator and a spherical grating monochromator (SGM) cover-

ing the spectral range from 60 to 1200 eV. It is designed for high resolution opera-

tion with maximum photon flux and a small spot size (typically, 50–100 mm) at

the sample, matched to the acceptance of the experiment spectrometers.

The experimental set-up at a synchrotron radiation beamline is called the end-

station, since it constitutes an interchangable experiment at the end of the beam-

line. The end-station consists of three main parts: analysis chamber, preparation

chamber and loadlock chamber, separated by valves [39].

X-ray absorption spectra are recorded in total-electron-yield (TEY) mode or

fluorescence-yield (FY) mode. TEY is measured from sample drain current, and

the FY is obtained from a channeltron. X-ray emission spectra are recorded by us-

ing a grazing incidence grating spectrometer. Figure 8.5 shows a common experi-

mental set-up for soft X-ray spectroscopy.

Fig. 8.4. Outline of an undulator beamline, including an

undulator, monochromator and a Rowland circle geometry

grating spectrometer and channeltron for soft X-ray

fluorescence detection.

Fig. 8.5. A Rowland circle geometry grating spectrometer (a)

and a static liquid cell (b) for soft X-ray spectroscopic study of

liquid samples.
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The high-resolution grating spectrometer was mounted parallel to the polariza-

tion vector of the incident photon beam to detect the emitted X-ray (Fig. 8.5a).

The grazing-incidence grating spectrometer is based on Rowland geometry. It con-

sists of slit, gratings and detector. Three spherical gratings are optimized to cover

an operation range of 50–1000 eV. The gratings are mounted at angles of inci-

dence to have a joint fixed slit, and the emitted X-rays are detected using a two-

dimensional detector that can be positioned and oriented tangentially to the per-

tained Rowland circle. The detector consists of multi-channel plates and a resistive

anode with a four-electrode readout.

Solid-state samples can be studied by placing the solid sample in front of the

spectrometer slit, as shown in Fig. 8.5(a). While for the liquid (or wet) samples, a

liquid cell has to be used. The liquid cell has a window to attain compatibility with

UHV conditions of the spectrometer and beamline. The synchrotron radiation en-

ters the liquid cell through a 100 nm thick silicon nitride window and the emitted

X-rays exit through the same window. The thin silicon nitride window is commer-

cially available [42]. The test showed that a 100 nm thin Si3N4 membrane of

2:25� 2:25 mm2 could hold one atmosphere pressure. The liquid cell (Fig. 8.5b)

consists of a metal container and a 1� 1 mm2 and 100 nm thin Si3N4 membrane,

which can withstand the differential pressure between the liquid on one side and

UHV on another side. The transmission of X-rays at the C, O K-edge, and Fe L-

edge for a 100 nm thick window is about 46%, 66%, and 82%, respectively. Silicon

nitride membranes are not the best choice when compared to other materials with

respect to their transmission of X-rays in the energy region 80–1000 eV, but their

mechanical properties and fabrication process make them the only candidate at

present. They also allow experiments to be performed at a vacuum pressure of

less than 1� 10�9 Torr.

8.3

Chemical Sensitivity of Soft X-ray Spectroscopy

The region from 200 to 700 eV covers the K-edges of the biologically relevant light

elements carbon, nitrogen, oxygen and fluorine. The useful properties of soft X-ray

spectroscopy stem from the electric dipole nature of the transitions involved. The

emission originates from an electronic transition between a localized core state and

a valence state. The energy of the emitted X-ray is equal to the difference in energy

of the two states. Involvement of the inner level makes this probe localized to one

specific atomic site, around which the electronic structure is reflected as a partial

density-of-states (DOS) contribution. Chemical sensitivity is obtained when the res-

olution of the detected emission lines is high enough to resolve fine structure. The

line shapes are determined by the valence electron distribution and the transitions

are governed by dipole selection rules. For solids, essentially a partial DOS map-

ping is obtained. This is exemplified by the carbon Ka emission spectra of the car-

bon solids shown in Fig. 8.6 (see also Fig. 8.8a).
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8.3.1

Electronic Structure and Geometrical Structure

The difference in structural arrangement of these allotropic forms (Fig. 8.6) of car-

bon gives rise to the wide differences in their physical properties. Carbon has an

atomic number of 6 and has a 1s22s22p2 configuration in the electronic ground

state. The atoms in diamond are tetrahedrally bonded to their four nearest-

neighbors using linear combinations of 2s, 2px, 2py, and 2pz orbitals in an sp3 con-

figuration. In contrast, in graphite, strong in-plane bonds are formed between a

carbon atom and its three nearest-neighbors from 2s, 2px , and 2py orbitals; this

bonding arrangement is denoted by sp2. The remaining electron with a pz orbital

provides only weak interplanar bonding, but it is responsible for the semi-metallic

electronic behavior of graphite.

The sp-orbital, and the sp3-hybrid orbital indicate rotational symmetry. Bonds

of this kind are call s-bonds. The electrons involved in such bonds are called

s-electrons. With double bonds, so-called p-orbitals occur with corresponding p-

electrons. Such orbitals are not symmetrical with regard to their bonding orienta-

tion. Figure 8.7 displays X-ray absorption spectra of highly oriented pyrolytic

graphite (HOPG) recorded at different incidence angles [40]. When the polariza-

tion vector of the incident beam is parallel to the basal plane only excitations to s

states are possible. Excitations to p states become more likely the more perpendic-

ular to the basal plane the polarization vector is. Thus, one can see that the main

feature below 292 eV has mainly p character, while the s states are observed at en-

ergies above 292 eV. Notably, the sharp absorption feature appearing at 292.0 eV is

not due to the band structure but to an excitonic state, which has been discussed in

detail elsewhere [26].

The normal carbon Ka XES spectra of diamond, graphitic carbon, C70, C60, and

benzene are presented in Fig. 8.8(a), where large differences in spectral profile are

observed. The spectra of diamond and graphitic carbon show a wide band with

Fig. 8.6. Schematic representation of carbon in different

allotropic forms: diamond, graphite, C60, and nanotubes. (From

Ref. [41].)
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some shoulder structures, where the energy positions of the peak maximum and

band shapes are largely different. In some studies related to vapor deposition the

XES spectral profile has been used as a means to identify certain chemical states

[34]. In contrast, the spectra of benzene, C60, and C70 exhibit clearly resolved emis-

sion peaks, indicating strong molecular character in their solid phases. The marked

resolved emission features in benzene can find their countpart in the emission

spectra of C60 and C70, and all the fine structures are washed out in diamond and

graphite.

Fig. 8.7. Polarization dependent X-ray absorption spectra of HOPG.

Fig. 8.8. (a) Non-resonant carbon Ka SXES spectra of

diamond, amorphous carbon (graphitic), C70, C60, and

benzene; (b) X-ray absorption spectra of C60, carbon

nanotubes, HOPG, and diamond.

8.3 Chemical Sensitivity of Soft X-ray Spectroscopy 269



Figure 8.8(b) shows the X-ray absorption spectra of C60, carbon nanotubes (C-

NT), HOPG, and diamond. The X-ray absorption spectral shape of carbon nano-

tubes is similar to that of HOPG, which is different to that of C60. The p� shows a

shift towards low photon energy in the X-ray absorption of C-NT. C60 gives more

resolved absorption features, which indicate a strong molecular character of C60.

Non-resonant carbon Ka XES spectra of carbon nanotubes and C60 show a similar

shape, but resonantly excited XES spectra reveal large differences in the electronic

structure of these two systems. The XAS spectrum of diamond shows no p� contri-

bution, and the absorption feature at 288.85 eV is the diamond exciton. The 2nd

bandgap at 302 eV is also clearly observed.

8.3.2

Hydrogen Bonding Effect

A very important but hitherto less addressed question is that of the hydrogen bond

effect on the electronic structure. This effect is essential for understanding the

physical and chemical properties of many chemical and biological systems. The

reason for this neglect, however, is the limited experimental access to the electronic

structure of liquids. The application of spectroscopic methods to study the elec-

tronic structure of liquids has been hampered by the incompatibility of wet sam-

ples and high-vacuum conditions. Hence, even understanding the properties of

pure liquid water remains a challenge.

Water is the most abundant substance on our planet, and it is the principal con-

stituent of all living organisms. Chemical reactions taking place in liquid water are

essential for many important processes in electrochemistry, environmental science,

pharmaceutical science, and biology in general. Many models have been proposed

to view the details of how liquid water is geometrically organized by a hydrogen

bond network. Hydrogen bonding is an attractive interaction from a link of a hy-

drogen atom and one of the highly electronegative and non-metallic elements that

contain a lone pair of electrons. Although H-bonds are much weaker than conven-

tional chemical bonds, they have important consequences on the properties of

water. Diffraction of X-rays [43] and neutrons [44] provides strong evidence that

tetrahedral hydrogen-bond order persists beyond the melting transition, but with

substantial disorder present [45]. Important questions remain about the precise na-

ture of the disorder and how it is spatially manifested.

A network with four hydrogen bonds connects most of the water molecules in

the liquid phase. Such a network can often be terminated by local structures with

three or even two hydrogen bonds.

Soft-X-ray emission spectroscopy is essentially bulk sensitive, since the attenua-

tion length of photons in this energy range is typically hundreds of nanometers in

solid matter. The penetration depth offers a few experimental opportunities not

present in electron-based spectroscopy. Figure 8.9 shows XAS and XES spectra of

water in the gas phase and liquid phase at room temperature.

Another X-ray absorption study of liquid water [46] suggests that the four

hydrogen-bonding networks mainly contribute to a single broad feature, while a

shoulder located at 534.7 eV suggests the presence of the broken hydrogen bonds.
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Indeed, recent theoretical simulations assign this pre-edge structure to a particular

three-hydrogen bond structure with onemissing hydrogen bond at the hydrogen site.

8.3.3

Charge and Spin States of Transition Metals

Many metals that play important roles in biological and environmental sciences

lack the partially filled d-shells used for UV–visible spectroscopy. Still, there are al-

ways soft X-ray resonances that can be exploited.

First transition metal L-edge spectroscopy is a relatively new technique for bio-

logical samples. L-edge spectra can be analyzed through theoretical simulation

using ligand field multiplet theory (LFMT). LFMT is a multi-electron approach

that describes the initial and final states as multiplets that are mixed and split by

the symmetry of the ligand field [47–51].

The experimental Fe-L2; 3 absorption spectra for K4[Fe(CN)6] (Fe2þ) and

K3[Fe(CN)6] (Fe
3þ) are displayed in Fig. 8.10. The first peak at 704.5 eV is observed

in the (Fe3þ) derivative but not in the (Fe2þ) one. It corresponds to the excitation

2p6t52g $ 2p5t62g which is absent in the Fe2þ configuration (t62g ground state). This

peak is a signature of the Fe3þ configuration [52]. The other peaks between 707

and 715 eV correspond to multiplet structures arising from transitions from 2p to

eg orbitals.

The second peak, which corresponds to the transition from 2p3=2 to empty eg or-

bitals, exhibits at least five structures, which have to be analyzed with a multiplet

model, taking into account the exchange interaction between the 2p hole and 3d

electrons [51]. Note that the splitting of the L3 line is related, but not directly

scaled, to the lODq crystal field strength parameter (energy separation between

Fig. 8.9. X-ray emission spectra of the water

molecules and liquid water, formed as

electrons from the three outermost occupied

molecular orbitals, schematically depicted in

the right panel, fill a vacancy in the 1a1 core-

level. The excitation-energy is 543 eV, well

above the ionization limit but sufficiently low

so that the emission from multiply excited

states can be neglected.
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the levels t2g and the center of mass of the eg levels). The Fe L-edge of both com-

plexes, K3[Fe(CN)6] and K4[Fe(CN)6] presented the significant changes in the spec-

tral profile when they were disvolved in water solutions.

The Ni L-edge XAS and RIXS spectra of NiO and (Ph4As)2Ni[S2C2(CF3)2] are

shown in Fig. 8.11 [53]. NiO is a typical high-spin Ni2þ, and the complex of

(Ph4As)2Ni[S2C2(CF3)2] is a Ni dithiolene, which has a low-spin Ni2þ. The dd and

charge-transfer excitations can be observed along with some contributions of nor-

mal emission. The transition of dd excitations in the high-spin compound NiO was

within 3.0 eV, while the low-spin system shows dd excitations with larger energies.

Examination of these Ni models will serve as a first step in measuring real biolog-

ical nickels, and one can create a spectral data base for use in future biological

spectra analysis. Preliminary experiments on a small number of Ni compounds

also confirm the feasibility.

8.4

Electronic Structure and Nanostructure

In the nano-regime, two effects dominate the chemical and physical properties: (a)

increasing contribution of surface atoms (surface effect). The surface atom to bulk

Fig. 8.10. Fe L2; 3-edges absorption from K3[Fe(CN)6] and

K4[Fe(CN)6] in both solid state and water solutions. The peak

labeled ‘‘A1’’ corresponds to a singlet excitation.
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atom ratio increases dramatically as the particles size decreases. For a 30-nm parti-

cle, about 5% of all the atoms are on the surface, while for 3 nm particle, up to

50% of the atoms are on the surface, (b) quantum confinement as nanoclusters de-

crease down to a few nanometers (size effect), where electrons begin to feel the ef-

fects of quantum confinement when the size of the structure becomes comparable

to the electron wavelengths.

Synchrotron radiation with photon energy at or below 1 keV is giving new in-

sight into such areas as wet cell biology, condensed matter physics and extreme ul-

traviolet optics technology. In the soft X-ray region, the question tends to be, what

are the electrons doing as they migrate between the atoms? [54].

8.4.1

Wide Bandgap Nanostructured Semiconductors

Soft X-ray spectroscopy has proved useful in probing the electronic structure of

nanostructured solids [55, 56]. The development of the electronic band structure

of solids from discrete localized atomic states is one of the key points of interest

in cluster physics. As the size of nanocrystal extends into a truly molecular regime,

such as cadimium thiolate [Cd8(SR)16 units], the optical excitation energies for the

dissolved particles increase from 2.5 eV for CdS bulk to around 4.7 eV for Cd thio-

late [57–59].

Fig. 8.11. X-ray absorption and RIXS spectra of NiO (Ni2þ in

high spin) and (Ph4As)2Ni[S2C2(CF3)2] (Ni2þ in low spin).
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Figure 8.12 shows the S L-edge XAS and XES spectra for different samples (la-

beled by the number of Cd atoms per cluster) [60]. For decreasing particle size, an

increase of the bandgap was observed. This opening of the bandgap can be sepa-

rated into valence band and conduction band contributions.

X-ray absorption spectra have also used to measure the band edges of silicon

nanocrystals, with average diameters ranging from 1 to 5 nm [61]. The conduction

band (CB) edge shift (from XAS measurements) and the valence band (VB) edge

shift (from photon emission measurements) vary as a function of nanocrystal di-

ameter. If the observed VB or CB shifts are due to quantum confinement, one

would expect the size of the band shifts to increase as the particle size of the nano-

crystalline Si is decreased. Other X-ray absorption studies of quantum confinement

have examined CdSe and InAs nanocrystals [62], nanodiamonds [63], and porous

silicon [64], etc.

Fig. 8.12. Right: S L-edge XAS spectra of CdS

bulk and Cd nanocrystallites. The dotted lines

show the separation into excitonic and LPDOS

excitation. Left: S L3 SXE spectra mapping the

local DOS of the upper VB. Gray bars indicate

the linear extrapolation of the emission cutoffs

and the LPDOS absorption onsets,

respectively. Courtesy of [60].
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8.4.2

Cu Nanoclusters

Copper nanoclusters have been studied due to potential applications in optics,

magneto-electronics and catalyst systems [65–67]. Silicon carbide provides a struc-

turally and chemically stable support for such nanoclusters due to its stability

against copper [68]. Although there are some studies on copper island formation

on silicon carbide, the reports relied on the indirect spectroscopic results, mainly

focusing on the stability of Cu/SiC interfaces [69–71]. Recently, we have observed

the morphology of copper nanoclusters by high-resolution transmission electron

microscopy (TEM) where copper nanoclusters had an ellipsoid shape inside a SiC

matrix [72]. XAS studies can give a detailed description of the size dependence of

the electronic structure of the copper nanoclusters in order to understand the na-

ture of chemical bonds due to size effects.

Figure 8.13 shows the Cu L-edge XAS spectra of a series of Si/Ta(100 nm)/

[Cu(0.5–3 nm)/SiC(2 nm)]10/Ta(5 nm) and the reference Cu. The bulk Cu sample

shows three distinct features in the L3-edge region, which are associated with the

unoccupied 3d states in Cu. In a free Cu atom, the 3d orbital is fully occupied. In

contrast, a solid Cu is characterized by a re-mixing of the valence wave functions in

the ground state, gaining a small amount of non-vanishing 3d hole. According to

dipole-selection rules, the dominant transition in XAS of Cu is from the Cu 2p3=2
and 2p1=2 states to the unoccupied Cu 3d states [73]. Thus, the peak at the onset of

the L3-edge is associated with the Cu 3d-derived character due to 3d–4s hybridiza-

tion, giving a sharp 2p ! 3d transition superimposed on the smooth 2p ! 4s tran-

sitions. The peak at 939 eV and the peak at 943 eV are attributed to transitions

Fig. 8.13. XAS spectra of Cu L-edge with different nanocluster sizes.
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towards empty states, mainly mixed with s, p characters. As the nanocluster size

decreases, two distinct changes occur. First, the peaks move slightly to higher

energy. Second, the peaks at 939 and 943 eV drastically decrease in intensity. The

decrease of these peaks indicates that the s–p–d hybridization becomes weaker.

This behavior can be attributed to the surface effect. The Cu atoms at surface

have lower coordination number and see fewer Cu neighboring atoms, giving rise

to a reduction in Cu–Cu interaction. The Cu–Cu interaction is mainly determined

by d–d interaction and stronger Cu d–d interaction favors s–p–d re-hybridization

[12, 13]; reduction of the d electron will weaken the hybridization.

8.4.3

ZnO Nanocrystals

ZnO, a wide band-gap semiconductor, has attracted considerable attention recently

due to its potential technological applications such as, for instance, highly efficient

vacuum fluorescent displays (VFD) and field-emission displays [76]. ZnO has also

been used for short wavelength laser devices [77], high power and high frequency

electronic devices [78], and light-emitting diodes (LED) [79, 80]. ZnO shows many

advantages: (a) it has a larger exciton energy (60 meV) than GaN (23 meV); (b) the

band-gap is tunable from 2.8 to 4 eV [81, 82]; (c) wet chemical synthesis is possi-

ble; (d) low power threshold at room temperature; (e) dilute Mn-doped ZnO shows

room temperature ferromagnetism [83]. Recently, quantum size effects on the ex-

citon and band-gap energies were observed in semiconductor nanocrystals [61, 84].

The controlled synthesis of ZnO nanostructures and in-depth understanding of

their chemical/physical properties and electronic structure are the key issues for

the future development of ZnO based nanodevices.

The XES spectra of bulk and nanotructured ZnO are displayed together with the

corresponding XAS spectrum in Fig. 8.14 [85]. The O K-edge emission spectrum

reflects the O 2p occupied states (valence band), and the O K-edge absorption spec-

Fig. 8.14. Oxygen X-ray absorption–emission spectrum

reflected conduction band and valence band near the Fermi-

level of ZnO nanoparticles in comparison with bulk ZnO.
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trum reflects the O 2p unoccupied states (conduction band). In the photon energy

region of 530–539 eV, the X-ray absorption can be mainly assigned to the O 2p hy-

bridized with Zn 4s states. In the region 539–550 eV the spectrum is mainly attrib-

uted to O 2p hybridized with Zn 4p states. Above 550 eV, the contribution comes

mainly from O 2p–Zn 4d mixed states [86]. Stronger s–p–d hybridization was re-

vealed in nanostructured ZnO since the contributions of features at 520 and 523

eV are enhanced. A well-defined band-gap can be observed between the valence-

band maximum and conduction-band minimum. Our absorption–emission spec-

trum yields a fundamental band-gap energy of 3.3 eV.

8.5

Electronic Structure and Molecular Structure

Our microscopic understanding of a liquid is based very much on the study of spa-

tial and of spatio-temporal correlation functions. This is the main bequest by the

liquid state to the whole of physics: think in terms of correlations, be these be-

tween molecules in water or between galaxies in the cosmos. The study of correla-

tions allows us to appreciate the local organization of one molecule around others,

and to unravel the microscopic dynamics. Neutron diffraction and scattering have

and continue to play a major role in these studies. X-ray diffraction is important as

well, and very recently X-ray inelastic scattering has become available. We should

add to these the soft X-ray spectroscopy expeiments.

Using X-ray absorption and selectively excited X-ray emission spectroscopy to

probe unoccupied and occupied electronic states, one can establish a firm interpre-

tation for the unusual thermodynamic properties of molecular liquids. Further-

more, one can elucidate finer details of their structural properties. XAS and XES

spectra reflect the local electronic structure of the various conformations; in this

case, the oxygen lineshape is sensitive to the hydrogen bonding configurations.

8.5.1

Hydrogen Bonding in Liquid Water

The local structure of liquid water is still under debate. Soft X-ray emission spectra,

emanating from the radiative decay, subsequent to core excitation, can be useful in

assigning structures in XAS spectra [87–90], and especially we have, earlier, shown

that resonantly excited XES spectra of liquid water are compatible with the tradi-

tional view that three and four hydrogen bonds dominate in the structure [89].

Here we show that a theory that assumes that most water molecules in liquid

water only make two hydrogen bonds fails to reproduce the experimental XES

spectra.

Both the experiment and calculation have been described earlier [89], and the sa-

lient results are shown in Fig. 8.15. At excitation high above threshold (545.5 eV),

the XES spectrum is well described by a calculation both with symmetric four-fold

coordination, and conformations with one broken hydrogen bond. Thus, at high
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excitation energy the spectra are not predicted to be sensitive to the breaking of a

single hydrogen bond. When tuning the excitation energy to the pre-peak at 534.7

eV, the spectral changes comply with what is expected when structures with one

broken hydrogen bond at the hydrogen donor site (DASYM) [46, 89] are resonantly

excited. We have shown elsewhere that a thorough analysis of XES spectra excited

in the threshold region can give further details on the contributions by various

structures to the XAS spectrum [91].

8.5.2

Molecular Structure in Liquid Alcohol and Water Mixture

Near-edge X-ray absorption spectra of water, methanol and a mixture of the two are

displayed in Fig. 8.16. The X-ray absorption spectra of all samples present a similar

shape: a strong pre-edge at 534.5 eV (B) and a broad main absorption threshold

arising from 537.0 eV (C). The pre-edge (B) in liquid water has been the finger-

print of the particular water cluster with a broken hydrogen bond at the hydrogen

side [89]. In methanol, the ring-structure configuration contributes mostly to the

pre-edge (B) and the chain-structure configuration contributes mostly to the main

threshold (C) of the absorption spectra [92]. Upon mixing water and methanol, a

small X-ray absorption peak (A) appears at 531.5 eV, below the known X-ray ab-

Fig. 8.15. Resonantly (excitation energy at 534.7 eV) and non-

resonantly (at 545.5 eV) excited XES spectra of liquid water,

compared to calculations for the SYM and DASYM species.

Excitation energies are marked in the XAS spectrum.
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sorption pre-edge (B). The new absorption peak (A) suggests direct interaction be-

tween water molecules and methanol molecules.

To understand the origin of the pre-peaks in X-ray absorption spectra, resonant

X-ray emission measurements were performed (Fig. 8.17). Structures of rings and

chains for methanol and mixtures of water clusters and methanol are fully opti-

mized at the hybrid density functional theory B3LYP level with 6-31G basis set

using GAUSSIAN 98 [92]. The theoretical X-ray emission spectra of methanol

were generated by the group theory formulation [20], using the adiabatic approxi-

mation (ground state electronic structure) for intensities as established for mole-

cules and clusters [93]. All transition moments and orbital energies were calculated

at the canonical Hartree–Fock level with the Sadlej basis set by using the DALTON

program [94].

Fig. 8.16. X-ray absorption spectra of liquid water, methanol

and a mixture of molar concentration 7:3.

Fig. 8.17. Experimental and calculated X-ray emission spectra of liquid methanol.
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The double structure emission band centered at 527 eV indicates two major dif-

ferent chemical species (molecular structure) in the alcohol and water mixtures.

Comparison between experiment and theory shows that the two species originate

from the combination of methanol rings and chains. These two peaks clearly have

different origins: the one at higher energy side is from the chains, and the other

from the rings. From the intensity distribution, it was found that the chains and

rings have a similar size with same portion.

As to the mixtures of liquid water and methanol, when selecting the excitation

energies around the pre-peak (A) in the X-ray absorption, the main emission band

becomes very narrow and shifts towards higher photon energy, opposite to the

shifting of the elastic peak. Is the interaction between water molecules and these

chains or rings be responsible for the sharp spectral features in the resonantly ex-

cited X-ray emission spectra? We learnt previously [90] that the dominant chain

and ring structures in methanol are those with 6 and 8 molecules. Of course, we

do not know if this is the answer or just one of the possibilities. Notably, when

methanol mixes with water, the ring and chain become the same. The results

from alcohol–water mixtures of different concentrations are prerequisites to sup-

port the experimental findings from the equimolar study [11]. Thus, we know

that the exact mixing level is not critical to our conclusions.

This study shows that, when a few water molecules interact with chains, the

chains start to bend over to form open-ring structures. By adding water, the alcohol

structures become more compact. The formation of such ordered molecular struc-

ture upon mixing provides evidence that the entropy of the alcohol and water mix-

ture is not less than expected for ideal solutions.

We find a strong involvement of hydrogen bonding in the mixing of water and

methanol molecules. The local electronic structure of water and methanol clusters,

where water cluster is bridging within a six-membered open-ring structured meth-

anol cluster, is separately determined. The experimental findings suggest an in-

complete mixing of water–alcohol systems and a strong self-association between

methanol chain and water cluster through hydrogen bonding. The enhancement

of joint water–methanol-ring structure explains the loss of entropy of the aqueous

solutions.

The answer to this specific question is likely to be of interest to a much broader

scientific community of readers. The novelty of this work is that it relies on a spec-

troscopic probe to investigate problems that have, largely, been the territory of scat-

tering methods. This technique could have great impact to the extent that this

approach can be generalized to investigate other solvent mixtures.

8.5.3

Electronic Structure and Ion Solvations

Ion solvation is a phenomenon that is of fundamental interest in many chemical

contexts because solvated ions are almost omnipresent on Earth. Hydrated ions

occur in aqueous solution in many chemical and biological systems [95, 96].

Metal-ion transport in both aqueous- and polymer-solvent media involves continual
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solvent–ligand exchange. Metal-ion coordination chemistry is therefore fundamen-

tal to these phenomena where a dramatic exchange of ligand occurs. Alternatively,

the effects of solvated cations could be monitored via examining the spectra of

solvent. The great advantage of this approach is that the restriction to cations no

longer applies. For example, it can be used in studying what happens when salts

of the alkali and alkaline earth metals are added to aqueous solvent.

An ion in solution disturbs the local solvent structure. The local structure

around a Liþ ion central water molecule, a Naþ ion, and a Mg2þ ion in water sol-

utions as obtained using the polarizable MD model is shown in Fig. 8.18. The in-

fluences of cations on the water molecular structure can be seen as the threshold

shifts towards higher energy in the X-ray absorption spectra; the mixing of molec-

ular orbital in 3a1 symmetry is reinforced as the intensity of 3a1 is further reduced.
We find that the charge difference of the cations may not be the only factor that

accounts for the interactions between the cations and water molecules.

Figure 8.19 reports the O K-edge absorption spectra of liquid water and NaCl,

MgCl2, AlCl3 water solutions. The pre-peak (marked as a) in XAS spectrum of

Fig. 8.18. Sample snapshots showing configurations with

water molecules in the first and second solvation shells for (a)

Liþ, (b) Naþ, (c) Mg2þ, and (d) ion pair water solutions.

Fig. 8.19. X-ray absorption spectra of liquid water and NaCl, MgCl2, AlCl3 water solutions.
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water has partly 4a1 symmetry. The major difference on going from pure water to

ion–water solutions can be seen as a shift of 0.4 eV for the absorption pre-peak (A),

which is probably a result of a higher degree ionic character of the chemical bond-

ing between cations and oxygen. The front slope of the absorption threshold has

shifted most away from that of pure water for Al3þ-water, followed by Naþ-water,

while Mg2þ-water shows a tendency to resemble that of pure water in the region

marked by A. For the monovalent Naþ, the distance between the water molecules

in the first and second solvation shells is long, 2.40–2.50 Å [97], and rather un-

affected by the ion. For Mg2þ and Al3þ, the distances are substantially shorter,

2.00–2.14 Å and 1.87–1.90 Å, respectively. Thus, the changes observed XAS spectra

are not in line with the charge order of the cations: Naþ, Mg2þ, and Al3þ.

8.5.4

Drugs in Water Solution

All orally administered drugs must be dissolved, absorbed, and transported by the

blood stream to the site of action. It is a pharmaceutical challenge to establish pre-

dictive models for this complex process. One essential aspect of the problem is the

lack of understanding of solubility on the microscopic level. Especially when hydro-

gen bonding is involved, the situation is often too complex for reliable predictions.

It is possible to understand drug solubility by applying X-ray spectroscopy to sub-

stances in solid phases, in aqueous solution, and in the gas-phase (Fig. 8.20). The

influence of the molecular surrounding on the local electronic structure is reflected

in soft X-ray absorption fine structure, and in site-selectively excited X-ray emission

spectra.

The overall shapes of the XAS spectra recorded at the nitrogen and oxygen K

edges of atenolol and nadolol are similar (Fig. 8.21), apart from some remarkable

exceptions. In atenolol there is an additional sharp resonance that is virtually ab-

sent in nadolol, both at the oxygen and nitrogen edge. These resonances can be

assigned to excitations at specific sites by considering the structure of the mole-

cules (Fig. 8.21). Nadolol has a single nitrogen site, (aNHa), whereas atenolol con-

tains an additional amino-group nitrogen (aNH2). It is, therefore, straightforward

to assign the additional peak at 400.5 eV to excitations at this site. The smaller res-

onance at 398.5 eV can be assigned to the (aNHa) site, as it is present in both mol-

ecules. Similarly, the atenolol resonance at around 532 eV in the oxygen spectrum

can be assigned to the (bO) site, which is unique to this molecule. Regions in the

spectra with less pronounced features cannot be assigned without theory, and, es-

pecially at higher energies, overlapping intensity from several non-equivalent sites

is difficult to disentangle.

8.5.5

Electronic Structure of Bases in DNA Duplexes

Characterization of electronic states near the Fermi level of DNA duplexes has

been desired to clarify the mechanisms of long-range charge migration in DNA

[98–103].
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It was recently reported that the N K-edge XAS and Resonant Photoemission

(RPE) spectroscopy characterized the electronic structure near the Fermi level of

DNA duplexes to specify the charge migration mechanism [104]. The samples

were thick GC- and AT-DNA films on SiO2/p-Si(111) substrates. Since N atoms

are included in only bases in DNA duplexes, the RPE spectra excited from N 1s to

unoccupied states purely extract the electronic orbital features of the bases in DNA.

It was concluded that the charge-hopping model is suitable for electric conduction

in DNA duplexes rather than the charge-transfer model via delocalized states when

electrons pass through the p� states of DNA bases.

Soft X-ray absorption and emission spectroscopies have been applied to study the

nitrogen bonding structure in poly(dC) � � � poly(dG) [105]. The three sharp peaks at

398.5, 399.5, and 400.9 eV (Fig. 8.22a) indicate that absorption features originate

from the well-defined structures. From previous studies of carbon nitride films

[88, 106], the nitrile structure (N1-site) aligns very well with the peak of 399.5 eV.

Fig. 8.20. X-ray emission spectra of atenolol in solid powder and water solution.
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Since the nitrile bond predominantly has p-character, this peak appears strong in

the p� region. The 398.5 eV peak corresponds to pyridine-like N (N2-site). The

spectra for graphite-like N3-site shows a peak at 401.7 eV, with a shoulder to the

low energy side. This could be a low-energy s� resonance; however, with the com-

plex structure in DNA it is difficult to separate the p and s bonds. This structure

together with pyridine-like N are, possibly, the origin of the absorption peak at

400.9 eV in XAS spectrum.

Nitrogen K-emission spectra are shown in Fig. 8.22(b). The excitation energies

were selected to correspond to the absorption features in the XAS spectrum. The

fact that N atoms in different bonding environments are excited depending on the

photon energy is clearly reflected by the differences in XES spectra. For the lowest

excitation energy (398.5 eV), presumably corresponding to the 1s $ p� transition

of pyridine-like N, the main emission line is centered at 393.5 eV. The overall spec-

tral shape is similar to that of pyridine. When the excitation energy is increased to

399.5 eV, mainly nitrogen in the N1 structure should be excited. However, the

emission spectra indicate that a large fraction of the pyridine-like N atoms are

also excited at this energy. This can be explained by a relatively broad signal corre-

sponding to pyridine-like N due to shifts that depend on the second nearest neigh-

bors. Thus the emission spectrum can be modeled by a superposition of the N1

and N2 spectra. The excitation energy of 400.9 eV, however, mainly excites the N1

structure.

X-ray transitions, where a core-level vacancy is filled by a valence-orbital electron,

give direct information about the chemical bonding. While such transitions have

been analyzed using X-ray spectrometers since the late 1920s, interest in the tech-

nique is presently booming due to the advent of third generation synchrotron radi-

ation sources. Today the method is frequently applied in research fields ranging

Fig. 8.21. XAS spectra of atenolol and nadolol, measured at the nitrogen and oxygen K edges.
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from atomic and molecular physics to materials research. Understanding protein

functionality is of fundamental importance in biochemistry. Soft-X-ray absorption

and emission study of poly(dC) � � � poly(dG) can elucidate the relation between the

structure and functionality of proteins.
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Assigning X-ray absorption spectra by

means of soft-X-ray emission spec-

troscopy, Phys. Rev. A 57, 864 (1998).

86 N. Hellgren, J.-H. Guo, C. Såthe,

A. Agui, J. Nordgren, Y. Luo, H.

A
˚
gren, J.-E. Sundgren, Nitrogen

bonding structure in carbon nitride

thin films studied by soft X-ray

spectroscopy, Appl. Phys. Lett. 79, 4348
(2001).

87 J.-H. Guo, Y. Luo, A. Augustsson,

J.-E. Rubensson, C. Såthe, H.
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9

Some New Advances and Challenges

in Biological and Biomedical Materials

Characterization

Filip Braet, Lilian Soon, Thomas F. Kelly, David J. Larson, and

Simon P. Ringer

9.1

Introduction

The three sections of this chapter identify new and recent advances as well as

challenges in the microscopy of selected biological and biomedical materials using

(1) atom probe tomography, (2) atomic force microscopy and (3) cryo-transmission

electron microscopy.

Section 9.2 describes the fundamental principles of atom probe tomography, a

time-of-flight mass spectroscopy method that exploits the quantum-mechanical

tunneling phenomenon that occurs when many conducting solids are raised to

very high electric fields. The resultant ionization associated with the tunneling lib-

erates an ion with a specific mass-to-charge ratio that is subsequently accelerated

towards a position-sensing detector. Time-of-flight data is transformed into mass-

to-charge ratios in a way that provides identification of the individual isotopes of

the elements, as well as molecular species. This section also provides the results

of recent applications of atom probe to biomedical materials that are used as

human-prosthetic devices and components. These applications demonstrate the

core competency of the atom probe technique in analyzing three-dimensional

(3D) atomic-level compositional information of materials. Probing interfaces using

compositional profiles, identifying the presence, or otherwise, of chemical hetero-

geneities within phases and measuring the local composition near and within

nanoscale precipitate phases are key areas where this technique can contribute

to the science and technology of biomedical materials. Applications data are also

presented for biological materials after a brief review of work to date. This section

concludes with some of the challenges facing the field in terms of sample prepara-

tion issues, specimen stability issues under high fields and the challenge of inter-

preting mass spectra from complex molecules.

Sections 9.3 and 9.4 provide a correlative microscopy context for fenestral studies

in the hepatic endothelial cell model. Section 9.3 focuses on atomic force methods

and Section 9.4 focuses on electron microscopy approaches and data. The result is

a new insight into the morpho-function and structure of the liver sieve.

Nanotechnologies for the Life Sciences Vol. 3
Nanosystem Characterization Tools in the Life Sciences. Edited by Challa S. S. R. Kumar
Copyright 8 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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9.2

Modern Atom Probe Tomography: Principles, Applications in Biomaterials

and Potential Applications for Biology

9.2.1

The Need for an Ideal Microscope

The length scale at which human knowledge and endeavor operates is directly

linked to the scale of our microscopies. Though people have long been able to con-

jecture about the nature and significance of length scales beyond our ability to ob-

serve, be they microscopical or astronomical, practical technologies always require

observations and measurements that can transform such conjecture into fact. Ex-

amples include the postulation of the very concept of the atom [1], the potential

for a double helix DNA structure [2] and the notion that crystal defects (disloca-

tions) were the origin of the discrepancy between the observed and theoretical

strength of metals and alloys [3]. As we enter the century of nanotechnology, the

need for the ‘‘ideal’’ microscope will grow because the critical dimensions of mate-

rials and devices trend towards the truly atomic. Modern atom probe microscopy is

coming closer to this ideal than any other microscopy. In this section, the modern

instrument is reviewed and some of the significant challenges and potential oppor-

tunities of the technique and its application in both biomaterials and in biological

science are discussed.

9.2.1.1 Field Ion Microscopy and the Modern Atom Probe Instrument

As introduced above, Greek philosophers were, interestingly, able to hypothesize

the existence of atoms, but it took 25 centuries before they were first observed by

humans with, in fact, a field ion microscope (FIM) pioneered by Erwin Müller [4].

The technique is mentioned here because of its potential significance in imaging

molecules and the close relation to the atom probe technique. Miller et al. [5]

provide a detailed explanation of the FIM, and Panitz [6] has provided a detailed

review of the technique as applied to molecules. Essentially, a high positive poten-

tial is applied as a standing voltage to a cryogenically cooled specimen-tip in a con-

trolled ultra-high vacuum (UHV) chamber. An inert gas such as He, Ne or Ar is

leaked into the chamber to fill a back pressure of @10�3 Pa and, in the presence

of the applied field, the gas atoms are field polarized and so are gradually drawn

towards the tip. The gas atoms eventually make contact with the specimen tip and

migrate, though a series of collisions towards positions of low potential energy.

Once these gas atoms have lost most of their kinetic energy and are trapped by

the very high field of the specimen, they may be field ionized by electron tunneling

processes. Such ions are repelled from the tip and projected in an almost radial

direction towards a fluorescent screen. Field ionization occurs preferentially at

the atomic steps and terrace positions and so forms a stereographic-like projection

image of the material surface with atomic resolution. A tungsten (W) FIM image is
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provided in Fig. 9.1, where each bright dot corresponds to an individual atom. The

concentric circles around low-index crystallographic poles correspond to the outer

atoms of atomic planes, one atop another.

Figure 9.2(a) is a simplified schematic of the atom probe principle, showing

how the application of a positive high voltage pulse, Vpulse, to a sharp needle-

shaped specimen under a standing positive voltage, Vdc, can raise the local field

on the sample so as to render some of the surface atoms as ions, through the

quantum mechanical process of electron tunneling. This field-induced ionization

of the surface atoms results in their ‘‘evaporation’’ from the specimen along trajec-

tories close to normal to the tangent to the sample surface. These ions eventually

strike a single-ion detector and this stop signal is compared to the start of the initial
pulse to generate an ion flight-time. The mass-to-charge (m=n) ratio of the ion is

determined by equating the potential energy of the ion just prior to field evapora-

tion to the kinetic energy just after, such that

neV ¼ 1

2
mv2

Fig. 9.1. Field ion micrograph of W atoms imaged using Ne.

Each bright dot is an individual atom.

Fig. 9.2. (a) Atom probe principle: individual

atoms are field ionized from the sample

surface and accelerated towards a detector.

Time-of-flight mass spectroscopy is used to

identify the atom species and this is correlated

to spatial orientation (x, y) by the position-

sensitive detector. Tomographic data is

generated when the 2D image slices are

correctly reconstructed along z. (b) Atom

probe tomography from a spinodal alloy,

revealing a spinodal interface with separate Fe-

and Ni-rich regions [7, 8]. Isoconcentrational

surfaces for 10 at% Ni are charted in the upper

3D atom map (30� 30� 25 nm). Blue ¼ Mn,

red ¼ Fe, yellow ¼ Ni and teal ¼ Al.

________________________________________________________________________________G
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and so

m

n
¼ KV

t2

d2
ð1Þ

where n is the number of electrons removed in the field ionization, e is the elemen-

tary charge, V is the total electric field on the specimen, m and v are the mass and

velocity of the ion, respectively, d is the flight distance from the specimen to the

detector and K is a constant. The identity of the ion is then correlated spatially to

the hit-position ðx; yÞ on the detector and the depth z within the sample. Figure

9.2(b) is an example of 3D atom probe tomographic data. Within this analysis

volume is a spinodal interface decorated with solute atoms of Fe, Ni, Mn and Al,

revealing nanoscale phase separation into the Fe-rich and Ni-rich phases. In this

way, researchers can view a tomographic reconstruction of materials, since 3D

images of the internal structure are generated by the reconstruction along z of

thousands of 2D x–y slices. This approach to nanostructural analysis has taken

microscopy and materials characterization into a new era and is opening up new

directions for materials research and development [5–9]. Excellent texts on the

workings, instrumentation, historical development and applications of conven-

tional 1D and 3D atom probe techniques are available [5, 6, 9].

The current state-of-the art of atom probe employs a local electrode ahead of the

specimen to mediate extraction of ions (Fig. 9.3). Figure 9.3(a) is drawn so as to

emphasize that the sample may be an individual needle or tip or may be composed

of an array of many tips (Fig. 9.3b). Such arrays have the advantage that they can

present geometrically similar tips to the local electrode and so effectively normalize

many of the stochastic field evaporation issues. Arrays will also allow statistical

evaluations of structures in the same way that cryo-electron microscopy enables

single-particle image analysis, via thousands of images of randomly-oriented indi-

vidual protein molecules. Figure 9.3(b) is a schematic that emphasizes this ap-

proach and conveys the importance of the proximity or ‘‘local’’ effects of the

counter electrode with the specimen [10–12]: hence the name, local electrode

atom probe or LEAP1. Here, the cryogenically cooled needle-shaped specimen,

Fig. 9.3(c) – or planar array specimen (Fig. 9.3d) – is mounted on a nanoposition-

ing stage and pointed towards a funnel-shaped local electrode. The specimen is

aligned to the aperture of the local electrode with the aid of a pair of orthogo-

nal long-range optical microscopes. The initially detected field evaporated ions are

used to finalize the alignment.

For a specimen positioned close to a local electrode aperture of @20–30 mm in

diameter, the field at the specimen apex is very high even at relatively low voltages.

It is viable to build suitable pulsers (2 ns fwhm pulse with amplitudes of up to

2000 V) that can operate at pulse repetition rates of up to 200 kHz. This rate is

two orders of magnitude faster than previous instruments. In addition, the ions

that are field evaporated from the specimen reach the local electrode in a signifi-

cantly shorter time (tens of picoseconds) and thereafter are shielded from time-

varying fields as the Vpulse decays. This eliminates the major source of energy defi-
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cits. Therefore, the local electrode atom probe can achieve high mass resolution

(better than Dm=m of 1/500) over a 1.5 steradian field of view. This mass resolution

is sufficient to separate the individual isotopes of all the elements. The wide field of

view permits up to@108 atoms to be collected routinely from a specimen.

To position correctly ions at these higher pulse rates, a novel crossed delay line

(CDL) detector is used. The CDL detector features a pair of delay lines, placed per-

pendicularly, in place of the phosphor screen or anodes used in the other variants

of 3DAP. When electrons from the microchannel plate strike the delay line at

some location, they travel to each end of the line. The position of the ion’s impact

is therefore determined from the arrival times measured at each end of the delay

line. These times are converted into true x and y distances on the detector. A

crossed delay line detector and high speed digital timing system that provides

Fig. 9.3. (a) LEAPTM principle: individual

atoms are field ionized from the sample

surface and accelerated towards a detector. (b)

The local electrode enhances the field on the

specimen, permitting lower applied voltages

Vex and Vpulse, which allow a much higher

pulsing frequency. In addition, having a small

Vex and a large Vaccel effects an acceleration of

the ions through the local electrode that

provides for highly sensitive mass separation

(high mass resolution time-of-flight mass

spectroscopy). The time-of-flight mass

spectroscopy is used to identify the atom

species and this is correlated to spatial

orientation (x, y) by the position-sensitive

detector. Tomographic data is generated when

the 2D image slices are correctly reconstructed

along z. (c) Close-up optical image of a

sharpened tip in the vicinity of the local

electrode. (d) Demonstration application of an

array of tips.
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600� 600 pixels at rates up to 25 000 ions per second has been developed by

Imago.

The new features – local electrode, high speed pulser and high speed single

atom sensitive CDL detector – are incorporated in a commercial instrument [12]

that achieves the high-performance gains originally envisioned for this geometry.

The Imago LEAP1 microscope can collect data at sustained rates of up to 20 000

correctly positioned ions per second (one million ions per minute). These develop-

ments have dramatically improved the overall performance of atom probe tomog-

raphy for a wide range of materials. In particular, the characterization of planar

specimens in addition to traditional needle-shaped specimens is now practical [13].

Figure 9.4 is a survey of a range of analytical microscopy techniques and shows

the analytical capacity of the modern atom probe in the context of related tech-

niques. The strengths of the LEAP are clear and the potential for solving problems

over various length-scales by a correlative microscopy approach, such as is advo-

cated in this chapter, is very high. There are interesting opportunities and signifi-

cant challenges for those working in biological science and technology and some of

these will now be introduced.

9.2.1.2 Applications in Biomaterials

As other chapters in this volume affirm, the term ‘‘biomaterials’’ is very broad. One

important class of biomaterials is those used as implants that replace or augment

components of the human body such as tissue, organs, skeletal or the like. The

most common examples include the use of medical grade austenitic 316 stainless

Fig. 9.4. Potential for a modern atom probe (LEAP) to be

combined with other analytical techniques so as to probe the

structure and, in particular, chemical composition of materials.
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steels, which are used as implanted spinal fixation devices, bone screws, cardiovas-

cular and neurological stents, and as critical components of minimally invasive

surgical devices. These applications are made possible due to suitable physical

and mechanical properties, good corrosion resistance in biological environments,

reasonable biocompatibility, and ease of manufacture [14].

These steels are thermomechanically processed so as to ensure the thermo-

dynamic stability of the austenite (g) phase at high temperatures and to suppress

the formation of martensite at lower (near ambient) temperatures. The typical

composition of these alloys is (wt%): Fe, <0.03 C, 16–18.5 Cr, 10–14 Ni, 2–3 Mo,

<2 Mn, <1 Si, <0.045 P, <0.03 S and they possess yield strengths of at least 170

MPa. Elements that stabilize the g-phase include Ni, Mn and N, usually in some

combination [15, 16]. The relatively common allergy affects attributed to Ni and

the potential for carcinogenic effects associated with this element have driven the

development of Ni-free 316 grade stainless steel. In more general terms, the con-

ventional theory of Cr-oxide passivation applies to these steels and is the main pro-

tection mechanism that results in their high corrosion resistance. However, other

corrosion processes, such as crevice corrosion and pitting, can be very damaging

in biomaterials applications. Therefore, much of the design of composition and

thermomechanical processing for these alloys aims to mitigate or overcome these

damage mechanisms by minimizing precipitation of a second phase that is electro-

chemically active with respect to the g-phase. This requires suppression of precipi-

tation of carbides, nitrides, or even body-centered-cubic a or d ferrite. This is ef-

fected by lowering the amount of C and N that remains in the g-phase. This, in

turn, can be achieved by alloying with strong carbo-nitride forming elements such

as Ti and Nb, so that these elements preferentially scavenge the interstitials and

form highly stable, electrochemically inactive carbo-nitride M (CN) precipitates.

This approach is particularly effective in avoiding the deleterious process of sen-

sitization where Cr-based carbo-nitrides nucleate heterogeneously on g=g grain

boundaries and so deplete the capacity of Cr to protect the surface of the compo-

nent (resulting in severe local attack). Therefore, the electrochemical activity of

the grain boundaries must be kept low and it is essential to minimize any localized

changes in alloy chemistry that can produce electrochemical interaction with body

fluids.

This is a formidable materials requirement and effectively requires the control of

nanostructure and composition of the material. For example, the surface of such

alloys will be especially critical since biological responses and corrosion occur at

the material–environment interface. In addition, precise control of the chemistry

and structure of buried interfaces such as grain boundaries and other chemical

heterogeneities is critically important. Such characterization requires microscopy

in three-dimensions (3D) at high resolution: reference to the foregoing discussion

and to Fig. 9.2(b) reveals that the modern atom probe can provide key insights into

these issues.

Figure 9.5(a–d) presents recent research on both the nanostructure of surfaces

and buried interfaces in medical device 316L stainless steel. Figure 9.5(a) and (b)

show a 3D atom map reconstruction of a 316L grade, chemically modified at Med-
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tronic [14]. To determine the bulk structure of the Medtronic sheet specimens, seg-

ments were cut from the interior volume and polished. These were then mounted

in holders, electropolished with 10% perchloric acid in acetic acid at 8–20 V DC to

a nominal end radius of 20–50 nm, to provide the necessary needle-shape for atom

Fig. 9.5. (a, b) Bulk structure of a Medtronic

316L specimen. Each color-coded dot shows

the location of an individual atom. Cr is in

yellow, Ni in light blue, Si in blue and Cu in

red. Image is 20 nm wide and 10 nm high.

(c) Near-surface structure of a 316L wire

specimen; Cr in red, oxygen in gold. The image

is about 25 nm wide. (d) Region that is

thought to be a grain boundary triple point in a

316L wire specimen, showing clear enrichment

of O.
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probe analysis. The bulk atomic composition and structure of this material was

then studied with a LEAP microscope. All anticipated elements were located in

the specimen, including Fe, Cr, Ni, C, P, Si, Mo, and Cu, with a uniform elemental

distribution and without precipitates or grain boundaries in the analyzed regions.

This is highly significant because of the relation between biocompatibility, related

performance as a biomaterial and the uniformity of the solid solution g-phase. Fig-

ure 9.5(c) provides 3D atom map reconstructions from a commercial 316L grade

procured as wire 0.38 mm in diameter, 1/8 hard, from a commodity supplier. The

commodity 316L wires were electropolished as described above. During electropo-

lishing and subsequent air exposure, a thin oxide naturally forms on the surface of

the sharpened wire. This oxide was used to develop specimen preparation methods

for analysis of oxides on medical-grade 316L samples. Notably, there is relatively

little atom probe work examining metal oxide surfaces with atom probe micro-

scopes. To prepare the surface oxide for LEAP analysis, a @15 nm thick capping

layer of Ni was applied to the sharpened wire specimens by argon (Ar) ion sputter-

ing to protect the surface during the first stages of atom probe analysis. Analyses

demonstrated that such coatings provided some preservation of the oxide layer, en-

abling the imaging of the oxide–stainless steel interface, Fig. 9.5(c). Note the pres-

ence of oxygen (O) at the stainless steel surface (for clarity, Ni atoms species are

not shown in this projection). Although the volume and total number of atoms in

this image are limited, there is a clear oxygen-rich layer on the specimen surface.

Significantly, this data gives access to the body fluid/oxide/g-phase interface

chemistry, since it is the first 20–50 nm of the biomaterial (in this case 316L stain-

less steel) over which ionic mass transport occurs and is almost always mediated

via an oxide layer. An understanding of surface roughness, oxide thickness and

elemental compositional profiles near these oxides is essential for thorough charac-

terization of biomaterials interfaces. In Fig. 9.5(c), the oxide is seen to be@1 nm

thick, and [O] atoms are also observed deeper into the g-phase. Roughness indices

on both sides of the oxide interface can be developed, as can concentration profiles.

Figure 9.5(d) provides a 3D atom map reconstruction from the commodity 316L

wire-stock, revealing a significant oxide-based chemical heterogeneity within the

analyzed volume, which is thought to be a grain boundary. Such chemical hetero-

geneities at the grain boundaries of biomaterials are very serious for reasons ex-

plained above, since they have the potential to increase the potency of these sites

for heterogeneous nucleation, leading ultimately to sensitization of the steel. More-

over, depending on the proximity of these O/Cr/Si enriched boundaries to the body

fluids, there is the risk of developing a localized electro-active region that leaches

toxic elements into the body and stimulates a corrosion reaction. The regions of

316L such as presented in Fig. 9.5(d) are inferior to those such as in Fig. 9.5(a)

and (b), where the degree of chemical homogeneity is much higher.

9.2.1.3 Applications and Challenges for Biological Science

It is almost 50 years since Erwin Müller first observed the flicker of individual

atoms on a phosphor (P) screen from field ion microscopy, along with his work

shortly after in pioneering the atom probe to select individual atoms from the

9.2 Modern Atom Probe Tomography 301



FIM image and analyze them [17]. Today, we see the core-competence of the atom

probe in analyzing multi-million atom data-sets and representing a premium high-

resolution analytical technique for materials metrology and characterization. The

examples provided in Figs. 9.2 and 9.5 demonstrate this.

Having discussed the capacity of the atom probe to analyze individual atoms in

3D in the inorganic context of biomaterials, it is appropriate to also examine the

capacity of this instrument to solve complex problems in organic biological materi-

als. From the preceding discussion on the analysis of alloy biomaterials, where in-

dividual atoms can be mapped in 3D, lattice-plane by lattice-plane, the biologist

might be tempted to view the instrument as something akin to an atom-level con-

focal microscope. The possibility of reconstructing molecular conformation in 3D,

such as is performed, albeit with some experimental difficulty using cryo-electron

microscopy (see, e.g., Ref. [18]), is highly attractive. Questions related to the struc-

ture of proteins and macromolecular complexes, proteins at interfaces, virus struc-

tures, ligand binding, protein membrane structure and so on represent seminal

questions in modern structural biology. The concept here is outlined in Fig. 9.6.

In this experiment, individual light elements are displayed and mathematical fil-

ters applied to the data that display selected atoms (C, N, O, S, H etc.) with specific

coordination in terms of angles, density or simple proximity [19]. These could then

be fitted to the molecular sequence and ultimately display complete biological

structures [20]. This approach is not unlike the computational methods applied to

X-ray synchrotron and cryo-electron microscopy data and, in particular, to the com-

putational data-fitting that has recently become so successful in nuclear magnetic

Fig. 9.6. Idealized atom probe experiment

of biological material. The LEAP acquires

positional (x, y & z) and atom identity data, via

m=q. Specific individual atoms are identified

and displayed, and an informatics-like

algorithm would fit and identify the molecular

structure, which could be displayed in the

appropriate format.
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resonance (NMR). However, there are access, sample preparation and cost issues

with these types of characterization, which require significant equipment installa-

tions, and the experiments are non-trivial. The idealized atom probe experiment

described above requires the following research and development in at least three

specific areas.

Sample Fabrication Issues Biomolecules need to be stabilized for imaging under

high vacuum conditions, since these conditions are far from their natural state.

Fortunately, electron microscopists have developed numerous technologies to ad-

dress this issue, many of which seem relevant here. Indeed, such has been the

recent progress in biological specimen preparation that this is no longer the limit-

ing factor for achieving high resolution. In fact, destructive electron-beam speci-

men interactions are more limiting.

Table 9.1 lists various biological specimen preparation methods and mentions

some of the issues that require attention in assessing these methods for atom

probe. Certainly, with respect to stabilizing the specimens for UHV, there seem to

be excellent prospects of adapting a method for atom probe tips or tip arrays.

Stability of the Specimen under High Electric Fields The response of biomolecules

to the very high applied electric fields that occur with an atom probe is one of the

most complex and problematic aspects of these experiments. However, Panitz has

examined Poly(GC) DNA using FIM [21] and Machlin has published FIM images

that are reported to come from tRNA [22]. Other work has appeared on syn-

thetic polymers, including polypyrrole [23] and octacyanophthalocyanine metal

complexes [24]. These pioneering experiments have shown that the stability of

the molecules under the field can be resolution-limiting. Figure 9.7(a) provides

schematic images that describe the preparation of a specimen of human immuno-

globin G via FIM: a W tip is Au-coated before application of the IgG. This was

chemically fixed and examined in the FIM (Fig. 9.7b shows the results). Individual

bright dots are seen in the images that may correlate to individual molecules or

groups thereof. Progressive evaporation of the sample revealed systematic changes

in the FIM image until, eventually, the IgG material was all evaporated and the

substrate Au became visible (Fig. 9.7b, final two images). These FIM images are

Tab. 9.1. Biological specimen preparation methods and relevance to atom probe.

Method Comment for atom probe

Chemical fixation Not suitable for all biological samples

Dry specimens Use of low-tension solvents, freeze drying

Embedded and crosslinked samples Offer possibilities for stabilizing molecules under

the electric field

Provide electrical conductivity Metal coatings, OsO4, RuO4 or conductive

embedding agents can assist the molecules to

field ionize via electrically pulsed atom probe

9.2 Modern Atom Probe Tomography 303



very similar to the image (Fig. 9.7c) to a Cu-Co multi-layer film device amorphized

by a Ga focused ion beam [25]. In this respect, amorphous inorganic materials

represent closer analogies to organic molecular samples than their crystalline

counter-parts and the so comparison is of interest. Whereas the bright contrast in

the image in Fig. 9.7(c) arises, almost certainly, from individual atoms on the alloy

surface, a contrast theory for the series of images in Fig. 9.7(b) is not available:

bright spots may be individual atoms or could be particular functional groups or

the domains thereof. There are numerous other artifacts that could, in principle,

also explain the contrast observed in these early experiments. Nevertheless, the

systematic character of the images suggests that there is some local equilibrium

at the surface of these tips and that we are observing molecular species. It is un-

likely that the images are from Au metal or any oxide thereof. The challenge is to

reproduce such images and to understand them in terms of the primitive molecu-

lar structure of the specimen. The recent discussion by Panitz [26] also supports

the notion that stable images may be formed from biomolecules in FIM. As pow-

erful as the atom probe technique is, it is suggested that a significantly better un-

derstanding of FIM images such as those provided in Fig. 9.7 is required and that

stable FIM imaging may be a necessary precursor to sound atom probe analysis.

Mode of Field Evaporation: Notion of the Molecular Probe As described earlier,

atom probe experiments usually involve the application of energy pulses to a sam-

Fig. 9.7. (a) Schematic showing the three

stages of specimen preparation for a human

IgG specimen: a polished W tip is sputter-

coated with a few nm of Au, offering excellent

bonding for the IgG-fixed molecule. (b) Series

of FIM images recorded with Ne imaging gas.

The series show self-consistent and uniform

contrast: progressive evaporation of what are

thought to be the biomolecules continues until

the substrate Au is revealed. (c) Ne FIM image

of amorphized alloy. The uniform contrast of

amorphous alloys provides similar contrast.
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ple under an applied standing voltage so that the surface atoms are field evaporated

as ions that can be identified by time-of-flight mass spectroscopy. The energy is

usually transmitted via a high voltage pulse although it can be transmitted via a

laser to effect, e.g., a thermally-induced evaporation process. In any case, there are

at least three modalities by which one can imagine the field evaporation of a bio-

molecule may occur.

Type I field evaporation involves, predominantly, the liberation of individual

atoms from the molecule surface. In this case, the mass spectra are closely similar

to those obtained for inorganic materials.

Type II field evaporation involves, predominantly, the liberation of molecular

fragments. An enormous range of molecular bonds may be sheared from the sam-

ple, providing C, CaC, CaCaC, CaH, CaHaH etc. In this case, the mass spectra

will be very complex. Clearly, a major challenge in developing atom probe science

to solve problems in biology is to provide a system for understanding the mass

spectra.

Type III field evaporation involves predominantly the liberation of rational mo-

lecular fragments, as recognizable functional groups. In this scenario, an enor-

mous range of molecular bonds may also be sheared from the sample. However,

conceivably, the proposed molecular probe could apply look-up tables of known mo-

lecular species that correspond to specific mass-charge ratios, in the same way that

atom probe uses the charge state of the isotope abundances to develop range files

that window signals from the individual elements in the specimen.

Clearly, the exact effect of the energy pulse on biomolecules is a fertile area for

new research. Such efforts will need to use both modeling and experiments and

also utilize the rapidly developing knowledge-base arising from the success of

other spectroscopic techniques, particularly SIMS and nanoSIMS, XPS and MALDI

(matrix-assisted laser desorption/ionization). Figure 9.8 provides one representa-

tion of these techniques, where the different modalities of signal generation are

emphasized. Whereas the high-energy ion beam in SIMS generates variable frag-

ments of the initial molecular specimen (closer to type II field evaporation), XPS

causes an emission of characteristics electrons, and MALDI causes ionization of

whole molecules (closer to type III). We expect an atom probe to cause field evapo-

ration across all three types listed above.

Figure 9.9 is the mass spectrum for a C18 self-assembled-monolayer (SAM).

Here, the raw number of counts of detector-events is plotted as a function of m=q.
The mass spectrum is ‘‘indexed’’ by attributing the known or expected molecular

fragments to the significant peaks. In the same way that we have presented indica-

tive early-stage FIM data in Fig. 9.7 from quite new experiments that demonstrate

the challenges in comprehensive interpretation of FIM images, Fig. 9.9 reveals the

opportunities and challenges for molecular probing of these sorts of samples. An

encouraging aspect of Fig. 9.9 is the clear success of the instrument in probing the

molecular species of the specimen, since discrete peaks of organic matter are iden-

tified in the mass spectra, as opposed to Au peaks etc. Prima facie, most of the

peaks can be plausibly identified and labels are provided. Moreover, the data can

be reconstructed in 3D (Fig. 9.9c). Here, the outer surface is displayed in the 3D
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reconstruction-cube, and the species are clearly located at the surface. As a method

of probing biointerfaces, this approach seems promising. However, a key uncer-

tainty in such data, which will require unequivocal resolution, is the specific iden-

tity of mass spectra peaks. In Fig. 9.9, for example, we have left a significant peak

at m=q ¼ 22 unidentified. Also, the significance of the particular type of molecular

species that occur in the mass spectra is uncertain, since certain species clearly

evaporate more readily than others. Another important question relates to the ef-

fect of molecular size and asymmetric charge distribution on trajectory aberrations.

Since the ultimate molecular properties depend on coordination, orientation and

bond angles, it is strongly desired that these characteristics are preserved when

the molecules hit the position-sensing detector. Nevertheless, the results of initial

experimentation with these ideas using the LEAP, taken together with other pio-

neering work attempting FIM and atom probe of organics referred to here, sug-

gests that, under certain circumstances, biomolecules may be imaged and analyzed

using these techniques. Clearly, much experimentation and development remains.

Future Developments Figure 9.10 reveals the common range of bond energies,

comparing ionic, covalent and the dispersion bond forces. One of the intriguing

characteristics of biomolecular atom probe specimens is the way that they can, po-

tentially, present an enormously diverse range of bond energies to the instrument.

The fact that the field evaporation process must occur across such a range of inter-

atomic or inter-molecular forces would seem to imply that a substantial range of

fragmentation will occur in response to the pulse. Figure 9.10 also lists some of

Fig. 9.8. Schematic representation of signal

modalities from a selection of molecular

analysis techniques. The SIMS technique is a

mixture of type II and type III evaporation,

liberating variable fragments of the original

molecule. XPS uses characteristic electrons.

MALDI (matrix-assisted laser desorption/

ionization) TOF is capable of ionizing whole

molecules.
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the key interatomic bond energies that are so prevalent in biomolecular materials.

As shown, the probe pulse must rupture significant interatomic bond energies be-

fore individual atoms are ionized and detected as single events on the detector. A

theme of developments in this area will be to mitigate the effects of the variety of

bond-energies through specimen preparation strategies.

9.3

Atomic Force Microscopy

9.3.1

Introduction

In 1986, Binnig et al. [28] revolutionized microscopy through the invention of the

atomic force microscope (AFM). Marketable instruments of this new imaging tech-

nique began to appear in the five years following its discovery. In the early 1990s,

Fig. 9.9. (a) Schematic of a C18 self-assembled monolayer

chemisorbed on an Au-coated W-tip via the thiol headgroup.

(b) A LEAP mass spectrum. (c) 3D atom map reconstructed

from the mass spectrum in (b).
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Henderson et al. [29] and Radmacher et al. [30] both illustrated the potential of

the instrument to image biological preparations in real time under near physio-

logical conditions with nanometer resolution. From then onwards the AFM has

fascinated biologists and the number of publications describing biological applica-

tions of AFM has grown swiftly [31].

Atomic force microscopy is becoming a valuable tool for determining biological

structure and function [32]. It can be operated in vitro on live cells without the ne-

cessity for further specimen preparation such as fixation or staining [33]. Atomic

force microscopy potentially provides for nanometer-scale resolution [34, 35]. Re-

cently, it has been combined with simultaneous confocal laser scanning micro-

scopic imaging [35]. It also can be used to image individual isolated cellular com-

plexes (i.e., proteins, DNA, organelles, etc.) [36]. In addition, biomolecular probing

with functionalized tips can be used to generate force versus displacement curves,

providing the capability to obtain single-molecule bond-strength information [37].

Furthermore, the elasticity or softness or compliance of biological samples can be

assessed [38].

9.3.2

Instrumentation

A range of materials, methods and notes have appeared with regard to imaging

cultured cells with the AFM [39]. In general, maintenance of steady-state culture

conditions involves a high degree of thermal stability (37G 0:5 �C), continual

renewal of the culture medium (osmolarity of G320 mOsmol per kg-H2O) and a

neutral pH (7:4G 0:3), stabilized by the use of 20 mm HEPES buffer and/or a

flow of CO2 through the AFM cell chamber to maintain a steady-state concentra-

tion of 5%. Fluctuations in temperature, osmotic pressure and pH have severe af-

Fig. 9.10. Range of bond energies in organic and inorganic

materials, together with a table summarizing the more

significant interatomic bond energies in organic materials such

as biomolecules [27].
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fects on cell viability and structure, making consistent AFM imaging difficult [40].

Commercial liquid cells for studying biological samples under controlled condi-

tions are available, but are only useful for a limited number of special application

problems. Therefore, biologists have designed their own set-ups and, consequently,

various home-made systems, which differ from laboratory to laboratory, are found

when reviewing the literature.

Our AFM studies used (a) the Topometrix ExplorerTM TMX equipped with a

100 mm XY/12 mm Z TrueMetrix Linearized Liquid Scanner installed on a Zeiss

IM 35 inverted microscope with a home-made XY specimen stage adaptation; and

(b) a home-made fluid cell in combination with a heating stage. This design allows

positioning of the cantilever in the optical axis of the inverted microscope, move-

ment of the sample via the inverted microscope independently of the AFM, and

minimizes cantilever drift by controlling temperature-induced variations. Time-

lapse images of living cells in contact [33, 41–43] or non-contact mode [43, 44]

have been obtained over 2–3 h, before peripheral parts of the cytoplasm started to

detach from the substrate or before cell viability started to decrease as determined

by the trypan blue exclusion test [38].

9.3.2.1 Live Cell Imaging

The major advantages of AFM over scanning electron microscopy (SEM) for imag-

ing cells are that no coating and no vacuum are required, electrons are avoided and

imaging can be carried out in an aqueous environment. As a result, living cell

studies under near physiological conditions can be performed. Evidence for the

successful application of AFM for biological imaging comes from abundant studies

in the past decade, where the dynamic behavior of living cells at a resolution com-

parable with SEM has been be imaged and analyzed (for reviews see Refs. [31] and

[32]). In our set-up, images of living cells in contact mode could be obtained re-

peatedly over a period of 1 h (Fig. 9.11) and more [33, 43] depending on the cell

type used, and at the same time we observed no scanning-induced artifacts such

as lateral deformation. Instead, attention-grabbing cell biological processes such

as moving membrane sheets at the rim of the cytoplasm of rat hepatocytes could

be observed, illustrating lamellipodial activity (Fig. 9.11, 0–60 min). In some in-

stances, prolonged AFM-imaging of cells may result in removal of parts of cells or

even cells in toto from the substrate due to repeated tip contact (Fig. 9.11, 75 min).

Therefore, to assure optimal viability of the cells, scanning of the sample should

be carried out for a maximum of 2(–3) hours, after which the sample should be

replaced. At the end of the experiment, the viability should be checked routinely

with the aid of the trypan blue and/or the propidium iodide test. In our combined

AFM-light microscope set-up the overall viability usually drops by@6% with every

hour. In addition, the combined AFM/inverted microscope allows the cell and

AFM tip to be seen by the optical microscope at all times during the scanning pro-

cess. By doing so, the morphology of the cells during AFM imaging can be easily

judged and tip-induced alterations such as detachment or removal of the periph-

eral parts of the cytoplasm can be easily observed. These tip-induced changes are

typical morphological signs for the onset of decreased cell viability.
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The AFM can gather, simultaneously, correlative topology and submembranous

structures on the same cell at high resolution [33]. Sample deformation is an im-

portant component of the contrast mechanism in the visualization of living cells by

AFM, and originates from local variations in stiffness when the tip palpates the cell

membrane [29]. The cell stiffness or elasticity is determined mainly by the various

organelles lying in the cytoplasm of the cell, and high-resolution imaging of sub-

membranous cell compartments in the past was only possible when cells under-

went detergent-extraction, fixation and/or immunocytochemical staining, thereby

precluding dynamic studies [38, 40]. Therefore, indirect AFM imaging of organ-

elles underneath the plasma membrane is a powerful tool to probe subcellular

dynamics at nanometer resolution in intact living cells without the necessity of

further preparative steps. The most prominent submembranous structure that

can be probed with the AFM is the cytoskeleton of cells. An example is given in

Fig. 9.12(A), illustrating the presence of long actin fibers with a straight outline in

rat liver fibroblasts. We previously reported cytoskeletal changes in living rat skin

fibroblasts for up to one hour after applying the microfilament-disrupting drug

latrunculin A [33]. Interestingly, when cells underwent short fixation with 0.1%

glutaraldehyde the morphology of the cell surface changed drastically (Fig. 9.12B);

i.e., (i) there was an increase in cell height (Fig. 9.12C versus 12D); (ii) underlying

Fig. 9.11. Rat liver parenchymal cells. Time-

lapse AFM series of moving membrane sheets

at the rim of the cytoplasm in living rat liver

parenchymal cells (hepatocytes). Arrows

denote the lamellipodial activity observed at

the rim of the cytoplasm of the hepatocytes

over time. Note that prolonged scanning

resulted in artifactual smearing and even

removal of cell parts (arrowhead).
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cytoskeleton structures and clearly depicted cell contours could no longer be ob-

served, even when the imaging force was increased 10-fold; and (iii) images were

dominated by topographic information (Fig. 9.12A versus 9.12B). The latter two

points can be explained by the fact that the stiffness of the cell membrane is

much higher after fixation than the spring constant of the AFM-cantilever used,

resulting in less deformation of the membrane around rigid submembranous

structures. This is confirmed by the softness (i.e., elasticity) measurements per-

formed on living versus fixed fibroblasts (Fig. 9.12E). The elasticity of those cells,

as calculated by the Hertz model, increased @12-fold, i.e., from 10 kPa for the

living cell to more than 120 kPa for the fixed status.

9.3.3

Summary

Finally, much can be expected from the recent integration of atomic force and con-

focal fluorescence microscopies in one instrument, combining the high-resolution

topographical imaging of probe microscopy with the reliable biomolecular identifi-

cation capabilities of optical microscopy [35].

9.4

Cryo-electron Microscopy

9.4.1

Introduction

Cryo-electron microscopy has seen an increase in biological applications in the

past fifteen years with the advent of significant technical innovation [45]. This mi-

croscopy method incorporates both vitrification, a freezing process that subverts

Fig. 9.12. Rat liver fibroblasts. AFM data on

living (a, c) and glutaraldehyde fixed (b, d)

rat liver fibroblasts. (a) Low magnification

AFM-image of a living fibroblast, revealing

cytoskeletal fibers traversing along the long

axis of the cell (arrow). (b) AFM-image of the

same cell as depicted in (a) after

glutaraldehyde fixation. Notice that the earlier

visualized cytoskeleton fibers in part disappear

and instead the image is dominated by

topographical information. (c, d) Height data

of the corresponding AFM-images, illustrating

the increase in height (@20%) after the cells

underwent fixation. Height curves were

obtained based on measurements along the

black solid line depicted in parts (a and b). (e)

Force curves taken on living (green, red and

yellow lines) versus fixed (blue line) fibroblasts.

These force curves have been plotted on top of

each other to depict the differences. With a

living cell, shallow force curves are observed,

indicating the softness of the sample, whereas

under fixed conditions the curve shows a very

linear response, illustrating that the deflection

is almost proportional to the force applied (see

also the illustrative black tip drawings). From

the force curves we have determined the

elastic modulus of the cells, using the Hertz

model, and calculated that the elastic modulus

increases from around 10 kPa for the living

condition to about 120 kPa for the fixed cells.

H_________________________________________________________________________________

312 9 Some New Advances and Challenges in Biological and Biomedical Materials Characterization



crystalline ice formation, and image acquisition under cryo-conditions. The cryo-

fixation process is rapid, of the order of 0.1 ms, which is 104 times faster than con-

ventional infiltration methods [46, 47], and preserves spatial as well as temporal

biological states. In addition, sample preparation methods such as high-pressure

freezing allow vitrification of specimens up to 200 mm thick. Significant achieve-

ments have also been made in the understanding and technology of freezing thin

samples such as hepatic endothelial monolayers that are vulnerable to osmotic and

temperature effects, as described in following section.

9.4.2

Instrumentation

Chemical fixation, dehydration and drying or embedding/sectioning of cells can

induce image artifacts, resulting in different observations when different prepara-

tion techniques are applied [48]. In cryo-electron microscopy, living cells are phys-

ically fixed by rapid cooling, enabling their study as whole mounts without the

necessity of further preparation steps. However, transmission electron microscopy

of thin cells in toto (whole mount) has long been tried and considered impossible

or extremely difficult due to the mass-thickness of the specimen. This view is usu-

ally substantiated by failures reported in the literature. Culturing cells as a single

layer thick on grids, beam–specimen interaction resulting in specimen damage,

and problems associated with cryo-specimen preparation have all been held re-

sponsible for this failure, depending on the spirit of the time. Over ten years

ago the possibilities of cryo-electron microscopy on whole-mounted cells was dis-

cussed. By that time, the isolation and culture of hepatic endothelial cells on elec-

tron microscopy grids had become established [49], and cryo-electron microscopy

had become an accepted approach for cellular imaging, as supported by the cryo-

observations on intact blood platelets [50] and bacteria [51], revealing subcellular

details such as organelles, membranous structures and cytoskeleton elements. It

was argued, based on preliminary atomic force microscopy data [52], that the thick-

ness of hepatic endothelial cells was of the same dimensional order as blood plate-

lets and bacteria, and thus cryo-electron microscopy imaging could be expected

using intermediate voltages. This holds especially for the thin fenestrated areas of

cultured hepatic endothelial cells, which are less than 100 nm thick. As a result,

electron beam-related problems (damage) or electron optical limitations were not

expected. By that time, the development of an automated, computer-controlled

vitrification system had begun that ultimately culminated in the VitrobotTM [53–

55] and a temperature and humidity controlled glove box in conjunction with a

VitrobotTM [55–57].

9.4.2.1 Cryo-electron Microscopy Imaging

The use of a temperature and humidity controlled glove box in conjunction with a

VitrobotTM is essential for the manipulation of whole-mount hepatic endothelial

cells from culture conditions in preparation for cryo-electron microscopy investiga-

tion [56, 57]. The fenestrae and surrounding cytoskeleton elements and different
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membrane-bound organelles are easily observed in these types of cryo-images

without the presence of preparation-induced artifactual gaps (Fig. 9.13), indicating

that our earlier observations on the fenestrae-associated cytoskeleton are not an ar-

tifact introduced by chemical fixation, partial extraction or other preparation proce-

dure [57]. Further improvements in cryo-imaging may be expected when higher

accelerating voltages are used (300 instead of 120 kV) in conjunction with electron

tomography [45].

9.4.3

Summary

Once a biological sample is vitrified correctly the challenge becomes to extract

all the available 3D information and in the time-domain. Tomography at the cryo-

electron microscopy level can resolve details at a 3D resolution better than 3 nm in

a specimen of 100 nm thick, providing a solid basis for tomography as an emerg-

ing 3D technology that may greatly contribute to the 3D study of intact cells at the

(supra-)molecular level [58].

9.5

Conclusions

Imaging in biology has seen increasingly improved resolutions over the decades

with the advent of new microscopical techniques. Applications of high-resolution

microscopy span different sectors, from medical to biotechnology to fundamental-

type research; analytical surveys serve as measures of quality control and materials

improvement in medical technology; and the nano-world of basic biology bridges

Fig. 9.13. High magnification image of the

fenestrated cytoplasm of a vitrified hydrated

whole-mounted hepatic endothelial cell

obtained under controlled sample handling

conditions by using a temperature and

humidity controlled glove box in combination

with the VitrobotTM, as described previously

[35, 36], showing fenestrae and the associated

cytoskeleton rings (arrow). Note the

cytoskeleton elements (arrowhead) running

next to the fenestrae and membrane-bound

vesicles (asterisk). Scale bar: 500 nm.

(Courtesy of Dr Peter Frederik & Paul Bomans,

University of Maastricht, The Netherlands).
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the structure–function relationship at several levels, from macromolecular to cellu-

lar and physiological, as seen with the wide use of AFM and cryo-EM. Soon, atomic

resolutions from the atom probe will allow better device diagnostics and the

generation of new questions and fields in biology appropriate for this new level of

analysis. There will also be a continued need for correlative microscopy to develop

control measures and for cross-referencing of methodologies from sample prepara-

tion to software development for data interpretation and rendering.
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10

Dynamic Light Scattering Microscopy

Rhonda Dzakpasu and Daniel Axelrod

10.1

Introduction

We describe here a novel imaging technique for optical microscopy based on dy-

namic light scattering. Conventional dynamic light scattering (DLS, also known as

quasielastic light scattering, QELS) is a well-established laser-based nonmicro-

scopic, nonimaging technique commonly used to measure diffusion coefficients

of proteins in solution [1, 2]. DLS is based on the time-dependent interference

among electric fields emanating from scattering centers in relative motion and is

sensitive to relative motions that are six times smaller than the optical resolution

of the microscope. We have adapted DLS to microscopy (DLSM) and, with the use

of a CCD camera in a line-streaking mode, we use the rate of data readout transfer

as the rate of data collection. This allows us to image rapid motions over submicro-

scopic distances. Rather than creating images based on static index of refraction

variations, spatial maps based on the rates of motions are produced. This can pro-

vide valuable insight into the processes imaged in biological systems.

The theory of DLSM is presented here, followed by a description of a detection

system that uses a slow scan (a few Hz exposure rate) CCD to record the rapid

(kHz range) fluctuations of DLS, and finally followed by tests on a model system

(small polystyrene beads in suspension) and a living cell system (macrophages).

The goal of the tests on macrophages is not to answer any particular biological

question at this point, but rather to verify the applicability of DLSM to cell biologi-

cal systems.

Previously reported applications of DLS in a microscope have been limited to a

single point (rather than spatial mapping) measurement of diffusion coefficients

and flow rates (velocimetry) [3–15]. These works did not address the theoretical

question as to how intensity fluctuations can occur from scattering centers mutu-

ally close enough to fall within the optical resolution distance of the microscope;

this question is addressed here.

DLSM in its present form is chemically nonspecific, as are dark field, phase con-

trast, and differential interference contrast. Unlike those techniques that detect

spatial but temporally static variations in local refractive index, DLSM detects tem-

Nanotechnologies for the Life Sciences Vol. 3
Nanosystem Characterization Tools in the Life Sciences. Edited by Challa S. S. R. Kumar
Copyright 8 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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porally dynamic variations in a spatially resolved format. We discuss possible

extensions of the technique that might increase its chemical specificity while pre-

serving its ability to detect rapid motions in submicroscopic regions.

This chapter is divided into five further sections: Section 10.2 presents the theo-

retical solution for the functional form of the scattered electric field from a single

and then a collection of scattering centers. The temporal and spatial autocorrela-

tion function is derived for the intensity at the image plane of the microscope. We

show there can be significant intensity fluctuations due to the relative motion of

scattering centers within the optical resolution of the microscope. In addition, we

show that fast time scale fluctuations can be measured with this technique.

Section 10.3 describes the experimental realization of the technique for our con-

trol system of polystyrene beads and the first application to cell biology, macro-

phage cells.

Section 10.4 describes the data analysis performed on the intensity fluctuations

obtained from the experimental system.

Section 10.5 presents results for the two experimental systems. We show that the

rates of motion obtained for different bead sizes agree with those expected from

hydrodynamic theory for such beads and are in relative agreement based on their

size ratio. In addition, we also show that we can observe spatially resolved differ-

ences in the decay rates in macrophages, both untreated and treated by a pharma-

cological agent.

Section 10.6 discusses the experimental and theoretical results stemming from

this work. It also presents possible applications of the technique and suggests po-

tential improvements.

10.2

Theory

This section presents a theoretical derivation of the functional form of the scattered

electric field at the image plane of a microscope (which is modeled as a simple

lens), first from a single scattering center and then from a collection of centers.

From the resulting intensity, the temporal and spatial autocorrelation functions

are derived. The theory is essentially a combination of scalar diffraction theory for

a simple lens and a generalization of the conventional DLS theory as presented in

Ref. [16].

The optical resolution of a microscope specifies the minimum separation of two

objects in object space required to form distinctly separated images. If the separa-

tion is greater than the resolution distance, then clearly little interference can occur

in the image plane. We show here that for scattering centers spaced closer than the

optical resolution distance, sufficient phase variations still exist to create intensity

fluctuations in the image plane.

As individual scattering centers can enter and/or leave an imaged region moni-

tored by a single pixel in the detector, additional intensity fluctuations are created

due to the change in particle number. These intensity fluctuations would occur

even for incoherent light scattering (e.g., fluorescence). We derive an expression
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that includes the effect of intensity fluctuations due to both phase and number

variations.

The characteristic decay time of the temporal intensity autocorrelation function

guides what is the minimum sample time that should be employed in the detec-

tion system. The characteristic decay distance of the spatial autocorrelation func-

tion guides what is the maximum pixel size that should be employed in the

detection system.

10.2.1

Single Scattering Center

We first consider the electric field as it scatters from a single particle toward the

objective lens, refracts through the lens, and propagates to the image plane. The

scattering center is assumed to be much smaller than the wavelength of the inci-

dent light l (the Raleigh scattering limit); the polarization of the incident light is

assumed to be linear and the polarization of the scattered light is assumed to be

the same as the incident light. The electric fields are thereby represented as (com-

plex) scalars rather than vectors. All of the light (incident and scattered) is mono-

chromatic so the common factor expðiotÞ is everywhere suppressed.

The coordinate systems are depicted in Fig. 10.1. Scattering center (object) space,

objective lens space, and image space coordinates are unprimed, primed, and dou-

ble primed, respectively. The optical axis of the microscope is defined as the z-axis.
The incident light is formed from a collimated laser beam propagating in the y–z
plane and passing through a cylindrical lens. This lens focuses in the x-dimension

only and leaves the incident light as a thin stripe along the y-direction, although
still much larger in every dimension than the optical resolution. Therefore, the il-

lumination electric field amplitude E0 can be considered constant over a region

competent for mutual interference at one detector pixel. The direction of propaga-

tion and focusing is such that no direct incident light reaches the objective (i.e.,

essentially dark field). If k0 is the incident wave vector and r is the location of a

Fig. 10.1. Coordinate systems used in Section

10.2. The object is shown as a discrete black

dot, and the point spread intensity in the

image region as a blur. The origin in image

space is located in the plane of the detector.

The origin in object space is chosen at a point

on the optical axis such that its focused image

is centered at the origin in image space.
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particular scattering center in object space, then the incident electric field EðrÞ at a
single scattering center is:

EðrÞ ¼ E0 expðik0rÞ ð1Þ

At the position of the objective lens (before propagating through it), the scattered

light will produce an electric field E 0ðr 0Þ with amplitude proportional to both EðrÞ
and some scattering efficiency factor dependent upon the polarizability of the scat-

tering center. However, this scattering efficiency factor is assumed constant among

all scattering centers and also isotropic over the range of angles gathered by the

lens, so its appearance will be suppressed in the expression for E 0ðr 0Þ:

E 0ðr 0Þ ¼ EðrÞ expðiksjR� rjÞ ð2Þ

where R is the vector from the origin in r-space to a point on the objective lens

represented by two-dimensional vector r 0 in the plane of the lens; jR� rj is the dis-
tance from the scattering center to that point on the objective; and ks ¼ jksj is the
amplitude of the scattered wave vector.

The electric field E 00ðr 00; z 00Þ in the image region (with positions denoted in cylin-

drical coordinates) is given in Ref. [17]:

E 00ðr 00; z 00Þ ¼ expðik0LÞ
ilL

ðð
E 0ðr 0Þ exp �ik0r 02

2f

� �

� exp
ik0r 02

2

1

L
1� z 00

L

� �� �
� ik0r 0 � r 00

L

� �
d2r 0 ð3Þ

where f is the focal length of the objective lens, k0 1 jk0j and L is the distance

from the objective to the image plane. Assuming a small angle (i.e., small numer-

ical aperture) approximation, the term expð�ik0r 02=2f Þ corresponds to the phase

shift imposed by the objective lens. The factor

exp
ik0r 02

2

1

L
1� z 00

L

� �� �
� ik0r 0 � r 00

L

� �

describes the phase alteration as the field propagates in the empty space from the

objective lens to the image region.

Combining Eqs. (1–3), noting that ks is oriented in the same direction as R� r

with ksAk0, and regrouping, we obtain:

E 00ðr 00; z 00Þ ¼ E0
expðik0LÞ

ilL
expðik0 � rÞ

ðð
exp

�
ik0jR� rj � ik0r 0 � r 00

L

� ik0r 02

2

1

f
� 1

L
1� z 00

L

� �� ��
d2r 0 ð4Þ
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For rfR, we can substitute an approximation for jR� rj:

jR� rj ¼ R2 1þ r

R

� �2

� 2r � R
R2

" #( )1=2

GRþ 1

2

r2

R

� �
� r � R

R
ð5Þ

Since R ¼ r 0 þ Jẑz, where J is the object distance, 1=R can be written in the small

aperture approximation ðr 0 f JÞ as:

1

R
¼ ðr 02 þ J2Þ�1=2 G

1

J
1� 1

2

r 0

J

� �2

þ � � �
" #

ð6Þ

Substituting Eqs. (5) and (6) into Eq. (4), and noting that 1
f
¼ 1

J þ 1
L , the electric

field in the image region becomes:

E 00ðr 00; z 00Þ ¼E0
exp ik0ðLþ JÞ

ilL

ð
exp ik0 �r �Qðr 0Þþ r2gðr 00Þ

2J
� r 0 � r 00

L
� z 00r 02

2L2

� �
d2r 0

ð7Þ

where

gðr 0Þ1 1� r 02

2J2
ð8Þ

and

Qðr 0Þ1 g
r 0

J
þ ẑz

� �
� k̂k0 ð9Þ

Vector k0Q is a generalized conventional scattering vector, analogous to

q ð1 ks � k0Þ in conventional nonimaging DLS. Here, Q additionally takes into

account the range of scattering angles gathered by the microscope objective lens.

To simplify Eq. (7) further, we assume that the detector is located in the image

plane ðz 00 ¼ 0Þ. The scattering centers imaged within the same optical resolution

area are then very close to the origin in object space so that rf r 0 for almost

the entire range of the integral. Therefore, the exponent term r �Qg r 2g=2J, im-

plying that the factor expð�ik0r �QÞ in Eq. (7) varies much more rapidly than

expð�ik0r 2g=2JÞ over the range of the r 0, so that the latter factor can be assumed

constant and close to unity. Eq. (7) then becomes:

E 00
z 00 ¼0ðr; r 00Þ ¼ E0

exp ik0ðLþ JÞ
ilL

ð
exp ik0 �r �Q� r 0 � r 00

L

� �
d2r 0 ð10Þ
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10.2.2

Multiple Scattering Centers

Each scattering center i located at position ri produces an electric field at z 00 ¼ 0

according to Eq. (10). The total electric field E and the consequent intensity I at

the image plane depend on the set of all the ri positions ðI ¼ 1; . . .NÞ as follows:

Eðfrig; r 00; tÞ ¼
XN

i

biðtÞE 00
z 00 ¼0ðri; r 00Þ ð11Þ

Iðfrig; r 00; tÞ ¼ E � E ð12Þ

To understand the meaning of the biðtÞ parameters, we define an ‘‘equivalent

volume’’ vpix in object space that contains all of the r positions that contribute to

the intensity observed by a single CCD camera pixel at one position in the image

plane. (Of course, the actual region from which scattered light is gathered has

graded rather than sharp edges.) We also define an arbitrarily larger volume V
that subsumes vpix and contains the N scattering centers included in the sum in

Eq. (11). The occupation number biðtÞ equals unity if scattering center i is in vpix
at time t and zero otherwise. We assume that the positions ri are statistically inde-

pendent and randomly time-dependent (e.g., due to Brownian motion). These ran-

dom motions cause E to fluctuate in both phase and amplitude, and the resulting

intensity to fluctuate in amplitude. The temporal and spatial behavior of the inten-

sity fluctuations can be investigated through autocorrelation functions.

10.2.3

Temporal Autocorrelation of Intensity

The temporal autocorrelation is defined as

GðtÞ ¼ hIðt1ÞIðt2Þi ð13Þ

where t1 t2 � t1, the intensities at the two times are measured at the same r 00

position in the image plane, and the ensemble average indicated by the brackets

is taken over all possible frig configurations. Because the system is assumed to be

in equilibrium, G depends only on the time difference t and not the absolute

times. After substituting Eqs. (10–12) into Eq. (13), we get Eq. (14).

GðtÞ ¼ jE0j
ilL

� �4 XN

i; j; k; l

hbiðt1Þbjðt1Þbkðt2Þblðt2Þi

�
ðððð

expð�ik0riðt1Þ �QaÞ expðik0rjðt1Þ �QbÞ
expðik0rkðt2Þ �QcÞ expð�ik0rlðt2Þ �QdÞ

� �
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� exp � ik0r 0a � r 00
L

� �
exp

ik0r 0b � r 00
L

� �
exp

ik0r 0c � r 00
L

� �

� exp � ik0r 0d � r 00
L

� �
d2r 0a d

2r 0b d
2r 0c d

2r 0d ð14Þ

The phase fluctuations (arising from the complex exponential factors) are uncorre-

lated with number fluctuations (arising from the b factors); this is why the single

ensemble average in Eq. (13) can be separated into a product of two ensemble aver-

ages (number and phase) in Eq. (14).

The summation in Eq. (14) can be separated according to the relationships

among the summation indices i, j, k, l such that

G ¼ jE0j
ilL

� �4X6

m¼1

ðSmG
num
m Gph

m Þ ð15Þ

where Gnum
m and Gph

m are the number and phase fluctuation factors, respectively,

and Sm represents sums over i, j, k, l restricted as shown in Table 10.1.

10.2.4

Phase Fluctuation Factors

In the first three cases (m ¼ 1, 2, 3) at least one index is unique from all of the

others. In such cases, a factor hexpð�ik0r �QÞi with the unique index on the r vec-

tor can be factored out from the overall ensemble average since the motions of the

scattering centers are mutually independent. That factor can be handled as follows

(written here for a particular scattering index i):

hexpð�ik0riðt1Þ �QaÞi ¼
ð
wiðriÞ expð�ik0ri �QaÞ d

3ri ð16Þ

where wi is the probability density that the particle is located in the vicinity of posi-

tion ri. The scattering centers i are assumed to be uniformly distributed over the

volume vpix imaged by an individual pixel in r-space so that wiðriÞ ¼ w ¼ 1=vpix. Eq.
(16) becomes:

Tab. 10.1. Number of unique indices.

m Index Scattering center indices Number of unique indices

1 i0 j0 k0 l 4

2 i0 j0 k ¼ l 2

3 i0 j ¼ k ¼ l 1

4 i ¼ j0 k ¼ l 0

5 i ¼ k0 j ¼ l 0

6 i ¼ j ¼ k ¼ l 0
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hexpð�ik0riðt1Þ �QaÞi ¼ 1

vpix

ð
expð�ik0ri �QaÞ d

3ri ¼
ð2pÞ3=2

vpix
dðk0QaÞ ð17Þ

The integral over r 0a in Eq. (14) then becomes:

ð
hexpð�ik0riðt1Þ �QaÞi exp � ik0r 0a � r 00

L

� �
d2r 0a

¼ ð2pÞ3=2

vpix

ð
dðk0QaÞ exp � ik0r 0a � r 00

L

� �
d2r 0a

¼ ð2pÞ3=2

vpix

J

k0g

� �2ð
dðk0QaÞ exp � ik0r 0a � r 00

L

� �
d2ðk0QaÞ ð18Þ

The integral has a nonzero value only when kQa ¼ 0. From the definition of Qa in

Eq. (9), we can obtain the r 0a for which this condition is satisfied:

r 0ajQa¼0 ¼
J

g
k̂k0 � Jẑz ð19Þ

This particular r 0a is located where the extension of the incident beam crosses the

plane of the objective lens. Since our experimental setup was designed so that the

incident light misses the objective, the integral over r 0a in Eq. (18) (which is limited

to the area of the objective) does not include r 0ajQa¼0. Thus, those terms in the sum

of Eq. (15) with at least one unique summation index (i.e., m ¼ 1, 2, 3) are zero.

The phase term for the m ¼ 4 case from Eq. (15) is given by Eq. (20).

G
ph
4 ¼

ðð
hexp ik0½riðt1Þ � DQab�i exp

ik0Dr 0ab � r 00
L

� �
d2r 0a d

2r 0b

�
ðð

hexp �ik0½rkðt2Þ � DQcd�i exp
�ik0Dr 0cd � r 00

L

� �
d2r 0c d

2r 0d

¼
ðð

hexp ik0½riðt1Þ � DQab�i exp
ik0Dr 0ab � r 00

L

� �
d2r 0a d

2r 0b

				

				

2

ð20Þ

where DQab 1Qb �Qa and Dr 0ab 1 r 0b � r 0a. The terms of the form

hexp ik0½rðt1Þ � DQ�i are similar to that in Eq. (17), except for the factor DQ instead

of Q. Therefore, the integral in Eq. (20) can be reduced to:

1

vpix

ðð ð
exp ik0½riðt1Þ � DQab� dxi dyi dzi

� �
exp

ik0Dr 0ab � r 00
L

� �
d2r 0a d

2r 0b

¼ lpixð2pÞ
vpix

ðð
dðk0DQabÞ exp

ik0Dr 0ab � r 00
L

� �
d2r 0a d

2r 0b
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¼ ð2pÞ
spix

J

k0g

� �4ðð
dðk0DQabÞ exp

ik0Dr 0ab � r 00
L

� �
d2ðk0QaÞ d

2ðk0QbÞ

¼ ð2pÞ
spix

J

k0g

� �4ð ð
exp

ik0Dr 0ab � r 00
L

� �� �				
a¼b

d2ðk0QbÞ

¼ ð2pÞ
spix

J

k0g

� �4ð
d2ðk0QÞ ¼ ð2pÞ

spix

J

k0g

� �2ð
d2r 0 ¼ ð2pÞ

spix

J

k0g

� �2

A ð21Þ

where lpix is the z-dimension of the observed volume vpix; spix is the area of the

observed volume; and A is the area of the objective. Therefore,

G
ph
4 ¼ ð2pÞ2

spix 2
J

k0g

� �4

A2 ð22Þ

For the m ¼ 5 term in Eq. (15),

G
ph
5 ¼

				

ðð
hexp ik0½riðt2Þ �Qc � riðt1Þ � Qa�i

� exp � ik0r 0a � r 00
L

� �
exp

ik0r 0c � r 00
L

� �
d2r 0a d

2r 0c

				

2

¼
				

ðð
hexpð�ik0Dri �QcÞ expð�ik0riðt2Þ � DQacÞi

� exp � ik0Dr 0ac � r 00
L

� �
d2r 0a d

2r 0c

				

2

¼
				

ðð
hexpð�ik0Dri �QcÞihexpð�ik0riðt2Þ � DQacÞi

� exp � ik0Dr 0ac � r 00
L

� �
d2r 0a d

2r 0c

				

2

ð23Þ

where Dri 1 riðt2Þ � riðt1Þ. The term hexpð�ik0riðt2Þ � DQacÞi reduces to a d-

function, so we obtain:

G
ph
5 ¼

				
ð2pÞ
spix

J

k0g

� �4ð ð
dðk0DQacÞ exp � ik0Dr 0ac � r 00

L

� �
d2ðk0QaÞ

� �

� hexpð�ik0Dri �QaÞi d
2ðk0QcÞ

				

2

¼ ð2pÞ
spix

J

k0g

� �2ð
hexpð�ik0Dri �QÞi d2r 0

					

					

2

ð24Þ

where the subscript ‘‘c’’ on the r 0c factors has been suppressed. The ensemble

average in Eq. (24) can be rewritten as:

10.2 Theory 327



hexpð�ik0Dri �QÞi ¼
ð
p½DriðtÞj0� expð�ik0Dri �QÞ d3Dri ð25Þ

where p½DriðtÞj0� is the conditional probability of finding a particle at position Dri
at time t given that it was at the origin ðDri ¼ 0Þ at t ¼ 0. The right-hand side of

Eq. (25) is the Fourier transform of p½DriðtÞj0�:

hexpð�ik0Dri �QÞi ¼ ð2pÞ3=2~ppðQÞ ð26Þ

where ~ppðQÞ is the Fourier transform of p½DriðtÞj0� into Q-space.

We assume that the scattering centers are undergoing random diffusive motion.

Taking the Fourier transform of the diffusion equation qp=qt ¼ D‘2p from Dri-

space to Q-space gives:

q~pp

qt
¼ �Dk0

2Q2~pp ð27Þ

so that

~ppðQÞ ¼ ð2pÞ�3=2 expð�DQ2k0
2tÞ ð28Þ

and therefore, in combination with Eq. (26):

hexpð�ik0Dri �QÞi ¼ expð�DQ2k0
2tÞ ð29Þ

Eq. (24) then becomes:

G
ph
5 ¼ ð2pÞ2

s2pix

J

k0g

� �4

A2 1

A

ð
expð�DQ2k0

2tÞ d2r 0
				

				

2

ð30Þ

For the m ¼ 6 term in Eq. (15),

G
ph
6 ¼

ðððð
hexp ik0½riðt1Þ � DQab� exp ik0½riðt2Þ � DQcd�i

� exp
ik0Dr 0ab � r 00

L

� �
exp

ik0Dr 0cd � r 00
L

� �
d2r 0a d

2r 0b d
2r 0c d

2r 0d

¼
ðððð

hexp ik0½riðt1Þ � ðDQab þ DQcdÞ� exp ik0½DriðtÞ � DQcd�i

� exp
ik0Dr 0ab � r 00

L

� �
exp

ik0Dr 0cd � r 00
L

� �
d2r 0a d

2r 0b d
2r 0c d

2r 0d

¼ 1

vpix

ðððð ð
exp ik0½riðt1Þ � ðDQab þ DQcdÞ� dxi dyi dzi

� �
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� hexp ik0½DriðtÞ � DQcd�i exp
ik0Dr 0ab � r 00

L

� �

� exp
ik0Dr 0cd � r 00

L

� �
d2r 0a d

2r 0b d
2r 0c d

2r 0d

¼ ð2pÞlpix
vpix

J

k0g

� �2ððð ð
dðQb �Qa þQd �QcÞ

�

� exp
ik0r 00 � ðDr 0ab þ Dr 0cdÞ

L

� �
d2ðk0QaÞ�

� hexp ik0½DriðtÞ � DQcd�i d
2r 0b d

2r 0c d
2r 0d

¼ ð2pÞ
spix

J

k0g

� �2ðð
hexp ik0½DriðtÞ � DQcd�i d

2r 0c d
2r 0d

ð
d2r 0b

¼ ð2pÞ
spix

J

k0g

� �2

A

ðð
expð�Dk20DQ

2tÞ d2r 0c d
2r 0d ð31Þ

10.2.5

Number Fluctuation Factors

The total volume of the imaged sample is V and the total number of scattering

centers in that volume is N. The volume ‘‘imaged’’ by a single pixel is vpix. The
number of particles MðtÞ (assumedfN) and its expectation value in the volume

vpix can be written:

MðtÞ ¼
XN

i

biðtÞ ð32Þ

hMi ¼
X

i

biðtÞ
* +

¼
X

i

hbiðtÞi ¼ Nhbii ð33Þ

The variance of M can be derived from Eqs. (32) and (33):

var M ¼ N var bi ð34Þ

The assumption that hbiif 1 implies that M follows a Poisson distribution and,

therefore, var M equals hMi. Therefore,

var bi ¼ hMi=N ¼ hbii ð35Þ

and the temporal autocorrelation function for bi can be written as:

hbiðt1Þbiðt1 þ tÞi ¼ ðvar biÞgnumðtÞ þ hbii
2A

hMi

N
gnumðtÞ ð36Þ
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where gnumðtÞ is a normalized number fluctuation autocorrelation function such

that

gð0Þ ¼ 1 and gðyÞ ¼ 0

We are now set to consider the terms Gnum
m that appear in Eq. (15). Since the

m ¼ 1, 2, 3 terms in Eq. (15) are forced to zero by their phase fluctuation factors,

we need consider only Gnum
4; 5; 6. We make the approximations that NghMig 1.

For the m ¼ 4 term of Eq. (15),

Gnum
4 ¼

XN

i0k

hb2i ðt1Þb2k ðt1 þ tÞi ¼
XN

i0k

hbiðt1Þbkðt1 þ tÞi ¼
XN

i0k

hbiðt1Þihbkðt1 þ tÞi

¼ ðN2 � NÞhbii2AhMi2 ð37Þ

For the m ¼ 5 term,

Gnum
5 ¼

XN

i0j

hbiðt1Þbiðt1 þ tÞbjðt1Þbjðt1 þ tÞi

¼
XN

i0j

hbiðt1Þbiðt1 þ tÞihbjðt1Þbjðt1 þ tÞi

¼ ðN2 � NÞhbiðt1Þbiðt1 þ tÞi2AhMi2g 2numðtÞ ð38Þ

For the m ¼ 6 term,

Gnum
6 ¼

XN

i

hb2i ðt1Þb2i ðt1 þ tÞi ¼
XN

i

hbiðt1Þbiðt1 þ tÞi

¼ Nhbiðt1Þbiðt1 þ tÞiAhMignumðtÞ ð39Þ

The m ¼ 6 term is smaller than the m ¼ 4 and m ¼ 5 terms by a factor of hMi;
therefore, it will be neglected. The complete temporal autocorrelation function

thereby becomes:

GðtÞ ¼ hIi2 1þ g 2numðtÞ
1

A

ð
expð�DQ 2k20tÞ d

2r 0

 �2

( )

ð40Þ

where hIi is the mean intensity observed at a pixel from the hMi scattering cen-

ters in its view:

hIi ¼ jE0j
ilL

� �2ð2pÞ
spix

J

k0g

� �2

AhMi ð41Þ
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To compare the result given in Eq. (40) with experimentally obtained autocorrela-

tion functions, we construct the normalized temporal autocorrelation function:

gTðtÞ1
GðtÞ � hIi2

hIi2
ð42Þ

Combining Eqs. (40) and (42) shows that gTðtÞ monotonically decays to zero:

gTðtÞ ¼ g 2numðtÞ
1

A

ð
expð�DQ 2k0tÞ d2r 0

� �2
ð43Þ

10.2.6

Characteristic Times and Distances

Figure 10.2(a) shows gTðtÞ [Eq. (43)] plotted as a function of the unitless time vari-

able Dk0 2t with the indicated integration performed numerically for the particular

case where the objective numerical aperture NA equals 0.4 (as used in the experi-

mental setup).

The characteristic decay time Dk20tc, defined as the time required for gTðtÞ to

reach its e�1 value, is Dk20tcA0:52 for this particular numerical aperture. In that

time, the mean distance rc the particle travels laterally by three-dimensional diffu-

sion is:

rc 1 ð4DtcÞ1=2 ¼ ð4 � 0:52=k20Þ
1=2 ¼ 0:23l ð44Þ

This characteristic distance is about a factor of six smaller than the resolution of

the microscope, which according to the Raleigh criterion is rres ¼ 0:61l=NA ¼
1:5l for NA ¼ 0.4. This proves that dynamic light scattering intensity fluctuations

of significant amplitude do occur amongst scattering centers within a resolution

distance of each other.

The actual characteristic time tc can be estimated for an aqueous suspension of

200 nm diameter polystyrene nanospheres as used in some of our experiments.

Hydrodynamics predict D ¼ 2:2� 10�8 cm2 s�1 for such spheres. For l ¼ 632:8

nm, the characteristic time of the temporal intensity autocorrelation function

would be tc ¼ 2:4 ms. The experimental detection system must be able to observe

these fast time-scale fluctuations.

10.2.7

Spatial Autocorrelation of Intensity

We define the spatial correlation region to be the spatial extent of the intensity fluc-

tuations at the image plane. It is measured as the characteristic distance of the spa-

tial autocorrelation function and determines the maximum pixel size allowable for

measuring the temporal behavior of the intensity fluctuations. For example, if a

pixel is larger than several characteristic spatial correlation regions, then the rela-
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tive size of the observed fluctuations will be greatly reduced, compromising the

signal-to-noise ratio. Ideally, a pixel should cover less than one spatial correlation

region.

We start the calculation of the spatial autocorrelation function in a manner sim-

ilar to the temporal autocorrelation function [Eq. (14)] except here using the inten-

sities at two different positions r 001; 2, recorded at the same time. (Because of the sim-

ilarity of the mathematical procedures, we will skip most of the details here.) We

count only those scattering centers that are actually present in the illuminated re-

gion at one snapshot of time, so all the biðtÞ factors can be set equal to unity.

GSðDr 00Þ ¼
jE0j
ilL

� �4
*

XN

i; j; k; l

ð
expð�ik0riðt1Þ �QaÞ expðik0rjðt1Þ �QbÞ

� expðik0rkðt1Þ �QcÞ expð�ik0rlðt1Þ �QdÞ
+

Fig. 10.2. Theoretical temporal autocorrelation

function of the scattered light intensity [as

calculated from Eq. (43)] vs. the unitless time

parameter Dk0
2
t. Three curves are plotted. (a)

The black dashed line curve is obtained from a

numerical integration of Eq. (43) for a 0.4

numerical aperture objective. (b) The black

solid curve is a single exponential decay, fitted

to the points obtained from the numerical

integration. (c) The grey dashed line is the

pure exponential decay obtained from the zero

aperture limit.
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� exp � ik0r 0a � r 001
L

� �
exp

ik0r 0b � r 001
L

� �
exp

ik0r 0c � r 002
L

� �

� exp � ik0r 0d � r 002
L

� �
d2r 0a d

2r 0b d
2r 0c d

2r 0d ð45Þ

As in the calculation for the temporal autocorrelation function, the spatial autocor-

relation function terms corresponding to m ¼ 1, 2, 3 (see Table 10.1) produce zero

values and the m ¼ 4, 5, 6 terms produce non-zero values. In the latter terms, an

integral appears that can be related to a first-order Bessel function:

ð
exp

�ik0r 0 � Dr 00
L

� �
d2r 0 ¼ 2J1ðmÞ

m
ð46Þ

where Dr 00 1 r 002 � r 001 and m ¼ k0ro 0Dr 00=L and ro 0 is the radius of the objective.

The final form of the spatial autocorrelation function becomes:

GSðDr 00Þ ¼ hIi2 1þ 2J1ðmÞ
m

� �2
" #

þ hMi�1 2J1ðmÞ
m

� �4

� 2J1ðmÞ
m

� �2

� 1

" #( )

ð47Þ

For large hMi, the hMi�1 term is small and is not included in further calcula-

tions. The leading term of the spatial autocorrelation function has the same dis-

tance dependence as the point spread function of the microscope objective at

the image plane (an Airy disk). In analogy with Eq. (42), a normalized form of

GsðDr 00Þ can be written as

gSðDr 00Þ ¼
GSðDr 00Þ � hIðr 00Þi2

hIðr 00Þi2
ð48Þ

The characteristic spatial correlation distance is qualitatively the average distance

in the image plane from constructive to destructive interference [18, 19]. It can be

defined quantitatively as the distance lc in r 00-space corresponding to m ¼ 1. Param-

eter m [see after Eq. (46)] can be rewritten in terms of the numerical aperture (NA)

and magnification (mag) of the objective (in the low aperture, air immersion case)

as:

m ¼ 2p

l

� �
NA

mag

� �
Dr 00 ð49Þ

Thus the spatial correlation distance lc is:

lc ¼ Dr 00c ¼ l

2p

� �
mag

NA

� �
G 8 mm ð50Þ

10.2 Theory 333



The size of the CCD camera pixel in the experiments reported here is 6.3 mm, so

that approximately one spatial correlation distance is observed in each pixel.

10.2.8

Variance of Intensity Fluctuations: Mobile Fraction

We define the mobile fraction b to be the ratio of the scattered intensity from the

mobile scattering centers hIimob to the total scattering intensity hIi in the collec-

tion volume of each pixel:

b ¼ hIimob

hIi
ð51Þ

where

hIi ¼ hIimob þ hIifix ð52Þ

and hIifix arises from fixed scattering centers (such as the sample substrate). The

mobile fraction b can be estimated from the variance of the intensity fluctuations,

which is the difference between the extrapolated values of the temporal autocorre-

lation function values at t ¼ 0 and at t ¼ y. Combining the definition of G in Eq.

(13) with Eq. (52), we get

GðtÞ ¼ hImobðtÞImobðtþ tÞiþ hImobðtÞIfixðtþ tÞi

þ hIfixðtÞImobðtþ tÞiþ hIfixðtÞIfixðtþ tÞi ð53Þ

The first term in the above equation can be reduced to hIi2
mob þ gðtÞhIi2

mob where

gð0Þ ¼ 1 and gðyÞ ¼ 0. The next two terms are each hIimobhIifix and the last term

is hI2ifix ¼ hIi2
fix since the scattering due to the immobile intensity does not fluc-

tuate. Therefore,

Gð0Þ ¼ 2hIi2
mob þ 2hIimobhIifix þ hIi2

fix ð54Þ

and

GðyÞ ¼ hIi2
mob þ 2hIimobhIifix þ hIi2

fix ¼ hIi2 ð55Þ

and therefore

b2 ¼ hIi2
mob

hIi2 ¼ Gð0Þ � GðyÞ
GðyÞ ð56Þ
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10.3

Experimental Design

10.3.1

Optical Setup

Light from a CW helium neon laser (15 mW, 632.8 nm) was focused through an 8-

mm focal length cylindrical lens and propagated down towards the sample (at

@60� from the vertical) such that the direct incident light missed the objective

(Fig. 10.3a). The resulting illumination region was a thin line, 2 mm full-width at

half-maximum and oriented so that the stripe was in the plane of incidence.

A Leitz Diavert inverted microscope with a 0.4 NA, 32X long working distance

objective collected the scattered light from the sample. The objective focused the

scattered light at an image plane above the microscope at which a 5 mm wide slit

was located. Lens L in the path between the image plane and the face of the CCD

camera refocused the scattered light and image plane slit onto the CCD array of a

digital camera with no additional magnification. The image plane slit served to

select a clean-edged line of scattered light that illuminated only a single column

of pixels in the CCD camera (Fig. 10.3b). The image plane slit also created a

confocal-like effect, reducing the out-of-focus light at the camera.

The sample chamber containing either cells or beads (see below) was placed on a

motorized stage (Maerzhaeuser Wetzlar, Germany) that could be translated step-

wise in the direction transverse to the illumination stripe.

Emission path filters (Chroma Technology, Corp., Brattleboro, VT) were chosen

depending upon whether light scattering (for DLSM experiments) or fluorescence

(for number fluctuation experiments) was performed. For DLSM, a 632G 10 nm

laser narrow bandwidth filter was used. For the number fluctuation experiments,

a long pass 650 nm filter was used to block scattered excitation light and transmit

fluorescence from dye-labeled beads.

10.3.2

Data Acquisition

During an image acquisition period, the camera shutter remained open. The pro-

gressive scan cooled CCD camera (Pentamax-KAF-1400, Roper Scientific, Trenton,

NJ, pixel size 6:8� 6:8 mm) reads out data column-by-column such that the inten-

sities recorded in each pixel column shifts one column (Fig. 10.4) every 300 ms. The

shifting continues until the full frame of the CCD array is read. Therefore, each

pixel along the column of illumination formed by the image plane slit in our opti-

cal setup gave rise to a temporal streak of intensity fluctuations with a ‘‘bin time’’

of 300 ms.

Custom PC software written in LabView and interfaced to a data acquisition

board (National Instruments, Austin, TX) coordinated the image acquisition with

the microscope stage controller (Lang MCL-2, Huttenberg, Germany). Images
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were taken every 500 ms, followed by the advancement of the microscope stage to a

new position on the sample. The sequence was repeated until the entire sample

had been stepped through, resulting in a stack of images containing the intensity

fluctuations from every point in the sample. Images were stored using a Windows

98, 600 MHz Intel P-III computer running WinView (Roper Scientific, Trenton,

NJ).

Fig. 10.3. Schematic drawing of experimental

setup. (a) A cylindrical lens focuses the beam

from a He-Ne laser to create a thin stripe of

illumination (oriented in the page plane here)

on the sample. A motorized stage controls the

motion of the sample and the sample is

moved in the x-direction only (normal to the

page plane). A 32X, 0.4 NA, objective gathers

the scattered light from the sample and

focuses it onto a 5 mm wide slit placed in the

image plane and oriented in the direction of

the illumination stripe. A lens (L) re-images

the slit onto the face of a CCD camera without

additional magnification. (b) Detail of the

imaging on the CCD array, with lenses omitted

from the drawing. The slit excludes out-of-

focus light and creates a well-defined focused

line of scattered illumination that gets mapped

onto a single column of the CCD camera array.

Other columns of the CCD camera array are

not illuminated.
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10.3.3

Sample Preparation: Polystyrene Beads

For dynamic light scattering experiments, 200 and 500 nm diameter polystyrene

nanospheres (Duke Scientific, Palo Alto, CA) were tip-sonicated (to break up large

clusters) and loaded at their undiluted aqueous suspension concentrations of

2:1� 1012 particles mL�1 (200 nm) and 1:4� 1011 particles mL�1 (500 nm) into

separate rectangular cross-section glass microcapillary tubes (inner thickness

0:05� 0:5 mm wide, Wilmad Specialty Glass, Buena, NJ) by capillary action. The

two microcapillary tubes containing the two bead sizes were placed side-by-side on

a plastic holder and oriented at a diagonal across the microscope field of view so

that laser light line illuminated both microcapillary tubes simultaneously. Vacuum

grease was used to seal the ends of the microcapillary tubes and to adhere them to

the holder. For number fluctuations measurements, 200 nm carboxylate-modified

fluorescent dark red FluoSpheres were obtained from Molecular Probes (Eugene,

OR). FluoSpheres were drawn into microcapillary tubes at their undiluted concen-

tration of 5:3� 1012 particles mL�1 and mounted similarly.

Fig. 10.4. Schematic of CCD readout

mechanism. The dashed rectangle represents

the column of the CCD array that is constantly

exposed to the scattered light. The CCD array

readout shift register is represented by the

column of pixels at the extreme right. (Between

the illuminated columns and the shift register

there may be intermediate columns but these

are not shown.) The (progressive scan) camera

is operated in its normal readout mode, except

with the camera shutter always open. At the

end of every 300 ms interval, accumulated

intensity data in the illuminated column of

pixels is advanced rightward column-by-

column toward the shift register. At the same

time, blank counts from the pixel columns to

the left are shifted into the illuminated column,

effectively clearing it, and data in the shift

register is read into an array in the computer

memory. This process continues until the shift

register has read every column of the CCD

array, thereby completing image acquisition for

a single stage position of the sample. The final

‘‘image’’ as recorded in the computer consists

of a time sequence (Dt ¼ 300 ms) of 800

intensity readings at each pixel along the

illuminated pixel column. The next streak-like

image is acquired after the motorized

microscope stage has advanced to the next

position on the sample. The whole image

acquisition process is complete when the stage

has stepped through the entire sample.

10.3 Experimental Design 337



The CCD camera acquired 40 images of the polystyrene beads assembly, each of

which represented a line position 10 mm apart on the sample.

10.3.4

Sample Preparation: Living Macrophages

Coverslips (25 mm diameter, #2 thickness, and 32.5 mm diameter, #1.5 thickness)

were treated for several hours in concentrated H2SO4 in a porcelain holder and

then rinsed for 2 h in distilled water and oven dried overnight at 130 �F. This treat-

ment greatly reduced the light scattering from the coverslips.

Two aqueous buffers, Ringer (RB) (155 mm NaCl, 5 mm KCl, 2 mm CaCl2, 1 mm

MgCl2, 2 mm NaH2PO4, 10 mm HEPES, pH 7.2, 10 mm glucose) and Ringers with

acetate (ARB) (80 mm NaCl, 70 mm sodium acetate, 5 mm KCl, 2 mm CaCl2, 1 mm

MgCl2, 2 mm NaH2PO4, 10 mm HEPES pH 6.8, 10 mm glucose) were prepared for

use during the experiment.

Monoclonal mouse macrophage cultures (RAW 264.7, American Type Tissue

Culture, Manassas, VA) were obtained from the laboratory of Dr Joel Swanson (De-

partment of Immunology, University of Michigan Medical School). The cultures

were maintained in 60 mm diameter polystyrene tissue culture dishes in 10 mL

of a 0.2 mm filtered (Millipore, Bedford MA) solution of Dulbecco’s modified

Eagle’s medium containing 10% heat-inactivated fetal bovine serum, high glucose,

l-glutamate and sodium pyruvate (DMEM, Grand Island Biological Company,

Grand Island, NY) and penicillin–streptomycin. For replating onto the glass cover-

slips, cells were dislodged by vigorous trituration. A 1:30 dilution of the resulting

suspension in DMEM was prepared, plated onto 32.5 mm coverslips (pre-cleaned

as described above) in polystyrene dishes, and incubated for two days at 37 �C.

Macrophage cells on a glass coverslip can spread to @80 mm diameter circular

shapes, with thicknesses of a couple of microns at the periphery and about 5 mm

in the center.

The cell sample chamber consisted of a 25 mm diameter, 50 mm thick Teflon

spacer ring, cut into two slightly separated halves to provide a channel for easy

fluid exchange by capillary action. These spacers were placed on top of the 32.5

mm coverslip with adherent cells. A 25 mm diameter coverslip was then placed

over the spacers to create a cell sandwich chamber, which was clamped with plastic

clips over a drilled hole in a plastic plate. The cells in the chamber were gently

rinsed with 1 mL of RB.

10.3.5

Buffer Changes during Data Acquisition

The CCD camera first took 120 successive streak images of the cell in RB with a 5

mm step stage motion between each image. Subsequently, 1 mL of ARB was ex-

changed into the cell coverslip sandwich and incubated for 20 min before a second

similar round of streak image recording was initiated over the same cell area. A fi-

nal 1 mL of RB buffer was exchanged into the sample chamber, another 20 min of
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incubation time elapsed, and the camera acquired a final similar sequence of 120

streak images over the same area.

10.4

Data Analysis

The two types of intensity autocorrelation functions – temporal and spatial – for

each pixel along an illuminated line can be calculated from the width and height,

respectively, of the same streak image (Fig. 10.5a).

10.4.1

Temporal Intensity Autocorrelation Function

Normalized temporal autocorrelation functions gTðtÞ of the experimental intensity

fluctuations [see Eq. (42)] were calculated along the rows for each point on the line

of illumination.

The theoretically expected temporal autocorrelation function [Eq. (43)] can be in-

tegrated numerically and fit to a single exponential (Fig. 10.2b). The close agree-

ment between the fitted function and the numerical integration justifies approxi-

mating the experimental data with a single exponential. However, DLSM is very

sensitive to extraneous sources of noise, such as table and acoustic vibrations and

laser source fluctuations. To remove these largely periodic noise effects, the ob-

tained temporal autocorrelation functions were fit to a sum of a single exponential,

three sine waves, and a constant:

gfitðtÞ ¼ A0e
�A1t þ A2 cosð2A3putÞ þ A4 cosð2A5putÞ þ A6 cosð2A7putÞ þ A8

ð57Þ

where A0a8 are the fitting parameters. The A1 decay rate parameter was assigned a

pseudocolor for each pixel to create a spatial map of the fluctuation decay rates.

The mean value of the decay rates for each bead size was used to calculate the ap-

parent diffusion coefficients using Dk20tcA0:52 where tc ¼ 1=A1.

10.4.2

Spatial Intensity Autocorrelation Function

We calculated the normalized spatial autocorrelation function gsðDr 00Þ [see Eq. (48)]
along each of the columns of a streak image of the intensity fluctuations from poly-

styrene bead suspensions. To obtain a single spatial autocorrelation function for

comparison with theory, all of the gSðDr 00Þ were averaged over all of the columns.

The result was not fit to the theoretical function, but the characteristic decay dis-

tance was compared with theory [see Eqs. (49) and (50)].
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10.4.3

Mobile Fraction

Mobile fraction b was calculated pixel-by-pixel from Gð0Þ and GðyÞ [Eq. (56)], and
the calculated values were assigned different pseudocolors for display. Eq. (56) as-

sumes that phase fluctuations are the only contributors to GðtÞ. However, in an

actual experiment, GðtÞ can also be affected by other factors, as follows.

Fig. 10.5. (a) Example of an image recorded

by the CCD camera of a 200 nm polystyrene

bead suspension. The image is recorded from

a single stage position on the sample. The

vertical column corresponds to spatial

positions on the sample illuminated by the

thin line. Each horizontal row is the temporal

streak recorded during the readout process of

the CCD camera at this location. (b) An

example of a recorded intensity fluctuation

along one of the rows. (c) The autocorrelation

function of the intensity time course shown in

(b), based directly on the experimental

intensities (dotted line) and then subsequently

fitted with the form of Eq. (43) (solid line).
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(a) Photon shot noise contributes to the amplitude of GðtÞ, but only at t ¼ 0 since

the photon arrival times are uncorrelated. Thus, to obtain an accurate estimate

of Gð0Þ apart from shot noise, a linear extrapolation was performed from the

values of Gð1Þ and Gð2Þ.
(b) Number fluctuations were recorded on a sample that produces no coherent

phase fluctuations: fluorescent beads. Here, the variance was very small, only

marginally above the noise level in GðtÞ, and Gð0Þ was estimated as Gð1Þ.
(c) Overly large pixels size can decrease the recorded variance; pixels should be

smaller than the spatial correlation distance, as indeed occurs here (see Section

10.2).

10.5

Experimental Results

Polystyrene beads were used to quantitatively test the DLSM technique and com-

pare the experimental values of the mean decay rates and mobile fractions with

values predicted from theory. DLSM was then applied to macrophage cells as a

test on a living biological system. Macrophages are very motile and their motility

can be altered pharmacologically.

10.5.1

Polystyrene Beads: Temporal Phase Autocorrelation

An example of scattered light intensity fluctuations along with the corresponding

autocorrelation function is displayed in Figs. 10.5(b) and (c). The temporal autocor-

relation functions were fit to a linear combination of a single exponential and three

sine waves [Eq. (57)]. The sine waves were added to the fitting function because the

obtained autocorrelation functions exhibited some pseudo-oscillatory behavior with

varying frequencies in addition to the expected exponential decay. An average of

the (@1000) temporal autocorrelation functions obtained from the rows of a single

streaked image of 200 nm polystyrene beads is displayed in Fig. 10.6. This average

exhibits only an exponential decay, indicating that the pseudo-oscillations in some

individual rows are random noise arising from the low number of correlation

times in the time represented by a streak (240 ms).

Figure 10.7(b) shows a DLSM decay rate pseudocolor spatial map of a section of

two adjacent microcapillary tubes containing 200 and 500 nm diameter beads, re-

spectively. Although the range of colors suggests a wide distribution of decay rates

in each tube, there are more pixels with shorter decay rates for the system of 200

nm beads than for 500 nm beads, as can be seen in normalized histograms of the

decay rates for both sonicated and unsonicated beads of both sizes (Fig. 10.8). Fluc-

tuation decay rates are generally much faster for the 200 nm beads. In addition,

sonication resulted in an increase of the average decay rates towards the theoretical

values. Average values of decay rates measured with our technique were 209

and 256 s�1 (non-sonicated and sonicated, respectively) for the 200 nm beads and
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107 and 144 s�1 (non-sonicated and sonicated, respectively) for the 500 nm

beads. These decay rates correspond to diffusion coefficients of 1:35� 10�8 and

8:75� 10�9 cm2 s�1 for the sonicated 200 and 500 nm beads, respectively. Table

10.2 compares the experimentally obtained results with the theoretically predicted

values. The experimental results are in good agreement with the hydrodynamic

theory values for the 500 nm sonicated beads and about 40% lower than the theo-

retical expectation for the 200 nm sonicated beads. There is no obvious correlation

between variations in the local decay rates and the local mean scattered light inten-

sity (data not shown).

10.5.2

Variance of Intensity Fluctuations on Beads: Phase Fluctuations

A qualitative representation for the size of the intensity fluctuations can be ob-

tained by visual inspection of an image from the CCD camera. Figure 10.9 shows

a raw streaked image recorded by the CCD camera for scattered light (DLSM fluc-

tuations, Fig. 10.9a) and for fluorescence (number fluctuations, Fig. 10.9c), both

recorded from 200 nm carboxylate-modified dark red FluoSpheres. Figure 10.9(b)

shows the normalized temporal autocorrelation function, gTðtÞ, for a typical row

in the DLSM streaked image depicted in Fig. 10.9(a). Figure 10.9(d) shows a corre-

Fig. 10.6. Temporal autocorrelation function of 200 nm

polystyrene beads, averaged over all the rows of the streaked

image shown in Fig. 10.5(a).
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sponding normalized temporal autocorrelation function for the number fluctua-

tion experiment of Fig. 10.9(c). The relative variance of phase fluctuations is

much larger than the relative variance of number fluctuations.

In principle, the amplitude of the normalized autocorrelation function for an en-

tirely mobile DLSM sample should be unity. But, as can be seen from Fig. 10.9(b),

the experimental value is@0.6. This decreased amplitude is probably due to a fixed

scattering background and a consequent ‘‘mobile fraction’’ that is less than unity.

10.5.3

Polystyrene Beads: Number Fluctuations

Number fluctuations without contamination by phase interference effects could be

autocorrelated from streaked images of the fluorescence from labeled polystyrene

beads. The average value of the normalized variance for all of the temporal autocor-

relation functions from number fluctuations was only 10�3. Thus, we conclude

that the fluctuations observed at 632 nm were due almost exclusively to dynamic

light scattering phase fluctuations rather than number fluctuations of particles dif-

Fig. 10.7. Experimental spatial maps for the

polystyrene beads. (a) Two different sizes of

polystyrene beads were used in a single

experiment: 200 and 500 nm. The beads were

in separate microcapillary tubes oriented at an

angle with respect to the optical axis and

mounted on a homemade microscope sample

chamber. The yellow box represents the field of

view of the microscope. (b) Spatial map of the

decay rates in the field of view. Note the faster

diffusion of the 200 nm beads, as expected. (c)

Spatial map of the mobile fractions, obtained

using Eq. (56), in the same field of view. A zero

on the scale implies that most of the scattering

centers are immobile whereas unity implies all

of the scattering centers are mobile. Both bead

sizes show a large mobile fraction: for the

200 nm beads bavg ¼ 0:63, and for the 500 nm

beads bavg ¼ 0:42. The 200 nm beads show a

smaller spread of the degree of mobility than

the 500 nm beads.
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Fig. 10.8. Histograms of the decay rates for the polystyrene

beads. (a, c) 200 nm beads (sonicated and unsonicated). (b, d)

500 nm beads (sonicated and unsonicated). Arrows indicate

mean values.

Tab. 10.2. Mean diffusion coefficients of polystyrene beads (average experimentally measured

diffusion coefficients for 200 and 500 nm beads along with expected values from hydrodynamic

theory).

Diffusion coefficient

(10C8 cm2 sC1)G S.E.

200 nm sonicated beads

(2.1D 1012 particles mLC1)

500 nm sonicated beads

(1.4D 1011 particles mLC1)

Experimental 1:35G 0:03 0:875G 0:03

Theoretical 2.23 8.76
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fusing in and out of the volume observed by a pixel. The intensity fluctuations

resulting from the fluorescence emission were so small that decay rates could not

be reliably extracted from the temporal autocorrelations.

10.5.4

Polystyrene Beads: Spatial Autocorrelation

Figure 10.10 shows the spatial autocorrelation function obtained for the 200 nm

sonicated polystyrene beads along with the theoretically predicted one [Eq. (48)].

Fig. 10.9. CCD camera images and their

corresponding autocorrelation functions of

intensity fluctuations from 200 nm carboxylate-

modified dark red FluoSpheres. (a) Raw streak

image from dynamic light scattering

measurement. (b) Normalized temporal

autocorrelation function for panel a, calculated

using Eq. (43). The large variations in intensity

across the raw image imply a large amplitude

in the temporal autocorrelation function. (c)

Image from the number fluctuation experiment

is taken from the same sample as in panel a,

but with a long pass 650 nm filter placed in

the emission path. The image is very smooth,

indicating small intensity variations. (d)

Normalized temporal autocorrelation function

for panel c. The function has a very small

amplitude, implying that the contribution from

particle number variations to the DLSM

intensity fluctuations seen in panels a and b is

very small.
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The amplitude at which the characteristic distance is defined ðm ¼ 1Þ is indicated,
from which the spatial correlation distance lc can be derived [Eq. (50)]. The spatial

correlation distance obtained from the theoretical curve is approximately lc ¼ 1:27

pixels, which corresponds to 8 mm, whereas the value calculated from the experi-

mentally obtained spatial autocorrelation function is lc ¼ 1:1 pixels, which corre-

sponds to 6.93 mm. Thus, the experimentally obtained value of the spatial correla-

tion distance agrees well with the theoretically derived one. In addition, since the

size of the CCD camera pixel is 6.3 mm, each pixel will observe intensity fluctua-

tions from approximately one spatial correlation area.

10.5.5

Polystyrene Beads: Mobile Fractions

Mobile fractions were calculated using Eq. (56). Figure 10.7(c) shows the spatial

map of the mobile fractions obtained from the dynamic light scattering intensity

Fig. 10.10. Normalized spatial autocorrelation

function for the 200 nm polystyrene beads. The

experimentally obtained spatial autocorrelation

function is depicted by black dots connected

by dashed lines. The theoretical spatial

autocorrelation function [based on Eq. (48)] is

depicted by the solid line. The characteristic

decay distance of the spatial autocorrelation

function (where m ¼ 1) is marked for both the

experimentally and theoretically obtained

curves.
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fluctuation measurements for the 200 and 500 nm beads. The 200 nm beads show

a higher overall relative mobility than the 500 nm beads. This is because the con-

centration of the 200 nm beads is an order of magnitude larger than that of the 500

nm beads, which caused the mean light scattering intensity to be larger from the

smaller beads. Thus, scattering from the smaller beads constituted a larger fraction

of the total scattering in the experimental system, which includes background scat-

tering from the microcapillary tubes and optics.

10.5.6

Living Macrophage Cells: Temporal Autocorrelation

DLSM experiments were performed on a total of 21 macrophage cells as follows:

(a) 10 min after the cell was removed from the incubator and washed with Ringers

Fig. 10.11. Experimental spatial maps of a

macrophage cell. For both panels a and b,

each map depicts one of the three treatments

on the cell: (i) Cell was flushed with 1 mL of

Ringer’s buffer (RB); (ii) cell was flushed with

1 mL of an acetate-containing RB (ARB) and

incubated for 20 min; (iii) the ARB was washed

out with RB and the cell was incubated for

20 min. (a) Spatial map of the temporal

autocorrelation intensity fluctuation decay

rates. There is a noticeable decrease in motility

of the acetate-treated cell. Washing out the

acetate reverses this attenuated motility,

restoring the cell to its initial state. Black

pixels occur where the scattering intensity was

too low to obtain useful data. (b) Spatial

map of the mobile fractions b of macrophages.

The mobile fraction data are plotted on a

logarithmic scale. Most of the motion occurs

in the central interior portion of the cells.
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buffer; (b) 20 min after the acetate-containing Ringers buffer was introduced; and

(c) 20 min after Ringers buffer with acetate was replaced with plain Ringers buffer

to remove the acetate. Figure 10.11(a) shows pseudocolor spatial maps of the fluc-

tuation decay rates created for the three conditions for a typical cell.

A white overlay line divides the cell image into outer and inner regions. In all

three maps, the outer region of the cell shows faster motility than the inner region.

Additionally, the center of the cell shows a noticeable decrease in the macrophage

motility when acetate is added. The original motility seems to be restored when

acetate is washed out. The black areas within the periphery of the cell region rep-

resent the locations at which the decay rates could not be reliably calculated be-

cause the scattered intensity was too low.

10.5.7

Living Macrophage Cells: Mobile Fraction

Figure 10.11(b) shows the spatial maps of the mobile fractions on a log scale for

the three treatments described above. Overall, the mobile fraction is quite low, es-

pecially in the outer region where the mean scattering intensity from the cell is a

smaller fraction of the background scattering.

10.6

Discussion

We have demonstrated that the dynamic light scattering imaging technique

presented here is a viable method to observe and image small relative motions

among nearby scattering centers in a microscope [20, 21]. These relative motions,

visualized as intensity fluctuations, are detected in both non-biological and biologi-

cal systems using a slow scan CCD camera. Fluctuations as fast as 250 s�1 were

measured and relative motions between scattering centers on the order of a frac-

tion of a wavelength were spatially mapped. The technique provides information

about the relative motion of the scattering centers (rather than their relative loca-

tion as with conventional microscopy) without sacrificing optical resolution.

10.6.1

Polystyrene Beads

The experimental diffusion coefficients were relatively correct for the ratio of 200

vs. 500 nm polystyrene beads with the values for the 200 nm beads slower than

expected. However, both were somewhat lower than theoretically predicted from

hydrodynamics. This discrepancy can be explained by the fact that aggregates

were most likely present in both samples, forming particles with larger effective

sizes and therefore lowering their diffusion rate. Sonication of the bead suspen-

sions increased the diffusion rates towards the theoretical value.
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Because of the high concentration of beads in these samples, we would expect

that number fluctuations should be small, as was experimentally confirmed. Also,

because the relevant characteristic volume for number fluctuations (i.e., the effec-

tive the volume observed by a pixel) is typically larger than the characteristic vol-

ume leading to phase fluctuations, number fluctuations are likely to be slower

than phase fluctuations, as was also experimentally confirmed. Number fluctua-

tions do not contribute much to the DLSM streaked images observed here.

Although not relevant to our experimental conditions, extreme cases could show

interesting number fluctuation effects, according to the theory. In the limit of one

scattering center, the only contribution to the intensity autocorrelation function

will arise entirely from number fluctuations and so there will not be a contribution

due to phase fluctuations. If the number fluctuations occur on a faster time scale

than the phase fluctuations, there would be an appreciable decay of the autocorre-

lation function before a phase fluctuation took place. Thus, only if the phase fluc-

tuations occur on a faster time scale than the number fluctuations will any phase

fluctuations be detected.

The spread in diffusion rates is in part due to the noisiness of the temporal au-

tocorrelation function. This effect arises from the fact that the temporal autocorre-

lation function is computed over a relatively small number of coherence times. The

coherence time of the intensity fluctuations for the 200 nm polystyrene beads ðtcÞ
was approximately 3 ms and the intensity fluctuations were collected over a 240 ms

period (T, the time duration of a streak in the CCD record). The signal-to-noise in

the autocorrelation function is thereby expected to be

ðT=tcÞ1=2A9

As an alternative approach to estimating the spread of autocorrelation decay rates

arising solely from a finite experimental time T, we calculated the temporal auto-

correlation function from an ensemble of numerically generated ‘‘telegraph’’ sig-

nals, over the same number of coherence times as in the experiment. A telegraph

signal has transitions between þ1 and �1 at completely uncorrelated times (but at

a certain average rate) and has an exponentially decaying autocorrelation function

[22].

Figure 10.12(a) shows the experimentally obtained distribution of decay rates for

200 nm polystyrene beads. Figure 10.12(b) is the distribution of decay rates from

the autocorrelation function of the telegraph signal. The mean decay rate of the

telegraph signal was scaled to match that of the experimental data. Comparison of

the two confirms that much of the spread of experimental characteristic rates on

the beads is due to an insufficient number of correlation times in T. However, the

width of the distribution of the decay rates for the beads is still somewhat wider

than that for the noise signal and it is skewed towards the slower decay rates.

This indicates that the width of the distribution for the beads is in due in part to

spatial heterogeneity of different sized aggregates in the 240 ms time scale of the

experiments.

The theoretical calculation indicates that the amplitude of the normalized tem-
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poral autocorrelation function should be unity. However, the amplitude of the ex-

perimentally obtained autocorrelation function for polystyrene beads is signifi-

cantly less. This amplitude reduction could arise for two reasons. First, there is a

large background of immobile scattering emanating from the collection optics.

This background does not contribute to the intensity fluctuation decay of the auto-

correlation function, but does increase in the overall light intensity. Secondly, since

the spatial correlation distance covered a region less than two pixels in size, not all

the parts of a single pixel will see the same intensity, thereby decreasing the pixel-

to-pixel variance of the recorded intensities.

The ‘‘proof-of-concept’’ experiments were performed on 200 and 500 nm polysty-

rene beads. However, notably, this technique is limited not by the size of the scat-

tering center, but by the ‘‘scattering power’’. If the scattering center is large but has

the same index of refraction as the surrounding environment it will not be de-

tected, but if the scattering center is extremely small but index mismatched to the

surrounding environment it will be detected. If, in a microscope resolution region,

the scattering center emits less light than the Raleigh scattering of the water, it will

not produce much of a DLSM effect.

10.6.2

Macrophages

Macrophages are immune system cells well known for their high motility. They are

found in all tissues and in the blood. They are scavenger cells, acting as the first

line of defense in recognizing and killing foreign microorganisms through phago-

Fig. 10.12. Comparison of distribution of

decay rates for the 200 nm polystyrene beads

and for a numerically generated telegraph

signal with the same average rate and number

of coherence times for calculation. (a)

Normalized intensity fluctuation decay rates

for 200 nm polystyrene beads. (b) Normalized

intensity fluctuation decay rates for the

telegraph signal. The finite number of

coherence times results in a spread in the

intensity fluctuation decay rates for both the

experimental data as well as the numerically

generated noise signal.
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cytosis [23]. During phagocytosis, the macrophage invaginates foreign material

and breaks it down enzymatically.

Previous work on macrophages showed there are two distinct regions of the cell,

a thin outer section and a thicker central section [24]. The DLSM spatial maps of

the fluctuation decay rates of the imaged cells confirm this finding. Those maps

indicate that the outer zone has faster fluctuations than the center of the cell.

This result is particularly interesting because previous experiments from this lab,

using polarized total internal reflection fluorescence microscopy, [25] showed the

plasma membrane in the outer zone to be rather flat and inert whereas the plasma

membrane of the central zone was quite bumpy and dynamic. Evidently, other in-

tracellular scattering centers in that outer zone are moving rapidly.

Treatment with acetate-containing buffer reduced the rate of motion of scattering

centers in the interior zone (Fig. 10.11). Previous studies have shown that exposure

of the macrophage to acetate-containing Ringer’s buffer acidifies the cell and

causes the lysosomes concentrated in the center of the cell to migrate radially out-

ward to the cell edge [26]. This causes certain regions within the cell to switch

from high activity to quiescence.

The studies on macrophages here show that DLSM is feasible on living cells. It

essentially provides contrast in unlabeled cells based on rapid rates of submicro-

scopic motion rather than static refractive index gradients. However, background

scattering can be significant and can make some of the least-scattering regions of

a cell unusable for DLSM.

10.6.3

Improvements for DLSM

Further improvements in DLSM should aim to increase its spatial and chemical

specificity. Our current optical setup works in an epi-illumination mode. Since the

depth of the focal region is approximately 2 mm, the entire thickness of the cell is

illuminated. Therefore, the scattered light intensity comes from multiple layers of

scattering centers in the region of illumination. To begin to understand the various

physical processes contributing to the intracellular motion causing the phase fluc-

tuations, the illuminated region should be better defined to a thin optical slice,

such as obtainable with total internal reflection (TIR) illumination [27]. With TIR

illumination, the cell membrane and submembrane structure would be the major

component in the region of illumination.

Another improvement to DLSM would be to increase its chemical specificity

while maintaining the coherent scattering necessary for intensity phase fluctua-

tions. One possibility is to combine DLSM with second harmonic generation imag-

ing microscopy (SHIM) [28]. Second harmonic generation (SHG) is a second-order

optical process such that the monochromatically scattered light is coherent but is

double the frequency of the incident light. SHG signals can only arise from scatter-

ing centers lacking a center of symmetry. Cell membranes and many highly or-

dered structural proteins intrinsically lack this symmetry center and can be imaged

via SHIM. In addition, chemical dyes are available having the required second-
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order optical nonlinearities. The dyes can be specifically bound to target organelles

and have been used to increase the SHG resolution and contrast within the mem-

brane of the cell [29].

Another technique that could be combined with DLSM is a modification of reso-

nance light scattering microscopy (RLS) [30, 31]. RLS in its current form produces

highly monochromatic scattered light from gold particles in suspension illumi-

nated by a xenon lamp, with the scattered color dependent upon the size of the

particles. In an application to cell biology, these gold particles could be biochemi-

cally modified to specifically label organelles within a cell. The gold particles have a

high light-scattering power and are unbleachable. Illumination with a wavelength-

tunable laser tuned to the resonance of the gold particles would produce coherent

scattered light emanating mainly from the gold particles. Phase intensity fluctua-

tions would occur between neighboring gold particles; these fluctuations could

then be autocorrelated to measure relative motions among specifically constituents

in the cell.
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11

X-ray Scattering Techniques for

Characterization of Nanosystems

in Lifesciences

Cheng K. Saw

11.1

Introduction

This chapter aims to provide the basics of using X-ray diffraction techniques to ob-

tain information on the structure and morphology of nanosystems, and also to

point out some of its strengths and weaknesses when compared to other character-

ization techniques. X-ray scattering techniques cover a wide range of density do-

mains, from a tenth to a thousandth of an angstrom. Essentially, this covers a

whole range of condensed matter, including the structure and morphology of

nanosystems, which is particularly useful for examining nanostructures in the life-

sciences. This range of domain size requires both wide-angle X-ray scattering

(WAXS) and small-angle X-ray scattering (SAXS) techniques. Roughly, WAXS

covers from 2 nm down, and SAXS covers from 0.5 to 100 nm and possibly 1000

nm for a finely tuned instrument. A brief theoretical description of both WAXS

and SAXS is given in this chapter. WAXS is a powerful technique in providing in-

formation on the crystallographic structure, or lack of structure, atomic positions

and sizes in a unit cell and, to some extent, chemical compositions and chemical

stoichiometry. Examples of such experiments will also be given. To describe the

technique of X-ray scattering, some historical and theoretical background will be

given in the hope of making this subject both interesting and simple.

Over the past 10 to 20 years, the major development in this scattering technique

is in the instrumentation. Better and faster detectors have been developed. Solid-

state detectors and position sensitive detectors clearly play an important role in en-

ergy discrimination and high-speed data acquisition. The X-ray beams are condi-

tioned with the latest technology in monochromators, mirrors and multi-layers

and they can also be made to focus or collimate to the desired probe sizes without

significant reduction in X-ray flux. X-ray optics have been improved drastically. Im-

provements in data quality have also been demonstrated. The basic theory regard-

ing X-ray diffraction and interactions of X-ray with matter developed in the early

nineteen hundreds remains. The arrival of synchrotron radiation for materials

probe afforded a quantum leap in all aspects of diffraction capabilities (Section

11.13). Some examples are given in the later part of this chapter.

Nanotechnologies for the Life Sciences Vol. 3
Nanosystem Characterization Tools in the Life Sciences. Edited by Challa S. S. R. Kumar
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By and large, X-ray diffraction capability is a major, and necessary, component in

any modern characterization laboratory. In most cases, several diffraction instru-

ments are needed for numerous reasons, e.g., high through-put, different X-ray op-

tics for high resolution requirements, different incident energies may be needed,

different scan types and so on. Some of these will be more apparent in the later

part of this chapter. In general, X-ray scattering is the quickest and cheapest

method to obtain a great deal of structural information. For example, identification

of crystalline phases, phase impurities, additional disordered phases and the qual-

ity of the phases as well as lack of phases. It is also non-destructive and requires

very little, or no, major sample preparation. In today’s technological world, struc-

tural information is required on very different sample types, e.g., thin films, multi-

layers, very small amounts of samples, specific crystalline orientations, residual

stresses and so on. X-ray diffraction has also played an important part in protein

crystallography where high quality data with an enormous number reflections are

needed for analysis to determine the structure of the protein. Clearly, with such so-

phisticated demands the experimental setups have to be somewhat unique for each

investigation. This chapter also points out the experimental difficulties and ways to

compensate and optimize the scattering properties when carrying out these types

of experiments on different nanosystems. These small and unique changes in the

set-up determine the quality of data and, thus, the success of the experiment.

X-ray scattering techniques also play a major role in obtaining information on

both the structure and morphology of materials in nanosystems in the lifesciences.

Clearly, the understanding of structure and morphology of materials is a basic re-

quirement for one to design and generate materials with particular desired func-

tions. Other characterization techniques, well established over the years for materi-

als science, also play major roles in characterizing nanosystems for lifescience

applications.

Experiments requiring higher resolution or sensitivity can be carried out using

more sophisticated national facilities, like the synchrotron and neutron sources at

several major research facilities. In fact, the development of synchrotron sources

for characterization purposes represents a major advancement for X-ray scattering

techniques. Experiments that are either not possible or very difficult to perform us-

ing in-house sources can now be easily carried out on one of the beamlines at a

synchrotron source. It has greatly enhanced X-ray scattering capabilities. Most na-

tional facilities are open to general users around the world. Synchrotron radiations

are also X-rays. In this case, the X-rays are highly collimated, polarized, tunable

and also have enormous brightness. Many new techniques, e.g., absorption spec-

troscopy, anomalous scattering, elastic scattering and diffraction at different ener-

gies and high spatial resolution techniques (microprobes), to name a few, are being

developed. To enhance atomic speciation, anomalous WAXS and SAXS have also

been developed and are often used in advanced laboratories. This arises from the

tunability of the X-ray to the desired energies close to the absorption edges to en-

hance the scattering power by taking advantage of anomalous scattering factors.

These techniques are covered elsewhere in this volume (e.g. Chapter 8).

In general, nanostructures are crystalline structures with very small crystallite
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sizes in the nanometer range. However, they can also be disordered in the ang-

strom domains but highly ordered in the nanometer range. If the crystallites are

small enough, the diffraction peaks are essentially very broad. As the size de-

creases, the material goes from paracrystalline to, eventually, the amorphous state.

This chapter will describe the concept of small crystallite size, paracrystallinity and,

briefly, ‘‘structures’’ in an amorphous state.

Nanostructures in the application of nanostructure technology, very often, are

formed with some kind of coating around each particle to prevent agglomeration

or the fusing of the particles to form a bigger crystallite size. Characterization of

this size domain is generally well suited and carried out using the SAXS tech-

nique. SAXS is also used to examine morphology and molecular ordering in life-

sciences, particularly with proteins, micelles and lipids. Essentially, SAXS is used

in two major cases: dilute and highly correlating systems. A dilute system refers

to non-interacting nanostructure entities, e.g., proteins and micelles in solutions.

Highly correlating systems, for example, can be lipids and collagen where the over-

all molecules are highly ordered. In other situations, particularly polymer chains,

mass fractal analysis is required. This will not be discussed here. Readers are en-

couraged to examine foundation books listed in the reference section. Several fun-

damental X-ray diffraction books used in formulating this chapter are listed in the

reference section [1–13].

11.2

Brief Historical Background and Unique Properties

In 1895, Wilhelm Konrad Röntgen, while experimenting with electric discharges

in a tube noted that a barium platinocyanide treated paper lit up as a result of flu-

orescence induced by unknown so-called X-rays. The X-rays originated from the

tube and showed great penetration power, which is inversely proportional to the

atomic number. The earliest application of X-ray was in radiography in surgical op-

erations, which clearly revolutionized the medical field. For this discovery, Röntgen

won the Nobel Prize in 1901. Another prominent discovery was by C. G. Barkla,

who noted that there is a homogeneous energy component in the emitted X-ray

operating under certain conditions and is characteristic of the target elements. He

also noted that there are two main groups of emission lines, known as K and L

lines, which clearly play a major role in Niels Bohr atomic model. For this he won

the Nobel Prize of 1917. As the theory developed, X-rays were found to be electro-

magnetic radiation with a wavelength in the range of atomic spacing. Friedrich and

Knipping first recorded the diffraction diagram of a copper sulfate crystal. With

this information Laue formulated the theory of diffraction, which won him the

Nobel Prize in 1914.

W. L. Bragg explained and correlated the X-ray spots with the atomic spacing and

suggested that the diffraction of X-rays is caused by planes of atoms arranged in a

lattice. Together with his son, W. H. Bragg, he built the first X-ray spectrometer

and carefully recorded the quantitative diffracted intensity and angular positions.
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As a result, the concept of diffraction was described and Bragg’s law was intro-

duced. These findings won them the Nobel Prize of 1915.

This phenomenon is explained by supposing that the wave property of X-rays is

scattered by individual atoms, spherically, in the lattice (Fig. 11.1). The scattered

waves then interfere either constructively or destructively at some distance away

in space. Therefore, it is a phase issue. For the waves to add up constructively, the

Bragg condition has to be satisfied, i.e.,

nl ¼ 2d sin y ð1Þ

where n is the order of reflection, l is the incident wavelength, y is the observed

angle and d is the interatomic spacings. The right-hand side of Eq. (1) is essentially

the difference in path lengths when the waves are scattered at positions O and O 0

(see Fig. 11.1). These d-spacings are generated by the atomic locations of positions

in lattices. As a result, many crystal structures were found, lattice spacings were

accurately measured and, also, characteristic X-rays from different elements were

found and better defined. This is indeed a big advance in materials science and

fundamental atomic physics.

Energy is often used to describe the X-ray, instead of wavelength, and is related

by

EðkeVÞ ¼ hn ¼ hc

lðAÞ ð2Þ

where hc ¼ 12:4; h is Planck’s constant and c is the speed of light.

11.3

Scattering of X-rays

To see how scattering theory developed, it is important to start by describing the

scattering of X-rays by a charged particle, say an electron. This result can then be

carried over to represent the scattering intensity of an assembly of electrons, say in

an atom, and then to a larger volume of mass. Because matter is essentially sur-

rounded by electrons, X-ray scattering is accomplished by X-ray–electron interac-

Fig. 11.1. Diagram showing the constructive interference of monochromatic X-rays.
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tions. Basically, there are two major components of scattered X-rays, coherent and

incoherent, assuming monochromatic incident X-ray beam. Coherent refers to

scattered X-rays that have the same wavelength (energy) as the incident X-rays. In-

coherent refers to those X-rays that change wavelength (energy), implying that the

incident X-rays imparted part of their energy to the charged particle. The incoher-

ent component (also referred to as inelastic) is a slowly varying function over the

scattering angles. The coherent component, which eventually interacts via diffrac-

tion, is the elastic component, and will be considered in this chapter.

Classically, an X-ray is described as a wave and is represented by the electric and

magnetic field components. The wave is then incident on a charged electron, is

then modified, either coherently or incoherently, and is then spherically scattered.

The X-ray intensity is proportional to the square of the amplitude. The intensity of

X-ray scattering by a charged particle is given by the classic Thomson formula [14],

Ie ¼ Io
e4

m2c4R2

1þ cos2 2y

2

� �
ð3Þ

where e is the electron charge, m is the mass of the electron, c is the velocity of

light, and R is the distance between the observer or detector and the electron. The

component in parenthesis is referred to as polarization factor. As Warren [10] has

pointed out, the component to the left is the scaling number of the order of 10�26

for 1 electron; however, even in milligram amounts of sample there are 1020 elec-

trons. The scattering by an individual atom with atomic number Z can be written

as the summation of individual electron scattering.

This is not totally correct, since the electrons are not located at a point. There is

an electronic distribution function around an atom. Hence, the structure factor f
is introduced into the scattering equation. This factor is an integral of the elec-

tronic density distribution function, generally derived by empirical means. Without

going into details of the derivation, the structure factor is given by Eq. (4), where

k ¼ ð4p sin yÞ=l, l is the X-ray wavelength, and rðrÞ is the electronic density distri-
bution.

f ¼ 4p

e

ðy

0

r 2rðrÞ sin kr

kr
dr ð4Þ

Thus, f is proportional to the atomic number Z at an angle of 0� and diminishes

at higher angles. Notably, Eq. (4) is valid only if the distribution is truly spherical

and the energy of the incident X-ray is not close to the absorption edge. Due to the

anharmonicity of the electron distribution function and the wavelengths near the

absorption edges, the structure factor is more complicated and has two additional

modifying terms,

f ¼ fo þ Df 0 þ iDf 00 ð5Þ

where f 0 and f 00 are, respectively, the real and imaginary components, often re-
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ferred to as the anomalous dispersion. Derivation of these factors will not be dis-

cussed here. These values are also tabulated in the International Table of Crystal-
lography [15].

11.4

Crystallography

As the result of the development of X-ray diffraction and the complexity of Bragg’s

planes, a method of defining the X-ray peak positions and intensities is need. This

is essentially accomplished by mathematical development through space groups.

Again, the results of this work have been accurately tabulated, in the four-volume

series International Table for X-ray Crystallography, a widely used reference. More de-

tailed descriptions of crystallography appear in many fundamental X-ray diffraction

books.

The crystallographic planes generated by lattices defined by the space groups are

correlated to the X-ray scattering peaks. Hence, it is important to know where the

atoms are located and what kind of planes they generate, in order to calculate the

peak positions. Crystallography describes the atomic arrangements in a lattice,

which are defined by atomic translations and rotations forming some kind of peri-

odic arrangements. The smallest unique atomic arrangement used to generate the

crystal by rotations and translations is called the unit cell. Unit cell parameters are

defined by three axes and three angles defined by the axes. There are seven forms

of large subgroups of crystallographic systems and 14 unique Bravais lattices for

the atoms to arrange themselves in. The seven systems are triclinic, monoclinic,

orthorhombic, tetragonal, hexagonal, rhombohedral and cubic. Essentially, they

are defined by the relationship of the lattice parameters of three axes a, b and c,
and three axial angles a, b and g defined by the axes. Table 11.1 lists the crystal

structures and characteristic parameters of the axes and angles.

With the atoms placed in the unit cell positions, 14 unique systems can then

be described. In the cubic system, there are three lattices, namely simple, body-

centered, and face-centered cubic. There are two tetragonal structures (simple and

body-centered), four orthorhombic structures (simple, body-centered, end-centered

Tab. 11.1. Crystal systems and their axes [16].

System Axes Axial angle

Triclinic a0 b0 c a0 b0 g0 90�

Monoclinic a0 b0 c a ¼ g ¼ 90�, b0 90�

Orthorhombic a0 b0 c a ¼ b ¼ g ¼ 90�

Tetragonal a ¼ b0 c a ¼ b ¼ g ¼ 90�

Hexagonal a ¼ b0 c a ¼ b ¼ 90�, g ¼ 120�

Rhombohedral a ¼ b ¼ c a ¼ b ¼ g0 90�

Cubic a ¼ b ¼ c a ¼ b ¼ g ¼ 90�
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and face-centered), and two monoclinic (simple and end-centered). Additional

atoms can be placed in each of the unit cells; however, these positions are simple

equivalent positions.

These lattices generally have a unique set of d-spacings; hence, in X-ray diffrac-

tion experiments, these spacings are reflected in the intensity of the scattered X-ray

at specific Bragg angles by these unique planes. Eventually, X-ray diffraction from

crystals progressed to such a level that a simpler way of identifying these planes

had to be developed. This is accomplished by so-called Miller indices (hkl). X-ray
peak positions can be correlated to the type of lattices or space group.

11.5

Scattering from a Powder Sample

The most common X-ray diffraction experiments are carried out on powder or bulk

material with random crystalline orientation. Single-crystal diffraction experiments

are also performed quite often; however, they have to be carried out using a four-

circle goniometer. When the unit cell is complex with a large number of atoms, a

single crystal experiment may be the only way to extract the desired structural in-

formation. Single-crystal experiments are generally far more complicated and diffi-

cult to perform without significant experience. Also, when the samples are pre-

pared they are polycrystalline. Therefore, the selection of a single homogeneous

crystal is often very tedious and difficult.

The total intensity from a powder pattern for a particular (hkl) at the angle 2y is

generally given by the scattering power [10],

P ¼ Io
e4

m2c4

� �
Vl3mjFhklj2

4v2a

1þ cos2 2y

2 sin y

� �
ð6Þ

where Io is the intensity of the primary beam, e, m, c, l and y take their usual

meaning, V is the effective volume of the crystalline material in the powder sam-

ple, m is the multiplicity for that reflection and jFhklj2 is the structure factor

squared. The term in brackets on the right is known as the Lorentz polarization

factor. For an actual experiment using a diffractometer, the scattering power is di-

vided per unit length of the diffraction circle.

In an actual experiment, Compton scattering needs to be subtracted, a tempera-

ture factor needs to be added and the scattering power per unit detection length

calculated. In most cases, with slits, the sample-detector distance is kept the

same. Then, the scattering power is given by Eq. (7),

P ¼ KmhkljFhklj2ðLPÞhkl ð7Þ

where K is a constant with intensity proportional to the multiplicity mhkl, structure

factor square jFhklj2 and Lorentz polarization factor ðLPÞhkl. The structure factor is

essentially,
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Fhkl ¼
X

n

fne
2piðhxnþhynþlznÞ ð8Þ

where fn is the scattering factor, which is directly dependent on the atomic num-

ber, and e2piðhxnþhynþlznÞ is the form factor, which has the sinusoidal property and

turns the intensity on or off. There are some exceptions to this rule, which will be

described below.

Figure 11.2 shows a typical diffraction pattern for a simulated pattern of two

phases of titanium oxide; the major phase is anatase and the minor is rutile. Along

with the plots are the reported peak intensities and positions from the ICDD data-

base. Both phases are tetragonal, with different cell parameters. Thus, phases can

be identified even for the same compound. Such results are common.

The structure factor as described in Eq. (8) is summed over all the atoms in the

unit cell. For example, in the face-centered cubic (FCC) cell, for simplicity, there

are four atoms, located at ð0; 0; 0Þ, 0; 12 ;
1
2

� �
, 1

2 ; 0;
1
2

� �
and 1

2 ;
1
2 ; 0

� �
. Eq. (8) will be-

come,

Fhkl ¼ ½1þ epiðhþkÞ þ epiðhþlÞ þ epiðkþlÞ� ð9Þ

noting that epim ¼ ð�1Þm when m is an integer. Hence, it can be concluded that

Fhkl ¼ 4 if the indices hkl are all odds or evens, and Fhkl ¼ 0 when the indices are

mixed. Turning our attention to a body-centered cubic (BCC) structure, with two

atoms ð0; 0; 0Þ and 1
2 ;

1
2 ;

1
2

� �
per unit cell. Eq. (8) becomes

Fhkl ¼ ½1þ epiðhþkþlÞ� ð10Þ

Fig. 11.2. Simulated XRD pattern for two phases of titanium oxide.
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For Fhkl to be non-zero, ðhþ kþ lÞ must be even. Hence, in FCC, reflections occur

when hkl are all even or all odd, but with a BCC structure, ðhþ kþ lÞ has to be

even. For another FCC system, for example, the rock salt structure of sodium chlo-

ride, having four Na atoms and four Cl atoms per unit cell, the summation in Eq.

(8) will result in slightly different Fhkl. Again, the sample rule applied here is that

hkl have to be all evens or all odds. However, for the even case, Fhkl will be four

times the sum of the scattering factors, whereas for the odd case Fhkl will be four

times the difference of the scattering factors.

In the order–disordered structure of non-monatomic systems, it is possible to vi-

olate the above hkl requirements. This is because, even though the atomic posi-

tions are periodic, the atomic species may not be. The scattering factors do not

completely cancel out, resulting in the observation of non-allowed peaks. A good

example is the well-known Cu3Au alloy [10]. Another system that needs to be con-

sidered is materials with antiphase domains where the atoms of different species

have been interchanged, resulting in super structures and X-ray diffraction peaks

not normally allowed.

11.6

Scattering by Atomic Aggregates

In practice, not all matter in life has atoms arranged in nice lattices. The most in-

teresting of these materials are those with complex atomic connectivity and having

long atomic chains and no kind of ordering in the unit cell range. Examples of

such systems are given Section 11.11, which describes the component of amor-

phous and highly disordered scatterings. It is often very difficult to distinguish be-

tween an amorphous structure, similar to liquid or gas, and an extremely small

crystallite state, also sometimes referred as a ‘‘paracrystalline’’ state. For nano-

structures, it may be important to determine whether the structure is amorphous

or simply paracrystalline.

For time average scattering of non-interacting scatterers like mono-atomic gases,

the scattering is given by the Debye equation,

Ieu ¼
X

m

X

n

fm fn
sin krmn

krmn
ð11Þ

where fm, fn are the scattering factors and rmn are the interatomic distances. This

equation is represented in Fig. 11.3 for rmn ¼ 1. This result clearly shows that even

for a non-interacting system there is a ripple effect, which declines very rapidly on

going from low to high scattering angles. For polyatomic systems, the result is the

same except that the ripples are much broader.

For a condensed system like a liquid, the summation from Eq. (11) can be sim-

plified to
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Ieu ¼ Nf 2 1þ
X

m

sin krmn

krmn

 !

ð12Þ

where the 1st term is the summation onto itself and the 2nd is the interacting term.

This equation can then be converted into an integral [Eq. (13)].

Ieu ¼ Nf 2 1þ
ð
4prðrÞ sin kr

kr
dr

� �
ð13Þ

Using algebraic manipulation and defining rðrÞ ¼ ½rðrÞ � r0� þ r0, Eq. (13) be-

comes

k½iðkÞ� ¼ 4p

ðy

0

r½rðrÞ � ro� sin kr dr ð14Þ

Where iðkÞ ¼ ½Ieu=ðN � f 2Þ�=f 2, for simplicity, and by using the theorem of

Fourier’s conversion we can write the radial distribution function as Eq. (15).

4pr 2rðrÞ ¼ 4pr 2ro þ
2r

p

ðy

0

k½iðkÞ� sin kr dk ð15Þ

Eq. (15) provides a mean of converting the intensity function, which is in k space,

into the radial distribution function in real space. In this formulation, the atoms

are arranged in completely random fashion, giving an amorphous state. There are

Fig. 11.3. Intensity function of a monatomic gas.
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broad diffraction peaks, which belong to the amorphous structure. Unlike crystals,

there is no crystallographic ordering. Several papers have demonstrated on model

calculations from ideal random atomic arrangements and then determined the ra-

dial distribution functions. The density distribution function can be converted into

the intensity or interference distribution function and be compared to the experi-

ments [17]. For binary systems, with atoms of A and B species, for example, the

intensity function iðkÞ is a composite of the three partial functions iA-AðkÞ, iA-B
and iB-BðkÞ. It is, therefore, impossible to extract each partial density distribution

function without further experiments. Because of differences in scattering factors

for X-ray, neutrons and electrons, partial distribution functions can be extracted us-

ing a combination of the three experiments. Anomalous scattering experiments

can and have also been performed to extract the partial distribution functions. By

using the dense random packed models and comparing the calculated itotalðkÞ with
the experimental observations, the partial functions can be determined [18]. This is

particularly useful in the understanding of atomic and chemical short-range order.

Clearly, for ternary systems the functions get very complex.

11.7

Crystallite Size and Paracrystallinity

Paracrystalline is a term used to describe small size ordering. Essentially, when the

crystalline size is small enough, the resulting diffraction peaks will be broadened;

however, the peak positions, if they can be deconvoluted, will fall precisely at the

crystalline positions. Extraction of the crystallite size from the peak widths can

never be accurate. Hence, in most cases crystallite size is generally an estimate.

There are many factors that impact on the peak width, e.g., lattice distortions pos-

sibly due to the thermal vibrations, micro-strains, nature of the paracrystallinity. In

general, to improve the precision of extracting the crystallite size, the instrumenta-

tion broadening component can be subtracted out by performing an exact experi-

ment on a highly ordered structure like silicon powder. Instrument factors are

due to misalignment, horizontal divergence (on a vertical goniometer), energy

spread of the incident beam, interference of the a1 and a2 doublets, and also ab-

sorption of the X-rays by the sample. Notably, instrument broadening does not re-

main constant with all 2y but, rather, increases with increasing angle. For this dis-

cussion, we are only concerned with determining the estimated crystallite size Dhkl

of nanoparticles; it is generally given by the Scherrer equation,

Dhkl ¼
Kl

b cos yhkl
ð16Þ

where b is the peak broadening with the inherent instrument broadening sub-

tracted out, yhkl is the Bragg angle measured at hkl reflection. K is normally taken

to be 0.9 or unity, depending on the crystal shapes. For details on different values

of K , refer to Refs. [3, 4]. Figure 11.4 shows a plot of crystal size against X-ray peak
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broadening (fwhm – full-width at half-maximum) using Eq. (16) and assuming

2yhkl ¼ 20�, indicating the sensitivity in the measurement of small crystallites but

not large ones. That is, a small change in fwhm translates into a large change

in crystallite size in the small width region and a small change in crystallite size

in the large width region. Very often, due to uncertainty in the measurements,

‘‘apparent crystallite size’’ is used.

As the crystallite size decreases, the peak broadens. Figure 11.5(a) and (b) com-

pare the simulated diffraction spectra of crystalline hexagonal and cubic Co as a

function of crystallite size, calculated using Jade software (MDI) for copper Ka ra-

diation. Multiple peaks are observed in the hexagonal structure for crystallite sizes

of 40 Å and above. Below 40 Å, the three distinct peaks between 40 and 50� ð2yÞ
diminish; hence it is not so clear whether the Co is either cubic or hexagonal

phase. Moreover, without significant features, it can be concluded that the Co may

be essentially amorphous. In this case, above 40 Å should not be a problem in

making the distinction.

11.8

Production of X-rays

It is important to understand the production and properties of the X-ray used in

the probe. X-rays are generated when electrons emitted from a tungsten filament

are accelerated with sufficiently high energy onto a specific target. Typically, X-ray

tube voltages are set at 20 to 50 keV. Interaction between the electrons and the elec-

trons of the target materials results in a broad continuous X-ray spectrum. This ra-

diation is often referred to as white radiation or the Bremsstrahlung (German for

braking) radiation. This radiation is useful in the energy dispersive type of diffrac-

Fig. 11.4. Crystallite size versus FWHM.
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tion experiment or a Laue experiment for single crystals but is a nuisance when

monochromatic radiation is needed. The energies and intensity of the Bremsstrah-

lung radiation are affected by changing the tube voltage.

With sufficiently high kinetic energy, the electrons can kick out bound (orbital)

electrons from the target. Subsequently, the decay of higher bound state electrons

to the lower bound state results in the release of energy by emitting X-rays of char-

acteristic energies and wavelengths, referred to as the K series, with Ka1, Ka2, Kb1

and Kb2 radiations. The population of the a series is much greater than that of the

b series. In general, most diffraction experiments are carried out using Ka radia-

tion, and Kb radiation is masked off by several techniques.

Fig. 11.5. Simulated spectra of crystalline hexagonal (a) and

cubic (b) cobalt of different crystallite sizes.
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Less than 1% of the energy incident on the target is converted into X-rays.

Hence, this is a very inefficient method. Most of the energy is dissipated as heat

at the target. This heat needs to be removed immediately otherwise the targets

can melt away. Generally, targets are designed to be on top of a highly thermal con-

ducting heat sink, which is also under constant cooling. Because of this heating is-

sue, there is a limiting power at which the X-ray generator can operate. This clearly

depends on the tube design to achieve optimum cooling of the targets. Another tar-

get design, which allows for higher power setting, is the rotating anode X-ray gen-

erator. The target element is deposited on a highly thermal conducting rotating

drum (usually made of copper), which is constantly cooled. The drum rotates at a

very high speed, thus constantly changing the target position where the electrons

hit. This design alleviates the heat dissipation problem and, therefore, a higher

power setting can be achieved, resulting in higher X-ray flux. Unfortunately, main-

taining vacuum conditions with a rotating shaft is a challenge.

11.9

Absorption of X-rays

It is also important to understand the absorption behavior of X-rays through opa-

que materials. In general, X-rays are absorbed whenever they pass through matter.

The equation governing this rule is simply

I ¼ Ioe
�mt ð17Þ

where Io is the incident intensity, I is the transmitted intensity, m is the linear ab-

sorption coefficient (cm�1) and t is the thickness (cm) of the absorber. This is as-

suming that the X-ray energy is far from the absorption edge. For convenience, the

mass absorption coefficients m=r (cm2 g�1) are used and have been tabulated [15].

I ¼ Ioe�ðm=rÞrt ð18Þ

Hence, the mass absorption coefficient is independent of density, and the overall

absorption coefficient will just be the summation of the coefficients weighted ac-

cording to the composition. For X-ray energies close to the absorption edges, the

coefficient of absorption changes abruptly. This is directly related to the work func-

tion required to knock electrons from their original shells. The absorption co-

efficient can also be calculated empirically [15].

11.10

Instrumentation: WAXS

Crystallographic structural information on nanoparticles has to be obtained using

conventional X-ray diffraction techniques. In general, the most common diffraction
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experiments are carried out on bulk and powder samples. Again, most materials

are polycrystalline. Occasionally, single-crystal experiments are very useful for ob-

taining detailed structural information, small lattice anisotropy and complex unit

cell or cells with a large number of atoms. Single crystal experiments have to be

carried out on a four-circle goniometer and will not be described here. Also, there

are times when special scans are needed, e.g., to measure residual stress, pole fig-

ures, rocking curves etc. a four-circle X-ray goniometer is needed.

The most common and widely used X-ray powder diffraction technique is the

Bragg–Brentano method. It is self-focusing and optimizes for intensity and resolu-

tion using the conventional in-house X-ray sources. Figure 11.6 shows the X-ray

optics. Such diffractometers are essentially very versatile. The distance from the

source F to the sample and from the sample to the receiving slit is always kept

equal and constant at all scattering angles. Parallel vertical slits P and RP are added

to improve the scattering signal. D is the defining slit and R is the receiving slit.

Because of the focusing requirement, alignment of the sample is critical for accu-

rate peak position measurements. To help in alignment and calibration, a known

standard is used, e.g., a well-characterized silicon powder standard from NIST.

Traditionally, the X-rays are detected using high sensitivity film. In some cases,

they are still used. The films are then processed and read by a digitizer, which is

essentially a measurement of transmitted light over the spatial positions on the

films. X-ray films are also used when examining two-dimensional scattering. Be-

cause of the difficulty in processing the film, the modern image plate was in-

vented. Here, an image reader is needed.

For pulse counting techniques, a gas ionization counter, also known as a Geiger-

Müller counter, is used. Essentially, it consists of exposing a gas-filled region, nor-

mally a noble gas like argon, krypton or xenon mixed with a small amount of

quenching gas, held at high potential to the X-rays. Normally, this region is pro-

tected by an X-ray-transparent window. When an X-ray enters the compartment it

ionizes the gas, producing electrons. These electrons are accelerated to the anode,

thus creating a current pulse. The quantum efficiency of this detector greatly de-

pends on the design and type of gas it uses. The energy resolution is poor and the

detector can be saturated without going to very high count rates.

A more convenient scintillation has also been developed. This type of detector

depends greatly on the fluorescence of certain crystals, e.g., sodium iodide or ce-

sium iodide crystal doped with thallium. Other crystals are also used. These crys-

Fig. 11.6. Para-focusing Bragg–Brentano geometry.
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tals emit light when exposed to X-rays. The light is then converted into an electron

pulse via a set of multiplier plates that can then be counted by the electronics. In

this case, the dead time is much shorter and counting for higher count rates can be

achieved.

The energy resolution of the above two counts is not optimal for normal diffrac-

tion techniques. The Kb radiation and other background radiations, e.g., contami-

nation from the X-ray tube, need to be discriminated. Traditionally, foil filters are

used. Selection of the foils is based on the absorption edges, e.g., when using cop-

per Ka radiation a nickel filter foil of 0.0158 mm is needed, which will absorb

98.4% of the Kb radiation [4].

Another way of removing background radiation is the commonly used analyzing

crystal (also called diffracted beam monochromator), which is placed in front of the

detector (which can either be the gas proportional counter or the scintillation

counter) and after the receiving slit. The choice of crystal is based on the crystal

mosaic, for energy selectivity and efficiency. The most widely used energy discrim-

inator is usually graphite for efficiency without significantly sacrificing X-ray inten-

sity. For experiments with more stringent energy discrimination, a LiH monochro-

mator is used. In most cases, the analyzing crystal does not have sufficient

resolution to remove the Ka2 radiation.

Another way of improving the scattering signal is to use a solid-state detector

(SSD). Normally, the detector consists of Si(Li) (silicon-lithium drifted) or Ge(Li)

(germanium-lithium drifted) held at liquid nitrogen temperature. When an X-ray

impinges on the detector, an electron-hole pair is created and the number of

electron–hole pairs is proportional to the energy. Hence, in this case, the energy

resolution is roughly about 130 eV. Kb radiation can be eliminated as well as other

background radiations and fluorescence from the sample.

The high energy-resolution of the solid-state detector permits energy dispersive

diffraction. Essentially, this takes advantage of the full broad energy spectrum of

X-rays coming from the tube because of the Bremsstrahlung radiation and, by hav-

ing the detector at specific angle, a full range of Bragg scattering can be obtained

from the energy dispersion. The advantage here is that there is no moving part

when conducting the experiment. It makes use of the full range of X-rays and

counting statistics can be greatly improved. The drawbacks are that Bragg peak is

significantly broader than that of the conventional scanning technique. The detec-

tor is big and clumsy, and has to be constantly cooled with liquid nitrogen. How-

ever, a newer version of SSD known as a Peltier detector is electrically cooled. This

is also rather heavy and clumsy.

A normal mono-energetic experiment makes use of the strong Ka radiations,

which consist of Ka1 (8.04778 keV) and Ka2 (8.02783 keV) energies [19]. For copper

Ka radiation, Ka2 intensity is about half that of Ka1. Ka2 radiation is an unwanted

component of the incident beam. The difference in energies is about 20 eV. How-

ever, if a more stringent monochromator is used, the intensity will be drastically

reduced. Most powder diffraction experiments simply ignore it. However, when

one examines nanostructures where the crystallite size is very small, the presence

of Ka2 will not be a factor. On the other hand, if one chose to use higher energetic
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radiation, like molybdenum, the difference is about 105 eV. Normally, the best

solid-state detectors have a resolution of 130–150 eV.

Unfortunately, this setup is not favorable for samples with elements excitable by

the incident X-ray with energy 8.04 keV for copper Ka radiation, e.g., magnetic

nanoparticles Fe and Co-containing samples. In these situations, some form of

tighter discrimination is needed to extract the coherently scattered X-rays and not

the fluorescence from the sample, which is essentially noise for the diffraction ex-

periment. A way around this problem is to change the probe radiation to that of

CoKa for cobalt-containing samples and FeKa for iron-containing samples. In this

way the X-ray probe energies will not be sufficient to cause fluorescence. By chang-

ing incident X-ray energies, one has to be aware that the penetration depth is de-

creased and the energy discrimination needs to be readjusted. Another way to carry

out diffraction experiments on highly fluorescent samples is to ensure that the in-

cident energies are sufficiently far from the fluorescence of the samples, e.g., using

MoKa radiation on iron- and cobalt-containing samples. In this way, the diffracted

beam crystal can easily filter out the fluorescent signals.

11.11

Small Angle X-ray Scattering

The regime covered by small angle X-ray scattering techniques typically covers 0.5

to 100 nm and, according to Bragg’s equation, this turns out to be only a few de-

grees in 2y. This regime also turns out to be very useful for examining many types

of nanostructures. In general, for the application of nanostructures, it is customary

to have a layer of polymer coated on each particle. Information on size, shapes, in-

terparticle correlations and density fluctuations of nanostructure are of importance

and can be obtained using this technique. In lifesciences, for example, biological

cells and cell tissues, proteins and protein folding, colloids, micelles, bacteria and

viruses can also be investigated using SAXS. This technique has also been widely

used in examining tumors and cancerous cells, and distinctions in the diffraction

patterns between healthy and cancerous cells have been shown. It is the informa-

tion on the macro-scale, the connectivity and arrangement of the local domains,

that is critical in understanding the behavior of these systems. For example, a

SAXS study examining healthy and cancerous human breast tissues found that

the collagens have very different structures [20]. It has also been widely used to ex-

amine tumors and cancerous cells [21], and, again, distinctions have been drawn

between healthy and cancerous cells. Further research by many groups is continu-

ing to try to understand the causes of cancer. Even so, by combining SAXS and

WAXS characterization techniques, experiments can be carried out on well chosen

cell tissue samples that will provide information for the understanding of disease

processes evolution. This represents a new form of diagnostic capability for health

sciences.

Information on the nanostructure, size, shapes, interparticle correlations, den-

sity fluctuations are of importance and can be obtained. In the lifesciences, most

systems, such as those listed above, are highly disordered at the local level (ang-
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stroms) and at times they are even semi-crystalline. Clearly, they are very complex

and in most cases consist of interpenetrating components of the different make-up

of molecules. These molecules, which can have odd shapes, essentially hinder the

formation of unit cell arrangements. Again, the macro-crystalline arrangements

are critical in the generation of properties.

Another example of X-ray scattering experiments in lifesciences is in under-

standing the structure and morphology of bone. Bones are made up of fibrillar

collagens with nano-particles of crystalline hydroxyapatite distributed in the

macro-structure. It is this macro-arrangement of the collagen and the crystalline

component that provides the optimal compression strength for the load bearing

of the anatomy [22]. A network of collagen fibers is deposited and grown within

and between the collagen fibrils [23]. SAXS experiments can provide information

on the macro-domains. One area in lifesciences that SAXS will play an important

role is in understanding the cell membrane. Information on the structure of the

lipid moieties in the cell membrane essentially defines the functionality of the

membrane [24]. Even though lipids are considered to have bilayer structures,

monolayer structures do exist. Of particular interest is understanding lipid be-

havior in solvent, which again can be carried out using SAXS. Depending on the

acquisition time, in situ experiments as a function of temperature or time decay

can also be carried out.

For nanostructures in biological materials SAXS analysis is used to extract infor-

mation relating to the macro-lattice on highly correlating domains, which often

can be periodic. A typical example for this is the tendons. Many biological systems

also possess periodic structures, e.g., animal tail tendons and myelin membranes

in the nerve. In polymers, the scattering signal arises from the stacking of lamellar

crystals and block copolymers having segregating density domains.

Laboratory prepared nanoparticles (or crystals), e.g., cobalt [25] when coated with

organic layers, can self-assemble into superstructures. The structure and dimen-

sion of these superstructures have also been examined using both WAXS and

SAXS, thus providing a full description of the overall structure. The superstructure

of biomaterials like colloidal particles of glycolipids has also been examined using

SAXS. The technique was able to provide information on the structure of the dis-

persed particles [26].

The analysis of SAXS data can be divided into three groups: dilute systems,

highly correlating systems and fractals. In dilute systems, when the structures are

non-interacting, information on the shape, size and mass of the molecules can be

obtained. For highly correlating systems, the basic formulation follows Bragg’s law.

The fractal component is generally useful for polymers and polymer chains and

will not be discussed here. The reader is encouraged to refer to other sources

[7, 12].

11.11.1

Dilute Systems

The scattering for dilute systems assumes that the scattering from each particulate

is independent. Hence, it is critical for the sample to have an appropriate thickness
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so that no multiple scattering can occur. The X-ray interacts with the electron fluc-

tuations surrounding the particulates and the total intensity is merely the sum of

all the individual scattering components. Therefore, information on sizes, shapes

and mass can be obtained. The generalized scattering function is essentially given

as

IðkÞ ¼ ðronÞ2F2ðkÞ ð19Þ

where ro is the density difference over total volume v, and FðkÞ is the structure fac-
tor. The form factor is simply represented by

FðkÞ ¼
ð
rðrÞeikr dr ð20Þ

where the integral is over the electron density over each particulate and the expo-

nential component is the form factor. By expanding the form factor and dropping

out the higher order terms, Guinier has shown that the intensity function is

IðkÞ ¼ r2on
2 exp � 1

3
k2R2

g

� �
ð21Þ

or

IðkÞ ¼ Ið0Þ exp � 1

3
k2R2

g

� �
ð22Þ

where Ið0Þ is the scattering at zero angle. Essentially, this function is Gaussian.

Very often, ln IðkÞ is plotted against k2 and the radius of gyration Rg can be ex-

tracted from the resultant slope. Shape information is obtained from Rg; the value

of Rg for many forms of particulate has been calculated and will not be discussed

here. Actually, Rg is defined as in Eq. (23) and described as the root-mean-square

distance of all points in the particle from the center of mass weighted accordingly.

R2
g ¼

Ðy
0 rðrÞr 2 dr
Ðy
0 rðrÞr dr

ð23Þ

The size of the particle is conveniently expressed by Rg and, assuming the shape is

known, the radius of gyration can be extracted accurately. The radius of gyration

for some common shapes has been tabulated in many review articles. By knowing

or assuming the shape of the particle examined, the dimension of the particle can

be gotten by solving for the radius of gyration. Extrapolation of the Guinier plot to

scattering at zero angle results in r2on
2, which provides information on the particle

molecular weight and volume. However, in this case, accurate intensity of the main

beam is needed.

For homogenous particles with distinct boundaries between the particles and the

matrix, which can be a solution or another media with different density, e.g., in
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polymers with crystalline and amorphous components, Porod has indicated that

the scattering IðkÞ should decrease as k�4 for large k and the proportionality con-

stant is related to the total area S occupied by the boundaries and is expressed as

IðkÞ ! 2pr20S

k4
¼ P

k4
ð24Þ

By plotting log ðIðkÞÞ versus log ðkÞ and extrapolating to k ¼ 0, the P (Porod con-

stant) can be extracted. When this parameter is divided by the ‘‘invariant’’, which is

the scattering intensity for the total volume, the surface area to volume ratio can be

gotten. When this parameter is divided by the density, the total surface area (m/g)

resulted. The information is particularly useful, especially in the area of catalysis

when the amount of surface area controls the property of the material.

11.11.2

Highly Correlating Systems

Most systems in lifesciences are highly correlated or rather densely packed with

significant density fluctuation and are also highly oriented. For example, collagens

are very well packed in a fibrillar fashion and the diffraction pattern shows many

orders of reflections. The peaks are also very sharp, with a dimension of 67 nm for

native rat tendon [26]. Obviously, for densely packed systems, the scattering theory

is governed by Bragg’s law.

Collagens are common in lifescience. It is a major constituent in tendon, bone,

skin, cornea, cartilage and other parts that require strength and flexibility. Clearly,

the packing and deformation of collagens will reveal the state of the matter when

compared with healthy tissue. The arrangement of collagen is believed to be liquid-

crystalline-like as well as having large scale triple helices arrangements for roughly

300 nm [27, 28]. The change in packing indicates some kind of mineralization that

prevents proper function of the component. It is indeed a mystery that collagen,

which is abundant in our anatomy, has so many functions. It is the arrangement

on the macro-scale that changes its properties [29].

As described earlier [24], examination of protein bilayers is of great importance

in biological science. Essentially, these are highly correlated systems. Clearly, the

structure and makeup of these bilayers constitute the working of the membranes,

peptides etc. There are enormous numbers of biological systems for which both

SAXS and WAXS can be utilized for understanding their behavior. Biological sys-

tems are normally very complex.

11.12

SAXS Instrumentation

A SAXS experiment, in principle, has a very simple geometry (Fig. 11.7); however,

improperly arranged and aligned components will result in all kinds of problems,

e.g., parasitic scattering, calibrations, peak profiles and background noise. The
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quality of the instrument greatly depends on the level of noise because the diffuse

scattering intensity for most samples can be very weak for different reasons. A very

well-defined X-ray beam is needed for this application.

Numerous SAXS instrumentations are available commercially. Essentially, there

are two types of configuration, pin-hole and the line source technique, each with its

own strengths and weaknesses. The pin-hole technique is useful for examining

anisotropic materials, e.g., fibers, films and any sample with orientations. How-

ever, there is an inherent lost in intensity, resulting in long data acquisition time.

A two-dimensional detector system is required, e.g., conventional highly sensitive

X-ray film, image plate, 2D proportional gas detector and even the CCD (charge

coupled device) detector systems. Both the film and image plate require X-ray expo-

sure and then have to be processed and read by some kind of digitizer or image

reader. In this way, some level of spatial resolution and dynamic range will be

lost. When small peaks are of interest or accurate intensity function is required,

these are not the desired techniques. Moreover, real-time experiments or experi-

ments performed as a function of temperature will be extremely tedious and

inefficient.

A basic requirement for a good experimental setup for SAXS is in the collima-

tion. This is because SAXS is a measurement of extremely small intensity at very

small angle, next to a very strong incident main beam. Hence, the scattering

around the incident beam has to be as clean as possible and protected against par-

asitic scattering cause by the defining slits and beam blocker. Commonly used in

the pin-hole technique for the in-house systems is the three pin-hole slits system

with different sizes (Fig. 11.7). They have to be properly arranged and matched

with the size of the beam blocker to obtain the clean primary beam and reach to

the lowest angle. The third slit is the guard slit that filters out the parasitic scatter-

ing from the defining slits. Not that the beam diverges from the source. To avoid

air scattering, the beam path has to be under vacuum, which inherently introduces

two X-ray windows. The weakly scattered X-ray from the sample has to penetrate

these windows without changing in energy and direction. The advantage of the

pin-hole technique is that anisotropic samples can be examined, e.g., fibers and

films. By translating the sample, localized spot examination can also be carried

out.

The more advanced 2D gas proportional detector system has also been used. The

heart of the detector is the multi-wire grid; the spatial resolution is limited to the

Fig. 11.7. Optics for carrying out SAXS experiment using the three-slit system.
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wire spacings. Normally, this is limited to about 1 mm, even though some ad-

vances have been made (0.2–0.3 mm) through electronic and software develop-

ments. As a consequence, pin-hole SAXS instruments require long path lengths

to expand the image for the detector to receive.

To increase the intensity, the second method, using a line source, is often used.

The optics are essentially similar to the pin-hole system shown in Fig. 11.7. This

method increases the flux of the incident beam; however, only isotropic sampling

can be carried out. Unfortunately, because of the fixed slit, desmearing of the data

is needed. Again, three line slits properly arranged are used to minimize parasitic

scattering. Adjustments to these slits are often very sensitive and difficult. Con-

sequently, the Kratky block collimation (Fig. 11.8) was introduced and is still used

today. It is easier to align and there are not too many adjustments. It can also

achieve much smaller k ðÅ�1Þ than the normal three-slit system.

Another method of increasing the incident beam flux and improving the spatial

resolution is by using focusing mirrors and monochromators. To achieve even

smaller in k, the Bonse-Hart technique is used. By taking advantage of a tighter en-

ergy filter, an even smaller angle can be achieved. This is accomplished by having

the X-ray bounce several times through a channel cut crystal on the incident end as

well as the diffracted end. This technique also requires significant alignments,

which are normally set up at dedicated beam lines at synchrotron sources. Again,

this is also a line source and the issue of desmearing will have to be considered.

11.13

Synchrotron Radiation

Undoubtedly, synchrotron radiation has played a major role in extending X-ray

scattering capabilities. As pointed out in the introduction, unlike in-house X-ray

sources, synchrotron radiation has unique properties. The generation of synchro-

tron radiation will not be covered here. The X-rays generated by a synchrotron

source are highly collimated, highly polarized, tunable, and have high brightness.

The probe size can be made small, down to 2 mm, which essentially provides an

insight into the composition of biological cell and local structure that is not possi-

ble using in-house sources.

Fig. 11.8. Kratky block collimation system.
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The high collimation enables diffraction experiments to be carried out with im-

proved precision. The peak width spread will be extremely small. The fwhm will be

essentially due to the character of the sample and not the instrument. Divergence

will be extremely small. By using an incident monochromator, unlike the in-house

source, only a mono-energetic beam is allowed to pass the incident monochroma-

tor. Because of the small divergence of the beam, SAXS experiments can be better

set up.

To enhance atomic speciation, anomalous WAXS and SAXS have also been de-

veloped and often used in advanced laboratories. This arises from the tunability of

the X-ray to the desired energies close to the absorption edges to enhance the scat-

tering power by taking advantage of anomalous scattering factors. These tech-

niques are covered elsewhere in this volume (see Chapter 8). Clearly, there are

more examples of utilizing the advantages of performing X-ray diffraction experi-

ments using a synchrotron source.

11.14

Concluding Remarks

In the field of materials characterization, X-ray scattering stands out as the pre-

ferred method for obtaining information on the structure and morphology of all

sorts of materials. Essentially, X-rays are scattered by electrons, and all matter has

electrons. The domain size that fits both wide angle and small angle X-ray scatter-

ing ranges from a fraction of a nm to 100 nm. At the low end, X-ray diffraction has

provided information on atomic positions, lattices, bond lengths, atomic speciation

and structure. By carefully examining the character of the scattering, secondary in-

formation, like the crystallite size, lattice distortion and occupancy, can also be ex-

tracted. The penetration depth of an X-ray is also sufficiently high compared with

X-ray photoemission or electron scattering, hence X-ray scattering can be con-

sidered as bulk probing.

With the theory and technique firmly understood, the method has been used on

more complex organic and polymeric systems. Unfortunately, in general, these sys-

tems are not fully crystalline. They are semi-crystalline and, more often, it is this

semi-crystallinity that provides the unique properties of polymers, essentially con-

trolling their morphology. This is one of the reasons for the development of small

angle X-ray scattering.

Both the wide angle and small angle techniques are quite well developed. Basi-

cally, these characterization techniques have been extended to different aspects of

biological and lifescience. The structure of cells and cell tissues, lipid membranes,

proteins and protein behavior, the building blocks of many organs in our ana-

tomy, are now being examined using both the wide angle and small angle X-ray

techniques.

Structures or nanostructures in biological and lifescience are generally very com-

plex. However, with the advancement of computing power, high energy and the

spatial resolution of synchrotron sources, experiments on tissues, like cancer, tu-
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mors or sclerosis, are now possible. Clearly, X-ray scattering, together with syn-

chrotron and neutron scattering, covers a whole range of characterization for or-

ganic and inorganic condensed matter, crystalline and semi-crystalline, and amor-

phous structures. These experiences have also developed into the biological field

and lifesciences.
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Preface

Welcome to the world of nanoscale devices! The fourth volume of the series on

Nanotechnologies for the Life Sciences is in front of you, providing glimpses of

the exciting possibilities that exist in the world of tiny devices. Nanotechnology

and nature are intimately intertwined. Such an intimate partnership is critical for

reaping the benefits of nanotechnology by unraveling the mysteries of nature.

Therefore, this volume, Nanodevices for the Life Sciences, is timely and provides a

broader perspective to this partnership and enlightens us on the theory, physics,

chemistry, biology and engineering of nanodevices that are being constructed in

the laboratory as well those that are already being utilized by nature. See for exam-

ple a recent article in Science (Vol 312, pp 860–861, 2006) that describes the possi-

bilities to utilize biomolecular motors in nanometer-scale devices to perform me-

chanical work. Three chapters (chapters 7, 8 & 13) in the book are specifically

dedicated to provide glimpses of the power of such natural nanoscale devices and

I am certain that these chapters will catalyze development of new ideas and tools

for non-biologists interested in utilizing the underlying principles.

Theory and experiments will have to go hand in hand as deeper understanding

of the complexities associated with nanoscale devices bring us a step closer to de-

signing devices that are as efficient as in nature. Therefore, the first two chapters

have been dedicated to provide theoretical and computational understanding of

nanoscale devices with potential applications in life sciences. The first chapter illu-

minates on The Physics and Modeling of Biofunctionalized Nanolelectromechanical
Systems. Two leading theoreticicans, M. R. Paul from Virginia Polytechnic Institute

and State University in Virginia, USA, and J. E. Solomon from the California Insti-

tute of Technology in Pasadena take readers to the realm of theoretical challenges

associated with modeling of BioNEMS. I have no doubt that the information pro-

vided in this chapter will form a strong basis for deeper understanding of many

other nanoscale systems that one encounters in our laboratories as well as in bio-

logical systems. The second chapter is a contribution from the laboratories of Vit-

torio Cristini from the University of California at Irvine delving on intricacies of

modeling various components associated with nanoscale drug delivery for the

treatment of cancer. The chapter, Mathematical and Computational Modeling: To-
wards the Development and Application of Nanodevices for Drug Delivery, is a great

source of information on mathematical models and computer simulations of

important steps in the journey of intravenously injected nanovectors into tumoral
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tissue in order to deliver drug in the most effective manner. This chapter is a must

for all those interested in utilizing nanotechnologies for drug delivery.

Moving from utilizing theory, modeling and computational tools for fabrication

of nanodevices, the rest of the book is a testimony to the rapid advances being

made in the application of a variety of experimental techniques and tools for build-

ing nanoscale devices and for application of such devices in a number of fields

ranging from biosensors to bioelectronics. In the third chapter, which is contrib-

uted by J. C. Garno and co-workers from Louisiana State University in Baton

Rouge, USA, a detailed description is given of how scanning probe techniques are

proving to be versatile tools for fabricating arrays of self-assembled monolayers

(SAMs) and proteins. In this chapter, Nanolithography: Towards Fabrication of Nano-
devices for the Life Sciences, the authors describe how nanolithography is revolutio-

nizing the fabrication of nanoscale biomolecular devices in general and proteins in

particular through precise control over chemical functionality, shape, dimensions

and spacing on the nanometer scale. Continuing on a similar theme, H. D. Espi-

nosa, K.-H. Kim and N. Moldovan from Northwestern University in Illinois, USA,

have carried out a remarkable job in delineating the importance of microcantile-

vers for biopatterning and biosensing in scanning probe microscopy (SPM)-based

techniques. Their contribution in the fourth chapter, entitled Microcantilever-based
Nanodevices in the Life Sciences, is very unique in the sense that it covers not only

various approaches for fabrication of microcantilevers but also their applications

in the emerging field of bionanotechnology. The chapter clearly demonstrates the

fact that microcantilevers are fundamental tools for biopatterning and biosensing

in SPM-based techniques, and with the possibility of integrating micro/nano-

fludics into microcantilevers, they are in the process of revolutionizing the field of

bioanalytical nanodevices.

The fifth chapter in this volume, Nanobioelectronics, is a testimony to the fact that

there have been several advances made in the field of molecular electronics over

the last decade particularly in utilizing biomolecules for fabrication of molecular-

scale devices and integrated computers. The authors from the University of Lecce

in Italy, R. Rinaldi and G. Maruccio reviewed these advances in the field of nano-

biomolecular electronics describing the fabrication of devices such as rectifiers,

amplifiers, information storage devices based on biomoleucles in general and

DNA and proteins in particular. Highlight of the chapter is the information on in-

terconnecting biomolecules and exploitation of their self-assembly properties lead-

ing to nanobiodevices. It is particularly heartening to see that the progress made so

far in the field of nanobiolelectronics is very promising and is likely to fill the void

in the face of current limitations with CMOS devices and post-optical lithogra-

phies. While the fifth chapter focuses on electronic devices using DNA, the sixth

chapter provides complete information on the most important properties of DNA

and how these properties are being exploited in building functional devices such as

DNA-based molecular motors and automata with possible applications in the life

sciences. Friedrich Simmel from Ludwig-Maximilians-Universität München, Ger-

many, has provided an up to date review on this subject and is very optimistic

that the recent advances are likely to lead to the development of autonomous mo-

lecular-scale devices which can sense environmental information, perform compu-
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tations and act independently as molecular motors, drug reservoirs, or as signal

transducers. The chapter is aptly titled as DNA Nanodevices: Prototypes and Applica-
tions. While the fifth and sixth chapters provide a broader perspective to build

nanoscale devices from DNA and proteins, the next two chapters contain very spe-

cific information on nanodevices made from G-protein coupled receptors and Ki-

nesin-microtubule systems respectively. The seventh chapter, Towards the Realiza-
tion of Nanobiosensors Based on G-protein-coupled Receptors, a contribution from the

laboratories of Cecilia Pennetta, also from Lecce University, provides a thorough re-

view on G-protein-coupled receptors (GPCRs) including different techniques to

prepare and immobilize them on a substrate, followed by utilization of the electro-

chemical impedance spectroscopy (EIS) technique for the detection of biosensing

events at the electrodes. A very unique aspect of the chapter is that it covers several

theoretical aspects investigating the current response to an applied AC voltage of a

nanodevice realized by a single GPCR embedded in its membrane and in contact

with two functionalized metallic nanoelectrodes. The chapter is extremely valuable

for nanotechnologists exploring applications in life sciences as GPCRs are one of

the widest groups of receptor proteins known and they can be activated by a large

variety of extracellular signals, such as light, odorant molecules, hormones, pepti-

des, lipids, neurotransmitters and nucleotides. GPCRs mediate the sense of vision,

smell, taste and pain, and are involved in an extraordinary number of physiological

processes. Competing for prominence with GPCRs are the Kinesin-microtubule-

driven systems as they hold significant potential as molecular motors due to their

compactness, high efficiency in vitro in extracting energy from the aqueous envi-

ronment. The eighth chapter, Protein-based Nanotechnology: Kinesin–Microtubule-
driven Systems for Bioanalytical Applications, assumes enormous importance in this

volume as it has valuable information on how kinesin molecular motors can be in-

tegrated with microtubule tracks into microdevices for bioanalytical applications.

The chapter is an important contribution for the book as the author, William Han-

cock from Pennsylvania State University, USA, covers wide-ranging topics from

cell biology and biophysics, in vitro assays, theoretical aspects, biofunctionalization

of the kinesin–microtubule system in addition to experimental approaches to inte-

grating into functional microscale devices for potential analytical applications.

Carbon Nanotubes (CNTs) are finding extraordinary applications in the field of

life sciences especially in biosensing, drug delivery, diagnosis, imaging and so on.

These applications are further complimented by recent efforts in fabricating CNT-

based nanodevices especially field-effect transistors (FETs) having very interesting

performance characteristics. The ninth chapter, Self-assembly and Bio-directed Ap-
proaches of Carbon Nanotubes: Towards Device Fabrication, begins with a review on

important characteristic of CNTs followed by the synthesis methods reported in

the literature. The central theme of the chapter, written by Arianna Filoramo from

the Laboratory of Electronic Materials in Gif sur Yvette, France, is however the uti-

lization of self-assembly approaches (bio as well as non-bio directed) for fabrication

of CNT devices for application in the electronics industry. Alternative strategies to

CMOS technologies such as bio-inspired technologies for nanoscale devices as

described in this chapter as well as in chapter five are likely to revolutionize the

electronics industry in the near future. Focusing primarily on biosensing, chapter
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ten explores the possibility of fabricating nanodevices based on nanophotonic/

optoelectronic platforms and on nanomechanical platforms. The chapter, Nano-
devices for Biosensing: Design, Fabrication and Applications, contributed by L. M.

Lechuga and co-workers from the Microelectronics National Center (CNM) in

Spain, is a valuable source of information for design, fabrication and testing of

nanosensors and their integration with microfluidics, optical and electronic func-

tions on a single chip. Chapter eleven, Fullerene-based Devices for Biological Applica-
tions, written by Dirk M. Guldi from Friedrich Alexander University in Erlangen-

Nürnberg, Germany, and his collaborators is complimentary to the ninth chapter,

describing in detail the solubility, toxicity and major biological applications of full-

erenes and their potential application in nanoscale devices. It provides a basic

framework for fabricating fullerene-based nanoscale devices in near future. A

more general approach for utilization of nanotechnological principles for the fabri-

cation of biomedical devices is presented in the twelfth chapter, wherein Lars Mon-

telius from Lund University in Sweden describes various types of nanotechnologies

that are employed in the biomedical field in general and biomedical engineering in

particular, together with suitable examples. The chapter, Nanotechnology for Biomed-
ical Devices, provides a fundamentally strong backbone for the realization of nano-

scale devices for biomedical applications.

Finally, the book ends with a chapter dedicated to providing an overview of nano-

scale devices that nature utilizes. Chapter thirteen, Nanodevices in Nature, written
by Alexander Volkov and Courtney Brown from Oakwood College in Huntsville,

USA, complements more specialized information in chapters seven and eight.

The chapter elegantly delineates the role of various nanodevices in a wide variety

of biological processes focusing more specifically on cytochrome oxidase, photo-

synthesis and phototropism, membrane transport, molecular motors, and electro-

receptors. In my view the last chapter is a grand finale to the excellent source of

information that the authors of this book gathered and reminds me of a great state-

ment from Vedas, one of the oldest Indian scriptures, which describes universal

power as the smallest of the smallest and biggest of the biggest. Truly, the power

that encompasses the universe comes from nanodevices!

As I conclude this preface, there is no doubt in my mind that a book of this mag-

nitude and high quality would not have been possible without the timely contribu-

tions of all authors, and I am always grateful to them for sharing my vision for this

book as well as for the rest of the series. I am glad to let you know that Volumes 1–

3 and 5–6 of this exciting series have already been published and you might have

seen them in your library or obtained a personal copy. The remainder of the series,

volumes 7–10, is currently in press and will be available to you before the year

ends. In addition to the authors, a project of this magnitude is not possible but for

unwavering support from my employer, family, friends and Wiley-VCH publishers.

This is yet another opportunity for me to convey my thanks to them. Before I take
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The Physics and Modeling of Biofunctionalized

Nanoelectromechanical Systems

Mark R. Paul and Jerry E. Solomon

1.1

Introduction

Experimental fabrication and measurement are rapidly approaching the nanoscale

(see, e.g. Refs. [1–4]). With this comes the potential for many important discov-

eries in both the physical and life sciences, with particularly intense attention

in the fields of medicine and biology [5]. As Richard Feynman famously predicted

in the early 1960s, there is indeed plenty of room at the bottom [6, 7]. A par-

ticularly promising avenue of research with the potential to make significant con-

tributions is that involving what we will call biofunctionalized nanoelectromechan-

ical systems [(BIO)NEMS]. This is a large and burgeoning field, and we do not

attempt to present a survey, but rather we have picked an interesting example of a

(BIO)NEMS device in order to highlight the dominant physics and types of model-

ing issues that arise.

This is not to imply that molecular-scale science is something new – scientists

and engineers have been manipulating atoms and molecules for decades. (For an

interesting discussion about where nanotechnology fits in with molecular science,

see Ref. [8].) However, one new and exciting feature is the ability to fabricate

micro- and nanoscale structures that can be used to manipulate, interact and sense

biological systems at the single-molecule level.

For a better perspective of the length scales in question it is useful to place

micro- and nanometers on biological scales; a human hair has a diameter of about

1 mm, a red blood cell has a diameter of about 10 mm (1 mm ¼ 1� 10�6 m), the

diameter of the bacteria Escherichia coli is about 1 mm, the diameter of the protein

lysozyme is about 5 nm (1 nm ¼ 1� 10�9 m) and the diameter of a single hydro-

gen atom is about 0.1 nm. When viewed in this context, a device with a character-

istic length scale of 100 nm falls in the middle of these biological length scales, i.e.

the device is quite large compared to single atoms, yet quite small when compared

to single cells or large molecules. It is important to consider this when modeling

these systems, as we illustrate below.

The force landscape descriptive of biological and chemical interactions occurs at

the piconewton scale (1 pN ¼ 10�12 N). Biologically relevant force magnitudes are
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related to the breaking and manipulation of chemical bonds. For example it takes

hundreds of piconewtons to break covalent bonds, and on the order of 10 pN to

break a hydrogen bond or to describe the entropic elasticity of a polymer (see, e.g.

Refs. [9, 10]).

The dominant biological time scales of small numbers of molecules are also dic-

tated by their chemical interactions. The time scales of chemical reactions vary over

many orders of magnitude, e.g. protein conformational changes can take of the

order of milliseconds, binding reactions such as those that occur between tran-

scription factors and genes or between enzymes and substrates are of the order

of seconds, covalent bond modifications such that occur with phosphorylation is

of the order of minutes, and new protein synthesis in a cell can take tens of

minutes.

With these biological length, force and time scales in mind it becomes clear that

a major challenge facing the successful development of a single-molecule biosen-

sor is to measure on the order of tens of piconewtons on microsecond time scales.

Despite the rapid advancement of new technologies such as surface plasmon reso-

nance [11], optical tweezers [12, 13], microneedles [14, 15] and scanning force mi-

croscopy [16–19], detailed knowledge of the real-time dynamics of biomolecular in-

teractions remains a current challenge.

An attractive device with the potential to measure the biophysical properties of

a single molecule is based upon the dynamics of nanoscale cantilevers in fluid.

In discussing the physics and modeling of (BIO)NEMS we will focus on this type

of device. In some aspects this device can be thought of as the miniaturization of

atomic force microscopy (AFM) which depends upon the response of micron-scale

cantilevers. The invention of AFM [20] has revolutionized surface science, paving

the way for direct measurements of intermolecular forces and topographical map-

ping with atomic precision for a wide array of materials, including semiconduc-

tors, polymers, carbon nanotubes and (CNTs) biological cells (see Refs. [21, 22]

for current reviews). AFM is most commonly performed in one of three different

driven modalities; contact mode, noncontact mode and tapping mode. In contact

mode, the cantilever remains in contact with the surface and direct measurements

are made based upon the cantilever response as it interacts with the sample. De-

spite its great success, contact-mode microscopy raises concerns about strong ad-

hesive forces, friction and the damage of soft materials. In response to these issues

emerged the noncontact- and tapping-mode modalities which are often referred to

as dynamic AFM [23–28].

In noncontact mode, an oscillating cantilever never actually makes impact with

the surface, yet its response alters due to an interaction between the cantilever tip

and surface forces. The noncontact mode allows the measurement of electric, mag-

netic and atomic forces. In tapping mode, the cantilever oscillates near the sample

surface making very short intermittent contact. Commonly the oscillation ampli-

tude is held fixed through a feedback loop and as the cantilever moves over topo-

graphical features of the sample, the change in deflection is measured and related

to the surface features. As a result of this minimal impact, and by greatly reducing

the effects of adhesion and friction, the tapping mode has become the method of
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choice for high-resolution topographical measurements of soft and fragile materi-

als that are difficult to examine otherwise.

We would like to focus here upon something quite different – the stochastic dy-

namics of a passive cantilever in fluid. By passive we mean that the cantilever is

not being dragged along a surface or forced to tap a surface, but that the cantilever

is simply immersed in the fluid. However, recall that at microscopic length scales

there is a sea of random thermal molecular noise. Experimental measurement is

often limited by this inherent thermal noise; however, with current technology

this noise can be exploited to make extremely sensitive experimental measure-

ments [29] including the highly sensitive measurements to be made by gravita-

tional wave detectors [30].

The basic idea is illustrated in Fig. 1.1. A small cantilever placed in fluid will ex-

hibit stochastic dynamics due to the continual buffeting by water molecules that

are in constant thermal motion (Brownian motion). In Fig. 1.1, all of the cantile-

vers will exhibit such oscillations; the four dark lines around each cantilever tip

are meant to indicate these oscillations and their degree of shading represents

the relative magnitude of these oscillations. One way to measure such oscillations

in the laboratory would be through the use of optical methods. The cantilever on

the far left is bare and is simply a reference cantilever placed in fluid. The adjacent

cantilevers suggest various detection modalities that could also be considered. The

fundamental idea is that in the presence of a biomolecule, either attached directly

to a single cantilever or between the a cantilever and something else, the cantilever

response will change. Measuring this change can then be used to detect the pres-

ence of a single biomolecule or, in more prescribed situations, details of the re-

sponse will yield information about the dynamics of the molecule being probed.

An important advantage of this approach is that small cantilevers have large res-

onant frequencies, allowing the measurement of these dynamics on natural chem-

ical time scales. In fact, nanoscale cantilevers immersed in water can have reso-

nant frequencies in the megahertz range. The last cantilever on the right shows

the case where the target biomolecule is bound between the cantilever and a very

large molecule. The purpose of this would be to take advantage of its large surface

area and, as a result, its increased fluid drag to enhance the change in response.

An additional complication is that the stochastic dynamics of cantilevers placed

in an array, such as those shown in Fig. 1.1, will become coupled to one another

through the resulting fluid motion. In other words, if one cantilever moves this

Figure 1.1. Schematic illustrating possible single-molecule

detection modalities using small-scale cantilevers immersed in

fluid.
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will cause the fluid to move, which will cause the adjacent cantilevers to move and

vice versa. At first this may appear as just another component of background noise

to contend with. However, it is interesting to point out that this correlated noise

can be exploited to significantly increase the sensitivity of these measurements.

Consider measuring the cross-correlation of the fluctuations between two cantile-

vers in fluid supporting a tethered biomolecule. By examining only the correlated

motion of the two cantilevers we have effectively eliminated the random uncorre-

lated component of the noise acting on each cantilever. In fact, this approach has

been used to measure femtonewton forces (1 fN ¼ 10�15 N) on millisecond time

scales between two micron-scale beads placed in water [12]. Additionally, this

approach was used to quantify the Brownian fluctuations of an extended piece of

DNA tethered between the beads leading to the resolution of some long-standing

issues concerning the dynamics of single biomolecules in solution [13].

Whatever the manner in which the measurements will actually be made in the

laboratory, it will be essential to have a firm understanding of the complex and

sometimes counterintuitive physics at work on the these scales in order to inter-

pret them (for an excellent introduction to the modeling of micro- and nanoscale

systems, see Ref. [31]).

The purpose of this chapter is to shed some light upon this for the particularly

illustrative case where the Brownian noise of small cantilevers in fluid is exploited

for potential use as a single-molecule biosensor. Before these measurements can

be made and understood, the following questions must be answered:

(a) What are the stochastic dynamics of an array of nanoscale cantilevers im-

mersed in fluid in the absence of the target biomolecules?

(b) How much analyte will arrive at the sensor and what are the time scales for its

capture?

(c) Successful measurements will require the discernment between the noise

when the biomolecule is attached and the background noise. What signal pro-

cessing schemes can be used to make these measurements?

We address these questions in the following sections.

1.2

The Stochastic Dynamics of Micro- and Nanoscale Oscillators in Fluid

1.2.1

Fluid Dynamics at Small Scales

The dynamics of fluid motion at small scales contains many surprises when com-

pared with what we are accustomed to in the macroscopic world. In fact most of

life involves the interactions of small objects in fluidic environments (see Ref. [32]

for an introduction or Refs. [33, 34] for a detailed discussion).

At the molecular scale a fluid is clearly composed of individual molecules. How-
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ever, most fluid analysis is done assuming that the fluid is a continuum. What this

implies is that at any particular point in space (no matter how small) the properties

of the fluid (velocity, pressure, etc.) are well defined and well behaved. Another way

to think of this is that for any experimental measurement in question we assume

that our probe is effectively sampling the average behavior of many molecules.

As our domain of interest becomes smaller it is clear that this assumption will

eventually break down. This raises the difficult question – at which point does the

continuum approximation become invalid? An approximate answer can be pro-

vided by physical reasoning. In the continuum limit one would like the mean free

path of collisions of the fluid molecules to be much smaller that a characteristic

fluid length scale. This idea is captured by the Knudsen number Kn ¼ l=L, where
l is the mean free path and L is a characteristic length scale. For the case of water,

and of liquids in general, the molecules are always in very close contact with one

another and the characteristic mean free path can be approximated by the diameter

of a single molecule. For water this yields lQ 0:3 nm.

For the stochastic oscillations of small cantilevers we will use the cantilever half-

width w=2 as the characteristic length. This is because while a cantilever oscillates

most of the fluid flows around spanwise over the cantilever. Assuming the cantile-

ver has a width of w ¼ 1 mm and is immersed in water yields KnQ 6� 10�4. Since

Knf 1 this indicates that the continuum approximation is good for the fluid dy-

namics even at these small scales. A quantitative understanding of when the con-

tinuum approximation breaks down and what the effects will be is currently an

active and exciting area of research with many open questions (see, e.g. Ref. [35]).

The classical equations of fluid dynamics in the continuum limit are the well-

known Navier–Stokes equations (see Ref. [36] for a thorough treatment):

Ro

q~uu

qt
þ Ru~uu �~‘‘~uu ¼ �~‘‘pþ ‘2~uu; ð1Þ

~‘‘ �~uu ¼ 0 ð2Þ

Equation (1) is an expression of the conservation of momentum (we have neglected

the body force due to gravity). Equation (2) expresses the conservation of mass

for an incompressible fluid. We have written the equations in nondimensional

form using L, U and T as characteristic length, velocity and time scales, respec-

tively. Two nondimensional parameters Ro and Ru emerge in Eq. (1) that multiply

the two inertial terms on the left-hand side.

It is worthwhile discussing these two parameters in more detail, which will lend

some insight into the dominant physics at small scales in fluids. The parameter:

Ru ¼
UL

nf
ð3Þ

expresses the ratio between convective inertial forces and viscous forces (where nf
is the kinematic viscosity of the fluid, for water nf A1� 10�6 m2 s�1). This is the
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velocity-based Reynolds number. It is clear that for micron or nanoscale devices

both the characteristic velocity and length scales become quite small, resulting in

what is commonly referred to as the low Reynolds number regime. A precise defi-

nition of what is meant by ‘‘low’’ is not clear. For perspective, Fig. 1.2 illustrates

the Reynolds numbers for some particular cases of interest. Note the vast range of

phenomena that occurs over 10 orders in magnitude of the Reynolds number. As

the Reynolds number decreases, the effects of viscosity dominate inertial effects.

For example, if a 1-mm microorganism swimming in water at 10 mm s�1 suddenly

turns off its source of thrust, say by flagellar or cilia motion, it will come to rest in

the fraction of an angstrom. This is nothing like what we are used to on the macro-

scale. An important consequence when Ru f 1 is that the nonlinear convective in-

ertial term ~uu �~‘‘~uu becomes negligible. As a result, the equations become linear,

greatly simplifying the analysis. The parameter:

Ro ¼ L2

nfT
ð4Þ

expresses the ratio between inertial acceleration forces and viscous forces. Notice

that if we take the characteristic velocity to be simply L=T, the frequency and

the velocity-based Reynolds numbers become equivalent. However, it is useful

not to make this assumption here because we want to consider further the case

where the oscillations are imposed externally and the inverse frequency of these

oscillations is taken as the time scale. The result is the frequency-based Reynolds

number,

Ro ¼ ow2

4nf
ð5Þ

where again we have used the cantilever half-width, w=2, as the characteristic

length scale.

The frequency-based Reynolds is the appropriate Reynolds number to describe

micro- or nanoscale cantilevers immersed in fluid. Let us consider further the

type of cantilever currently under consideration for the next generation of biosen-

Figure 1.2. Examples of different phenomena occurring over a

range of 10 orders of magnitude in the velocity-based Reynolds

number, Ru.
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sors. Approximate values for the cantilever geometry are a width wQ 1 mm, height

hQ 100 nm, resonant frequency oQ 2p� 1 MHz and we will assume water is the

working fluid. As we show later, the maximum cantilever deflection due to Brow-

nian motion will be of the order of 0:01h (and often much less depending upon the

particular geometry in question). Using these numbers the characteristic velocity is

U ¼ 0:01ho, which yields a velocity-based Reynolds number of Ru ¼ 3� 10�3.

Since Ru f 1, the nonlinear inertial term can be neglected. However, the

frequency-based Reynolds number is Ro ¼ 1:6. As a result, the first inertial term

must be kept in Eq. (1), making the resulting linear analysis more difficult. The

governing equations are now:

Ro

q~uu

qt
¼ �~‘‘pþ ‘2~uu ð6Þ

~‘‘ �~uu ¼ 0 ð7Þ

These equations are known as the time-dependent Stokes equations. In what

follows we will drop the subscript o on Ro and assume that R represents the

frequency-based Reynolds number. Although these equations are linear it is still a

formidable challenge to derive an analytical solution for all but the simplest scenar-

ios. One such example is when the cantilever is modeled as an oscillating two-

dimensional (2-D) cylinder (discussed in more detail in Section 1.2.3). However,

even in simple cases the fluid-coupled motion of arrays of oscillating objects still

presents a challenge. This is in addition to the fact that most experimental geome-

tries are not simple, which further complicates the analysis (e.g., see Fig. 1.3). This

has led to the development of an experimentally accurate numerical approach to

calculate the stochastic dynamics of small-scale cantilevers [37] (discussed below).

Figure 1.3. Schematic of a proposed cantilever geometry for

use as a single-molecule biosensor (not drawn to scale): l ¼ 3

mm, w ¼ 100 nm, l1 ¼ 0:6 mm, b ¼ 33 nm. The cantilever is

silicon with a density rs ¼ 2330 kg m�3, Young’s modulus

Es ¼ 125 GPa and spring constant, k ¼ 8:7 mN m�1 [2, 41].
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1.2.2

An Exact Approach to Determine the Stochastic Dynamics of Arrays of Cantilevers of

Arbitrary Geometry in Fluid

At first sight the determination of the stochastic dynamics of an array of fluid-

coupled nanoscale oscillators appears quite challenging. Considering the nature of

the equations (a system of coupled partial differential equations) and the complex

geometries under consideration for experiments, the appeal of a numerical solu-

tion is apparent. However, the important question then arises of how to carry out

such a numerical investigation? One approach that may come to mind is to per-

form stochastic simulations of the precise geometries in question that resolves the

Brownian motion of the fluid particles as well as the motion of the cantilevers. In

principle, this could be done in the context of a molecular dynamics simulation.

However, this would be extremely difficult, if possible at all. Two major problems

with this approach are:

(a) There are simply too many molecules. A small box with side length of L ¼ 10

mm will contain of the order of 1013 water molecules. For low Reynolds num-

ber flows fluid disturbances are long range and will be of the order of microns

even if the oscillators are nanoscale. The length scale of the fluid disturbance

scales as approximately
ffiffiffiffiffiffiffiffi
nf=o

p
. This length scale describes the distance from

the oscillating cylinder over which the bulk of the fluid momentum is able to

diffuse.

(b) There are vastly disparate time scales. For every oscillation of the cantilever,

many water collisions will have had to occur. On average, a water molecule

undergoes a collision every picosecond (1 ps ¼ 1� 10�12 s). However, the can-

tilever oscillates about once per microsecond. In other words, a million water

molecules collide with the cantilever for every single cantilever oscillation –

imposing considerable overhead upon our numerical scheme. To make matters

worse, in order to get good statistics the numerical solution will have to run for

many cantilever oscillations or, equivalently, many numerical simulations will

have to be run for different initial conditions and averaged.

However, there is a much better approach if one exploits the fact that the system

is in thermodynamic equilibrium. This allows the use of powerful ideas from statis-

tical mechanics and, in particular, the fluctuation–dissipation theorem, which

relates equilibrium fluctuations with the way a system, that has been slightly per-

turbed out of equilibrium, returns to equilibrium. In other words, if one under-

stands how a systems dissipates near equilibrium, one understands how that

same system fluctuates at equilibrium. The fluctuation–dissipation theorem was

originally discussed by Callen and Greene [38, 39]; also see Chandler [40] for an

accessible introduction.

It has recently been shown that the fluctuation–dissipation theorem allows for

the calculation of the stochastic equilibrium fluctuations of small-scale oscillators

using only standard deterministic numerical methods [37]. For the case of small
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cantilevers in fluid, the dissipation is mostly due to the viscous fluid altough inter-

nal elastic dissipation of the cantilever could be included if desired.

We will introduce the use of this approach for the case of two opposing cantile-

vers as shown in Fig. 1.7(a). Consider one dynamic variable to be the displacement

of the cantilever on the left x1ðtÞ. This is a classical system, so x1ðtÞ will be a func-

tion of the microscopic phase space variables consisting of 3N coordinates and

conjugate momenta of the cantilever, where N is the number of particles in the

cantilever. We now take the system to a prescribed excursion from equilibrium and

observe how the system returns to equilibrium, which, in effect, quantifies the dis-

sipation in the system. A particularly convenient way to accomplish this is to con-

sider the situation where a force f ðtÞ has been applied to the cantilever on the left

at some time in the distant past and is removed at time zero. The step force is rep-

resented by:

f ðtÞ ¼ F1 for t < 0

0 for tb 0

�
ð8Þ

This force couples to x1ðtÞ causing a deflection in the cantilever. For this case the

Hamiltonian of the system H is given by:

H ¼ H0 � fx1 ð9Þ

We only consider the case of small f so the response of x1ðtÞ remains in the linear

regime. In the linear response regime, the change in the average value of a second

dynamical quantity X2ðtÞ (here we will use the displacement of the cantilever on

the right, which is again a function of the 3N coordinates and conjugate momenta)

from its equilibrium value in the absence of f is given by:

DX2ðtÞ ¼
F1

kBT
hdx1ð0Þdx2ðtÞi0 ð10Þ

where kB is Boltzmann’s constant (kB ¼ 1:38� 10�23 J K�1) and T is the absolute

temperature. The equilibrium fluctuations are given by:

dx1 ¼ x1 � hx1i0 ð11Þ

dx2 ¼ x2 � hx2i0 ð12Þ

where the average h i0 denotes the equilibrium average in the absence of the force

f . However, for our case the cantilevers fluctuate about an equilibrium of zero de-

flection, hx1i0 ¼ hx1i0 ¼ 0, which then implies that dx1 ¼ x1 and dx2 ¼ x2. The
average behavior of the cantilever deflection in the linear response regime is:

DX2ðtÞ ¼ X2ðtÞ � hx2ðtÞi0 ð13Þ
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However, as just mentioned, hx2ðtÞi0 ¼ 0, which also implies DX2ðtÞ ¼ X2ðtÞ and
yields:

X2ðtÞ ¼
F1

kBT
hx1ð0Þx2ðtÞi0 ð14Þ

Using this result we can calculate a general equilibrium cross-correlation function

in terms of the linear response as:

hx1ð0Þx2ðtÞi0 ¼
kBT

F1
X2ðtÞ ð15Þ

Similarly, the autocorrelation of the fluctuations is given by:

hx1ð0Þx1ðtÞi0 ¼
kBT

F1
X1ðtÞ ð16Þ

where X1ðtÞ is the average behavior of the deflection of the cantilever in which the

force was applied. The spectral properties of the correlations can be found by tak-

ing the cosine Fourier transform of the auto- and cross-correlation functions. This

yields the noise spectra, G11ðnÞ and G12ðnÞ, given by:

G11ðnÞ ¼
ðy

0

hx1ð0Þx1ðtÞi cosðotÞ dt; ð17Þ

G12ðnÞ ¼
ðy

0

hx1ð0Þx2ðtÞi cosðotÞ dt ð18Þ

where n is the frequency defined by o ¼ 2pn. The noise spectra are important be-

cause they are precisely what would be measured in an experiment.

This result is exact with the only assumptions being classical mechanics and lin-

ear behavior. Equations (15) and (16) are extremely useful in that they relate the

stochastic cantilever dynamics on the left-hand side to its deterministic response to

the removal of a step force on the right-hand side. In other words, Eq. (16) relates

the equilibrium fluctuations of the cantilever to its average deflection as it returns

to equilibrium from a prescribed excursion to a nonequilibrium state.

With this in mind, the remaining challenge is to calculate the deterministic

quantities X1ðtÞ and X2ðtÞ for use in Eqs. (15) and (16). Since the dynamic variables

of interest are macroscopic (after all they are the cantilever deflections X1 and X2),

they can be calculated using the deterministic macroscopic equations which gov-

ern the fluid and solid dynamics. This can be from analytics, simplified models or

large-scale numerical simulation.

To summarize, the scheme consists of the following steps in a deterministic

calculation:
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(a) Apply an appropriate force f that is constant in time and small enough so that

the response remains linear. An appropriate force is one that couples to the

variable of interest X1. After applying the force, allow the system to come to

steady state.

(b) Turn off the force at a time labeled t ¼ 0.

(c) Measure some dynamical variable X2ðtÞ (which might be the same as X1 to

yield an autocorrelation function) to yield the correlation function of the equi-

librium fluctuations via Eqs. (15) and (16).

For the case of small cantilevers in fluid, the fluid motion can be calculated us-

ing the incompressible Navier–Stokes equations and the dynamics of the solid

structures can be computed from the standard equations of elasticity. Using the so-

phisticated numerical tools developed for such calculations it is possible to find ac-

curate results for realistic experimental geometries that may be quite complex, e.g.

the triangular cantilever design often used in commercial AFM or the paddle geo-

metries currently under investigation for use as detectors of single biomolecules as

shown in Fig. 1.3.

1.2.3

An Approximate Model for Long and Slender Cantilevers in Fluid

Let us first consider a long and slender cantilever ðLgw; hÞ that is fixed at its base

and free at its tip with the simple beam geometry as shown in Fig. 1.4. This con-

figuration is particularly useful because this geometry is commonly used for AFM.

A simplified and effective model analysis is available for this case [42, 43]. In this

model, the dynamics of the beam motion is described using classical elasticity

theory:

m
q2wðy; tÞ

qt2
þ EI

q4wðy; tÞ
qy4

¼ Ff ðy; tÞ ð19Þ

where wðy; tÞ is the displacement of the beam as a function of distance y along the

length of the beam and time t, m is the mass per unit length of the cantilever, E is

Young’s modulus, I is the moment of inertia of the cantilever, and Ff is the force

acting on the cantilever due to the fluid. In this expression we have neglected inter-

nal dissipation in the elastic body, tensile forces leading to a stressed or strained

Figure 1.4. Schematic of a simple cantilevered beam of length L,

width w and height h.
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state when the cantilever is at equilibrium and gravity forces (it is straightforward

to show that small cantilevers do not bend significantly in a gravitational field). It

is important to note that Eq. (19) is coupled with the fluid equations Eqs. (6) and

(7) through the force Ff , and that the coupled system of equations are linear. The

equations governing beam dynamics are well studied and well understood (see Ref.

[44] for an excellent reference on the theory of elasticity). The viscous dissipation

in a low Reynolds number fluid is quite large and will dominate any other modes

of dissipation such as internal elastic dissipation in the beam itself.

This leaves the important question of how to determine the flow field. Since the

beam is long and slender, most of the fluid will interact with the beam by flowing

around the sides as opposed to flowing over the beam tip. In this case one can as-

sume that the cantilever is infinite in length and consider only the flow over a 2-D

cross-section of the beam [42]. It can then be shown that it is a small correction to

then assume that the usually rectangular cross-section of the beam is cylindrical.

This is particularly convenient because an analytical solution for the flow field

over an oscillating cylinder is available. In fact, the fluid problem was fist solved

in 1851 by Stokes; however, for a modern treatment, see Ref. [45].

Since the fluidic damping dominates the cantilever motion we can further sim-

plify the analysis by considering only the fundamental mode of the beam dynamics

(the higher harmonics will be damped out by the fluid). This additional simplifica-

tion aids in clarifying the approach without significantly affecting the results (for

the analysis using the full beam equation, see Ref. [42]). The equation of motion

describing the fundamental mode of a beam immersed in fluid then becomes:

me €xx þ kx ¼ Ff þ FB ð20Þ

where x represents the deflection of the cantilever tip, me is the effective mass

of the beam in vacuum, k is the effective spring constant of the beam and FB is

the random force due to Brownian motion. Notice that Ff contains both the fluid

damping as well as the fluid loading due to the additional fluid mass that the beam

‘‘carries’’ as it moves.

It is convenient to transform into frequency space by taking the Fourier trans-

form of this equation to give:

ð�meo
2 þ kÞx̂x ¼ F̂Ff þ F̂FB ð21Þ

where:

F̂Ff ¼ mcyl; eo
2GðoÞx̂x ð22Þ

and:

mcyl; e ¼ 0:243mcyl ¼ 0:243rl
p

4
w2L

� �
ð23Þ
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which is the effective mass of a fluid cylinder of radius w=2, where rl is the fluid

density. The prefactor of 0.243 ensures that mode-shape mass is equivalent for the

mass of the cantilever, the fluid loaded mass and the fluid damping. The Fourier

transform convention we are using is:

x̂xðoÞ ¼
ðy

�y
xðtÞe�iot dt ð24Þ

xðtÞ ¼ 1

2p

ðy

�y
x̂xðoÞe iot ð25Þ

Here, GðoÞ is the hydrodynamic function and is defined to be:

GðoÞ ¼ 1þ 4iK1ð�i
ffiffiffiffiffi
iR

p
Þ

ffiffiffiffiffi
iR

p
K0ð�i

ffiffiffiffiffi
iR

p
Þ

ð26Þ

where K1 and K0 are Bessel functions. Note that by this definition the arguments

on the right-hand side are R and not the frequency o. The cantilever is effectively

loaded by the fluid which can be characterized by an effective mass, m f , larger than

me that takes into account the fluid mass that is also being moved. The fluid also

damps the motion of the cantilever, which can be expressed as an effective damp-

ing gf . Relations for m f and gf can be found by expanding GðoÞ into its real and

imaginary parts Gr and Gi in Eq. (21), and rearranging such that:

�m f ðoÞo2x̂x � iogf ðoÞx̂x þ kx̂x ¼ F̂FB ð27Þ

to give:

m f ¼ 0:243mcð1þ T0GrÞ@GrðoÞ ð28Þ

gf ¼ 0:243mcyloGi @oGiðoÞ ð29Þ

Notice that both the fluid loaded mass of the cantilever and the fluidic damping are

functions of frequency. The ratio of the mass of the fluid-loaded cantilever to the

effective mass of the cantilever in vacuum, me, as a function of frequency is shown

in Fig. 1.5. The cantilever has a mass of nearly 20 times the effective value at

RQ 1. Over 4 orders of magnitude in frequency the mass changes by a factor of

about 200. The fluidic damping is shown in Fig. 1.5. There is a slight frequency

dependence, over 4 orders of magnitude in frequency the damping changes by

a factor of 7, which is much less than the frequency dependence of the mass

loading.

From the fluctuation–dissipation theorem the spectral density of the fluctuating

force, GFBðnÞ, can be related to the dissipation due to the fluid and is given by:

GFBðnÞ ¼ 4kBTmeT0oGiðoÞ ð30Þ
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where T0 is the ratio of the mass of fluid contained in a cylindrical volume of ra-

dius w=2 to the mass of the cantilever. The analysis of Ref. [42] does not take into

account the frequency dependence of the damping and assumes that the numera-

tor is constant. Although the frequency dependence of the damping is not large as

shown in Fig. 1.5, it should be accounted for. Solving for the spectral density of the

displacement fluctuations, GxðnÞ, from Eqs. (21) and (30) yields:

Figure 1.5. (a) The ratio of the mass of a

fluid-loaded cantilever to the effective mass of

the cantilever in vacuum as a function of the

frequency-based Reynolds number. (b) The

fluidic damping of a cantilever immersed in

fluid as a function of the frequency-based

Reynolds number. Shown is the

nondimensional damping g� ¼ RGiðRÞ.
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GxðnÞ ¼
4kBT

k

1

o0

~ooT0GiðR0 ~ooÞ
½ð1� ~oo2ð1þ T0GrðR0 ~ooÞÞÞ2 þ ð~oo2T0GiðR0 ~ooÞÞ2�

where ~oo ¼ o=o0 is the frequency relative to the vacuum resonance frequency

o0 ¼
ffiffiffiffiffiffiffiffiffi
k=m

p
and R0 is the frequency-based Reynolds number using o0. Using the

equipartition of energy theorem and applying it to the cantilever’s potential energy,

we arrive at:

1

2
khx2i ¼ 1

2
kBT ð31Þ

Using this we scale GxðnÞ in Eq. (31) such that:

ðy

0

jx̂xðoÞj2 do ¼ kBT

k
ð32Þ

The value of o at the maximum value of jx̂xðoÞj2 yields a theoretical prediction of

the fundamental frequency in fluid of . Once of is known, an approximation for

the quality factor of the oscillator, Q , is:

QA
1
T0
þ GrðoÞ
GiðoÞ

ð33Þ

Equation (33) is valid only for Q l 1=2 because it neglects to account for the fre-

quency dependence of the mass and fluid loading in Eq. (27) (by considering only

the explicit frequency dependence) which become very important for highly over-

damped cantilevers (i.e. Rk 1).

Using what we have discussed so far let us quantify the stochastic dynamics of

an AFM placed in water. We consider a cantilever with the simple beam geometry

as shown in Fig. 1.4. The cantilever dimensions are length L ¼ 197 mm, width

w ¼ 29 mm and height h ¼ 2 mm. These are chosen so that we can compare with

the analytical and experimental results of Ref. [43]. From beam theory, the effective

spring constant of a cantilever is:

k ¼ 3EI

L3
ð34Þ

which, for the cantilever in question, yields k ¼ 1:3 mN m�1. Using the approach

described in Section 1.2 we use a step force F1 ¼ 26 nN and calculate the deter-

ministic response of the cantilever, X1ðtÞ, as it returns to equilibrium. For detailed

information on the particular computation algorithm we used to solve the deter-

ministic fluid–solid equations, see Refs. [46, 47]. The value of hx1ð0Þx1ð0Þi1=2 is

interesting in that it yields the magnitude of the deflections that would be expected
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in an experiment. For this case we find that hx1ð0Þx1ð0Þi1=2 ¼ 3:16� 10�21 m2.

This indicates that the deflection of the cantilever due to Brownian motion in an

experiment is about 0.056 nm or about 0.003% of the thickness of the cantilever –

an extremely small value even on an atomistic scale. Multiplying this quantity by

the spring constant gives an estimate of the force sensitivity of 73.1 pN, which is

clearly too large to be used as a biological force detector (recall biological force

scales are around 10 pN). The noise spectrum is shown in Fig. 1.6, where there is

good agreement with the approximate analytical theory available for this case.

1.2.4

The Stochastic Dynamics of a Fluid-coupled Array of (BIO)NEMS Cantilevers

We now use this approach to find the auto- and cross-correlation functions for the

equilibrium fluctuations in the displacements of the tips of two nanoscale cantile-

vers with the experimentally realistic geometries depicted in Fig. 1.3. For this case

we would like to emphasize that no analytical expressions or simplified models are

currently available. However, we can again use full numerical simulations and ex-

ploit the fluctuation theorem, which remains exact.

Figure 1.6. The noise spectrum as calculated

from full finite element deterministic numerical

simulation (solid line) and the noise spectrum

from the approximate analytical theory (dashed

line) for an AFM immersed in water (for

experimental results see cantilever c2 in Ref.

[43]). The full numerical simulations include all

of the cantilever modes including two that are

shown in the frequency range of the figure

identified by the two peaks in the simulation

results. The analytical model only considers the

fundamental mode of the cantilever oscillation

resulting in only one peak. Note that more

modes could be included if desired; however,

as shown in the figures, the higher-frequency

modes are strongly damped and will not be

significant in experiment. The micron-scale

cantilever used for this calculation is of the

geometry shown in Fig. 1.4, and has a length

l ¼ 197 mm, width w ¼ 29 mm and height

h ¼ 2 mm. The applied step force is

F1 ¼ 26 nN.
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To do this we again calculate the deterministic response of the displacement of

each cantilever tip, which we call X1ðtÞ and X2ðtÞ after switching off at t ¼ 0 a small

force applied to the tip of the first cantilever, F1, given by Eq. (8). Various possible

cantilever configurations are shown in Fig. 1.7(a–c); however, we will only consider

the case where two cantilevers face one another end-to-end as shown in Fig. 1.7(c).

Again, the equilibrium auto- and cross-correlation functions for the fluctuations

x1 and x2 are given by Eqs. (15) and (16), and the noise spectra G11ðnÞ and G12ðnÞ
are given by Eqs. (17) and (18). The cantilever autocorrelation function and the two

cantilever cross-correlation function are shown in Fig. 1.8(b and c, respectively).

The value of hx1ð0Þx1ð0Þi is 0.471 nm2, indicating that the deflection of the canti-

lever due to Brownian motion in an experiment would be 0.686 nm or about 2.3%

of the thickness of the cantilever. Multiplying this quantity by the spring constant

gives an estimate of the force sensitivity of 6 pN; therefore, a (BIO)NEMS cantile-

ver with this geometry is capable of detecting the breakage of a single hydrogen

bond, indicating its potential as a single-molecule biosensor. The cross-correlation

of the Brownian fluctuations of two facing cantilevers is small compared with the

individual fluctuations. The largest magnitude of the of the cross-correlation is

�0.012 nm2 for s ¼ h and �0.0029 nm2 for s ¼ 5h. The noise spectra for both the

one- and two-cantilever fluctuations are shown in Fig. 1.9(a and b).

The variation in the cross-correlation behavior with cantilever separation as

shown in Fig. 1.8(c) can be understood as an inertial effect resulting from the non-

zero Reynolds number of the fluid flow. The flow around the cantilever can be sep-

arated into a long-range potential component that propagates instantaneously in

Figure 1.7. Schematic showing various

cantilever configurations. In all configurations

the step force F1 is released at t ¼ 0, resulting

in the cantilever motion referred to by X1ðtÞ.
The motion of the neighboring cantilever is

X2ðtÞ and is driven through the response of the

fluid. (a) Two cantilevers with ends facing, (b)

side-by-side cantilevers and (c) cantilevers

separated along the direction of the

oscillations.
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the incompressible fluid approximation and a vorticity containing component that

propagates diffusively with diffusion constant given by the kinematic viscosity nf .

For step forcing, it takes a time tv ¼ s2=nf for the vorticity to reach distance s. For
small cantilever separations the viscous component dominates, for nearly all times,

Figure 1.8. Predictions of the auto- and cross-

correlation functions of the equilibrium fluctua-

tions in displacement of the cantilevers shown

in Figs. 1.3 and 1.7(a). The step force applied

to the tip of the first cantilever is F1 ¼ 75 pN.

(a) Autocorrelation and (b) cross-correlation of

the fluctuations (5 separations are shown for

s ¼ h; 2h; 3h; 4h and 5h, where only s ¼ h and

5h are labeled, and the remaining curves lie

between these values in sequential order).

Figure 1.9. (a) The noise spectrum G11ðnÞ and
(b) the noise spectrum G12ðnÞ as a function of

cantilever separation s for two adjacent

experimentally realistic cantilevers. Five

separations are shown for s ¼ h; 2h; 3h; 4h and

5h, where only s ¼ h and 5h are labeled, and

the remaining curves lie between these values

in sequential order.

18 1 The Physics and Modeling of Biofunctionalized Nanoelectromechanical Systems



and results in the anticorrelated response of the adjacent cantilever in agreement

with [12]. However, as s increases, the amount of time where the adjacent cantile-

ver is only subject to the potential flow field increases, resulting in the initial corre-

lated behavior.

The complex fluid interactions between individual cantilevers in an array are still

an area of active research. Nevertheless, using the thermodynamic approach de-

scribed here it is now possible to describe quantitatively, with experimental accu-

racy, the stochastic dynamics of micro- and nanoscale oscillators in fluid. A com-

pelling feature about these results is that the proposed experiments are just

beyond the reach of current technologies, making the theoretical results that

much more important, as the insight gained will be critical in guiding future

efforts.

1.3

The Physics Describing the Kinetics of Target Analyte Capture on the Oscillator

Now that we have developed the methods necessary to understand the stochastic

dynamics of small cantilevers in fluid we turn to the physics describing the capture

of target analyte. In order to provide analyte specificity, cantilever surfaces are gen-

erally functionalized to contain an array of receptor molecules complementary to

the target analyte (ligand). This functionalization is carried out by constructing a

self-assembling monolayer (SAM), consisting of alkanethiol chains, to which spe-

cific receptor molecules are linked. Among other things, the overall performance

of (BIO)NEMS cantilever-type sensors will depend on the analyte–receptor capture

kinetics and we now discuss a number of issues related to this problem. The basic

situation for analyte binding to the functionalized surface of a cantilever is shown

in Fig. 1.10.

The binding of analyte from bulk solution to a fixed array of receptors located on

a cantilever tip can be described by the kinetic equations relevant to the case of li-

gand binding to cell surface-bound receptors [48–50], i.e.:

dB

dt
¼ ½konLoRo � ðkonLo þ koff ÞB� 1þ konðRo � BÞ

kþ

� ��1

ð35Þ

where B is the number of analyte–receptor bound complexes, Lo is the analyte con-
centration and Ro is the total number of receptors in the functionalized array. This

model equation describes the reversible biochemical reaction:

Rþ L T B ð36Þ

The parameters kon and koff are the usual forward and reverse rate constants for

analyte–receptor binding, and kþ is the so-called diffusion rate constant, which

for the case at hand is just kþ ¼ 4pDac. The quantity D is the analyte diffusion co-

efficient and ac is a length which characterizes the size of the functionalized area,
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e.g. its width. Defining new variables, u ¼ B=Ro and t ¼ koff t, this equation may be

put into the more useful nondimensional form:

du

dt
¼ K 0 � ð1þ K 0Þu

½1þ bð1� uÞ� ð37Þ

with dimensionless parameters K 0 ¼ Lokon=koff and b ¼ Rokon=kþ. This rather

simple kinetic equation describes the analyte–receptor binding under reaction-

diffusion conditions, where the parameter b indicates the extent to which the bind-

ing is reaction limited ðbf 1Þ or diffusion limited ðbg 1Þ.
To give the reader some quantitative insight into this problem, consider the case

of biotin–streptavidin ligand–receptor binding. The functionalized region of the

cantilever tip is taken to have an area of 1 mm2, with a total of 104 receptors linked

to the SAM surface. Note that receptor densities achievable using SAM construc-

tion are several orders of magnitude larger than those observed for specific recep-

tors found on biological cell surfaces. The forward binding rate constant is approx-

imately kon ¼ 5� 106 M�1 s�1, with a reverse rate constant of koff @ 10�3 s�1. In

Figure 1.10. (a) The side view of a single cantilever. (b) A

schematic placing the cantilever in a via. Fluid flows through

the via and around the cantilever shown as a rectangular box in

the center. (c) A closeup view of a cantilever tip that has been

biofunctionalized.
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addition, we find that kþA1012 M�1 s�1; thus, b ¼ 0:05 and the ligand–receptor

binding process is essentially reaction limited. In fact, for cantilever-type devices

designed for detection of biomolecules, we find that the capture process is almost

invariably reaction limited. This means that the capture kinetics is dominated by

the kon and koff rates of the analyte–receptor pair.

There are two issues of importance when it comes to evaluating the performance

of these devices:

(a) The ultimate sensitivity, which will depend on the total number of analytes

captured on the cantilever surface;

(b) The time required to achieve a specified sensitivity, which is determined by the

capture kinetics.

If no other processes of significance are involved in analyte capture, then ultimate

sensitivity can be estimated from a steady-state solution of the model equation

given above. Thus, at steady-state, the fraction of total surface receptors that are

bound by analyte is given by:

us ¼
LoKa

ð1þ LoKaÞ
ð38Þ

where Ka is the analyte–receptor binding affinity. However, depending on the

actual analyte–receptor rate constants and the analyte concentration, this may take

a considerable time to achieve.

In addition to the basic model equation describing the capture of analyte from

bulk solution to surface-bound receptors, there are at least two additional processes

that should be considered in connection with sensor performance evaluation:

(a) The effects of background contaminant biomolecules;

(b) possible surface-enhanced analyte–receptor binding.

Interference by contaminant biomolecules may arise from two distinct mecha-

nisms. The first of these is by competitive binding with the surface receptors, thus

lowering the number of receptors available for analyte capture. Competitive bind-

ing effects may be analyzed by using a straightforward extension of the basic model

equation discussed above. Results of such analyses show that these effects may

generally be neglected even for background biomolecule concentrations approach-

ing 10 times the analyte concentration. This is of course largely due to the fact that

binding affinities for such biomolecules are 1–3 orders of magnitude smaller than

the analyte–receptor binding affinities. The second mechanism involves non-

specific binding of contaminant biomolecules to the SAM surface itself and would

be important if analyte detection were accomplished by mass-loading effects. Even

though achievable receptor surface densities for these devices approach 1012 cm�2,

a molecule in solution still ‘‘sees’’ mostly bare SAM surface. Thus, contaminant

biomolecules may become attached to the cantilever through nonspecific surface
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binding. If one treats the alkanethiol end groups as discrete binding sites on the

SAM surface, then this problem may be handled by a model equation analogous

to the analyte–receptor capture kinetics equation.

Since the concept was first introduced by Adam and Delbruck [51], the possibil-

ity of so-called surface-enhanced ligand–receptor binding has been studied by a

number of investigators [48, 52, 53]. This mechanism involves a two-step process:

(a) Nonspecific binding of ligand from bulk solution to a surface;

(b) Ligand–receptor binding following 2-D diffusion along the surface.

Although this process may easily be modeled by a pair of coupled kinetic equa-

tions, actual quantitative assessment is made difficult by the lack of reliable values

for the relevant parameters, i.e. surface nonspecific binding rate and the so-called

collision-coupling rate constant, kc [48]. The parameter kc is the rate constant for a

surface-diffusing ligand to bind with a surface-bound receptor and is a difficult

quantity to measure experimentally. Nevertheless, it may be useful to attempt to

estimate the magnitude of this effect for a particular device implementation since

it can result in significant enhancement of the analyte capture efficiency for certain

combinations of parameters.

Without considering the parameters of a fully specified sensor it is difficult to

give general estimates for cantilever capture performance. However, if we consider

the kon, koff rates of the biotin–actin system described above, then the binding

affinity will be Ka ¼ 5� 109 M�1. Thus, the steady-state receptor coverage is

expected to be 33% for an analyte concentration of 0.1 nM. While this represents

a very substantial capture efficiency, it should be noted that for these parameter

values it will take many 10s of seconds to approach this coverage. This simple ex-

ample points up an important issue that often arises when attempting to imple-

ment specific sensors of this type: One must usually make a trade-off between

achievable sensitivity and the time required to make a measurement. A number

of applications of these sensors require that detection of the presence of analyte

be accomplished in times that are less than 1 s; not infrequently one wishes to

achieve millisecond (or less) detection times.

So far the discussion has assumed that analyte transport to the cantilever is

accomplished by diffusion only; however, most proposed cantilever sensor imple-

mentations involve the use of a microfluidic system to provide constant flow of

analyte in a carrier fluid. Thus, in principle, one must consider analyte capture

in the context of a reaction–diffusion–convection problem and examine the impact

of convection on analyte capture efficiency. Given the previous discussion regard-

ing the reaction rate-limited nature of the analyte capture process, one expects

that convection will not have a significant impact on capture efficiency. We can

also arrive at this conclusion based on two different fluid dynamics arguments. If

one can show that diffusion effects dominate over convection effects in the system,

then our previous argument regarding the reaction-limited character of the process

still holds and convection cannot contribute significantly to analyte capture. A di-

mensionless parameter, the Peclet number:
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Pe ¼ LU

D
ð39Þ

measures the relative importance of convective flow versus diffusive transport;

here, L is a characteristic length of the system, U is the flow velocity and D is the

diffusion coefficient. For example, if we take L ¼ 1 mm, U ¼ 10 ms�1, and D ¼ 100

mm2 s�1, then we have Pe ¼ 0:1, and diffusion is the dominant transport process.

We may also observe that for laminar flow perpendicular to the cantilever surface a

diffusion boundary layer of thickness d is formed. This boundary layer thickness is

given approximately by:

dALð1=PeÞ1=3 ð40Þ

For the parameter values just used this yields a diffusion boundary layer thickness

of about 2.2 mm; thus, at this flow rate essentially all analyte transport to the canti-

lever surface must be by diffusion. Of course one may also consider significantly

increasing the fluid flow velocity; however, nanoscale cantilevers can easily be dam-

aged by high flow rates. Even if the flow velocity is not high enough to actually dam-

age a cantilever, it can result in a ‘‘bending bias’’ of the cantilever which can interfere

with detection of binding events. We should point out, however, that these argu-

ments should be re-examined when considering specific sensor implementations.

The use of mass-action-derived kinetic equations for the purpose of analyzing

analyte capture performance is completely adequate for analyte concentrations

down to about 0.1–1.0 nM. However, when we consider analyte concentrations in

the picomolar (or smaller) range, concentration fluctuations may become impor-

tant in describing the overall performance of the sensor system. Recall that an an-

alyte concentration of 1 nM corresponds to a molecular density of slightly less that

1 molecule mm�3. In this event one must resort to stochastic methods for describ-

ing the reaction–diffusion process of analyte capture. For this case we mention

an approach originally developed by Gillespie [54, 55] for ‘‘exact’’ stochastic simu-

lation of coupled chemical reactions. Since the approach has been extended by

Stundzia and Lumsden [56] to incorporate diffusion effects, the combined algo-

rithm is suitable for providing a stochastic analysis of the analyte capture problem.

The Gillespie approach is based on the fact that at the microscopic level chemical

reactions consist of discrete events that may be described by a joint probability den-

sity function (PDF). Thus, given a total of m ¼ 1; 2; . . . ;M coupled reactions, con-

sisting of a total of n ¼ 1; 2; . . . ;N species, the appropriate joint PDF is Pðm; tÞ,
where t is the time interval between reactions. This is simply the joint probability

that the mth reaction occurs after a time interval of t, which may be written as

Pðm; tÞ ¼ PðmÞPðtÞ. Expressions for the individual probabilities are readily derived;

these expressions may then be used to implement a rather simple computer algo-

rithm that simulates the evolution of the discrete species concentrations as a func-

tion of time, thus yielding the stochastic kinetics for the system. As Gillespie has

shown [57], the resulting algorithm is an ‘‘exact’’ simulation of the stochastic mas-

ter equation describing the coupled chemical system.
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As mentioned above, as long as analyte concentrations are expected to be in a

range where concentration fluctuations are not important, i.e. greater that about

0.1–1.0 nM, then use of the usual mass-action-derived kinetic equations is per-

fectly satisfactory in estimating the capture kinetics of the sensors considered

here. However, since by its nature the mass-action-derived kinetics computes aver-

age values, this method cannot give one any insight into the stochastic behavior of

the system. While there are no well-defined rules as to when one must consider

fluctuations, it is generally true that when the total number of reactant molecules

(ligands) in the reaction volume is only of the order of several hundred, then one

should begin to suspect that fluctuations may play an important role in the system

behavior. In such cases it is advisable to investigate this possibility through the use

of a stochastic simulation algorithm such as the one described above.

1.4

Detecting Noise in Noise: Signal-processing Challenges

Although space does not permit a detailed analysis of the various signal-processing

methods that may be used in conjunction with (BIO)NEMS cantilever-type sensors,

we present a simple analysis of the most basic signal detection method that one

might employ. For this analysis we assume a single passive cantilever that utilizes

a piezoresistive transducer to sense the fluctuations in the cantilever tip. As dis-

cussed before, the term passive simply means that we do not actively drive the

cantilever motion in order to provide for a lock-in detector-type processing system.

Under these assumptions, and with no analyte bound to the cantilever, the mean-

square displacement of the cantilever tip due to fluid fluctuations is given by:

hx2ðtÞi ¼ 4kBTge
k2

ð41Þ

where kB is Boltzmann’s constant, T is the temperature, ge is the effective damping

constant for the cantilever and k is the effective spring constant for the cantilever.

The mean-square voltage signal into the front end of a signal-processing system is

then just:

hv2ðtÞi ¼ jG � Ij2hx2ðtÞi ð42Þ

with G being the transducer conversion coefficient and I being the piezoresistive

bias current.

We next assume that the presence of bound analyte on the cantilever tip appears

as a change in the effective cantilever damping constant, i.e. ge ! gbe . Note that in

this situation our ‘‘signal’’ appears as a change in the mean-square fluctuations of

the cantilever tip. From a signal detection theory standpoint we are attempting to

discriminate against the presence of two random voltages, both being Gaussian
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distributed but having different variances. Our expressions for the mean-square

voltage fluctuations yield a (power) signal-to-noise ratio, (SNR)p, of:

ðSNRÞp ¼ gbe
ge

ð43Þ

Note that since our expression for the mean-square displacement fluctuations was

essentially derived from a fluctuation–dissipation theorem, these expressions are

for a system with infinite bandwidth. Our expression for SNRp may thus be called

an inherent signal-to-noise ratio for this detection modality. The simplest possible

processing of this signal then amounts to sending it through a low-noise root

mean square (r.m.s.) detector with threshold. The threshold is set to achieve the

desired balance between probability of detection and false-alarm probability (cf.
Ref. [58]).

Of course, since it is usually required that one achieve the highest possible sys-

tem sensitivity, more sophisticated signal-processing techniques than the simple

r.m.s. detector are usually required. We will mention only two such possibilities:

(a) Passive detection using a reference cantilever;
(b) Active detection using a reference cantilever and lock-in (phase) detection.

In the first case we incorporate an additional cantilever, which is not functional-
ized, into the system. One may then use a technique which is analogous to one

developed in the early days of radio astronomy. In this implementation one period-

ically switches between the reference and sensing cantilevers to make what

amounts to a phase-detection measurement of the ‘‘signal’’ power. The method al-

lows one to eliminate the front-end electronics noise and to make a much better

estimate of the no-signal power, thus allowing an improved signal-to-noise ratio.

In the second approach we move to an active system where the reference and sens-

ing cantilevers are subjected to periodic deflection forces that are 90� out of phase.

This allows one to directly utilize lock-in amplifier (phase detector) technology to

achieve significant enhancements to the achievable signal-to-noise ratio. For details

on these and other more sophisticated signal-processing approaches to the detec-

tion of cantilever sensor signals, the reader is referred to Refs. [58–60].

1.5

Concluding Remarks

The physics and modeling of (BIO)NEMS devices poses many theoretical chal-

lenges that must be faced as experiment continues to push measurement to the

nanoscale. In this chapter we have just scratched the surface of this exciting new

field. In picking one particular example to focus upon it was our intent to leave the

reader with an idea of some of the physics and modeling issues that one may

encounter.
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2

Mathematical and Computational Modeling:

Towards the Development and Application of

Nanodevices for Drug Delivery

John P. Sinek, Hermann B. Frieboes, Balakrishnan Sivaraman,

Sandeep Sanga, and Vittorio Cristini

2.1

Introduction

Within recent decades, quickening research and development of liposomal and

nanoparticle delivery systems has made Paul Ehrlich’s dream of zauberkugeln –

therapeutic magic bullets – a reality. Although these bilipid and polymeric fabri-

cations of the modern laboratory never received the scrutiny of his microscope, their

potential to seek out and destroy specific pathogens while leaving the body’s healthy

tissues relatively unharmed promises to fulfill the paradigm of targeted drug deliv-

ery that he envisaged. A critical advantage afforded by the use of molecularly tar-

geted nanovectors over conventional free-drug and antibody-based therapy is highly

tunable selectivity, which greatly increases the therapeutic index of any given drug.

A plethora of excellent experimental work has been undertaken ranging

from surface modification to prolong circulation, to ligand–particle conjugation to

augment selectivity [1–17]. Mathematical and computational modeling can com-

plement this experimental work by providing insight and guidance in both the

fabrication and the performance of nanotechnology. A popular concern of such

modeling is exemplified in work [18, 19] in which drug-release behavior of nano-

devices is modeled according to the laws of mass balance and Fickian diffusion.

However, the performance of micro- and nanodevices must be considered in the

context of a dynamic biological environment, spanning several scales and modes,

including the intravascular, the intratumoral and even the intracellular. Therefore,

it is not merely what such devices do in isolation that requires investigation, but

also what they do in the body, and what the body does, or attempts to do, to them.

From this perspective, a principal consideration in the optimization of nanodevice

performance is a thorough understanding of those bodily environments and sys-

tems with which the devices will interact. Thus, we do not merely use mathematics

and computation to model the nanodevice, but rather to model the performance of

the nanodevice/body system. The implications for improvement in not only the

devices themselves, but also modes of delivery and possible adjuvant treatments

to maximize performance (see, e.g. Ref. [20]), can be readily appreciated.

The treatment of cancer employing liposomes and nanoparticles provides fertile
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ground for demonstrating this approach. For example, the modeling and simula-

tion of vasculogenesis and hemodynamics [21–23] point out difficulties in homo-

genously delivering nanovectors to tumoral lesions. This has consequences for

their design specifications, such as circulation time, loading and release kinetics.

Furthermore, fundamental performance limitations imposed by the biological en-

vironment must be defined in order for the direction of future development to be

determined. Work on opsonization prevention by authors such as Torchilin and

coworkers [24], and work on receptor–ligand binding by Bell [25] and Cozens-

Roberts and coworkers [26, 27], has a direct influence on the design of liposomes

and nanoparticles. Overprotection from protein adsorption may interfere with de-

sirable receptor–ligand binding and therefore both potentials must be mutually op-

timized. Alternately, methods could be developed that circumvent interference. As

yet another example, in silico modeling of nanoparticle chemotherapy, such as that

performed by Sinek and coworkers [28], can demonstrate potential strengths as

well as weaknesses in the particle-vectored delivery paradigm. Knowing the ob-

stacles and options along one’s path is at least half of what is required in planning

one’s journey.

The treatment of cancer motivates the lion’s share of nanodevice drug delivery

research and provides excellent modeling opportunities in the spirit of what has

been discussed above. In this chapter we identify four critical scales or environ-

ments which intravenously injected nanovectors must navigate in order to extra-

vasate in sufficient quantity into tumoral tissue and deliver drug in the most effica-

cious manner. The corresponding functions at each of the scales they must

successfully perform are

� To avoid uptake by the reticuloendothelial system (RES) while in circulation.
� To navigate irregularities of tumoral vasculature and homogenously extravasate.
� To selectively bind to cancer cells and undergo endocytosis.
� To release drug at a level and on a timescale that optimizes cell kill without pre-

cipitating tumoral fragmentation.

Mathematical models and computer simulations regarding each of the four phases

are discussed in the following sections. The mathematics used ranges from simple

force-balance systems to stochastic processes and sophisticated reaction–diffusion

solvers. To our knowledge, while facets of nanodevice drug delivery modeling have

been expertly treated, no attempt has been made at integrated modeling encom-

passing the many scales of the problem. Defining those scales while providing ex-

amples of models that address each of them is a beginning to unification.

2.2

RES Avoidance

The RES is a system of macrophages and specialized cells lining the liver, spleen,

bone marrow and lymphatic tissue. Unprotected colloidal moieties, including lipo-
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somes and nanoparticles, are sequestered and removed from circulation by the RES

too rapidly for them to be effective [29]. A representative accumulation due to

sequestration by the reticuloendothelial system is in the liver (60–90% of injected

dose), spleen (2–10%), lungs (3–20%) and bone marrow (above 1%) [30, 31]. Not

only does removal from circulation prevent particles from reaching their intended

target, but also the accumulation in unintended sites could present a toxic threat.

A critical factor in avoiding this uptake is the prevention of opsonization, i.e.

the accrual of proteins on the particle surface. The principal way in which this

is achieved is by making suitable surface modifications to the particles [12]. Devel-

opments chiefly revolve around coating particles with hydrophilic polymers and

surfactants. In an early study, Wilkins and Myers [1–3] treated polystyrene par-

ticles with polylysyl gelatin and gum Arabic, resulting in an altered distribution

throughout the RES, but ultimately the same total sequestered fraction as with

untreated particles. Later, Tröster and coworkers [4] and Tröster and Kreuter [5]

performed an extensive study of 13 surfactants and polymers as coatings for nano-

particles, and were able to significantly reduce total RES uptake at 30 min post-

injection, with uptake increasing to the same level as with uncoated nanoparticles

after 7 days. Bazile and coworkers [6] developed nanoparticles based on methoxy

poly(ethylene glycol) (PEG)–poly(lactic acid) (PLA) blends, and, by employing 14C

labeling, demonstrated a reduction in their capture by cultured THP-1 monocytes.

Poloxamine- and poloxamer-coated nanoparticles have also been studied with re-

spect to liver and spleen uptake and circulation longevity in rabbits and rodents

with favorable results [7–11]. Today, popular coating materials are PEG, poly(ethyl-

ene oxide) (PEO), poloxamer, poloxamine, polysorbate (Tween-80) and lauryl ethers

(Brij-35) [12].

Insight can be gained in modeling the mechanisms by which polymers like PEG

and PEO reject protein adhesion to nanovectors. Lasic and coworkers [32] offer a

qualitative model of particle rejection in which steric repulsion is generated by a

surface of hydrated PEG chains that ‘‘brush’’ away incoming macromolecules. In-

deed, the term ‘‘steric stabilization’’ has become standard in describing polymer-

mediated protection. In what follows, we present models by Torchilin and co-

workers [24] and Jeon and coworkers [33]. In the former, statistical simulations

demonstrate the area of coverage of polymer chains as functions of their flexibility

and length. The optimization of these parameters as well as the surface coating

density is one goal. The latter model focuses on the balance of forces keeping pro-

teins removed from the particle or liposome surface.

2.2.1

A Statistical Model of Nanovector Surface Coverage

Torchilin and coworkers [24] model nanoparticle protection as statistical ‘‘clouds’’

produced by surface-grafted PEG chains that rapidly transit within a ‘‘space’’ of

conformations. The surface covered by these clouds is unavailable for blood protein

binding, and therefore the density and area of coverage produced by each polymer

chain is of interest.
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A single polymer chain is modeled as being composed of a number of segments

(e.g. 20), each a fixed unit in length (e.g. 1 nm). Each joint can be selectively articu-

lated and, reckoning from joint 0 anchored into the particle, the mass of each seg-

ment is assumed to be concentrated at the distal end (Fig. 2.1). By simulating nu-

merous conformations, an empirical probability distribution in the space directly

above the liposome surface can be constructed. By coupling this distribution with

the rate of conformation change, the apparent density of the cloud and, therefore,

its ability to sterically hinder proteins can be known. Three parameters are critical

– the degrees of freedom (or flexibility, as Torchilin calls it) of the polymer chain,

its length and its rate of conformation change. To simulate a flexible polymer chain

(one having many degrees of freedom), one would allow complete articulation at

each joint. To simulate a less-flexible chain, some of the joints would be locked.

The probability distributions in Fig. 2.2 show the effects of chain length and

flexibility.

Torchilin’s model can be used to optimize steric protection, which must be bal-

anced against targeting affinity, if this is desired (see Section 2.4). In general, den-

sity and area of coverage increase as the length (weight) and flexibility of polymer

chains increase. From the model simulations, the number of polymer chains to be

attached to a given nanovector required for a specified degree of coverage, while

still providing for accessibility to targeting ligands, can be calculated. Results are

given in Fig. 2.3 and are in agreement with experimental data [24–35].

Figure 2.1. Model of a polymer chain attached to the particle

or liposome surface. (a) Single conformation of one chain.

(b) Superposition of 11 random conformations. (Reprinted

from Ref. [24], p. 14, 8 1994, with permission from Elsevier.)
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Figure 2.2. Simulated distributions of polymer

conformations in space directly above the

particle surface. (a–c) Effect of polymer length.

(a) Short-chain polymer provides little

protection. (b) Optimal chain length provides

adequate protection while leaving enough

surface exposed for receptor–ligand

interaction. (c) Excessive length hinders the

function of potential targeting ligands on the

polymer surface. (d) Rigid polymer is

simulated in the upper panel by assuming four

segments of 5 nm each. Although the area of

protection appears large, the density of

coverage is compromised. Flexible polymer is

simulated in the lower panel by assuming 20

segments of 1 nm each. All simulations

assume the density of the segments is

concentrated in their distal ends. (Reprinted

from Ref. [24], pp. 16 and 15, 8 1994, with

permission from Elsevier.)
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Figure 2.3. Model predictions for the minimum number of

PEG molecules of a given weight needed for 100% coverage of

a liposome of radius 100 nm. (Reprinted from Ref. [24], p. 17,8 1994, with permission from Elsevier.)

Figure 2.4. Pictorial description of the model

used by Jeon and coworkers. The two principal

forces that mediate binding are steric repulsion

due to compression of the PEO chains, and

hydrophobic attraction between the protein

and solid substrate. Van der Waals attraction

plays a minor role. (Reprinted from Ref. [33],

p. 150, 8 1991, with permission from Elsevier.)
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2.2.2

Modeling the Forces Mediating Protein Approach and Binding

While surface availability is one determinant of opsonization, ultimately it is the

forces between a particle and approaching protein that determine whether it binds.

Jeon and coworkers [33] model the approach of a protein with a hydrophobic patch

to a hydrophobic particle substrate surfaced with PEO chains as in Fig. 2.4.

The principal forces considered are steric repulsion due to compression of the

PEO chains and hydrophobic attraction between the protein and the substrate, al-

though van der Waals attraction plays a minor role. These forces are functions of

PEO chain separation distance D (a measure of density) and polymerization N (a

measure of length). Their corresponding free energies are given as:

FSt ¼ K1ND
�11=3 K2ND�2=3

d

� �5=4
� 1

 !

þ 5

7

d

K2ND�2=3

� �7=4
� 1

 !" #

FHyd ¼ �K3e
�d=14

where the K ’s are positive constants, and d is the separation of protein and poly-

meric substrate.

Consulting Fig. 2.5, as the protein approaches the PEO-coated substrate, it expe-

riences hydrophobic and, to a lesser extent, van der Waals attraction. The hydro-

phobic attraction free energy is negative and decreasing with approach, as shown

in Fig. 2.5(a). However, strong repulsive steric forces generated by compression of

the PEO chains are soon encountered and dominate (Fig. 2.5(b)). Depending on D
and N, the sum of their free energies can produce an energy well as illustrated in

Fig. 2.5(c). It is the depth of this well that determines how tightly bound the pro-

tein becomes. As might be expected, high surface density (low values of D) and
long chain length of PEO (high values of N) are desirable for optimal protein resis-

tance, with surface density having a greater effect. Furthermore, PEO retains an

advantage among water-soluble synthetic polymers due to its low refractive index,

resulting in low van der Waals interaction with the protein.

2.3

Tumoral Vasculature and Hemodynamics

All systemically administered drug therapy, whether free or nanovectored, relies

upon the tumoral vasculature to gain access to malignant cells. As the quantity

and uniformity of extravasated nanovectors is of pivotal importance to the success

of therapy, models of tumoral vasculogenesis and hemodynamics are indispens-

able. However, the tumor vasculature is notorious for its irregularity [20, 36, 37].

The tumor vasculature does not follow the normal organizational pattern in which

an artery connects to an arteriole to a capillary to a postcapillary venule to a venule

to a vein. Instead, a tumor venule may connect to another venule via capillaries or
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postcapillary venules. The organization may also be spatially and temporally het-

erogenous. The blood flow in tumors grown in transparent windows has been in-

vestigated and found to be intermittent, periodically abating and reversing [37, 38].

Tumor vessels are also dilated, saccular and hyper-fenestrated, often containing

cancer cells within the vessel endothelial lining. Hobbs and coworkers [39] found

that the pore sizes in one human and five murine tumors ranged from 380 to 780

nm, significantly higher than in normal tissue. While this pore size is used to ad-

vantage in the preferential extravasation of particles at lesion sites, it also leads

to increased fluid extravasation and interstitial pressure. As extravasation from the

vasculature depends in part on convection, this increased pressure may unfavor-

ably influence transport. In addition to interstitial fluid pressure, a tumor has a

separate mechanical pressure associated with cellular proliferation. Padera and

coworkers [40] found that this mechanical stress plays a key role in the collapse of

tumor vessels and further restriction of the blood supply in the tumor.

Mathematical models have revealed that the topology of the tumoral vasculature

may have a significant impact on blood flow through the network. Secomb and

Hsu [41] suggested that irregularities in the vascular geometry could lead to a 2-

fold increase in the vascular resistance, relative to the resistance measured in a

uniform tube with the same mean diameter. Baish and coworkers [22] have found

similar characteristics. In a later work, Baish and coworkers [42] showed that the

excessive compliance and leakiness of tumoral vasculature causes blood flow to be

diverted from the center of the tumor to its periphery. Recently, Sinek and co-

workers [28] have demonstrated that vasculature irregularities are as detrimental

to particulate drug delivery systems as to free-drug administration. Results such

as these suggest the need for therapies designed to ‘‘normalize’’ the vasculature

[22, 20]. Pruning immature and inefficient blood vessels may lead to a more nor-

mal vasculature of vessels reduced in diameter, density and permeability, with the

potential of restoring more normal hemodynamics.

We next consider models and simulations of both vasculogenesis as well as

hemodynamics [21–23]. We furthermore review work performed [43] regarding er-

ythrocyte and leukocyte dynamics within capillaries, which is highly nonlinear and

cannot be inferred solely from the dynamics of a strictly Newtonian fluid.

2.3.1

An Invasion Percolation Model of Vasculogenesis and Hemodynamics

Baish and coworkers [22] used an invasion percolation model of vasculogenesis to

investigate the heterogeneity of vessel perfusion and resistance to flow. The princi-

ple of invasion percolation is that vascular growth follows the gradient of a sub-

H————————————————————————————————————————

Figure 2.5. (a) Free energy due to hydrophobic

attraction and (b) free energy of steric repul-

sion. Depending on the values of D and N,

an energy well can be created as in panel (c).

The depth of the well determines the force of

binding. For low values of D (high density),

steric repulsion dominates; for higher values,

energy wells are produced. Strongest binding

occurs for D ¼ 9 or above. (Panel c reprinted

from Ref. [33], p. 157, 8 1991, with permission

from Elsevier.)
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strate’s material weakness rather than responds to a physiological stimulus, such

as the gradient of oxygen. To simulate the network, the model begins with a square

array of lattice points to which material ‘‘strengths’’ are assigned. The network is

then ‘‘seeded’’ at the lower left point. In subsequent iterations it extends to, or

invades, the point adjacent to the network that has the lowest strength. This is re-

peated until a desired vessel ‘‘occupancy’’ (density) is attained (Fig. 2.6).

The structure of their simulated networks was characterized by two measure-

ments propounded earlier by Gazit and coworkers [44] in their studies on mice –

the fractal dimension dvasculature and the minimum path length dmin. The table

reprinted here as Fig. 2.7 compares several known network growth processes to

Figure 2.6. Examples of two networks produced by the

invasion percolation model of Baish and coworkers, showing

the network produced when 80 (a) or 60% (b) vessel

occupancy is specified. (Reprinted from Ref. [22], p. 332,8 1996, with permission from Elsevier.)

Figure 2.7. A comparison of the values of d vasculature and dmin

for several known growth processes and processes observed

in vivo. Note the agreement between the invasion percolation

model and tumor vessels. (Reprinted from Ref. [22], p. 331,8 1996, with permission from Elsevier.)
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Figure 2.8. (a) Probability distributions of

distance from the nearest vessel for both

normal and tumoral tissue. (b) Probability

distributions produced by the invasion

percolation model set to various vessel

occupancies. The long ‘‘tail’’ of the distribu-

tions is a hallmark of tumoral tissue and is

well reproduced in the model simulations.

(Reprinted from Ref. [22], pp. 334 and 335,8 1996, with permission from Elsevier.)
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those observed in vivo by Gazit and coworkers [44], and demonstrates the close cor-

respondence between the results of invasion percolation and tumoral vessels.

With respect to the heterogeneity of perfusion, Fig. 2.8 shows typical probability

distributions of distance from the nearest vessel. The important characteristic here

is the long tail seen in tumoral vasculature distributions, which is qualitatively re-

produced by the percolation model. This means that a significant portion of tu-

moral tissue is distant from vessels, not only reducing oxygenation, but also the

transport of chemotherapeutic agents, especially particles that are expected to de-

liver their death signal via endocytosis.

The percolation model also predicts inefficient and heterogeneous flow as well as

the increased resistance found in tumoral vasculature. In contrast to the fairly uni-

form fluid flux found in a regular mesh, a few of the vessels of a percolation net-

work carry a disproportionately large flux, while some of the vessels are almost

stagnant. In line with this, tumors are typically associated with a higher flow resis-

tance than normal tissue even though they contain a higher proportion of large-

diameter vessels [38, 45–48]. For example, tumoral vessels are typically 50%

greater in diameter than those of normal tissue. Since flow resistance varies inver-

sely with the fourth power of diameter, one would expect the resistance to be 20%

of that in normal tissue. Even decreasing the vascular density by half would only

increase resistance 2-fold, still yielding a net 40% of resistance found in normal

tissue. According to the percolation model, however, halving the vascular density

increases the resistance 7-fold – more than enough to offset the vessel diameter

advantage.

2.3.2

Flow Simulations Using Anderson and Chaplain’s Model

Unlike the previous angiogenesis model [22], Anderson and Chaplain’s model

[21] relies heavily upon physiological stimuli. In order to produce veridical net-

works, they note that tumor angiogenic factors (TAFs), such as vascular endothelial

growth factor, and fibronectin, a large, non-diffusing molecular constituent of the

extracellular matrix, play key roles. TAFs, produced by perinecrotic cells starved of

nutrients, induce a chemotactic response in endothelial cells (the essential com-

ponent of blood vessels), causing them to degrade their parent vessel’s basement

membranes and migrate towards the tumor. Fibronectin, existing naturally in

most tissues and also produced and degraded by endothelial cells, forms an adhe-

sive matrix upon which they can migrate. As the endothelial cells move chemotac-

tically up the gradient of TAFs towards the tumor, consumption of fibronectin pro-

duces lateral gradients enabling them to spread via haptotaxis. The interaction of

endothelial cells with the extracellular matrix is crucial to the model. In particular,

without the interaction of endothelial cells and fibronectin, the lateral motion of

the cells, necessary to form vessel loops, requires a much higher random diffusiv-

ity than is experimentally measured.

Anderson and Chaplain’s is a hybrid continuum–discrete model. Endothelial cell

density e, along with TAF c and fibronectin f , are modeled with a system of contin-

uum reaction–diffusion equations incorporating chemotaxis and haptotaxis:

40 2 Mathematical and Computational Modeling



qe

qt
¼ De‘

2e� ‘ � ðae‘eÞ � ‘ � ðbe‘f Þ

qf

qt
¼ nf e� hf ef

qc

qt
¼ �hcec

The first term on the right-hand side in the first equation represents cell diffusion

(relatively weak) with diffusivity De, while the second and third represent chemo-

taxis up the TAF gradient and haptotaxis up the fibronectin gradient. a and b can

be constant; however, it is more realistic to have a be a decreasing function of TAF

[21]. The terms in the second equation represent production and uptake of fibro-

nectin by endothelial cells, with nf and hf being constant. The term in the last

equation represents uptake of TAF, with constant rate hc. Initial conditions for en-

dothelial cell density are set by seeding several small regions of high-density

‘‘sprouts’’ along a parental vessel (see below in Fig. 2.10). Initial fibronectin and

TAF are assumed to be produced from the parental vessel and the perinecrotic

rim just within the tumor, respectively. This results in concentrations decaying

with distance from their sources. (Evolution of endothelial cell density is shown in

Fig. 2.10.)

The discrete portion of the model is a reinforced random walk of blood vessel

tips that begin at the endothelial sprouts. These tips probabilistically follow endo-

thelial cell density as shown in Fig. 2.9. Higher densities of cells bias the random

walk of the tip in their direction. Further rules determine capillary branching and

Figure 2.9. The vessel tip is initially in the

middle. At the next time step it transits to one

of the four neighboring grid points with proba-

bilities P1–P4 or it stays at its present location

with probability P0. The probabilities are deter-

mined by the underlying endothelial cell density

shown in Fig. 2.10. (Reprinted from Ref. [23],

p. 679, 8 2002, with permission from Elsevier.)
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Figure 2.10. (a) The evolution of endothelial

cell density of Anderson and Chaplain’s model,

beginning with three dense regions (sprouts)

in the top left. Density proceeds across the

region up the gradient of TAF towards the

tumor, whose boundary is assumed on the

right edge. Consumption of fibronectin

produces gradients that allow for the lateral

spreading of the cell density. (b) The evolution

of the actual vessels, whose tips probabilisti-

cally follow endothelial cell density. (Reprinted

from Ref. [21], pp. 870 and 883, 8 1998, with

permission from Elsevier.)



the formation of loops (anastamoses) enabling circulation. The result is a realistic

capillary network with its essential dendritic structure as well as the reproduction

of the experimentally observed ‘‘brush border’’, whereby extensive branching is ob-

served just before the network penetrates the tumor [49, 50].

McDougall and coworkers [23] used Anderson and Chaplain’s model to simulate

blood and drug flow to tumors. They analyzed effects of blood viscosity, pressure

drop across parental vessel, mean radius of capillaries and radius of parental vessel

by tracking the total quantity of drug within the vasculature in time.

The specifics of the model are as follows. A network is generated using Ander-

son and Chaplain’s algorithm as in Fig. 2.10, which is then mapped to a Cartesian

grid. Then a radius Rij is randomly assigned from a probability distribution to each

element (vessel segment) joining nodes i and j on the grid. At each node i there
exists a pressure Pi, and through each element joining nodes i and j there exists a

flux Qij. This flux is assumed to obey Poiseuille’s law:

Qij ¼
pR4

ijDPij

8mLij

where Lij is the length of element ij and m is fluid viscosity. Imposing mass conser-

vation at each node i via:

X

1aja4

Qij ¼ 0

where j varies over the four adjacent lattice nodes results in an exactly determined

system of linear equations given the pressure drop across the parental vessel. The

parental vessel feeds all capillaries going into the tumor.

To analyze drug flow, total drug mass M within the vasculature is tracked in time

for values of four important parameters: blood viscosity, pressure drop across pa-

rental vessel, mean radius of capillaries and radius of parental vessel. A steady-

state infusion as well as a bolus injection is shown in Fig. 2.11 for a base set of pa-

rameter values. The graph of M in time is shown for the continuous infusion and

is compared to other graphs that result when, for example, mean capillary radius

or viscosity are changed. When viscosity is raised, although the same limiting

amount of drug mass is eventually reached within the vasculature My, the time

required to reach that level is greater. Lowering the mean radius of the capillary

bed, however, decreases the carrying capacity of the network so that My is, itself,

reduced.

It is apparent that understanding results such as these is crucial to optimizing

nanovector delivery. With increasing precision of measurement of the tumoral en-

vironment so as to provide more accurate input parameters, such simulations may

improve to the point that they can quantitatively model a given patient’s lesion and

contemplated therapy, bringing to bear the full weight of intervention on the

disease.
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Figure 2.11. Simulations of drug delivery. The

parental vessel runs across the top, with blood

flowing from left to right. The tumor boundary

runs along the bottom. (A) The left upper set

of panels show a continuous infusion for a

base set of parameters (blood viscosity,

pressure drop across parental vessel, mean

radius of capillaries and radius of parental

vessel). Blood begins to flow into the vascular

bed through the first two vessels in (b) and

(c). It begins to flow out of the bed back

towards the parental vessel in frames (d)–(f ).

Steady-state is reached by frame (i). The right

upper set of panels show a bolus injection for

the same base set of parameters. The lower

set of graphs shows the effects of changing

parameter values on the amount of drug in the

vasculature M in scaled time t (continuous

infusion).(B) From top to bottom shows the

effect of increasing viscosity of blood: time to

vascular saturation is lengthened although the

saturation level remains constant. (C) From

top to bottom shows the effect of decreasing

the mean capillary radius: saturation capacity

is severely reduced. (Reprinted from Ref. [23],

pp. 689, 696, 690 and 691, 8 2002, with

permission from Elsevier.)

44 2 Mathematical and Computational Modeling



2.3.3

Particle Dynamics within the Tumoral Vasculature

The fluid flow dynamics discussed above become even more complex when partic-

ulate carriers are involved. Schmid-Schönbein and coworkers [43] model the flow

of blood cells at vascular branches and find that the distribution of cells at a vessel

bifurcation is nonlinearly related to bulk fluid flow through the branches. The anal-

ysis easily extends to liposomes and, to a lesser extent, nanoparticles. Figure 2.12

depicts the situation where a parental vessel splits into two daughter vessels.

Here, important parameters are the left and right angles of separation yL and yR

and the radii of the daughter vessels rL and rR. A particle that approaches the bifur-

cation may not be centered in the vessel, thus we measure its eccentricity e, de-
fined as its distance from the centerline divided by the radius of the parental ves-

sel. Letting the proportions of particles that enter either the left or right daughter

vessel of a symmetric bifurcation (yL ¼ yR and rL ¼ rR) be denoted by jL and jR
ðjL þ jR ¼ 1Þ, and also letting the proportions of total flow (all particulate matter

and plasma) that enter each daughter be cL and cR, we can write particulate distri-

bution as a function of total flow distribution and eccentricity j ¼ jðc; eÞ, ‘‘R’’ and
‘‘L’’ subscripts having been dropped. Note that in the symmetric case it is not nec-

essary that cL ¼ cR ¼ 0:5 since blockages may exist downstream of one of the

daughters. In the general case, this function will also depend upon the branching

angles, daughter vessel radii and possibly other geometric information.

Several important results are obtained, perhaps the most notable being the non-

linear relationship shown in Fig. 2.13 in the case of symmetric branching. For par-

ticles whose diameter is small compared with the diameter of the vessel, jR ¼ cR.

Figure 2.12. Diagram of a vessel bifurcation. Some important

parameters are the branching angles yL and yR, the radii of the

daughter vessels, and the eccentricity of the approaching

liposome or particle. The latter is defined as axial displacement

divided by vessel radius.
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Otherwise, jR is very sensitive to deviations in cR from 0.5, resulting in the steep

curve. In the limit where the diameter of the particle is almost equal to the diame-

ter of the vessel, this curve becomes vertical, so that for cR > 0:5, all particles flow

to the right, i.e. jR ¼ 1. However, there are notable exceptions for particles that

cling to the endothelium, such as leukocytes. In some experiments performed by

Figure 2.13. Relationship between bulk flow

distribution into left and right daughter vessels

(cL and cR) and particle flow distribution

(jL and jR). (a) For particles that are small

in comparison to vessel radius, bulk flow

distribution and particle flow distribution are

the same (diagonal line). As the relative

particle size grows, a sigmoidal relationship

becomes evident. At the limit, the step

function results where jR ¼ 1 for cR > 0:5.

(b) Data from an experiment performed by

Schmid-Sch€oonbein and coworkers on red blood

cells (dots) together with a least-squares fit

(solid curve). (Adapted from Ref. [43], pp. 24

and 27, 8 1980, with permission from

Elsevier.)
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Schmid-Schönbein and coworkers [40], in spite of a high percentage of the bulk

flow to the right (cR b 73%), white blood cells that were biased to the left, with

some rolling along the endothelium, still entered the left branch. Although the ec-

centricity of the cells had an effect, this behavior was far less pronounced for red

blood cells under similar conditions.

2.4

Receptor–Ligand-mediated Binding

Much effort has been devoted to conjugating cell-targeting ligands on nanopar-

ticles and liposomes in an attempt to improve specificity. The objective is that

particles whose surface is covered by a layer of ‘‘adhesive molecules’’ (ligands) will

tether to target cells expressing receptors for the ligands. These targets may be cells

of tumor endothelium or the tumor cells themselves, which typically overexpress

certain receptors, e.g. folate receptors, in comparison to normal cells. Lee and Low

[51] were among the first to suggest that liposomes could be targeted to cancerous

KB cells by conjugating them with folic acid (Fig. 2.14). Folate conjugates have a

high affinity for cell-surface folate receptors (KD @ 10�10 M) [52]. Additionally, fo-

late is inexpensive, stable during storage and in vivo circulation, and nontoxic. The

steps in the folate-targeting of liposomes to cancer cells are shown in Fig. 2.15 and

are as follows [17]:

� Liposomes pass through the tumor microvasculature.
� The increased vascular permeability of the tumor tissue enables the liposomes to

extravasate into the tumor interstitial fluid.

Figure 2.14. Scheme for creating folate-targeted

doxorubicin(DOX–PEG–FOL) Nan conjugates. The folate-

targeting moieties at the end of the PEG chains improve the

targeting efficiency of the nano-aggregates. (Reprinted from

Ref. [15], p. 248, 8 2004, with permission from Elsevier.)
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� Drug is released gradually from the liposomes that remain in the interstitial

fluid, enters the tumor cells as free drug, and exerts a cytotoxic effect.
� The other liposomes bind to the folate receptors on the surface of tumor cells via

the folate ligand. It is important to note that due to the limited diffusion capacity

of the liposomes, generally only the tumor cells closest to the blood vessels are

associated with this binding.
� These liposomes are then internalized by the tumor cells via folate receptor-

mediated endocytosis.

Figure 2.15. (a) Schematic diagram illustrating

the concept of folate-targeting of liposomes to

cancer cells. After preferential extravasation

from hyper fenestrated tumoral vasculature,

conjugates bind to tumor cells and are endo-

cytosed. (Reprinted from Ref. [17], p. 1179,8 2004, with permission from Elsevier.)

(b) Folate receptor-mediated endocytosis of

nanovectors containing anticancer drugs. The

formation of endosomes that encapsulate the

conjugates protects them from P-glycoprotein,

MRP, GS-X and other efflux proteins. (Adapted

from Ref. [53], p. 40, 8 1998, with permission

from Elsevier.)
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� The internalized liposomes then release the drug, which is free to exert its cyto-

toxic effect on the cells.

Research has shown that conjugates can overcome the multidrug resistance effect

of the P-glycoprotein efflux pump due to their cellular uptake via folate receptor-

mediated endocytosis [54]. According to Turek and coworkers [52], the process of

endocytosis consists of receptor–ligand binding followed by internalization in

clathrin-coated pits (clathrin is a protein that is the major constituent of the

‘‘coat’’ of the coated pits that are formed during the endocytosis of materials at

the surface of cells) or ‘‘uncoated’’ caveolae (small invaginations in the plasma

membrane that play a role in endocytosis as well as signal transduction and are

observed especially in endothelial cells). As seen in Fig. 2.15, when the receptors

bind to their target molecules, the pit deepens until a clathrin-coated vesicle is re-

leased into the cytosol. Due to the fact that the liposomes are encapsulated in these

endosomal vesicles, they escape being effluxed by the P-glycoprotein efflux pumps.

Understanding the kinetics of receptor-mediated cell attachment would be of ser-

vice in the design and optimization of ligand-conjugated nanovectors. An impor-

tant question is, what are the strength and density of bonds needed to achieve ade-

quate adhesion under various stresses? Bell [25] developed a deterministic model

for cell attachment in the absence of fluid stress and cell detachment in the pres-

ence of fluid stress. We give an account of his work first, followed by a stochastic

reanalysis. Another stochastic treatment of receptor–ligand binding can be found

in Cozens-Roberts and coworkers [26].

2.4.1

Bell’s Deterministic Model

Once a cell and nanoparticle or liposome have been brought into proximity via

non-specific interactions such as Brownian motion and van der Waals forces,

receptor–ligand bond formation may occur. The proximate cell and particle sur-

face, each with its associated protein receptor or ligand available for contact, are

shown in Fig. 2.16. The cell’s receptor and liposome’s ligand are free to diffuse in

the plane of the phospholipid bilayer, while for a polymeric nanoparticle ligand is

presumably limited to local gyrations. The most elementary formulations assume

single receptor–ligand binding.

Figure 2.16. Proximate cell and particle or liposome surfaces

with some free and bound receptors and ligands.
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Letting N1 and N2 be the densities of total available receptor and ligand, respec-

tively, and letting Xt be the density of bound receptor–ligand complex at time t
with N1 gXt for all t to simplify the exposition, bond formation is governed by:

dXt

dt
¼ kþN1ðN2 � XtÞ � k�Xt ð1Þ

where kþ and k� are the forwards and backwards kinetic rate constants. At equilib-

rium, we have:

Xy ¼ aN2ð1þ aÞ�1 ð2Þ

where a ¼ KN1 and K ¼ kþ=k� and is the association constant.

The forwards and backwards rate constants can in theory be derived from the

planar diffusion constants D1 and D2 of membrane-bound receptor and ligand, al-

though rotation and gyration of species also play a part. In order to do this, the

binding is assumed to take place according to the two-step reaction:

Rþ L Ð
dþ

d�
R � L Ð

rþ

r�
RL ð3Þ

where R � L represents an ‘‘encounter complex’’ in which receptor and ligand are

within some critical radius C, and RL represents bound receptor–ligand. The d’s
and r ’s represent directional reaction rates for the steps. The former are related to

the receptor and ligand planar diffusion constants according to:

dþ ¼ 2pðD1 þ D2Þ

d� ¼ 2ðD1 þD2ÞC�2
ð4Þ

In many cases the rate of change of the encounter complex is negligible. Setting

d½R � L�=dt ¼ 0 then allows for the net reaction rates in (1) to be approximated as

kþ ¼ dþrþ=ðd� þ rþÞ and k� ¼ d�r�=ðd� þ rþÞ. If, furthermore, rþ g d�, as is the
case for receptors and ligands in a viscous membrane, then these rates reduce to

kþ ¼ dþ and k� ¼ d�r�=rþ.
This, then, provides the basis for determining the strength of bonding between,

for example, a ligand-conjugated liposome and a receptor-rich cell. The question

can be asked, what force is required to break a bound particle–cell complex? To an-

swer this question, we assume that a force F is applied to separate the surfaces in

Fig. 2.16. Under this condition kinetic theory provides that the reverse reaction rate

k� in Eq. (1) is modified to k� expðAF=XtÞ, where A is a constant, so that the equa-

tion becomes:

dXt

dt
¼ kþN1ðN2 � XtÞ � k� expðAF=XtÞXt ð5Þ
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From this expression it can be seen that as the force is increased, so does the re-

verse reaction rate and therefore the equilibrium number of bonds will be de-

creased. However, this rate also increases as the number of bonds Xt decreases be-

cause the force is being applied over fewer bonds. This is reflected by the presence

of Xt in the denominator of the exponential. Therefore, the dynamics will be differ-

ent than for the case of no applied force; for forces in excess of a critical minimum

Fc, the net rate of bond formation dX t/dt will always be negative.

This can be seen from Fig. 2.17, which shows dX t/dt as a function of Xt for four

different forces, all other parameters being held constant. In all cases (possibly un-

stable) equilibrium occurs where the curve crosses the horizontal axis. The upper

curve represents the case where no force is applied. The three other curves in de-

scending order represent the effects of a subcritical force Fsub, the critical force Fc

and a supercritical force Fsup. For all curves, net bond formation is positive above

the horizontal axis and we move to the right along the curve. Net bond formation

is negative below the horizontal axis and we move to the left. It can be appreciated

that for Fsup the curve is completely negative so that no new equilibrium can be

reached, i.e. the particle–cell complex separates. The critical force Fc results in a

curve that just touches the axis, but otherwise is completely negative, and any force

greater than this results in separation. Assuming the association constant K ¼ 1

and fixing the density of receptors at N1 ¼ 103 mm�2, Bell calculates a representa-

Figure 2.17. The y-axis is the right-hand side

of Eq. (5) and represents the rate of bond

formation under various separation forces. In

all cases, when above the axis, the dynamics

moves to the right along the curve; otherwise,

it moves to the left. Forces represented from

top to bottom are: none, a subcritical force

Fsub, the critical force Fc and a supercritical

force Fsup.
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tive value of Fc=N2 @ 4� 10�6 dynes per total available ligand. In the foregoing we

have abused notation in that N2 is here being used as the absolute number of avail-

able ligands in a specific 1-mm2 patch.

This critical force can be compared to other biologically relevant forces, such as

the stress created by a fluid flowing past a bound liposome or nanoparticle. Stokes’

law says that for a spherical body of radius r the force generated by a fluid flowing

past at velocity v is given by F ¼ 6phrv, where h is fluid viscosity. For a liposome of

radius 4 mm this is calculated to be 5:3� 10�5v dynes. Using the values of K and

N1 above, and again abusing notation, we set 4� 10�6 ¼ Fc=N2 ¼ 5:3� 10�5v=N2

to yield N2 @ 13v potential bonding sites. Thus, the liposome would need only 13

available ligands to resist a fluid velocity of 1 cm s�1.

2.4.2

A Stochastic Model

Stochastic formulations may be more appropriate for receptor–ligand binding, es-

pecially when the bonds are few. Again we base our model upon the deterministic

equation (5) with the understanding that N1 gXt at all times. This time, though,

we must recognize that Xt is a stochastic process. Most importantly, this means

that rather than assuming any particular value at a given time, it is a probability

distribution of bonds. Even after having attained equilibrium as t ! y, it becomes

a limiting distribution Xy. In what follows we limit our attention to one square

unit of area, since otherwise the values of Xt are not discrete. Nonetheless, the re-

sults are completely general. Following Bailey [55] and letting XDt 1XtþDt � Xt we

have, for 1aXt aN2 � 1:

P½XDt ¼ jjXt� ¼
kþN1ðN2 � XtÞDtþ oðDtÞ if j ¼ 1

k� expðAF=XtÞXtDtþ oðDtÞ if j ¼ �1

�
ð6Þ

Making appropriate adjustments for Xt ¼ 0 and Xt ¼ N2, this results in the system

of partial differential equations for the discrete probabilities piðtÞ1P½Xt ¼ i�:

qp0ðtÞ
qt

¼ k� expðAFÞp1ðtÞ � kþN1N2 p0ðtÞ

qpiðtÞ
qt

¼ kþN1ðN2 � ði� 1ÞÞpi�1ðtÞ þ ðiþ 1Þk� exp
AF

iþ 1

� �
piþ1ðtÞ

� kþN1ðN2 � iÞ þ ik� exp
AF

i

� �� �
piðtÞ for 0 < i < N2

qpN2
ðtÞ

qt
¼ kþN1 pN2�1ðtÞ �N2k

� exp
AF

N2

� �
pN2

ðtÞ

ð7Þ

With the further restriction that
P

pi ¼ 1 we can find the distribution of Xy by

solving for the steady-state solution of the above, yielding:
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piðyÞ ¼ N2!

ðN2 � iÞ!
a ip0ðyÞ
Q

1a jai
i exp AF

i

� �

p0ðyÞ ¼
X

0aiaN2

N2!

ðN2 � iÞ!
a i

Q

1ajai
i exp AF

i

� �

0

B@

1

CA

�1 ð8Þ

where a ¼ KN1 and K ¼ kþ=k� is the association constant. In the case of no

separating force, the probability generating function PðyÞ ¼
P

ib0 piy
i is dis-

covered from this to be the Taylor expansion of ð1þ aÞ�N2ð1þ ayÞN2 . A quick

check on the mean yields Xy ¼ P 0ð1Þ ¼ aN2ð1þ aÞ�1, in agreement with (2).

Although the variance as well as any chosen moment could also be calculated, it

is perhaps of more interest to calculate the probability of complete disengagement

of all bonds under various values of F. This means we are interested in p0 (hence-

forth understanding this to mean p0ðyÞ), which, in the case of no applied force, is

simply ð1þ aÞ�N2. For the values of a ¼ 103 and N2 ¼ 13 used for the example in

Section 2.4.1 this yields 9:9� 10�40, hardly consequential. However, in contrast

to the deterministic analysis, the stochastic analysis demonstrates that even a sub-

critical force that is little more than half of the critical force is sufficient to dislodge

the liposome. Consulting Fig. 2.18, we see three curves that result from using

the aforementioned values of a and N2, and three different forces: none, Fsub

ð@0:5FcÞ and Fc. (Strictly speaking, these are scaled curves of the rate of bond

formation (Eq. (5)) because we do not know kþ or k� independently. Moreover, we

Figure 2.18. The example from Section 2.4.1

reanalyzed (a ¼ 103 and N2 ¼ 13). The top

curve has no separation force applied. The

bottom curve results from applying Fc. The

middle curve results from applying

Fsub @ 0:5Fc. The deterministic model predicts

no separation until Fc is reached; however, the

stochastic model predicts the probability of

separation for Fsub to be greater than 0.9958.
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do not quote units of force. Nonetheless, for the relevant computations to find

probabilities at equilibrium, kþ and k� only enter as a ratio, and AF, as a product.

Only one value of this product will result in a critical force curve. The two product

values used in the calculations were AFc ¼ 57:5 and AFsub ¼ 30.) While it is no

surprise to learn that Fc results in p0 ¼ 1 to more than 20 decimals, it may yet be

surprising that Fsub results in p0 > 0:9958.

The application of both the deterministic and stochastic models to the optimiza-

tion of receptor–ligand binding is apparent. Subtle differences in the models may

become significant in light of the necessity of balancing binding affinity with pro-

tein rejection needed to avoid RES uptake (Section 2.2).

2.5

Intratumoral and Cellular Drug Kinetics and Pharmacodynamics

Once nanovectors have successfully evaded the RES, navigated the tortuous topol-

ogy of tumoral vasculature and extravasated at their intended site, cellular-level

drug kinetics and pharmacodynamics determine modeling concerns. Liposomes

are too large to penetrate much more than two or three cell layers into tumoral in-

terstitium, while most nanoparticles fair no better. In many cases, lesion tissue is

within 100 mm of the nearest vessel and a typical cell diameter is about 10 mm.

Thus, for ligand-conjugated vectors, expected to enter into individual cells, penetra-

tion into and destruction of three cell layers means that 30% of the tumor can

hypothetically be eradicated with one treatment. If, furthermore, as tissue is de-

stroyed, inner layers are next exposed to unspent particles, more cell kill is poten-

tially possible. For ‘‘plain’’ nanovectors, it is not penetration that is the issue, but

rather the sustained release of sufficient concentration of drug. This may also be

an issue for ligand-conjugated vectors, since some of their charge will be released

into tumoral interstitium.

The physics of liposomal and nanoparticle drug release is well researched, with

the Higuchi, power law and Weibull models sometimes used as phenomenological

approximations. Although these models are not considered to be mechanistic, Kos-

midis and coworkers [19] make the case for such an interpretation of the Weibull

model, which is a single exponential asymptotically approaching 100% release in

time. In fact, nanoparticle release profiles frequently evince a simple bi-exponential

release pattern described by Ct ¼ Cy � ðAe�at þ Be�btÞ, where Cy is the total drug,

Ct is the amount of drug released by time t, A is the rapidly released portion of

drug with rate constant a, and B ¼ Cy � A is the slowly released portion of drug

with rate constant b [28, 29, 56]. If the release can be sustained long enough, then

the bi-exponential becomes approximately linear with release rate Bb.
Even with the above simplification, cellular-level drug kinetics and transport is

highly nonuniform not only because of the inhomogeneous transport of vectors

through and extravasation from tumoral vasculature discussed in Section 2.3, but

also because of drug gradients due to cellular uptake and metabolism. Below, we

present models and simulations of chemotherapy [28, 57] that highlight intratu-

moral and cellular-level drug release and kinetics.
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2.5.1

A Two-Dimensional Model of Chemotherapy

In 2004, Sinek and coworkers simulated nanoparticle-mediated chemotherapy

and tumor response using a two-dimensional multiscale tumor simulator due to

Zheng and coworkers [58]. The simulator is built upon continuum-scale reaction–

diffusion equations for its growth component following the previous work of Byrne

and Chaplain [59, 60] and Cristini and coworkers [61], together with a combined

continuum–discrete model of angiogenesis based upon the work of Anderson and

Chaplain [21]. It is capable of tracking cancer progression from its avascular stage,

through the transition from avascular to vascular growth and into the later stages

of invasion of normal tissue. Sinek’s group focused on the case of glioblastoma

multiforme by using microphysical parameters characterizing malignant glioma

cells obtained from in vitro experiments by Frieboes and Cristini [62] and clinical

data. Glioblastoma is an aggressive brain tumor that may present as the last stage

of astrocytoma progression or de novo. It is extremely recalcitrant to all forms of

therapy, whether surgical, genetic, chemical or radiological. This is in part due to

the high motility of glial cells, rendering the tumor highly diffuse on the periphery

[63].

They first simulated the growth of a highly perfused lesion of glioma. This was

then exposed to simulated chemotherapy in which nanoparticles were assumed

to remain at their point of extravasation from the vasculature and function as a

constant source of drug along the vessels. Extravasation, diffusion and cellular up-

take of both drug and nutrient was simulated according to the quasi-steady-state

reaction–diffusion equations:

0 ¼ nsdV þDs‘
2s� hss

0 ¼ nndV þDn‘
2n� hns

ð9Þ

where s and n are the local concentrations of drug and nutrient, respectively, the n’s

are (spatially and temporally variable) production rates related to release of drug

and supply of nutrient, the h’s are uptake rates by cancer cells, and the D ’s are dif-

fusion coefficients. dV is the Dirac delta function indicating the location of the vas-

culature. Drug action was then modeled as cell kill being proportional to normal-

ized drug concentration s acting on the fraction of cycling cells, given by the

normalized nutrient n. When combined with the growth of cells, modeled as the

product of a mitosis constant and normalized nutrient lMn, the net local growth

or regression of tumor cells (the velocity field divergence) becomes:

‘ �u ¼ lMn� lDsn ð10Þ

where lD is the killing power of the drug.

Sinek’s group performed two classes of simulations. The first recognized ex-

travasational difficulties due not only to irregular vascular topology generated

using Anderson and Chaplain’s model (Section 2.3.2), but also pressure varia-

tions within tumor interstitium. The latter was accomplished by using nn ¼
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n 0nðpV � pÞðnV � nÞ in Eq. (9), where n 0n is constant, pV and p are the pressures in

the vasculature and tumor, respectively, and nV and n are the nutrient concentra-

tion in the vasculature and tumor, respectively. A similar function for ns was used

for the initial extravasation of particles. This model qualitatively demonstrated that

inhomogeneities in drug delivery and action, even using nanoparticles releasing

Figure 2.19. Simulations of nanoparticle

chemotherapy. Clockwise, from upper left

corner: tumor at equilibrium after many

months of simulated continuous therapy,

pressure contours, drug concentration

contours and nutrient contours.

Inhomogeneities in nutrient delivery and initial

nanoparticle extravasation and subsequent

diffusion and uptake of drug result in stable

equilibrium at significant tumor mass.

(Adapted from Ref. [28], Fig. 4(b), 8 2004

Kluwer Academic Publishers. With kind

permission from Springer Science and

Business Media.)
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drug at a constant rate, had the potential to diminish chemotherapeutic efficacy,

still leaving substantial regions of tumor unharmed after months of simulated

therapy (Fig. 2.19).

The second class of simulations addressed the possible benefits of improving

drug delivery via the use of adjuvant antiangiogenic drugs to ‘‘normalize’’ tumor

vasculature [20, 40, 64]. To do this, Sinek’s group let ns in Eq. (9) be constant so

that the source of drug was uniform along the vasculature. Again, although cell

kill was significantly greater, inhomogeneities due to drug diffusion and cellular

uptake resulted in nonuniform tumor regression, and eventually fragmentation at

significant equilibrium masses (Fig. 2.20). These results compare favorably with

experimental data. Antiangiogenic and chemotherapeutic treatments have been ob-

served to induce tumor mass fragmentation, cancer cell migration and tissue inva-

sion [65–67]. Cristini and coworkers [68] have termed this behavior ‘‘diffusional in-

stability’’. It is a phenomenon known to materials scientists and is analogous to

the processes whereby dendritic ice crystals form or water droplets in ice migrate

via a melt-and-freeze process over an imposed temperature gradient. The existence

of this phenomenon with regard to tumor response would have significant influ-

ence on the design of all modes of chemotherapy.

2.5.2

Refinements of the Model

In Eq. (9), the two parameters Ds and hs are critical to the penetration of drug into

the tumor. One criticism of the previously described simulations is that, although

drug gradients formed for the values chosen, these values were not experimentally

measured. If the ratio Ds=hs should actually be relatively high, then drug would

be uniformly presented to tumor cells and it is possible that the simulations

would have revealed complete tumor regression with no fragmentation. A sub-

sequent work of Sinek and coworkers [57] obtains values of the drug diffusion

coefficient Ds, the uptake rate hs and the killing power lD for the drugs, cisplatin

and doxorubicin.

In order to more accurately model the cellular drug kinetics of cisplatin and

doxorubicin, compartmental models were constructed by Sinek and coworkers

[57] following earlier work of Dordal and coworkers [69, 70], Jackson [71] and El-

Kareh and Secomb [72]. Three compartments are assumed (Fig. 2.21): Compart-

ment 1 is extracellular interstitium, Compartment 2 is intracellular free drug and

Compartment 3 is intracellular DNA-bound drug. For cisplatin, the system of

equations determining drug kinetics is:

qs1
qt

¼ nsdV þDs‘
2s1 � k12s1 þ k21s2

qs2
qt

¼ k12s1 � k21s2 � k23s2 ð11Þ

qs3
qt

¼ k23s2 � k3s3
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where si is drug concentration in Compartment i, and the kij’s are transfer rates

from Compartment i to j. In particular, k12 is determined by the ‘‘inward’’ cell

membrane permeability, k21 by the ‘‘outward’’ permeability and k23 by the drug–

DNA binding affinity. k3 is a repair rate of DNA platinum adducts. The system for

Figure 2.20. Nanoparticle chemotherapy after

antiangiogenic ‘‘normalization’’, simulated

by making drug release constant along the

vasculature. Clockwise, from upper left: tumor

at equilibrium after many months of simulated

continuous therapy, pressure contours, drug

concentration contours and nutrient contours.

Although tumor kill is greater than that in

Fig. 2.19, diffusional instability (see text)

results in fragmentation and aggressive

phenotype. (Adapted from Ref. [28], Fig. 5,8 2004 Kluwer Academic Publishers. With

kind permission from Springer Science and

Business Media.)
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doxorubicin is similar; for purposes of illustration we shall refer to the cisplatin

model.

It is well established that cisplatin induces apoptosis by forming DNA–platinum

adducts and that doxorubicin kills cells via DNA intercalation [73, 74]. Thus, of

critical importance is the value of s3. If we reduce the situation to one dimension

with a boundary condition at x ¼ 0 representing the vessel source, then the steady-

state form of Eq. (11) can be written in terms of s3 alone:

0 ¼ Dsðk21 þ k23Þ
d2s3
dx2

� k12k23s3 ð12Þ

The solution of this equation is s3 ¼ C1e
�ax þ C12e

ax, where:

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k12
Dsðk21=k23 þ 1Þ

s

The constants are determined according to the boundary value of drug at the vessel

source along with a no-flux condition at approximately 100 mm from the vessel

(since another vessel is assumed to exist approximately 200 mm from the one being

modeled). It is the negative exponential in which we are most interested, with high

values of a resulting in gradients. Thus, high cell permeabilities ðk12Þ as well as

poor interstitial diffusion ðDsÞ result in gradients and, thus, presumably poor lat-

eral penetration into tumor (Fig. 2.22). This is in line with studies that demon-

strate doxorubicin penetration is particularly poor (severe gradients) in comparison

with cisplatin penetration. Doxorubicin enters cells much more rapidly than cispla-

Figure 2.21. The compartment model used by Sinek and

coworkers [28]. k ’s represent transfer rates, while s ’s represent

concentrations. Cell death is ultimately due to s3.
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tin, and it has particularly high affinities for cell endosomes and DNA [69, 70, 75–

79].

The apparent paradox that high cell permeability should result in poor tissue

penetration underscores the power of mathematical modeling in overcoming the

prejudice of intuition. Upon reflection it can be appreciated that if drug is removed

from interstitium quickly due to high cell permeability as it diffuses from its orig-

inating vessel, there will be correspondingly less to continue further along, hence

low penetration. It should be noted, however, that significant lateral penetration at

the expense of insignificant cellular penetration is also undesirable, but rather an

optimal balance of the two must be sought.

Values of the transfer and repair rates in Eq. (11) can be obtained via several

techniques including measuring the time uptake of intracellular and bound cispla-

tin concentrations for cells in monolayer exposed to constant serum drug concen-

trations. The repair rate k3 is estimated from two different experiments performed

by Sadowitz and coworkers [80], wherein the adducts per million nucleotides fell

in 2 h from 75 to 5 in one case and from 185 to 40 in the other. Using the expo-

nential repair model s 03 ¼ �k3s3, k3 is estimated to be between 0.013 and 0.023

min�1. An initial estimate of k23 is made as follows. Sadowitz shows that cells in-

cubated in 7 mM, in 2 h cells accumulate about 25 DNA adducts per million nu-

cleotides. This converts to 1:03� 10�19 moles of platinum docked on the DNA. Ne-

glecting the cell membrane and supposing the DNA to be exposed directly to the

cis solution, we solve the ODE s 03 ¼ 7k23 � k3s3, substituting 0.015 min�1 for k3. k23
is thereby estimated to be 2:6� 10�16 min�1. Finally, k12 and k21 are estimated by

Figure 2.22. The normalized steady-state

DNA-bound drug ðs3Þ as a function of distance

from nearest vessel (located at distance ¼ 0).

Gradients are sensitive to drug–cell

permeability. A drug like doxorubicin, which

penetrates cells quickly and possesses high

affinity for cell endosomes and DNA, would

give rise to the lower graph.
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fitting the second two equations in (11) with intracellular cisplatin time-uptake data

of Troger and coworkers [81]. They exposed cells in monolayer to four different

concentrations of cisplatin and then measured the total intracellular platinum con-

tent at selected times. The graph in Fig. 2.23 shows Troger and coworker’s data

(symbols) along with the fits (lines) for four different extracellular concentrations.

For this purpose, in the equations s1 was set to be constant and equal to the con-

centrations that Troger and coworkers used. Then the sum s2 þ s3 was plotted, with
values for k12 and k21 chosen to provide the best fits. Although these parameters

are obtained from different experiments using different cell lines, they provide a

starting point for producing quantitatively accurate simulations.

2.6

Conclusion

We have identified four critical phases of nanovector performance, each requiring a

thorough understanding in order to optimize delivery and anticancer action. In the

service of this understanding, mathematics and computation provides its own lab-

oratory of pencil, paper and silicon chip, lending insight, providing guidance and

offering testable prediction. The models of protein rejection in Section 2.2, in con-

junction with the models of ligand binding in Section 2.4, can facilitate optimized

surface preparation, yielding particles and liposomes that reject opsonization and

therefore circulate long, yet bind effectively when finally presented to target cells.

Figure 2.23. Troger and coworkers [81] plotted

total intracellular ðs2 þ s3Þ platinum versus

time for cells exposed as monolayers to four

different concentrations of cisplatin. Curves

represent best fits obtained by adjusting k12

and k21 in the second two equations of (11). In

the equations, s1 is set to the concentrations

that Troger used. (Adapted from Sinek and

coworkers [57].)
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The models of tumoral vasculature and hemodynamics presented in Section 2.3

reveal the ‘‘nature of the beast’’, at once starkly exposing the tremendous difficul-

ties in homogenous nanovector delivery and extravasation, while offering hope in

quantifying the improvement that proposed therapies, such as vascular normaliza-

tion, might bring. Finally, multiscale models of nanoparticle chemotherapy in Sec-

tion 2.5, incorporating vasculogenesis, particle extravasation, nutrient and drug dif-

fusion and uptake, and cellular-level phenomena such as DNA repair, suggest the

existence of powerful mechanisms, such as diffusional instability, that can possibly

be tempered, or even used to advantage, with the right approach.

Biological systems are ‘‘murky’’, rarely providing simple, solid boundaries.

Rather, their behavior is the sum of myriad processes spanning the scales of the

whole body, tissues, cells and molecules. The nascent field of mathematical biology

in conjunction with nanoscale therapeutics development is therefore presented

with great opportunities. New technological designs and paradigms provide excit-

ing grist for the mathematical mill. In turn, advanced mathematical methods

along with computational techniques shine a bright and promising light on the fu-

ture potential of technology. We hope that the foregoing has offered illuminating

ideas that will guide this potential to fruition.
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3

Nanolithography: Towards Fabrication of

Nanodevices for Life Sciences

Johnpeter Ndiangui Ngunjiri, Jie-Ren Li, and Jayne Carol Garno

3.1

Introduction: Engineering Surfaces at the Nanoscale

Tools for nanofabrication have begun to provide important contributions for life

sciences investigations, for developing biochip and biosensing technologies, as

well as supplying basic research in protein–protein interactions and protein func-

tion. Scanning probe microscopy (SPM) supplies tools for visualization, physical

measurements and precise manipulation of atoms and molecules at the nanometer

scale. Nanoscale studies can facilitate the development of new and better ap-

proaches for immobilization and bioconjugation chemistries, which are key tech-

nologies in manufacturing biochip and biosensing surfaces.

Protein patterning is essential for the integration of biological molecules into

miniature bioelectronic and sensing devices. To fabricate nanodevices for the life

sciences it is often necessary to attach biomolecules to surfaces with retention of

structure and function. For example, controlling the interaction of proteins, bio-

molecules and cells with surfaces is important for the development of new biocom-

patible materials. Precisely engineered surfaces can be used for the exploration of

biochemical reactions in controlled environments. Spatially well-defined regions of

surfaces can be constructed with reactive or adhesive terminal groups for the at-

tachment of biomolecules. Micropatterning of proteins has been applied for bio-

sensors and biochips [1–4]. Direct applications of protein patterning include bio-

sensing, medical implants, control of cell adhesion and growth, and fundamental

studies of cell biology [5–7]. Protein patterning has been accomplished at the mi-

crometer level using microcontact printing [8–13], photolithography [14–16] and

microfluidic channels [17, 18]. Thus, the capabilities for micrometer-scale methods

for controlling the spatial arrangements of biomolecules have been well estab-

lished and offer valuable new research methodologies for life sciences investiga-

tions. Collectively, these techniques provide a means for assembling proteins at a

size scale of hundreds of nanometers or larger.

To progress to even smaller sizes, atomic force microscopy (AFM)-based lithog-

raphy can be applied to pattern surfaces at nanometer dimensions. Scanning probe

lithography (SPL) provides versatile approaches for designing the chemistry of sur-
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faces at the nanoscale. Figure 3.1 shows the dimensions which can be achieved us-

ing various micro- and nanopatterning methods. Arrays of self-assembled mono-

layers (SAMs) and proteins can be fabricated via SPL, with precise control over

chemical functionality, shape, dimensions and spacing on the nanometer scale.

Combined with the capabilities for high-resolution imaging and characterization,

SPM enables a molecular-level approach for directly investigating changes that

occur on surfaces during biochemical reactions. The tools of SPL are accessible to

investigators across a broad range of disciplines and do not require costly instru-

ment modifications.

Cutting-edge research has begun to apply nanolithography for studying proteins

on surfaces, possibly at the level of single-molecule detection. At present, nano-

devices constructed by SPM-based lithography are being conceptualized and, to

the best of our knowledge, SPL has not yet been applied for making nanodevices.

Readers are referred to recent reviews which discuss potential nanoscale devices

[19, 20]. Although there are also many studies which investigate peptides, DNA

and cells, we limit the focus of this chapter to studies which apply nanoscale li-

thography to proteins and to applications using SPL for nanoscale protein assays.

This chapter provides an overview of advances in the application of nanolithogra-

phy using SPM and latex particle lithography for protein patterning. Beginning

with a general introduction of the chemistry for immobilization of proteins on sur-

Figure 3.1. Overview of the hierarchy of dimensions which can

be achieved using various micro- and nanopatterning methods.
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faces, the application of SAMs for coupling proteins to surfaces is presented. Nano-

lithography methods including bias-induced lithography, AFM-based force-induced

nanolithography, ‘‘dip-pen’’ nanolithography (DPN) and latex particle lithography

are described, including examples of protein nanopatterning. The chapter con-

cludes with a discussion of nanoscale detection of protein binding and future di-

rections in cantilever array technology.

3.2

Immobilization of Biomolecules for Surface Assays

A number of factors need to be considered for choosing a successful protein-

immobilization strategy, such as the efficiency and rate of binding, potential side-

reactions, and the strength and resilience of the attachment. For protein assays, the

binding site recognized by immunoglobulin G (IgG) on an antigen is relatively

small; consisting of only 5–6 amino acids or several sugar residues. The recogni-

tion element is referred to as an antigenic determinant or epitope. Proteins must

be attached in such an orientation that their active sites or binding domains are ac-

cessible for binding and not buried or blocked by the surface. The binding site is

only a small part of the total surface area of the protein. Adsorption on a surface

may impair or prevent the protein’s activity. The eventual orientation of proteins

on surfaces is determined by multiple factors such as the type of binding, the posi-

tions and composition of external residues on the protein surface, the isoelectric

point of the protein, and the pH of buffers used during application.

Proteins have a three-dimensional (3-D) structure which is critical to their func-

tion and activity. Most proteins have both positively and negatively charged regions

that interact with surfaces. Upon encountering a surface, intramolecular forces

within proteins can be disrupted, causing the proteins to unfold and become dena-

tured. Some proteins are known to lose activity when bound to a solid surface, due

to a loss of tertiary structure. For example, the strong polarization forces at metal

surfaces along with ionic or covalent interactions on many inorganic metal oxides

and semiconductor surfaces may cause denaturation of biomolecules [21]. For re-

tention of activity, chemistries for protein arrays should permit the immobilization

of proteins on surfaces such that perturbation to the native 3-D structure is mini-

mized. Using a spacer or linker molecule on the sensor surface often enables

biomolecules to retain their functionality and 3-D structure. The tools of organic

chemistry provide a wealth of chemical strategies and binding motifs for conjugat-

ing biomolecules such as proteins to solid surfaces [22, 23].

3.2.1

Strategies for Linking Proteins to Surfaces

Increasingly, researchers have begun to use the self-assembly of functionalized

alkanethiol and alkylsilane molecules as model surfaces for protein binding. The

terminal moieties of SAM surfaces mediate the type of binding, such as through
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electrostatic interactions, covalent binding, molecular recognition or via specific in-

teractions (Fig. 3.2). The following sections introduce representative examples of

chemical immobilization strategies which have been applied for protein patterning.

3.2.1.1 Electrostatic Immobilization

The strategy of functionalizing a surface through electrostatic assembly is often

used to immobilize biomolecules on surfaces. Electrically charged amino acids are

found mostly on the exterior of proteins and can mediate assembly on charged sur-

faces. Proteins contain both positively and negatively charged domains that interact

with surfaces via long-range electrostatic forces. The electrostatic attraction be-

tween oppositely charged molecules is nonspecific and surfaces are negatively or

positively charged, depending on the solution pH.

Electrostatic binding is physically mediated and proteins often retain their activ-

ity after immobilization. It is a direct, simple method for attaching proteins to sur-

faces without requiring multiple steps for chemical activation. Binding is revers-

ible, since certain buffers and detergents can remove proteins from surfaces.

However, a potential disadvantage of electrostatic immobilization is that the result-

ing orientation of proteins on surfaces is random; electrostatic-mediated binding

does not provide a means for directing the protein assembly in a designed confor-

mation. Representative examples of chemistries for the electrostatic immobiliza-

tion of proteins which have been applied for nanopatterning proteins are sum-

marized in Tab. 3.1. For example, alkanethiols or alkylsilanes terminated with

functional groups, such as NH2 or COOH, have been used to immobilize biomole-

cules through electrostatic interactions.

3.2.1.2 Covalent Immobilization

Covalent immobilization is important for applications in which displacement or

desorption of proteins can be a problem. Covalent bonds occur when two mole-

cules share atoms and form the strongest chemical bonds for surface immobiliza-

Figure 3.2. Strategies for linking proteins to surfaces include

electrostatic interactions, covalent bonding, antigen–antibody

recognition and biotin–streptavidin specific interactions.
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tion. The methods of covalent attachment are boundless – thousands of proteins

have been immobilized on hundreds of different solid supports for affinity-capture

assays [22]. The best choice for covalent immobilization will depend on the func-

tionalities of both the protein and the surface. Several amino acids provide suitable

functional groups for covalent modification. Common functional groups of amino

acids used for covalent immobilization include: amino groups from the side-chains

of lysine and the N-terminus; carboxyl groups from the C-terminus, aspartic and

glutamic acids; sulfhydryl groups of cysteine; hydroxyl groups of serine and threo-

nine; and the phenyl groups of phenylalanine and tyrosine. Since proteins typically

present a number of these groups, the chemical nature of the solid surface be-

comes a primary consideration. A specific chemical reaction is chosen to activate

the surface and then proteins are immobilized upon exposure to the active surface

groups. Examples of chemistries for covalent immobilization of proteins include

activation of surface hydroxyl groups, carboxyl groups and amines. Also, bifunc-

tional crosslinking reagents such as glutaraldehyde have been used to covalently

couple proteins to various surfaces. Further examples of covalent immobilization

chemistries are listed in Tab. 3.1.

An important factor to be considered in covalent attachment of proteins is the

possibility of chemically altering the protein in such a way that its reactivity is

reduced. For example, covalent approaches may be hindered by competing side-

reactions. It is possible that groups associated with the active site or binding site

of a protein could be involved in the reaction. In addition, chemical crosslinking

within protein domains could occur, causing damage to the protein’s tertiary struc-

ture.

3.2.1.3 Molecular Recognition and Specific Interactions

Highly specific interactions between binding pairs can be used effectively for pro-

tein immobilization. Examples include affinity capture ligands such as biotin–

streptavidin binding and molecular recognition through antigen–antibody recogni-

tion. Such affinity ligands require either physical or covalent immobilization of one

moiety of the affinity pair onto the surface. Small-molecule receptors such as biotin

offer viable strategies for the immobilization of proteins. Further examples are

listed in Tab. 3.1. A strong advantage of specific immobilization is to provide a

means for directing the protein assembly in a designed conformation. The orienta-

tion of proteins on surfaces can be designated by selectively targeting certain amino

acid residues of the protein for specific coupling.

3.2.1.4 Nonspecific Physical Adsorption to Surfaces

By far the most widely used method of protein immobilization for protein arrays

uses nonspecific adsorption of proteins dried on solid supports. Forces which non-

specifically influence the binding of proteins to almost any substrate include ion

bridging, hydration forces, hydrophobic forces and short-range attractive or repul-

sive forces. This approach produces randomly oriented proteins, some of which

may be denatured. Surface assays typically include a blocking step, such as with

the adsorption of bovine serum albumin (BSA) to prevent nonspecific binding of
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proteins. BSA is a globular serum protein which is often used in bioassays to back-

fill uncovered areas of surfaces where proteins did not attach.

3.2.2

SAM Chemistry

SAMs provide a chemical method for creating well-defined surfaces with control-

lable surface functionality [24]. Due to their stability, ease of preparation and well-

ordered surface structures, SAMs of alkanethiols and alkylsilanes provide excellent

models for studying protein binding, since layers of defined thickness and de-

signed properties can be generated [25, 26]. Thiol endgroups of n-alkanethiols
bond via chemisorption to metal surfaces. SAM surface properties can be flexibly

controlled by changing the functional (head) groups of the alkyl chain (Fig. 3.3)

and these end groups can also be used for further chemical reactions. The acidity,

adhesion, wetting and structural properties of surfaces can be modified by choos-

ing specific chemical headgroups (such as NH2, OH, COOH, CH3, glycol, etc.) [27,

28]. For example, surfaces can be made hydrophilic by introducing SAMs with

polar moieties such as hydroxyl or carboxyl groups. Nonpolar functionalities such

as methyl-terminated groups yield hydrophobic surfaces. The preparation, charac-

terization and properties of SAMs have been described and reviewed previously

[28–32]. SAMs have promising applications in biosensing, corrosion inhibition, lu-

brication, surface modification and molecular device fabrication. This section intro-

duces the chemistry and structure of SAMs of alkanethiols and alkylsilanes (Fig.

3.3), which are often applied for nanolithography with proteins.

Close-packed n-alkanethiol SAMs can be readily prepared with high reproduci-

bility to present functional groups such as alkyls, amides, esters, alcohols, etc., on

Figure 3.3. General structural features of self-assembled

monolayers of (A) n-alkanethiols/Au(111) and

(B) n-alkylsilanes/Si(111).
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surfaces of gold or coinage metals. Typically, alkanethiol SAMs are formed by soak-

ing gold thin films in dilute (0.1–1.0 mM) solutions of thiols dissolved in solvents

such as 2-butanol, hexane or ethanol. Typically, substrates can be stored in a thiol

solution for 1–7 days at room temperature to ensure the formation of mature

monolayers. Alkanethiols on Au(111) form a close packed, commensurate

(
p
3�p

3)R30� lattice on Au(111) surfaces [33–36]. In surface assemblies of alka-

nethiol SAMs, according to studies by IR, near-edge X-ray absorption fine structure

(NEXAFS) spectroscopy and grazing incidence X-ray diffraction (GIXD), the alkyl

chains of thiol molecules are tilted approximately 30� from surface normal (Fig.

3.3A) [36–38]. The sulfur atoms of alkanethiol molecules are considered to bind

at the triple hollow sites of Au(111) lattices [29].

STM and AFM studies have confirmed the long-range order and periodicity of

alkanethiol monolayers, and have provided a direct view of defects such as domain

boundaries, etch pits, steps and dislocations within SAM films [29, 39]. SPM im-

ages visualize the intricate details of the surface topography of SAMs. Figure 3.4

displays a typical topographic view of an octadecanethiol SAM/Au(111) acquired

in ethanol by AFM. These molecular landscapes may appear somewhat rough, be-

cause at the atomic scale most surfaces are not truly smooth and flat, and contain

defects. Considering that the height of gold steps is 0.25 nm, the overall surface

roughness of the underlying gold substrates for these images is less than 1 nm.

The monolayer surfaces consist of domains of closely packed thiol molecules deco-

rated with etch pits. Readers are referred to several works using STM for a more

detailed discussion of the morphology and packing of n-alkanethiol SAMs [29,

39–41].

Figure 3.4. Contact-mode AFM topographs of an

octadecanethiol self-assembled monolayer on Au(111).

(A) Terrace arrangement of flat gold steps coated with

octadecanethiol SAM (400� 400 nm2). (B) Zoom-in view

displays etch pits (80� 80 nm2).
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Similar to alkanethiols, the chain length and terminal moieties of alkylsilane

SAMs can be tailored to meet experimental requirements; however, the properties

of alkylsilane assemblies are quite different from SAMs of alkanethiols. SAMs of

alkylchlorosilanes, alkylalkoxysilanes and alkylaminosilanes require hydroxylated

surfaces to form polysiloxane, which is connected to surface silanol groups

(aSiOH) through a network of SiaOaSi bonds. Substrates on which silane SAMs

have been prepared include silicon oxide, aluminum oxide, quartz, glass, mica,

zinc selenide and germanium oxide [32]. High-quality alkylsilane SAMs are not as

simple to produce as thiol SAMs, because of the need to carefully control the pres-

ence of water in solutions. Reproducibility can be a problem, since the quality of

the monolayers formed is very sensitive to reaction conditions. Silane monolayers

on mica typically consist of domains separated by boundaries. Within domains, si-

lane molecules form structures without long-range order or periodicity [42–44].

The headgroups of silane SAMs crosslink into a SiaO network and the chains are

estimated to tilt 15� from surface normal (Fig. 3.3B) [42, 43].

Mixed SAM surfaces can be engineered to avoid nonspecific protein adsorption,

yet make specific interactions with targeted proteins to be assayed, by choosing the

appropriate buffered conditions as well as an effective matrix layer, resistive to pro-

tein adsorption (such as glycol-terminated SAMs). Very few surfaces resist protein

adsorption and it remains a challenge to understand the mechanisms that contrib-

ute to protein resistance or adhesion to surfaces. To prepare monolayers that resist

protein adsorption, the groups of Whitesides [45–48], Mrksich [49] and Grunze

[50] have conducted systematic studies of functionalized SAMs to determine the

molecular characteristics that impart resistance to protein adsorption. The factors

that determine the resistance to protein adsorption were found to include charac-

teristics such as the hydrophilicity of the terminal group, lateral packing density,

the presence of hydrogen bond accepting groups and the absence of hydrogen

bond donor groups, and terminal groups with overall electrical neutrality.

Approaches which use chemical methods for the activation of SAM surfaces are

beginning to gain importance for the surface coupling of biomolecules. Thus far,

most reactions for the surface activation of SAMs for protein adsorption have

been accomplished after the SAM has been formed with monolayers terminated

with carboxyl, amino or hydroxyl groups. Hundreds of synthetic pathways can

be applied for in situ activation chemistry, including reagents such as N-

hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-

chloride (EDC) and dithiobis(succinimidyl undecanoate) (DSU) [10, 51].

3.3

Methods for Nanolithography with Proteins

With the invention and continuing development of scanning probe techniques,

such as scanning tunneling microscopy (STM) [52] and AFM [53], surface changes

became evident when too much force was applied by an AFM tip, or if the applied

bias voltages exceeded certain thresholds using STM or conductive AFM imaging.
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Researchers began experimenting to deliberately and selectively control these alter-

ations. Molecules of SAMs can be written precisely on surfaces using a variety of

different SPL methods. Figure 3.5 illustrates the fabrication principles of the three

most predominant SPL methods applied for patterning proteins. SPL provides flex-

ible and convenient approaches to construct SAM nanopatterns with designated

functionalities in selected nanosized areas. These nanoengineered surfaces can

then be used to selectively immobilize desired proteins through covalent, electro-

static or specific recognition approaches.

A common feature of all SPL methods is that an SPM tip is used as a tool for

both nanofabrication and characterization of surfaces. A helpful analogy for de-

scribing SPL methods with SAMs is an SPM tip (pen) which writes with molecules

(ink) on various surfaces (paper). SPL provides exquisite control of surface chemis-

try including parameters such as the spatial arrangement, chemical composition

and the written density of molecular ligands. The shape and dimensions of the

tip dictate the detailed resolution of written nanostructures – SAM patterns as

small as 5 nm have been reported and it has become routine to achieve patterns

Figure 3.5. Schematic representations of three AFM-based

nanofabrication techniques: (A) bias-induced lithography,

(B) force-induced nanolithography (nanografting) and (C) DPN.

(Panel C reproduced with permission from Ref. [56].)
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of 20–50 nm (or larger). Since the dimensions of proteins range from tens to hun-

dreds of nanometers, SPL methods are ideally suited for surface studies of protein

binding. Particle lithography is another promising method for protein nanopat-

terning, which can produce arrays of protein nanostructures. Table 3.2 provides a

comparison of approaches which have been successfully applied for protein pat-

terning. The next sections of this chapter present further details of these nanoli-

thography methods, including nanografting [54], bias-induced lithographies [55],

DPN [56] and latex particle lithography [57].

As a tool for high-resolution characterization, the same SPM tips used to write

nanopatterns on surfaces are also used to explore the morphology of nanopatterns

after protein adsorption. Both AFM and STM are highly suitable, well-established

methods for visualizing surfaces with high resolution. The new tools of AFM and

STM have emerged as significant and powerful techniques for imaging surfaces

at the molecular scale. Unlike electron microscopy methods which require high

vacuum environments and conductive coating of specimens, in situ AFM/STM

experiments can be accomplished under physiological conditions in aqueous buf-

fered environments. Experiments using SPM provides exquisite resolution for the

detailed characterization of molecular structures, has versatility in imaging modes

and can be used for local modification of surfaces by lithography. Topographic

images provide direct visualization of changes on surfaces after proteins bind to

nanopatterns. Commercial advances continue to improve SPM resolution by pro-

viding consistently higher-quality probes at lower cost and by the ongoing develop-

ment of imaging modes for viewing chemical contrast differences for surfaces.

Various AFM imaging modes can be applied for probing friction, softness, surface

charge, polarizability, magnetic domains and viscoelasticity at the atomic scale.

3.3.1

Bias-induced Nanolithography of SAMs

When an electric field is applied at elevated bias voltages between a conductive

SPM tip and sample, local chemical or physical changes occur in the area under

the tip. Depending on the nature of the surface and environmental conditions (am-

bient versus UHV), the ‘‘bias-induced’’ changes may result from electrochemistry

(oxidation) at either the tip or sample which occurs from electric field effects [58],

or the changes may result from ohmic heating, which induces evaporation or de-

sorption of organic layers [59, 60]. This section describes the method of bias-

induced lithography and then presents an example of bias-induced nanofabrication

applied for protein nanopatterning.

Figure 3.5(A) displays the general principle of bias-induced lithography. For bias-

induced SPL, short (microsecond to millisecond) pulses of bias voltage are applied

between a conductive SPM tip placed very near, but not in contact with, the sur-

face. The size of the surface features are determined by the duration and magni-

tude of the electric field, and also by the dimensions of the area probed by the

SPM tip. Often, with bias-induced oxidation, the chemical changes produced by

an electric field do not manifest height changes and thus are not detectable by top-
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ographic imaging. However, SPM imaging modes which display contrast between

different terminal groups, such as force modulation, lateral force imaging and

current/electrical force images, can clearly differentiate areas that are modified

based on chemical changes.

Bias-induced lithography is emerging as a flexible and convenient means for

nanofabrication of designed surface components, using either silane or thiol

SAMs. Requirements for bias-induced nanofabrication include a conductive or

semiconductive substrate and a conductive SPM probe. To prepare conductive

AFM tips, a thin film of metal (usually gold) is sputter-coated onto the surface of

probes precoated with a precursor binding layer of chromium or titanium. Con-

ductive tips and cantilevers comprised of doped silicon exhibit sufficient electrical

conductivity for bias-induced modification of surfaces without requiring metal

coatings. Bias-induced SPL methods are now accessible techniques for most SPM

users, as a result of improvements in instruments, and in the quality, cost and

availability of commercial AFM probes, which now include coatings of cobalt,

diamond-like carbon, doped diamond, platinum, platinum/iridium, tungsten car-

bide, titanium nitride and nickel.

Researchers have begun to apply biased-induced SPL to pattern proteins. Bias-

induced lithography was used directly for protein patterning by attachment of

IgG–biotin to an array of 30-dot patterns generated using 1-ms voltage pulses

(40–80 V) [61]. The substrate was a poly(methyl methacrylate) (PMMA) layer

spin-coated on polished p-doped silicon wafer. Differences in hydrophobicity be-

tween the patterned areas and the substrate provided a driving force for the selec-

tive electrostatic deposition of proteins on nanopatterns. After reaction with

avidin–fluorescein isothiocyanate (FITC), micron-sized patterned regions could

then be imaged by fluorescence microscopy.

To further extend the capabilities of bias-induced lithography for patterning

SAMs with designated surface chemistries, methods which include replacement

or addition of new molecules from solution have recently been developed [55].

After voltage pulsing, small areas of the surface were exposed for adsorption of

new molecules using bias-induced replacement lithography [62–64]. In another

approach, bias conditions which selectively oxidize SAM terminal groups (tip-

induced electro-oxidation) were used to generate surface oxides of SAMs. Oxidized

areas then were used to chemically attach new molecules with desired functional

groups [58, 65]. Nanopatterned protein arrays were fabricated by Cai and co-

workers using bias-induced oxidation followed by protein adsorption (Fig. 3.6)

[66]. Bias-induced SPL was applied to oxidize the headgroups of monolayers of

H————————————————————————————————————————

Figure 3.6. More than 100 protein dots

produced by bias-induced nanofabrication.

(A) AFM height and (B) friction image of

nanoholes produced by bias-induced nano-

fabrication after treatment with EDAC/avidin

(4� 4 mm2). The lines provide a reference for

corresponding features. The dots are approxi-

mately 90 nm in diameter. (C) Topography and

(D) friction images of the same area after

incubation with biotinylated BSA. (E) After the

nanopatterns of biotinylated BSA were reacted

with avidin a positive height was observed

for the nanodot arrays. (Reproduced with

permission from Ref. [66].)
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a-hepta(ethylene glycol) methyl o-undecenyl ether on Si(111) substrates. Bursts of

1-ms pulses of þ17 V were applied to the sample, to generate rows of spots (90 nm

diameter) separated by about 270 nm. The nanopatterned templates were then

used to attach avidin followed by biotinylated BSA.

Although bias-induced lithography has not yet been widely applied for nanopat-

terning proteins, the newly introduced capabilities of customizing surface chemis-

try by tethering coupling agents to oxidized surfaces holds promise for new appli-

cations of bias-induced lithography in future investigations.

3.3.2

Force-induced Nanolithography of SAMs

Nanofabrication of SAMs can be accomplished by applying mechanical force to an

AFM tip during scans. An intrinsic advantage of AFM instruments is the superb

control of forces applied between the tip and sample, ranging from pico- to nano-

newtons. For high-resolution and faithful imaging of surface topography it is

critical to apply minimal, nondestructive forces. When too much force is applied

by an AFM tip, areas of the surface can be swept clean or ‘‘nanoshaved’’ [59].

Nanografting was first invented in 1997 and combines nanoshaving with the si-

multaneous replacement of matrix SAM molecules by the self-assembly of new

molecules [54, 67]. A broad range of thiolated molecules have been nanografted to

provide tremendous flexibility in choosing the desired molecular lengths and ter-

minal groups for experimental designs [68–72]. This section describes the proce-

dure for nanografting SAMs, presents an example using automated nanografting

with SAMs and then reviews examples which apply force-induced lithography

(nanografting) for protein patterning.

Nanografting (Fig. 3.5B) is accomplished in dilute SAM solutions containing the

selected molecule to be patterned by exerting a high local force on an AFM tip,

pushing through the matrix SAM to contact the underlying gold surface. During

scanning, pressure between the tip and surface displaces the SAM matrix mole-

cules underneath the tip. As matrix molecules are removed, new thiol molecules

from solution immediately adsorb onto the uncovered areas of the substrate to

form nanopatterns, following the scanning track of the tip. SPM controllers can

be programmed for automated lithography, to rapidly and consistently generate

desired surface arrangements of arrays of SAM nanopatterns [73]. Commercial

instruments typically include software with capabilities to control the length, direc-

tion, speed, bias pulse duration, residence time and the applied force of the scan-

ning motion of the SPM tip, analogous to a pen-plotter. Automated SPL offers tre-

mendous advantages for the speed and reproducibility of nanopatterning, and can

produce highly sophisticated pattern arrangements and geometries, with superb

precision and reproducibility for the alignment, spacing and shapes of nanopat-

terns. Examples of SAM nanopatterns generated by force-induced AFM-based li-

thography (nanografting) are shown in Fig. 3.7.

The AFM contact-mode topograph (Fig. 3.7A) displays 16 nanopatterns of 11-

mercaptoundecanoic acid (11-MUA) written within a resist of octadecanethiol.
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The corresponding frictional force image (Fig. 3.7B) more clearly displays the ar-

rangement and shapes for the nanopatterned array of circular designs. Nanograft-

ing was executed using a programmable computer module interfaced to the AFM

controller for translating the tip rapidly and uniformly across the surface to create

designed arrangements of nanopatterns (controllers from RHK Technology, Troy,

MI). A computer script (written in-house) was used to apply a higher load on the

tip to inscribe the pretzel-shaped designs. Each design was generated by writing

four 100-nm diameter rings as in Fig. 3.7(C). The rings were inscribed by outlining

each circle 3 times with the AFM tip, beginning with the bottom ring and moving

in a clockwise direction around the center intersection. It required approximately

three minutes to complete the entire 4� 4 array, (around 12 s to write each pat-

tern). After nanografting, AFM images were acquired under normal imaging con-

ditions using minimal force. Figure 3.7(D) displays a close-up view of four nano-

patterns, exhibiting nearly perfect alignment and symmetry. The high-resolution

topograph of a single nanopattern in Fig. 3.7(E) reveals the exquisite capabilities

of AFM-based nanolithography to write and visualize surface details. The height

difference between the (ODT) nanopattern and the 11-MUA matrix SAM is indi-

cated by the cursor profile (Fig. 3.7F) to be approximately 0.7G 0.1 nm, in close

Figure 3.7. Nanopatterned array generated by

automated nanografting. (A) Topography and

(B) corresponding friction images (1:0� 1:0

mm2) of nanopatterns of 11-mercaptoun-

decanoic acid grafted in octadecanethiol/

Au(111). (C) Design of nanopatterned (100 nm)

ring elements. (D) Close-up view of four

patterns. (E) Zoom-in view of a single pattern

(250� 250 nm2). (F) Cross-section taken along

the line in (E).
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agreement with the theoretical height difference (0.7 nm). The line width of the

rings is approximately 10 nm. Commercial silicon nitride cantilevers with an aver-

age spring constant of 0.58 N m�1 were used for both imaging and lithography

(Veeco Probes, Santa Barbara, CA). The patterning and imaging experiments for

Fig. 3.7 were conducted in situ, in a liquid environment.

Typically, it requires less than 1 min to fabricate individual nanopatterns using

force-induced SPL such as nanoshaving and nanografting. Hundreds of nanopat-

terns can be written during an experiment without evidence of tip damage, pro-

vided that a minimal threshold force is applied. The fabrication forces used for

force-induced SPL typically range from 2 to 30 nN, depending on the system under

investigation and the geometries and spring constants of the cantilevers. Of course,

if far too much force is applied the tip or substrate can be damaged, so it is critical

to determine the minimum force for nanofabrication with each experiment. Com-

mercially available soft Si3N4 cantilevers have mostly been used for nanofabrica-

tion by mechanical force, with force constants ranging from 0.03 to 2.0 N m�1.

When imaging in liquid, the total force applied typically is less than 1 nN, to pre-

vent damage to substrate layers.

The first studies using nanografting to immobilize proteins were conducted in

1999 by Gang-Yu Liu and coworkers using either electrostatic or covalent interac-

tions to immobilize lysozyme, rabbit IgG and BSA on SAM nanopatterns [74].

Since then, a growing number of investigators have taken advantage of the flex-

ibility of nanografting in liquids for surface studies with biomolecules. The typical

general steps of an in situ protein binding experiment are (a) to fabricate nanopat-

terns of adhesive tethering molecules, (b) bind proteins to these nanopatterns and

(c) test the activity of the immobilized proteins by introducing a second antibody or

protein that will bind specifically to the surface-bound protein.

An important advantage of nanografting is the capability to conduct experiments

in situ, viewing the successive changes in surface topography after the steps of

nanopatterning SAMs, rinsing, and introducing buffers and proteins. With in situ
nanografting, the protein patterns are not subjected to air exposure, and remain in

a carefully controlled environment by rinsing and exchanging solutions within the

liquid cell. As molecules bind to nanopatterns, sequential real-time AFM images ex-
pose reaction details at a molecular level, uncovering critical details of the adsorption

of proteins to nanostructured surfaces. Figure 3.8 illustrates the basic steps of an in
situ protein adsorption experiment using nanografting.

In the initial investigations of protein immobilization on nanografted SAMs, Liu

et al., used functionalized alkanethiol SAMs to mediate electrostatic and covalent

binding of IgG and lysozyme [74]. The reactivity and stability of protein nanopat-

terns was studied in further reports, and included investigation of the retention of

specific activity of the immobilized proteins for binding antibodies [75, 76]. Protein

patterns sustained washing with buffer and surfactant solutions and were stable

for at least 40 h of AFM imaging. The smallest protein feature yet produced by

nanografting is a 10� 150 nm2 line containing three proteins [74, 76].

The first in situ antigen–antibody binding AFM experiment with nanofabricated

SAMs was conducted using nanografting to direct protein immobilization [75].
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The activity of covalently immobilized rabbit IgG was tested by reactivity toward

mouse anti-rabbit IgG. AFM topographs of protein binding on nanografted pat-

terns of an aldehyde-terminated SAM are shown in Fig. 3.9. Several aldehyde-

terminated nanopatterns, a1–a5, were first grafted into a dodecanethiol SAM ma-

trix. The depth of these patterns measured 0:8G 0:2 nm and images display dark

contrast where the rectangular patterns were inscribed (Fig. 3.9A). After injecting

rabbit IgG and rinsing with a surfactant solution, selective adsorption was observed

on all six nanopatterns (Fig. 3.9B) in which the bright contrast indicates heights

taller than the matrix SAM. In the next step, mouse anti-rabbit IgG was introduced

(Fig. 3.9C), showing further height increases. By comparing the height of nanopat-

terns before and after secondary IgG binding, it was observed that immobilized

IgG may adopt various configurations (Fig. 3.9G).

Several investigators have applied nanografting to write nanopatterns for protein

immobilization. Abell and coworkers conducted a side-by-side comparison of pro-

tein adsorption on multifunctionalized surfaces at the nanoscale using nanograft-

ing. Protein adsorption on three differently charged linkers nanografted within a

hexa(ethylene glycol) terminated alkanethiol resist SAM was monitored in situ by

AFM at various pH values [77]. The adsorption of proteins onto nanografted pat-

terns (400� 400 nm2) of 6-mercaptohexan-1-ol (MCH), n-(6-mercapto hexyl) pyri-

dinium bromide (MHP) and 3-mercaptopropionic acid (MPA) was studied with

lysozyme, IgG and carbonic anhydrase II. They conclude that in addition to the

overall charge of protein molecules, the charge of local domains of the proteins

plays a role in immobilization. In the same paper, Abell and coworkers used nano-

grafting to assemble multilayered protein G/IgG/anti-IgG nanostructures through

Figure 3.8. Steps for nanopatterning proteins

using force-induced lithography. (A) A flat area

is chosen for writing nanopatterns by imaging

at low, nondestructive forces. (B) Nanofabrica-

tion is accomplished by applying higher force

to write new SAM molecules. (C) Proteins are

introduced by exchanging liquids. (D) Protein

nanostructures can be characterized under low

force.
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Figure 3.9. The steps of protein binding and

molecular recognition with nanografted

patterns captured by AFM topographic images.

(A) Five nanopatterns of 3-mercapto-1-

propanal were written in a dodecanethiol SAM.

(B) The image contrast changed after rabbit

IgG bound covalently to the aldehyde-termi-

nated nanopatterns. (C) After introducing

mouse anti-rabbit IgG, the patterns display

further height changes, indicating the antibody

binds specifically to the protein nanopatterns.

Cursor traces across pattern a2 indicate the

height changes (D) after nanografting, (E) after

injecting IgG and (F) after introducing anti-

rabbit IgG. (G) Map for understanding the

evolution of molecular height changes during

the steps of this in situ experiment.

(Reproduced with permission from Ref. [75].)
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electrostatic interactions as a potential means to orient IgG molecules for antibody-

based biosensor surfaces.

Using force-induced SPL methods of nanografting and nanoshaving, Porter and

coworkers compared three approaches for protein patterning [78]. They success-

fully combined force-induced SPL with immobilization of IgG via EDC activation

of 11-mercaptoundecanoic acid; through direct adsorption of Fab 0-SH fragments

to nanoshaved regions of an EG3-OMe matrix, and through chemisorption of a di-

sulfide coupling agent, DSU. Ducker and coworkers applied nanografting to im-

mobilize insulin and acetylcholinase esterase on nanografted 1,2-diols which were

activated by sodium periodate to produce aldehyde groups [79]. Retention of cata-

lytic activity was demonstrated for nanopatterned enzymes. Nanografting was ap-

plied to directly pattern designed metalloproteins by Au-S chemisorption by Scoles

and coworkers [80]. The bundle protein structure was designed to present the C-

termini of three helices, terminated with d-cysteine residues for assembly in a ver-

tical orientation, normal to the Au(111) substrate.

A potential disadvantage for nanografting is that exchange takes place between

solution molecules and the surface matrix SAM for some systems of alkanethiols.

Natural self-exchange is an issue particularly when nanografting longer chain

thiols into a shorter chain matrix layer, thus it is important to use very dilute (be-

low 0.1 mM) solutions for nanografting. Exchange can be detected within 2–4 h

(depending on the age of the matrix SAM) when molecules from solution adsorb

onto defect sites and at step edges.

Although not yet practical for high-throughput applications and manufacturing,

combining SPL with protein immobilization enables new approaches for directly

investigating changes that occur on surfaces during biochemical reactions. Nano-

engineered surfaces are useful for viewing antigen–antibody binding at the nano-

meter scale, to assess the specificity of selective binding, and to evaluate protein

orientation and the accessibility of ligands for binding. Advantages of force-

induced SPL include the ability to precisely produce nanometer-sized patterns of

bioreceptors, and to successively image and conduct fabrication in situ, within
well-controlled environments. For protein nanopatterning, force-induced SPL can

be applied to either directly write proteins on surfaces via nanoshaving, or can be

applied to write molecules for attaching proteins to surfaces through electrostatic,

covalent or specific binding chemistries.

3.3.3

DPN of SAMs and Proteins

DPN, developed by Chad Mirkin and coworkers in 1999, has emerged as an impor-

tant and versatile method for producing multicomponent arrays of SAM nanopat-

terns, as well as other molecules and nanomaterials [81]. This section describes the

DPN nanofabrication method and then presents examples of DPN applied for pro-

tein nanopatterning. Protein nanopatterning has been accomplished by several dif-

ferent approaches via DPN. For SAM molecules written directly by DPN, proteins

may be attached to nanopatterns through electrostatic, covalent or specific interac-
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tions on nanopatterns after surface passivation. Another strategy is to use surface

activation of nanopatterned amine, carboxylate or hydroxyl groups for protein im-

mobilization. Direct writing of proteins has also been accomplished by DPN using

modified AFM tips.

In DPN, an AFM tip (pen) is coated with a molecular ‘‘ink’’ to write on clean

gold substrates or ‘‘paper’’ under ambient conditions in air [56, 82]. Ink molecules

migrate from the coated AFM tip through a capillary meniscus to the substrate by

diffusion (Fig. 3.5C). Capillary transport of molecules from the AFM tip to the sub-

strate can be used to directly write arrays of SAM nanopatterns. Additional me-

chanical force is not applied to the AFM tip or ‘‘pen.’’ When an AFM tip is used

in air to image a surface, the narrow gap between the tip and surface forms a tiny

capillary meniscus from the condensation of water. Nanopatterns such as indi-

vidual lines, dots, grids and arrays of alkanethiols have been written on bare gold

surfaces [56, 83, 84]. The size of the water meniscus that bridges the tip and sub-

strate depends on the tip shape and the relative humidity [85]. In DPN, the me-

niscus is used to transport molecules from the tip to the surface. The resolution of

DPN depends on several parameters, such as the geometry of the AFM tip, the hu-

midity of the ambient environment, as well as the duration over which the inked

tip is placed in contact with the surface – typically of the order of approximately 1–

10 s. With commercial cantilevers, DPN routinely generates feature sizes down to

15 nm.

Protein arrays were produced with DPN by patterning 16-mercaptohexadecanoic

acid (MHA) for immobilizing lysozyme and IgG through electrostatic interactions

by Mrksich and coworkers (Fig. 3.10) [86]. After writing MHA dots (diameter 100–

350 nm) the gold surface was passivated with 11-mercaptoundecyl-tri(ethylene

glycol). The MHA patterns were exposed to proteins by immersing substrates in a

solution containing the desired protein. The arrays were then rinsed with buffer

and imaged in air by tapping-mode AFM. The reaction of IgG patterns with rabbit

antibody and with mixtures of proteins was also studied using AFM to investigate

and detect nonspecific binding to nanopatterns and to passivated areas of the sub-

strate. In another study, Choi and coworkers immobilized cytochrome c through

electrostatic adsorption on nanopatterns of MHA written by DPN [87]. The areas

surrounding the MHA nanopatterns were passivated with octadecanethiol.

Covalent attachment of synthetic peptides was accomplished by Ivanisevic and

Cho using DPN [88]. First, nanopatterns of amine-terminated silane molecules

(3-aminopropyl-triethoxysilane) (APTES) were written on SiOx surfaces by DPN.

Next, the heterobifunctional cross-linker N-hydroxysuccinimide ester (SMPB) was

conjugated to the APTES nanopatterns. In the final step, a TAT peptide was cova-

lently linked to SMPB via a cysteine residue in the peptide sequence.

The molecular recognition-mediated, stepwise fabrication of patterned protein

nanostructures was accomplished by Zauscher and colleagues using DPN [89].

First, a SAM of MHA was patterned on gold by DPN, shown in Fig. 3.11. Next,

the surrounding regions were passivated with a protein-resistant oligoethylene

glycol-terminated alkanethiol SAM [11-mercaptoundecyl-tri(ethylene glycol) (EG3-

SH)]. Nonspecific adsorption of proteins on the background was prevented by pas-
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sivation with EG3-SH. In the third step, an amine-terminated biotin derivative was

covalently conjugated with the MHA nanopatterns through a reaction with NHS

and 1-ethyl-3-(dimethylamino)propyl carbodiimide (EDAC). The surface was then

incubated with streptavidin in a fourth step, mediated by molecular recognition be-

tween biotin and streptavidin. In the final step, protein nanopatterns were fabri-

cated by molecular recognition-mediated immobilization of biotinylated protein

(BSA) in solution. This method provides a generic platform for immobilization of

biotin-tagged molecules mediated by biospecific interactions of biotin–streptavidin

ligands.

For the specific immobilization of cysteine-labeled cowpea mosaic virus (CPMV)

capsid particles, Mirkin and coworkers applied DPN to write a mixture of two dia-

Figure 3.10. Snapshots of protein patterns

generated by DPN captured ex situ by tapping

mode AFM images in air and corresponding

AFM height profiles. (A) MHA dot array written

by DPN after rabbit IgG adsorption. (B) Same

IgG array after treatment with a mixture of

lysozyme, retronectin, goat/sheep anti-IgG and

human IgG. No height change or nonspecific

adsorption is detected. (C) A rabbit IgG array

before and (D) after treatment with a mixture

containing lysozyme, goat/sheep anti-IgG,

human anti-IgG and rabbit anti-IgG. The height

of the nanopatterns increased from 6:5G 0:9

to 12:1G 1:3 nm, indicating the binding of

anti-IgG onto IgG nanopatterns. (Reproduced

with permission from Ref. [86].)
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lkyl disulfides as ink [90]. The areas surrounding the nanopatterns were passivated

with penta(ethylene glycol) groups. The density of maleimide groups provided effi-

cient thiol capture through Michael addition of the thiol from cysteine residues of

engineered CPMV particles to the nanopatterned maleimide groups.

Surface activation of nanopatterns of MHA written by DPN was used by

Zauscher and coworkers to fabricate nanostructures of stimulus-responsive elastin-

like polypeptide (ELP) [91]. First, patterns of MHA were written directly using

DPN. The surface was then passivated with 11-mercaptoundecyl-tri(ethylene

glycol). Next, the COOH groups of the nanopatterned MHA were reacted with

Figure 3.11. Nanopatterns of biotin–BSA imaged by tapping

mode AFM. [A(i)] An array of 144 dots written by DPN; [A(ii)]

zoom-in view of the area within the frame, showing the size of

the dots. (B) The 3-D dot array with 1-mm features.

(Reproduced with permission from Ref. [89].)
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NHS and EDAC to covalently conjugate ELP to the surface. ELP was end-grafted to

the surface through an amine group to dictate the surface orientation.

Mirkin and colleagues have presented several studies with direct writing of pro-

teins using DPN. Thiolated collagen was used as ink for direct writing of collagen

nanopatterns on gold substrates [92]. Using a modified AFM tip, IgG was written

directly on either negatively charged SiO2 or on aldehyde-modified SiO2 surfaces by

DPN [93]. Tips were coated with 2-[methoxypoly(ethyleneoxy)propyl]trimethoxysilane

(Si-PEG), which forms a biocompatible and hydrophilic surface layer on AFM tips

for protein inking. Protein arrays of IgG and lysozyme were nanopatterned by

direct writing using metallized AFM tips (gold) with a thioctic acid coating, for pro-

tein adsorption [94]. Humidity is a critical variable in transporting proteins from

tips to a surface, for direct writing of proteins; optimum results were obtained in

a glove box at 80–90% humidity to achieve consistent transport properties. Direct

writing of proteins on nickel oxide surfaces also was accomplished using tips

modified with nickel. For direct write DPN, AFM tips were coated with 5 nm of

nickel to facilitate transfer of histidine-tagged proteins (ubiquitin and thioredoxin)

as inks [95]. High humidity enabled diffusion from the tip to the surface and also

served to minimize the denaturation of protein structures on nickel substrates.

Oxidized nickel has a high affinity for polyhistidine residues and patterns could

not be generated for protein inks without histidine tags. The binding activity of

the nanopatterns was investigated by reaction with fluorescently labeled antibodies,

indicating that surface structures remained active for fluorescent labeling.

Another strategy for DPN nanopatterning is accomplished by combining bias-

induced electrochemistry and DPN [96]. Electrochemical DPN (E-DPN) was used

to immobilize histidine-tagged proteins on nickel substrates [97]. Silicon AFM

probes were coated with polyhistidine-tagged peptides, proteins and free-base por-

phyrins for nanopatterning. By applying a negative bias (–2 to –3 V) to the coated

AFM tips, nanopatterns could be written on nickel surfaces using tapping-mode

AFM. Without an applied potential, protein deposition was not observed.

DPN provides methods for directly writing chemical inks on surfaces for com-

plex, multistep fabrication of nanostructures of proteins. Chemical reagents can

be delivered directly to nanosized areas of a surface and then the surrounding un-

covered areas can be passivated with resistive SAMs. The DPN method is amena-

ble to conducting experiments at ambient temperatures in air and ink transfer is

facilitated by controlling humidity. After each reaction step, samples can be charac-

terized ex situ by AFM imaging. Different molecules can be deposited by exchang-

ing tips to produce multicomponent arrays of nanopatterns. For protein nanopat-

terning, DPN can be applied to either directly write proteins on surfaces using

modified tips or to nanopattern SAM molecules for attaching proteins to surfaces

through electrostatic, covalent or specific binding.

3.3.4

Latex Particle Lithography with Proteins

Particle or nanosphere lithography is an approach for nanopatterning which uses

physical adsorption of materials to surfaces. Monodisperse latex particles self-
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assemble into periodic structures on flat surfaces, which have then been used as

structural templates or photomasks for defining the deposition of proteins or other

materials. The latex particles are removed by various approaches, such as calcina-

tion, solvent dissolution or simple rinsing with water. Particle lithography has been

successfully applied for patterning metals, sols, polymers and inorganic materials

[98–102]. Researchers have also applied colloidal lithography with latex beads as

photomasks to construct functional surfaces for selective protein adsorption on

lithographically defined regions [102, 103]. This section describes a method of par-

ticle lithography which can be applied directly for controlling the organization of

proteins on surfaces through physical adsorption [57].

Particle lithography can be used to construct arrays of protein nanostructures on

surfaces, with superb control of the distribution of proteins within a single layer

over micron-sized areas [57]. An outline of the steps for patterning proteins using

latex particle lithography is shown in Fig. 3.12. First, the protein and latex are

mixed together in an aqueous solution. For best results, the solution containing

protein and latex should be allowed to remain at room temperature for time inter-

vals not longer than 4 h. (To maintain protein activity the solutions should be

freshly prepared and to minimize contaminants the latex particles should be pre-

washed to ensure that the particles are free of surfactants.) In the second step, a

small volume (10 mL cm�2) of the colloidal suspension is deposited at the center

of the substrate surface, using a pipette. The liquid spreads out into a thin layer

across the surface as it dries. The protein and latex mixture forms ordered assem-

Figure 3.12. Fabrication steps for creating

arrays of protein nanostructures via particle

lithography. (A) Monodisperse latex particles

are mixed with protein. (B) The mixture is

deposited on a flat surface such as

mica(0001). (C) After the droplet dries, an

ordered crystalline layer is formed. (D) Latex

are removed by rinsing with deionized water,

leaving a layer of protein nanostructures on the

surface.
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blies supported by mica or gold. During drying, the convective motion of water as

it evaporates pulls the latex together into close-packed assemblies. After the depos-

its have dried, the latex is rinsed away with deionized water to leave a single layer

of protein nanostructures on the surface. The assembly of latex particles and the

protein nanostructures can be characterized using AFM throughout the fabrication

process.

Example images of BSA arrays formed from 500- and 200-nm diameter spheres

are shown in Fig. 13(A and B, respectively). The 2-D AFM topographs reveal an

organized arrangement of circular dark holes (uncovered areas of mica) sur-

rounded by clusters of BSA. The periodicity of the resulting nanopatterns depends

on the separation of latex spheres, which is observed to be 10–15% smaller than

the original latex diameters. This is likely attributable to the shrinking and defor-

mation of latex particles during drying. Using 500 nm particles, the ratio of

BSA:latex was 55 000:1 which roughly corresponds to a single layer of proteins en-

capsulating a sphere. For the 200 nm particles, the ratio of BSA:latex was 9000:1,

also corresponding to a monolayer shell. The ratios for successful lithography have

Figure 3.13. Periodic arrays of BSA nano-

structures generated with latex nanoparticle

lithography. (A) BSA nanopatterns from 500-nm

particles, using a BSA:latex ratio of 55 000:1.

The corresponding cursor indicates the period-

icity of the BSA nanostructures is 422G 33 nm.

(B) BSA nanostructures generated using

200-nm particles and a BSA:latex ratio of

9000:1. The periodicity of the BSA nano-

structures measured 179G 21 nm.
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ranged from approximately half of monolayer coverage of spheres to that of two

layers, yielding different distributions and surface morphologies. Particle lithogra-

phy uses mild conditions (ambient temperatures, buffers), yet provides nanometer-

level control of the spatial distribution of proteins organized within a single surface

layer. Particle lithography was also successfully applied for nanopatterning rabbit

IgG [57]. Both IgG and BSA nanopatterns retained the ability to bind correspond-

ing specific antibodies.

Particle lithography is a highly reproducible and robust method for patterning

proteins, and serves as an excellent starting point for continuing to develop more

complex bioassays with different surfaces and proteins. Using latex particles to

control the arrangement of proteins on surfaces is a practical technology which is

amenable to microspotting or immersion methods used for protein microarrays

and biochips. Latex bead immobilization has been applied in spotting solutions to

create microarrays for detection of antibodies [104]. Particle lithography offers the

advantages of nanometer precision and high throughput, since a small vial of solu-

tion can produce hundreds of replicate samples. Future investigations will address

the suitability of particle lithography to other surfaces and to other proteins, for ap-

plication in surface-bound immunoassays.

3.4

Detection of Protein Binding at the Nanoscale

Nanoengineering approaches for the development of nanoscale bioassays capitalize

on the unique in situ and high-resolution capabilities of SPM. Designed surfaces

can be created with precisely placed proteins, which are subsequently monitored

during the binding of secondary antibodies. SPM can be applied directly for detec-

tion, measuring changes in the heights of nanopatterns with protein binding. The

height changes indicate the side-on or end-on orientation of immobilized proteins

(Fig. 3.14) [74]. In some investigations, fluorescent labels were conjugated to anti-

bodies for microscopic examination of samples. Optical microscopy can detect

changes in fluorescence after antigen–antibody binding. An important question to

address is whether or not the tagging entity hinders the affinity and efficiency of

antigen–antibody binding. Many fluorescent dyes currently used are hydrophobic,

which substantially decreases the solubility of protein–dye conjugates. This could

adversely influence signal intensity for fluorescent detection [105]. Nanoscale

studies can be applied to refine critical parameters used to link and organize pro-

teins on surfaces of biochips and biosensors. SPM images of protein binding can

be beneficial for evaluating the effectiveness of different bioconjugation chemis-

tries for biomarkers.

At the core of biosensing is detection of biomolecular binding events with high

selectivity and sensitivity. Typically, bioassays for surface-bound proteins are not as

sensitive as approaches which use solution chemistry, due in part to the accessibil-

ity of molecules for binding. Pressing the limits of protein patterning to the nano-

meter scale will furnish direct views of the differences in immobilization chemis-
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tries. Conventionally, biosensors and biochips rely on microspotting or solution de-

position to place proteins on various surfaces, without control of the placement

and arrangement of target proteins. There is a requirement for efficient yet mild

immobilization chemistries which preserve tertiary structure and maximize the

activity of fragile biomolecules.

Biomolecules immobilized on a surface serve as the receptor and in some cases

as the signal transducer in biosensors. Therefore, the placement of biological li-

gands in precisely defined locations can increase the density of sensor elements

and lead to improved detection limits with molecular-level control of the surface

reactivity [106, 107]. As a proof-of-concept, Wolinsky and Mirkin have reported a

nanometer-scale antibody array prepared by DPN to test for the presence of the hu-

man immunodeficiency virus type 1 (HIV-1) in blood samples [108]. The HIV-1

antibodies were immobilized on the MHA nanopatterns for hybridizing (HIV-1

p24) antigen and bound proteins. With a nanoarray of 100-nm features written by

DPN, the three-component sandwich assay exceeded the limit of detection of con-

Figure 3.14. Nanografted patterns of

aldehyde-terminated SAMs were used to co-

valently immobilize proteins via imine bonds.

(A) Nanopattern of 3-mercapto-1-propanal

(150� 150 nm2) written in decanethiol;

(B) after in situ immersion in buffer containing

rabbit IgG; (C) combined cursor profiles for

lines in (A) and (B). (D) Nanografted rectangle

of mercaptodecanal (340� 300 nm2) written

in hexanethiol; (E) after immersion in lysozyme

solution. (F) Corresponding cursor profiles

across (D) and (E). The ellipsoidal lysozyme

and Y-shaped IgG molecules may adopt

various orientations, as shown in the

schematics above the cursor plots.

(Reproduced with permission from Ref. [74].)
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ventional enzyme-linked immunosorbent assay (ELISA) based immunoassays by

1000-fold.

3.5

Future Directions

It can be anticipated that array-based technologies in proteomics including protein-

based biochip and biosensing devices will significantly advance biotechnology, clin-

ical diagnostics, tissue engineering and targeted drug delivery [109–111]. Ultra-

small protein patterns can be used in biosensing, control of cell adhesion and

growth and in biochip fabrication [5, 6, 112]. Methods of high-throughput protein

analysis offer immense potential for fast, direct and quantitative detection, includ-

ing the possibility of screening thousands of proteins within a single sample to test

for protein, ligand and drug interactions. Improved binding to surfaces onto which

capture proteins are arrayed and improved sensitivity of detection are technical

challenges advancing protein microarray technology. The next section first dis-

cusses the motivation for advancing beyond microtechnology to the nanoscale

frontier and then describes new technologies which are being developed for multi-

plexing AFM systems for parallel processes.

3.5.1

Advantages of Nanoscale Detection

Tools for nano- and microfabrication will provide important contributions in devel-

oping biochip and biosensing technologies, as well as supply basic research in

protein–protein interactions. With the rapid progress in development of large sets

of characterized antibodies, protein and antibody arrays will provide tremendous

advantages for diagnostics and medical science. Miniaturization provides rewards

of reduced quantities of analytes and reagents, increased density of sensor and

chip elements, and more rapid reaction response [107, 113–115]. Multiplex screen-

ing of many interactions in a parallel fashion reduces analysis time and gives in-

sight into the multiplicity of factors involved in diseases. Protein microarrays used

in experiments based on AFM detection may soon reach capabilities for routinely

achieving single-molecule detection.

Nanotechnology offers advantages not only for array production, but also for

sample detection for bioarrays. In the nanoscale size regime, material properties

are different than at macroscopic scales, exhibiting phenomena such as electro-

magnetic field enhancement, narrow emission band fluorescence, surface plasmon

resonance, and conductivity and signal amplification. These properties enable new

signaling and recognition capabilities for use in sensor systems. For example, bio-

conjugates of nanoparticles and quantum dots may provide improved stability and

sensitivity for quantitative fluorescence detection with advantages over the conven-

tional approach of fluorescent staining which suffers from the disadvantage of pho-

tobleaching [116]. With regard to biomolecule detection, new strategies based on
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functionalized metal nanoparticles, in combination with magnetic detection have

been reported, using superparamagnetic beads coated with antibodies for detection

[117].

3.5.2

Development of Cantilever Arrays

Using SPM-based nanofabrication, the single pen-and-ink approach is far too slow

for cost-effective manufacturing of protein arrays. AFM-based lithography offers

the ultimate capabilities for nanometer-scale control of surfaces with extremely

high spatial precision; however, it has the limitation of relatively low throughput

by fabricating each pattern individually. If higher throughput can be accomplished

for nanoscale biochips, such arrays would offer immense capabilities. Miniaturiza-

tion of protein sensing to nanodimensions will require techniques for rapid, effi-

cient and high-throughput writing of biomolecules and SAMs. New designs for

AFM probe arrays are being developed which will provide parallel and multiplex-

ing capabilities for surface characterization and fabrication. Readers are referred

to two recent reviews which detail the developments in multiple probe systems

[81, 118].

Successful lithography with probe arrays has been demonstrated by several re-

searchers, and representative examples are summarized in Tab. 3.3. Initial designs

of tip arrays used feedback from a single cantilever for operation. This can some-

times be problematic for lithography because of variations in tip geometries and

difficulties for precise alignment [119]. Micromachined arrays of cantilevers oper-

ated in parallel (2� 1; 5� 1; 10� 1; 32� 1 and 50� 1) were used for bias-induced

oxidation of silicon as reported by Quate and coworkers [119–121]. Proof-of-

concept experiments were presented for operation of parallel AFM probes for

bias-induced lithography using as many as 50 probes. Arrays with integrated z-
axis control were found to improve the quality and reproducibility of writing. There

are several approaches for control and actuation of individual probes within canti-

lever arrays, including piezoelectric sensing [121–123], optical interferometric de-

tection [124], thermal actuation of bimetallic tips [125–129] and conductivity sens-

ing of tip–surface contact [130].

DPN has been advanced to parallel processes through the use of 1-D cantilever

arrays [131, 132]. Control of the horizontal and vertical movements of AFM probes

can be achieved using the laser signal feedback of a closed-loop AFM scanner. Us-

ing an eight-cantilever array, a miniaturized combinatorial chemical sensor was

produced with DPN by writing multiple inks as sensor elements [133]. Also, exam-

ples have been reported using tip arrays for simultaneously writing multiple pat-

terns of octadecanethiol using DPN [128–130].

Two-dimensional cantilever arrays have been developed and tested, including de-

signs which combine passive (feedback from deflection of a single tip) and active

control through actuation of multiple tips [134]. A group at IBM has implemented

an addressable 32� 32 probe array designed for high-density data storage [135,

136]. The ‘‘Millipede’’ array format with 1024 cantilevers measures 3� 3 mm2
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Figure 3.15. The ‘‘Millipede’’ array of 1024 cantilevers.

(A) Photograph of the entire chip. (B) SEM images of

cantilevers of the 32� 32 array. (C) A single cantilever with

integrated silicon tip. (Reproduced with permission from

Ref. [135].)
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and each cantilever is assigned to read and write areas of 100� 100 mm2. The

Millipede approach is not based on individual z-feedback for each cantilever; feed-

back control is applied for the whole chip. This design requires stringent control of

tip fabrication parameters via micromachining to generate uniform probe dimen-

sions (Fig. 3.15). Although the Millipede design is intended for read/write data

storage, other applications can be envisaged using SPL.

3.5.3

Concluding Remarks

Fundamental understanding of the interactions of protein binding to substrates or

antibodies is essential for developing workable technologies for life sciences. The

new capabilities to study and control processes on the nanometer scale are emerg-

ing as valuable assets in both fundamental and applied research. At present, SPM

and SPL are primarily used as research tools in laboratories rather than as tools for

manufacturing. However, in the future, nanoscale technology in manufacturing is

predicted to bring an even greater impact and benefit to society than present-day

microfabrication technologies. Potential applications include the development of a

new generation of chemical and biosensors, biochips, and molecular electronic de-

vices. We anticipate that nanoscale research will define new directions in areas

such as biosensing, biomimetic surfaces for drug delivery and biomolecule-based

electronics. This chapter provides insight on the tremendous versatility of several

new SPL methods applied for protein nanopatterning. In addition, there are many

new nanofabrication methods being developed which may be suitable in the future

for engineering surfaces for nanoscale protein assays.

Applying the in situ tools of lithography with proteins will enable systematic eval-

uation of the differences in bioaffinity for various chemical immobilization strat-

egies, with direct views of how the morphology and geometry of nanoengineered

surfaces direct and influence the binding of antibodies and proteins. Conceptually,

by arranging and orienting proteins on well-defined surfaces, the selectivity and

sensitivity of surface-based protein assays can be substantially improved. These

studies will facilitate the development of new and better approaches for immobili-

zation and bioconjugation chemistries – key technologies used in manufacturing

biochip and biosensing surfaces.
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4

Microcantilever-based Nanodevices in the

Life Sciences

Horacio D. Espinosa, Keun-Ho Kim, and Nicolaie Moldovan

4.1

Introduction

Microcantilevers were initially developed for atomic force microscopy (AFM),

where precise force sensing is critical for atomic-resolution imaging [1, 2]. Micro-

cantilevers were required to have a low force constant and a high mechanical reso-

nance frequency for a superior signal-to-noise ratio. Such requirements were met

by cantilevers made by microfabrication techniques, which had been originally de-

veloped for integrated circuit (IC) process technology, but were later on applied to

micrometer-scale silicon sensors and actuators [3, 4]. Microfabrication also permit-

ted the integration of sharp tips at the free ends of microcantilevers for high lateral

resolution in AFM scanning and manipulation. Microfabrication techniques fur-

ther tailored microcantilevers to broaden the AFM techniques for probing, material

delivery, manipulation, biomaterial sensing and lithography. Most of such appli-

cations take advantage of the high-precision positioning and subnanometer

deflection-detection capabilities of scanning probe microscopy (SPM), which in-

cludes scanning tunneling microscopy (STM), AFM, near-field scanning optical

microscopy (NSOM) and a plethora of conductive, capacitive, magnetic or thermal

probing techniques. Among the extended use of microcantilever applications, pat-

terning of biological materials at the submicron scale is of great importance to fab-

ricating ultra-miniaturized bioanalytical tests and devices. Patterning using biolog-

ical materials at the miniaturized scale has been pursued by many methods such

as ink-jet printing [5, 6], photolithography [7], microcontact printing [8–10], micro-

fluidic devices [11, 12] and ‘‘dip-pen’’ nanolithography (DPN) [13–15]. To date, the

DPN technique, an AFM-based direct-write lithographic method, provides the best

resolution. Features smaller than 100 nm in size containing patterned biomole-

cules have been obtained. In such direct-write patterning techniques, the tip sharp-

ness is critical. Through micromachining, tip radii as small as a few nanometers

have been obtained [16].

In the initial application of the DPN technique, microcantilevers were used to

pattern self-assembled monolayers (SAMs) formed by the adsorption of alkane-

thiols onto gold surfaces [13]. The SAMs have extraordinary utility to control inter-
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facial characteristics, such as the adsorption of proteins and the attachment of

cells, and for use in biological analysis including array-based high-throughput

screening and diagnostic applications [14, 15]. Also, SAM-coated microcantilevers

can detect specific chemical interactions via an optical beam-deflection technique

[17]. Direct delivery of biomaterials without the use of a SAM as a binding agent

has also been pursued. In biopatterning applications, it is usually required to

maintain and transport biomaterials in a liquid environment. Hence, the incorpo-

ration of microfluidic systems has been attempted. For example, a commercial

AFM tip with a small opening at its apex was reported [18]. These tips allow the

on-demand deposition of small single droplets at a predetermined location on a

sample. The demand to use liquid as a transport medium has created versatile

micro- and nanofluidic tools, specifically engineered for biopatterning, based on

the popular microcantilever architecture. Micromachining techniques made the de-

velopment of such useful structures possible.

Practical implementation of biopatterning and sensing by SPM techniques re-

quires high throughput. This is being pursued by means of microcantilever paral-

lelization [19, 20]. A two-dimensional (2-D) array of independently addressable

microcantilevers was developed for high-density data storage [21]. Although this

design was conceived for thermal patterning, it is possible to imagine similar tools

for biopatterning. With such a massively parallel biopatterning tool, the feature

sizes of DNA [22] or protein [23] chips can be further miniaturized, leading to

nanoscale assays. For instance, specialized microfluidic probes arranged in a 2-D

array would be able to produce ultra-miniaturized, high-density assays, requiring

only extremely small analyte volumes, and allowing the simultaneous processing

and massively parallel integration of proteins. The massive parallelization at the

nanoscale benefits the technique by decreasing the reaction time and by drastically

increasing the statistical significance of the experiments. This has the potential to

have a huge impact on applications in the life sciences, such as drug discovery and

diagnosis devices.

In this chapter we describe how microfabrication techniques were utilized to

build micro- and nanoscale devices which facilitated research and development in

the life sciences. Microfabrication techniques in general are now available from

many sources; books dedicated to topics of microfabrication for versatile SPM can-

tilever probes have also been published [16, 24, 25]. Furthermore, versatile princi-

ples and applications of the SPM techniques have been reviewed [26–30]. Without

claiming to exhaust the field, we include a list of currently available books and re-

view articles related to the construction and working principles of general micro-

cantilever probes in Tab. 4.1 for easy reference. However, none of the existing

books and reviews bring together the microfabrication aspects and life sciences ap-

plications, to discuss them in their close, technologically-targeted relationship. For

example, the microfabrication of apertured tips was introduced [16], but their ap-

plications in life sciences were not considered for delivering biosamples. Similarly,

articles on principles/applications lack information on how the microcantilevers

were constructed. In addition, since the development of microfluidic probes for

bio-nano applications is an emerging field, to the best of our knowledge, there are
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no current review articles or books that provide a systematic treatment. We hope

that this book chapter helps researchers to broaden their viewpoints in this hot

topic, organize their thoughts to rise from microfabrication to principles and stim-

ulate new ideas.

Our focus is on devices and methods for surface patterning that typically involve

SPMs, although some other interesting devices and concepts will be briefly intro-

duced, such as integration of microchannels. Section 4.2 gives a description of how

conventional types of microcantilevers have been microfabricated and used in bio-

technology. Beyond the use of conventional microcantilevers, many efforts have

been made to integrate microfluidic systems in micro- and nanocantilever devices.

Microfluidic systems are of interest because most applications in life sciences re-

quire liquid samples to be delivered or probed. Such advanced microcantilevers in-

volving microfluidics are in Section 4.3 and their applications in biopatterning are

presented in Section 4.4. Conclusions and outlook are given in Section 4.5.

4.2

Microcantilevers

The most commonly used cantilevers in SPM-based biopatterning and sensing are

rectangular or V-shaped. The preferred materials in microcantilever fabrication are

thin films, such as silicon oxide, silicon nitride, single crystal silicon, diamond or

metals. Sharp protruding tips are necessary at the free end of the cantilever for

Tab. 4.1. Books and review articles on microcantilever-based

applications in the life sciences.

Subjects covered Reference

Fabrication of cantilever probes for near-field optical applications 16

Principles of cantilever sensors for vibrating and force sensing applications;

parallelization of recording; chemical surface sensing with nanochemical

functionalized probes

24

Arraying probes and integration of sensing and actuation 25

Microfabrication 4

Artificial nose 32

AFM force spectroscopy 26–28

DPN applications 30

SPM for surface patterning 27–29

SPM imaging techniques 26, 28
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high-resolution imaging or manipulation, allowing the interaction area between

the tip and the sample surface to be minimized. The force constant of microcanti-

levers used in AFM has been accustomed by practical experience to be in the range

from 10�2 to 102 N m�1 in order to achieve atomic resolution in the contact mode.

The force constant k of a rectangular cantilever with fixed-free boundary condition

is defined as follows:

k ¼ Ewt3

4L3
ð1Þ

where E is the modulus of elasticity, w is the width, t is the thickness and L is the

length of the cantilever. Surface micromachining techniques are typically used to

fabricate micro- and nanoscale cantilevers with or without integrated tips. The fun-

damental fabrication methods for AFM microcantilevers were established in the

late 1980s and their basic concepts are still being used, but with improved features.

However, since AFM started to be used for purposes other than for surface profil-

ing, many modified and specific designs have been proposed, leading to a large di-

versity of micro- and nanocantilever probes. For example, microcantilevers with an

apertured pyramidal tip were used to pattern surfaces with liquid contained in a

small reservoir just above the tip.

In this section we describe microfabrication techniques of versatile micro/

nanocantilevers and their applications in life sciences.

4.2.1

Microfabrication of Miniaturized Probes

The fabrication methods of cantilevers can be basically divided into two classes

[31]. The first uses thin films deposited or diffused into a silicon substrate; in the

second fabrication method, all parts of the cantilevered are micromachined out of

bulk materials. In the first method, cantilevers beams were commonly formed

from thin films such as silicon nitride and silicon oxide. Thin films were deposited

on a (100) silicon substrate and then patterned through lithographic processes to

define the cantilever shape. The cantilevers were released by etching the sub-

strate, e.g. in aqueous potassium hydroxide (KOH) solutions or ethylenediamine/

pyrocatechol/water mixtures (EDP) [4]. Depending on the requirements, sharp tips

can be integrated on the cantilever, as discussed later.

Rectangular microcantilevers were employed as biological or biochemical detec-

tors utilizing the bending by adsorption-induced surface stress. The advantage of

cantilever-based biosensors is label-free detection and subnanometer deflection

sensitivity. In biological sensing applications, the cantilever generates either a static

deflection or a change in the resonance frequency when target molecules are ad-

sorbed on the surface of the cantilever [32]. Measurements of such changes can

be achieved by either electrical or optical means. Electrical methods include capaci-

tance and piezoresistive sensing, whereas optical techniques include optical lever

and interferometric methods.
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Arrays of silicon cantilevers were produced by a combination of dry and wet

etching techniques [33], to form an ‘‘artificial nose’’, working on the principle of

bending stress induced by surface adsorbed molecular species. Individual cantile-

vers were made (Fig. 4.1) with rectangular dimensions of 500 mm in length, 100

mm in width and 0.8 mm in thickness, resulting in a typical spring constant of

0.02 N m�1.

A thiol-gold immobilization system [34] was used to form stressed monolayers

to induce bending of the cantilevers in detection schemes for vapor thiols. For

this application, silicon nitride cantilevers with a 20-nm gold layer evaporated on

one side were used as sensors for gas-phase adsorption of alkanethiols [35]. The

optical detection scheme of an AFM was used to measure deflections down to the

picometer scale. Alkanethiol vapors were generated by placing a few microliters of

alkanethiol in a closed glass beaker. After thermal equilibrium was reached, the

cantilever was exposed to the alkanethiol vapor. The deflection was measured as a

function of time to show how the chemisorbed alkanethiols caused compressive

surface stress during the progressive self-assembly. With the same methodology,

single-strand (ss) DNA [36, 37] and proteins [38, 39] were detected utilizing DNA

hybridization and antigen–antibody interaction as a mechanism to cause surface

stress change. The biomaterials were delivered onto the cantilever in liquid envi-

ronment.

In addition to deflection detection, the change in resonance frequency was used

for the detection of target materials adsorbed on a cantilever [40–42]. The canti-

lever was driven close to the resonance frequency by a piezoelectric actuator. The

oscillation was detected by the AFM optical detection. The deposited material in-

creased the mass of the cantilever system, thus decreased the resonance frequency.

Assuming there is negligible stiffness change of the cantilever due to the layer of

adsorbed materials, the mass change Dm can be calculated from the following

equation [40]:

Dm ¼ k

0:72p2

1

f 21
� 1

f 22

� �
ð2Þ

where k is the spring constant of the cantilever, and f0 and f1 are the resonance

frequencies before and after adsorption, respectively. Simultaneous use of deflec-

tion and resonance frequency detection was also reported [43].

Figure 4.1. SEM image of a microcantilever sensor array [33].
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Furthermore, the force exerted by conformational changes of a surface-tethered

DNA system was investigated on microfabricated cantilevers [44]. The ability to

manipulate the direction and amplitude of bending of cantilevers envisioned po-

tential for micromechanical machinery, including valves, switches and actuators

triggered by molecular shape.

In order to integrate tips onto thin film cantilevers, molds for tips needed to be

fabricated on the silicon substrate prior to the deposition of the thin film [45]. Ei-

ther pits or convexities produced on a substrate were exploited as molds. Since

molds were employed for tip integration, those types of techniques for thin-film

cantilevers were frequently referred to as micromolding or microcasting tech-

niques.

The fabrication of molding-pit cantilevers started with the formation of pits on a

(100) silicon surface by an anisotropic etchant such as KOH solutions with a circu-

lar or square opening on a mask layer. Such an anisotropic etching produced a py-

ramidal pit delineated by (111) planes. Subsequently, a thin film was deposited to

conformally coat the pit and patterned to delineate the cantilever shape. By remov-

ing the whole silicon substrate underneath the cantilever, a protruding tip inte-

grated on the cantilever was obtained [45, 46]. Hybrid tip/cantilever structures

were reported by replacing the tip materials with metals, such as tungsten [45]

and gold [47], while keeping the cantilever body made of silicon nitride, with better

mechanical properties. In a different design, Rasmussen and coworkers [48] re-

ported having all parts of the probe, including the tip, cantilever and support,

made out of electroformed metal. The general disadvantage of this type of molding

technique is that the fabricated tips point into the substrate, which makes the

substrate impractical to use as a chip handling body. Thus, the addition of an extra

handling body is needed on the opposite side of the tip, prior to the releasing step.

Wafer bonding [45] or electroplating techniques [48] were used to form a handling

body. The sharpness of the released tip is determined by that of the molding pit on

the silicon substrate, whose final tip angle is around 70� due to the characteristic

of anisotropic etching of silicon [3]. However, the sharpness, as well as the aspect

ratio, of the tips can be improved by sharpening the molding pit using thermal

oxidation at around 950 �C [49]. Oxidation at such a low temperature caused the

growth of a nonuniform silicon dioxide film in the pit, resulting in a narrower

angle between the walls of the pit, giving a sharper molded tip. With modified

pits, tips with curvature radii as low as 110 Å were obtained [49].

Convex tip molds were also used to integrate tips onto microcantilevers [45]. In

this fabrication scheme, a precursor cap and isotropic etching were used to create a

molding tip out of the silicon substrate. For this purpose, a masking layer (SiO2 or

Si3N4) was deposited on a (100) silicon wafer, followed by lithographically pattern-

ing the layer to produce a tip mask of square or circular shape. During a subse-

quent etching process, the tip mask was undercut to form a silicon post under-

neath. The silicon etching was a combination of isotropic and anisotropic plasma

etching. Extended etching formed a sharp tip with the cap detached. Subsequent

thermal oxidation at 1100 �C forms a silicon oxide layer incorporating the tip. A

cantilever was lithographically formed on the silicon oxide layer and finally re-
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leased by removing the silicon substrate in a KOH solution. When a protruding tip

is used as a mold, the molded tip faces in the opposite direction of the silicon sub-

strate, which allows the substrate to be used to form a handling chip. An oxidation

sharpening technique can also improve the geometry of convex-molded tips [50,

51]. This technique is based on an experimental study showing that the oxide

growth is about 30% slower at silicon step edges than on flat surfaces at tempera-

tures ranging between 900 and 950 �C [50, 51]. The effect is related to the stress-

induced diffusion anisotropy of oxygen in silicon oxide, which allows oxidation

sharpening to be used both for sharpening concave and convex silicon molds. The

low temperature during the oxidation process is important, since at above 950 �C

silicon oxide suffers a softening and flow, thus eliminating the stress and the diffu-

sion anisotropy.

As for the materials for a cantilever/tip structure other than silicon oxide, single-

crystal silicon doped with boron was used [52]. Also, a silicon nitride layer depos-

ited onto a convex mold was reported [53].

Instead of thin film cantilevers, whole parts of the structure (i.e. tips, cantilevers

and handling chips) can be micromachined entirely out of bulk silicon. In the

scheme reported by Wolter and coworkers [31], the fabrication was done by etching

a (100) silicon wafer through a rectangular etch widow in a mask layer on the re-

verse side until a thickness of twice the desired thickness of the cantilever re-

mained. The cantilever was subsequently defined on a mask layer on the front

side of the wafer, followed by resumed KOH etching until both sides met. The tip

integration was achieved with a precursor and undercut. The thickness of the can-

tilever was controlled by the etching time in KOH. Accurate geometry control by

timing the etching is generally impeded by the following factors: (a) the etching is

not uniform on a wafer due to stirring-induced flow, liquid flow induced by bubble

generation and strong proximity effects, and (b) the etch rate cannot be precisely

controlled on every batch. Hence, etch stop techniques, such as boron doping [54,

55] and buried oxide [56, 57], were pursued to precisely define the cantilever thick-

ness.

The molding techniques are particularly important for fabricating tips and canti-

levers out of materials hard to pattern directly, such as diamond, silicon carbide,

platinum, silicon elastomers, resins, etc. Some of these cases will be treated in

more depth in the following sections.

Sharp integrated tips are essential in many SPM-based applications including li-

thography and manipulation of nano-objects in order to produce smaller nanopat-

terned or assembled structures. For example, such tips integrated on cantilevers al-

lowed the manipulation of single molecules, and measurements of intermolecular

[58–60] and intramolecular [61–63] forces. Force spectroscopy with SPM was typi-

cally achieved by functionalizing a tip with a partner suitable for specific interac-

tion with a target molecule bound onto a substrate. When the tip and substrate

were brought into contact, the molecular partners interacted. Subsequently, the

cantilever was retracted to stretch the target molecule. Mechanical properties of

the intermolecular bond established between partners were identified for biomolec-

ular combinations including biotin–streptavidin, antibody–antigen, complemen-
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tary strands of DNA and interactions between proteins. By stretching molecules

bound between a tip and a substrate, unfolding events were measured to deter-

mine rupture forces associated with various numbers of base parings [61, 62].

Many applications in SPM force microscopy may be found in the literature [26].

The fabrication methods of the aforementioned types of cantilevers with inte-

grated tips are summarized in Tab. 4.2. In the following sections we discuss how

microcantilevers with integrated tips have been used for nanofabrication and ma-

nipulation.

4.2.2

Cantilever Probes for Nanopatterning

Tips integrated on microcantilevers may function as pens or quills, to locally de-

liver molecules previously present on the tip surface. The tip sharpness allows

sub-100 nm patterning with various molecular species. The domain becomes rele-

vant for life sciences if these molecules achieve a local functionalization of the sur-

faces, such that specific biochemical experiments can be conducted at these length

scales. DPN is a direct-write lithographic technique which uses AFM tips to locally

deposit materials on a variety of surfaces [13, 30]. The deposited material and the

substrate usually have to be paired, such that a chemical reaction occurs upon de-

livery, or a SAM is formed, so that a reading is possible using the same AFM tech-

nique. In some cases, this reaction or SAM formation is not needed, such as the

case of simple patterning with fluorescent dyes, when the reading can be achieved

optically. In the DPN technique, the species form a thin molecular layer on the tip

surface, such that the tip geometry is not significantly altered. When the tip is

placed in contact with a target surface, the molecules migrate from the tip onto

the surface and the time of surface contact directly correlates with the amount of

materials transferred. DPN was originally reported to pattern gold surfaces with a

solution of alkanethiols [13], and its applications have been subsequently extended

Tab. 4.2. Types of fabrication methods for tip integration on

cantilevers.

Fabrication type Notes Reference

Molding on a pyramidal pit monolithic tip/cantilever 48, 83

hybrid tip/cantilever 45, 47, 77

Molding on a convexity pyramidal convexity 20, 53

conical convexity 91

Monolithic etching doping for etch stop 20, 54, 55

buried oxide for etch stop 56, 57
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to patterning surfaces with versatile types of materials such as biomolecules [14,

15, 64], polymers [65], small organic materials [66], sol precursors [67] and metal

salts [68]. One of the advantages of the DPN technique is that biomolecules, such

as DNAs or proteins, can be patterned both by direct-write and indirect assembly

[14, 15, 69–72], which can be utilized to build nanoscale biomolecular sensor ar-

rays with higher sensitivity and selectivity due to much smaller sample volumes.

For example, modified ssDNAs with a thiol group on one end were patterned on

a gold surface and used to capture complementary DNA sequences tagged with

nanoparticles [14]. In this way a pattern of gold particles could be assembled (bot-

tom up) on the surface, in a completely different way than by thin film deposition

and etching or lift-off (traditional top-down techniques). Feature sizes ranging

from a few micrometers to less than 100 nm were achieved.

The water meniscus formed by capillary condensation was suggested as the

mechanism of molecular transfer from a tip to a substrate in DPN and the forma-

tion of such a meniscus was recently confirmed using an environmental scanning

electron microscopy (SEM) technique [73]. Once transferred to the substrate, the

molecules spread across the surface depending on the humidity, temperature, reac-

tivity of the ink with the substrate and contact radius of the tip. Assuming the

environmental conditions and types of ink and substrate are optimized, the pat-

terning of small feature sizes is critically dependent on the radius of curvature

of the tips integrated on AFM cantilevers. The most commonly used probes in

the DPN technique are made of silicon nitride with integrated pyramidal tips,

which are typically fabricated using the pyramidal-pit-molding technique [45].

For higher resolution of DPN writing, sharper tips improved by the oxidation-

sharpening technique [49] are usually employed. The dimensions of the cantilevers

meet the reported range of desired force constants of the cantilever 0.03–0.3 N m�1

[74].

Once a tip is coated with molecules of interest, patterning is typically controlled

by commercially available AFM instruments to precisely deposit desired amounts

of molecules at controlled locations. DPN writing has been typically performed

with a single probe; however, patterning large areas with a single tip, due to its se-

rial nature and limited AFM scan size, is very inefficient. In an effort to improve

the throughput of the DPN technique, the feasibility of parallel DPN patterning

with a commercially available tip array was demonstrated in a commercially avail-

able AFM [74].

Furthermore, linear arrays of high-density probes with integrated tips for DPN

were microfabricated [19, 20]. Two types of DPN probe arrays were developed us-

ing surface micromachining techniques. The first type, or type-1 probe array, was

made out of thin-film silicon nitride using the molding technique with a protrud-

ing tip, whereas the second type, or type-2 probe array, was fabricated from heavily

boron-doped silicon (Fig. 4.2). The type-1 probe array consists of 32 straight probes

in a 1-D arrangement with the space between consecutive probes being 100 mm.

The dimensions of an individual cantilever were 400 mm long, 50 mm wide and

0.6 mm thick. The type-2 array had eight probes separated from each other by a
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spacing of 310 mm, whereas each cantilever was in a multifold configuration. The

dimensions are 1400 mm long, 15 mm wide and 10 mm thick.

The fabrication of the type-1 probe started with growing a thin oxide film on a

(100) silicon wafer. The oxide film on the front side was patterned to serve as pre-

cursor caps for the subsequent etching (Fig. 4.3a). Anisotropic etching in KOH so-

lution undercut the precursors to create tips protruding out of the silicon substrate

until the tips had small flat top surfaces (Fig. 4.3b). Subsequently, a thermal oxida-

tion process sharpened the tip and removed the precursor cap (Fig. 4.3c). As a re-

sult, uniform sharpness was obtained for the produced tip array. A layer of silicon

nitride film was deposited through a low-pressure chemical vapor deposition

(LPCVD) process and then patterned to form the shanks of the individual probes

(Fig. 4.3d). The cantilevers were released in the ensuing anisotropic wet etching

in ethylene-diamine pyrocatechol (EDP) solution at 95 �C (Fig. 4.3e).

The fabrication of the type-2 probes started from a silicon wafer having two extra

layers on the top, consisting of a 10-mm layer heavily doped with boron and a 10-

mm silicon layer grown epitaxially on top of the doped layer. The wafer was ther-

mally oxidized to form a 500-nm oxide layer, from which tip precursors were litho-

graphically patterned (Fig. 4.4a). Tips were created from the epitaxial silicon layer

by underetching the silicon oxide precursor caps (Fig. 4.4b). Thermal oxidation fol-

lowed to sharpen the tips (Fig. 4.4c). Another layer of oxide film was formed to pro-

tect the front side during the subsequent etching (Fig. 4.4d). The bulk silicon sub-

strate was etched away using EDP until the boron-doped etch-stop layer was

reached (Fig. 4.4e). A final reactive ion etching (RIE) process was performed to de-

fine the cantilever shape (Fig. 4.4f ).

This fabricated array of probes was used to pattern gold surfaces with 16-

mercaptohexadecanoic acid (MHA) and octadecanethiol (ODT), and to demon-

strate parallel DPN capabilities in a conventional AFM. Only one cantilever was

monitored by the optical beam-deflection scheme of the AFM, while the others in

the array followed in a passive manner. Eight duplicate copies of patterns with a

60-nm feature size were generated by parallel-writing, while only one cantilever

was used for the deflection sensing.

In addition, a linear array of 26 tips was operated in a parallel fashion to deposit

patterns of MHA on a gold surface to form a mask for a subsequent gold-etching

Figure 4.2. SEM micrographs of DPN probe arrays with the

type-1 (left) and type-2 (right) arrays [20].
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step [75] (Fig. 4.5). Results obtained demonstrated that the line widths were nearly

identical without any writing failure at individual tips (Fig. 4.6). Patterning with an

array of three 26-tip arrays produced more than 34 000 dot features in 7.3 min. Fur-

thermore, arrays containing up to 250 probes performed parallel DPN writing in a

high-throughput fashion over the centimeter length scale. Patterning of multilayer

organic thin films was also demonstrated in parallel fashion [76].

By addressing the throughput issue of DPN with microcantilever arrays, it was

envisaged that parallel-probe lithography would lead to many applications in high-

resolution patterning over large areas with the aforementioned versatile inks such

as biomolecules, organic materials, polymers, sol precursors, metal salts, etc. [30].

Figure 4.3. Fabrication process of a type-1 probe array [20].

The sequence is described in detail in the text.
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Figure 4.4. Fabrication process of a type-2 probe array [20].

The sequence is described in detail in the text.

Figure 4.5. Optical micrograph of a 26-pen array [75].
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4.2.3

Elastomeric AFM Probes

Hard materials, especially silicon nitride, have been the preferred tip materials for

DPN patterning probes. However, tips made of soft materials such as silicon elas-

tomers were also reported [77]. Poly(dimethylsiloxane) (PDMS) has been widely

used in microcontact printing, and is known to be compatible with a wide range

of chemicals and biological media [78]. A molded AFM tip was made of PDMS

and integrated at the end of a polymide cantilever (Fig. 4.7). The microfabricated

tip demonstrated DPN patterning capabilities with ODT as ink and achieved dot

sizes as small as 330 nm in diameter.

The fabrication sequence of the PDMS probe is presented in Fig. 4.8. A tip mold

was made on a (100) silicon wafer using an oxide mask layer via wet etching in

EDP (Fig. 4.8a). After the oxide layer was etched, an aluminum film was deposited

as a sacrificial layer (Fig. 4.8b). A 10:1 mixture of Sylgard 184 silicone elastomer

base and curing agent was coated on the wafer (Fig. 4.8c). Excessive liquid-state

PDMS was plowed out using a rubber blade leaving the PDMS only in the pit and

curing was performed at 90 �C for 30 min (Fig. 4.8d). A thin polymide layer was

spin-coated over the processed surface and patterned to define a cantilever shape

Figure 4.6. SEM image of gold patterns generated through the

parallel DPN technique using a linear 26-pen array [75].
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(Fig. 4.8e). A thick PDMS piece was bonded on the patterned polymide layer as a

handling body (Fig. 4.8f ). An aluminum etchant removed the sacrificial aluminum

layer to release the cantilever/tip structure without damaging either the PMDS tip

(Fig. 4.8g) or the silicon mold, which could be reused after cleaning.

The polyimide cantilever in this example was 400 mm long, 100 mm wide and

4 mm thick. The minimal printed ODT dot diameter was consistent with the

PDMS probe radius of curvature of 300 nm.

Another use of PDMS for DPN printing was reported by Zhang and coworkers,

who coated commercially available silicon nitride tips with PDMS and used them

to pattern surfaces with sub-100-nm resolution [79]. The advantage of using PDMS

as the tip material is that it provides higher coating efficiency, especially when the

inks are macromolecules such as biomolecules and polymers, for which rich expe-

rience is available from the domain of microcontact printing with PDMS stamps

[78, 80]. The advantage comes at the expense of a serious decrease in writing reso-

lution, due to the soft nature of the contact between the tip and substrate. In con-

trast, DPN with silicon nitride tips needed functionalization of the tip surface to

improve ink-coating efficiency when used for DNA patterning [14, 81], but

achieved 100-nm resolution.

4.2.4

Monolithically Fabricated Conductive Diamond Probes

Since DPN is performed in contact-mode operation, wear of tips is expected during

extended use. Tips made of the aforementioned materials such as silicon nitride,

silicon oxide, silicon and PDMS would be good enough for laboratory-level experi-

ments; however, the use of wear-resistant tips is of great importance to probe ar-

rays for high-throughput manufacture of bioassays. Hard materials are typically

employed to enhance the wear characteristics and diamond is the hardest known

material. Furthermore, tailoring its surface properties would allow diamond to

become a platform material to construct bioinorganic interfaces [82].

Figure 4.7. Optical micrograph of a probe chip with two

cantilevers with elastomeric tips. Inset shows a SEM image of

the integrated PDMS tip [77].
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A wear-resistant probe for contact-mode AFM techniques was fabricated using

ultra-nanocrystalline diamond (UNCD) [83]. The all-diamond probe demonstrated

molecular writing capability in DPN mode and potential use in scratch-based li-

thography. The probe was monolithically microfabricated with a pyramidal tip uti-

lizing the molding technique on pits. Electroplating was utilized to form a han-

dling body. The diamond was microfabricated to be either electrically conductive

by nitrogen doping or nonconductive. The growth of diamond film was achieved

by microwave plasma CVD (MPCVD) using a methane/argon mixture, which also

contained nitrogen in the case of nitrogen-doped films [84]. This doped film per-

mits AFM potentiometry and a large variety of conductive AFM techniques [85,

86] with an extended tip life cycle. Furthermore, diamond is chemically and biolog-

Figure 4.8. Fabrication process of the cantilever with an

integrated elastomeric tip [77]. The sequence is described in

detail in the text.
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ically inert, and forms an excellent electrode for electrochemical applications. It

also has a tunable hydrophobicity that can be achieved by surface functionalization

[82].

Two types of cantilevers were fabricated: V-shaped and arrow-shaped. The

lengths and thicknesses of both cantilevers were 170 and 0.8–1.4 mm, respectively.

The arm width of the V-shaped cantilever was 18.8 mm, whereas the rectangular

one was 12 mm wide. The V-shape cantilevers had a stiffness of around 2 N m�1,

and were better suited for contact and tapping mode AFM techniques, while the

rectangular cantilevers had a stiffness of around 1 N m�1 and performed well in

lateral force imaging, well-suited for imaging DPN patterns. The fabrication

started by forming of a thermal oxide on a (100) silicon wafer to be used as a

mask in subsequent microfabrication steps and patterning square holes into it

lithographically. Pyramidal pits were formed by KOH etching to be used as a molds

for the future tips (Fig. 4.10a) and then sharpened by thermal oxidation utilizing

the nonuniform growth of the oxide in the pit (Fig. 4.10b). The wafer was im-

mersed in a diamond powder solution in methanol, followed by ultrasonication

for uniform seeding. The growth of a diamond layer was achieved by MPCVD us-

ing a combination of argon and methane gases, with or without nitrogen gas (Fig.

4.10c). An aluminum layer was deposited by electron beam evaporation and then

patterned to define cantilevers (Fig. 4.10d). The UNCD film was etched using the

aluminum as a mask by oxygen RIE (Fig. 4.10e), followed by the removal of the

aluminum mask (Fig. 4.10f ). An etch window was patterned on the reverse side

Figure 4.9. (a) SEM image of a UNCD cantile-

ver with a tip. (b) SEM image of a UNCD tip

after 1 h of scanning on a diamond substrate.

Inset shows the tip before the scanning. (c)

Frictional AFM image of alkanethiol monolayer

patterned on a gold substrate by a UNCD tip.

Patterning and imaging were performed by the

same tip. (d) SEM image of a commercially

available silicon nitride tip after 1 h of scanning

with the same parameters used for the UNCD

tip in (b). It shows damage at the tip apex; the

inset shows the tip prior to the test.
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oxide layer for subsequent release of the cantilevers and chips (Fig. 4.10g). A seed-

ing layer for electroplating was deposited and patterned on the front side (Fig.

4.10h). A thick photoresist (SU-8) was spin-coated and patterned to form a mold

for the handling body of the chip (Fig. 4.10i). A layer of gold was then electroplated

up to 300 mm thickness onto the seed layer to form the chip body (Fig. 4.10j). The

top side of the gold was then flattened by polishing (Fig. 4.10k). After removing the

photoresist (Fig. 4.10l), the chip was released in KOH solution (Fig. 4.10m).

The DPN compatibility of the diamond probe was tested. A commercial AFM

(Digital Instruments; Dimension 3100) was used for the writing test using MHA

as ink and gold substrates to write on. Lines produced were around 200 nm wide,

whereas the smallest dots generated had a diameter of around 80 nm. In addition

to the compatibility with the DPN technique, the UNCD probe demonstrated AFM

imaging capabilities of topography and lateral force when used for scanning right

after the patterning (Fig. 4.9c). Surface scratch testing was also performed, promis-

ing a favorable tool for scratch nanolithography. Furthermore, the scalability of the

probes batch-fabricated with the integration of diamond films could lead to 1- and

2-D arrays of probes that could be used for massively parallel DPN-based fabrica-

tion of nanostructures. Such probes have the potential to perform DPN for long

working times, virtually wear free.

We have described microfabrication aspects of simple microcantilevers in several

applications related to the fabrication and manipulation of nanostructures and the

detection of minute volumes of substances. Although microcantilevers are rela-

tively simple structures, they have served as powerful tools for such purposes.

Figure 4.10. Microfabrication steps for UNCD probe [83].

Detailed steps are described in the text.
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However, advanced applications demand more functionality from the devices. In

the next section we discuss advanced microcantilevers that allow delivery of fluid

materials and suspensions.

4.3

Cantilevers with Integrated Micro- and Nanofluidics

Material delivery in suspension has many potential applications, especially when

the materials are macromolecules, such as biomolecules and polymers, nanopar-

ticles, catalysts, and nanotubes. Controlled delivery of such materials would permit

the fabrication of complicated nanostructures and nanoelectromechanical systems

(NEMS). Also, in life sciences, it is oftentimes required to deliver large-size mole-

cules and it is challenging to carry out scanning probe-based lithography with such

molecules if the microcantilevers are not equipped with microfluidic systems. The

implementation of micro- and nanofluidics into microcantilevers has been pursued

to achieve material delivery in suspension as well as surface patterning with high

resolution. Dispensing femtoliter or smaller volumes was achieved with a modified

version of a conventional silicon nitride microcantilever [53]. Split-pin-type spotters

for the fabrication of gene chips have been further miniaturized by microfabri-

cation [87, 88]. Micro- and nanopipette-based AFM probes were used to deliver

minute amounts of liquids [89]. Micropipette arrays with buried microchannels

were micromachined for drug injection [90]. A nanofountain probe (NFP) was fab-

ricated and tested, having an on-chip reservoir, cantilevers with embedded micro-

channels and high-resolution dispensing tips [91, 92].

In this section we describe microfabrication techniques for micro- and nanoflui-

dic cantilevers and their applications along with their potential impact in life

sciences.

4.3.1

Apertured Pyramidal Tips

The on-demand dispensing of single liquid attoliter droplets using AFM probes

was demonstrated with modified tips containing a simple orifice. Meister and co-

workers [18] created an aperture at the apex of a commercially available probe us-

ing focused ion beam (FIB) milling. The hollow reverse side of the pyramidal tip

was used as a reservoir to store the liquid. Flow of the liquid was initiated simply

by contacting the pipette with a surface and stopped by lifting it from the surface.

Created features had dimensions of 100 nm and below. As the FIB process is serial

in nature and precludes high-volume production, microfabrication techniques

were employed to build directly apertured pyramidal tips integrated on cantilevers

[53]. The device has potential applications in nanofabrication for the direct deposi-

tion of versatile materials, including biomolecules, catalysts, etch resists and nano-

particle suspensions. With the reservoir on the reverse side, extended writing was

possible without reloading.
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The fabrication process for the cantilevers with the apertured tips is illustrated in

Fig. 4.11. The probes consisted of a hollow silicon nitride tip on a compound can-

tilever of silicon and silicon nitride. The molding technique on a pyramid was em-

ployed to integrate the tip on the cantilever. A molding tip was first fabricated on a

silicon (110) wafer by underetching a precursor cap (Fig. 4.11A-a). The wafer was

thermally oxidized, followed by LPCVD deposition of a silicon nitride layer to form

a mold (Fig. 4.11A-b). Photoresist was spin-coated in such a manner that the tip

apex was uncovered. With this opening at the tip apex, only that portion of the sil-

icon nitride layer was etched by RIE (Fig. 4.11A-c). Through the opening of the sil-

icon nitride layer, hydrofluoric acid etched the underlying silicon oxide layer (Fig.

4.11A-d) and, subsequently, KOH etching removed the underlying mold pyramid

to produce an empty space surrounded by a pyramidal silicon nitride shell (Fig.

4.11A-e). A combination of photolithography and RIE patterned the silicon nitride

and silicon oxide layers on the reverse side to open an etching window on the re-

verse side (Fig. 4.11A-f ), while a cantilever was defined on the compound layer

from the front side (Fig. 4.11A-g). Etching in KOH solution not only released the

cantilever, but also opened a hole on the silicon portion of the hollow space of the

tip to be used as a reservoir (Fig. 4.11A-h). The final thickness of the cantilever was

7–8 mm.

The patterning of the microfabricated probe was tested using alkanethiols to be

deposited on gold substrates as well as Cy3 fluorescent dye in glycerol to be depos-

ited on glass. The loading of the hollow probe was done by hand pipetting under

an optical microscope. The probe had a pre-patterned loading area to avoid wetting

the entire cantilever while loading the solution. A lower limit on the size of the de-

position was given by the diameter of the aperture (around 100 nm to 1.5 mm). In

Figure 4.11. Microfabrication process for cantilevered probes

with apertured tips [53]. Detailed steps are described in the text.
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addition, it was a challenge to routinely load ink into the reservoir island located at

the end of the cantilever. Furthermore, evaporation constituted a major problem in

this approach, preventing long-term writing.

4.3.2

Open-channel Cantilevered Microspotters

In microspotting technologies, a biochemical sample is loaded into a spotting pin

by capillary action, and a small volume is transferred to a solid surface by physical

contact between the pin and the solid substrate [93]. Other than microspotting

pins, capillaries or tweezers can act as a printhead of biochemical samples. Print-

heads are moved by an xyz motion control system and brought into a contact with

a surface to transfer pre-made substances. In an effort to fabricate massively paral-

lel, high-density DNA, protein and cell chips, microfabricated cantilevers have been

used as printheads (Fig. 4.12). Microcantilever spotters were used for depositing bi-

ological samples [87, 94] and nanoparticles [95].

Arrays of microcantilevers were also produced by microfabrication techniques.

Deposition was achieved by direct contact between the cantilevers and the surface

by capillary transport. An electrowetting technique for controlling surface tension

was applied for the loading of the liquid. A passivated aluminum layer integrated

on the cantilevers was employed as an electrode for the electrowetting. The sample

loading required a droplet of a solution containing biological samples to be placed

on a conductive solid substrate. After the end of cantilevers was dipped into a drop-

let of liquid to be deposited, an electric field was applied between the electrode and

the substrate to increase the affinity of the liquid. The electric-field introduced a

modified charge distribution that changed the free energy, causing the liquid to

spread and wet the surface of the cantilevers [96]. As a result, the height of liquid

rise on the cantilever surface was increased.

Figure 4.12. Optical photographs of microfabricated cantilever

spotters [87, 95].
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Figure 4.13 illustrates the fabrication steps of the cantilever microspotter as de-

scribed by Belaubre and coworkers [87]. The microfabrication used a silicon-on-

insulator (SOI) substrate with a 5-mm thick top silicon layer. First, a layer of low-

temperature silicon oxide (LTO) was deposited by LPCVD (Fig. 4.13A). Aluminum

electrodes were defined by a lift-off process (Fig. 4.13B). A second layer of LTO was

deposited for passivation purposes (Fig. 4.13C). Cantilever shanks were defined by

photolithography to be used as a mask for the following etching of the LTO layers

by RIE. Subsequently, the top silicon layer of the SOI wafer was etched by another

RIE step (Fig. 4.13D), in which microchannels and microreservoirs were formed

on the cantilevers. Finally, the reverse side of the wafer was removed through etch

windows in a deep RIE step. Etching was stopped by the buried oxide layer of the

wafer. The silicon oxide layer was then etched from the reverse side by RIE to re-

lease the cantilevers (Fig. 4.13E). Arrays of cantilevers, with a spacing of 450 mm,

were microfabricated, where each cantilever was 2 mm long, 210 mm wide and

5 mm thick.

The microfabricated cantilevers were used to pattern a glass slide with 1-pL vol-

umes of a solution containing Cy3-labeled oligonucleotides (15mers) [94]. In addi-

tion, protein, anti-goat IgG (rabbit), microarrays were generated on a glass slide

coated with dendrimer molecules as crosslinkers. With both molecules, 30-mm di-

ameter spots were obtained. It was also demonstrated that two different biological

samples were deposited with the same cantilevers using a cleaning procedure, in

which no cross-contamination was observed.

Furthermore, microspotter cantilevers were used to deposit functionalized amor-

phous silica nanospheres on coated silicon surfaces by Leichle and coworkers [95].

Colloidal solutions, containing poly(ethylene glycol) (PEG)-600 and aminopropyl-

triethoxysilane (APTS) nanoparticles with diameters of around 300 and 150 nm,

Figure 4.13. Microfabrication process of cantilevers [87].

Detailed steps are described in the text.
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respectively, were deposited on surfaces to form spots of various diameters ranging

from around 10 to more than 100 mm.

The minimum spot size writable with a common cantilever spotter is around

10 mm in diameter. To achieve higher resolution, cantilever microspotters were fur-

ther miniaturized. A microcantilever-based tool with a 1-mm wide split gap at the

end (Fig. 4.14) has been reported by Xu and coworkers [88]. Named the surface

patterning tool (SPT), this device had integrated on-chip sample reservoirs and

fluid transportation microchannels, which addressed limitations inherent in the

use of the conventional AFM probes. An SPT consisted of a cantilever with a split

gap at the end, a reservoir on the handling chip, and a 1-mm deep transportation

microchannel connecting the gap and the reservoir. Sample loading was carried

out by filling the reservoir with sample solutions as well as by dipping the cantile-

ver end into sample fluid. These new designs, dedicated to biomolecular pattern-

ing, allowed reliable patterning of large molecular species and reduced reloading

requirements.

The length of the SPT cantilevers ranged between 200 and 300 mm, and the

width between 20 and 40 mm. The split gap was around 1 mm wide and around

40 mm long. At the fixed end of the cantilever, a 10-mm deep rectangular reservoir

was located on the handling substrate. The depth and width of the microchannel

Figure 4.14. Schematic of the quill-type cantilever and SEM

images of fabricated cantilever [88].
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were 1 and 1–10 mm, respectively. Silicon oxide was selected as the material for the

cantilever due to its advantages in terms of mechanical properties, fabrication re-

quirements and biocompatibility.

The fabrication steps of the SPT are shown in Fig. 4.15. A (100) double-side pol-

ished silicon wafer was thermally oxidized to have a thickness of 2–3 mm. The front

side oxide layer was lithographically processed to define a cantilever shank, a split

gap and a reservoir. In order to fabricate the cantilever with the 1-mm gap using

conventional photolithography, a nickel layer was electroplated on top of the oxide

to be used as mask, using a negative photoresist pattern. The oxide layer was then

anisotropically etched by RIE with a gas mixture of CHF3 and SF6 (50:1 cm2) and

power of 50 W at 50 mTorr pressure. After patterning the cantilever and the gap, a

1-mm deep microchannel was etched by RIE. Finally, a window was patterned on

the backside layer of SiO2, followed by releasing the cantilever in KOH solution of

concentration 35 wt%, at 80 �C.

Figure 4.15. Schematic diagram of the microfabrication

processes for the quill-type SPT [88].
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Testing of the fabricated SPTs was performed using a dedicated commercial in-

strument called a NanoArrayer (BioForce Nanosciences, Ames, IA). This instru-

ment was equipped with a precision motion control system and an environmental

chamber. Although this instrument used an optical lever deflection scheme em-

ployed in an AFM, it did not scan or acquire images. SPTs were mounted to form

a 12� angle with the deposition substrates such that only the tip end was in contact

with the substrate. Patterning was demonstrated using Cy3–streptavidin in a stan-

dard protein patterning application [88]. The Cy3–streptavidin sample solution was

loaded into the reservoir using a micropipette, prior to mounting the SPT into the-

NanoArrayer. Spots were patterned on a dithiobis(succinimidyl undecanoate) (DSU)

monolayer coated on a gold surface. Fluorescence microscopy was utilized to ana-

lyze the patterned features. A 10� 10 array of spots with a diameter of 2–3 mm was

routinely obtained. With a single loading, more than 3000 spots could be printed in

about 1 h. It was also demonstrated that quantum dots conjugated to streptavidin

could be deposited in patterns of lines and spots using the SPT [97]. Those features

had line widths of around 150 nm to 7 mm and spot diameters of 3–5 mm.

Multiple cantilever-based SPTs for multiplexed biomolecular arrays were also re-

ported by Xu and coworkers [98]. Their SPT featured a 1-D array of microcantile-

vers and a corresponding microfluidic network that was capable of transporting

multiple fluid samples from macro-scale reservoirs located on the SPT substrate

through micro-scale channels to the distal end of the cantilevers. Five cantilevers

and five reservoirs were arranged in a chip so that multiple biological samples

could be transferred from the reservoirs to the SPT cantilever array. The overall

size of an SPT chip was 3� 6 mm2. Each cantilever was 250 mm long, 30 mm

wide and 2 mm thick, and consecutive cantilevers were separated by a spacing of

50 mm. The microchannel on each cantilever was 15 mm wide and 1 mm deep.

The fabrication steps for the multiple-cantilever SPT are illustrated in Fig. 4.16.

A double-side polished (100) silicon wafer was first thermally oxidized to form a

2.2-mm thick oxide film. The oxide layer on the front side was photolithographically

patterned to define the cantilevers, reservoirs and channels, and etched by RIE

(Fig. 4.16a). Subsequently, a 1-mm deep microchannel was etched on the cantile-

vers by overlay photolithography and follow-up RIE (Fig. 4.16b). In the next step,

the oxide layer on the reverse side was patterned to form an etching window and

the cantilevers were released by KOH etching (30 wt%). A wafer holder was used to

protect the front side oxide pattern during the KOH step. Finally, once leakage be-

gan to occur through the wafer holder in the KOH etching bath, the wafer was re-

leased from the hold and dipped in a 40 wt% KOH solution to form the reservoirs

and microchannels (Fig. 4.16c).

The multiple ink loading and patterning were tested using two types of fluores-

cent proteins: Cy2–donkey anti-goat IgG and Texas Red–donkey anti-rabbit IgG.

These two proteins were diluted in phosphate-buffered saline (PBS) and alterna-

tively loaded into the five reservoirs by hand pipetting. The solutions transferred

from the reservoirs to the distal end of each channel by capillary action and

the fluids were confined inside the microchannels without observed cross-

contamination. A DSU/gold surface was patterned to generate 10� 10 multiple
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ink dot arrays, with the mean spot diameter being about 12 mm. The SPTs gener-

ated biological arrays with a routine spot size of 2–3 mm. Several thousand spots

could be printed without reloading. It was reported that the minimum spot size

of the SPT was mainly limited by its gap width. The gap size can be further re-

duced with a higher-resolution lithography technique.

The SPTs have open microchannels integrated on cantilevers. This type of open

channel has advantages of being clog-free, and allowing easy cleaning and simple

microfabrication. However, such open microfluidic elements including microchan-

nels and reservoirs are prone to cross-contamination via vapor by different types of

samples, especially when loaded in arrays of cantilevers [99]. Also, evaporation may

be critical in some applications, although its rate can be reduced with environmen-

tal conditioning. Enclosed microchannels are beneficial in such cases, although

they are relatively difficult to microfabricate and the clogging issue needs to be ad-

dressed. Pipettes are conventionally used microfluidic devices with enclosed chan-

nels. Microneedles with embedded microchannels were also demonstrated to de-

liver liquid materials. In the following subsections, microcantilever devices with

enclosed microchannels are described.

4.3.3

Closed-channel Cantilevered Nanopipettes

Pipettes are essential tools in biomedical applications in order to precisely manip-

ulate and deliver fluidic samples, and they have been miniaturized for applications

Figure 4.16. Fabrication steps for an array of SPT cantilevers [98].
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of local delivery of liquid/gaseous materials at the nanometer scale. It was reported

that apertures as small as 3 nm at the tip with outer diameters at the tip of 10 nm

were produced [89]. Such nanopipettes permit delivering or probing liquid sam-

ples in small volumes. In addition to delivering precise volumes of samples, accu-

rate positioning is pivotal in biomedical applications. Nanopipettes were used in

AFM for precise positioning to deliver liquid or gaseous materials on surfaces for

localized chemistry [89, 100–104]. Nanopipette-based probes were used to deliver

minute amounts of materials such as Cr etchant [89], photoresist [103], DNA

[104], proteins [100] and enzymes [101, 102]. They are capable of continuous

sample feeding through the capillary. In certain applications, nanopipettes were

bent to have a cantilevered portion so that they could be used in AFM. The deflec-

tion, or contact force, of such cantilevered micropipettes was regulated by the AFM

optical beam-deflection scheme, whereas straight nanopipettes, not compatible

with the optical deflection scheme of AFM, employed other techniques such as

shear-force feedback control [103] or an electrical current between the pipette and

solution [104].

Protein solutions readily flowed through cantilevered nanopipettes to be directly

deposited on a surface with dot diameters of around 200 nm [100]. A proteolytic

enzyme was used to locally break a layer of bovine serum albumin (BSA) [101,

102]. Photoresist was delivered through the aperture formed at the end of a pulled

nanopipette [103]. In this case, direct-write with photoresist replaced conventional

photolithographic steps including spin-coating, mask alignment, exposure to UV

light and developing. A nanopipette was used in a solution environment, whereas

the tip–sample separation was controlled by the feedback signal of the ionic cur-

rent established between two electrodes – one in the pipette and the other in the

solution [104].

Production of cantilevered pipettes is based on pulling quartz capillary tubes by

computerized systems called micropipette pullers. These pullers apply a controlled

axial load on the capillaries, while heating them locally with a flame, electrical so-

lenoid or, for better control, a laser beam. Two pipettes can be obtained after the

pulled capillary breaks. A desired bending can be produced to make the probes us-

able in scanning probe systems [105, 106] (see Fig. 4.17).

The bending can be obtained close to the tip by heating the micropipette over a

microflame. The operation can be performed in specialized tools called bevelers.

Such cantilevered glass micropipettes can be coated with metals in order to allow

the optical deflection detection scheme of AFM to function (Fig. 4.17). The diame-

ter of the cantilevered portion of the micropipette can be around 12 mm and the

cantilever length around 300 mm. Such dimensions of the glass cantilevers resulted

in resonance frequencies up to 400 kHz and force constants ranging from tenths

to tens of Newtons per meter. It was also reported that a filament made of metal

thread was installed inside a pipette to mechanically strengthen the pulled tapered

region [103]. The filament improves the wetting characteristics of the inner wall of

the pipette such that the liquid can spontaneously fill the pipette lumen.

Taha and coworkers [100] reported micropipette printing of a yeast protein onto

aldehyde-coated glass slides, in which an aldehyde group on the surface reacted

134 4 Microcantilever-based Nanodevices in the Life Sciences



preferentially with the primary amino group of the N-terminus of the protein for

immobilization as described in Ref. [23]. A solution of the protein in PBS 100 mM

with 10% glycerol to keep the proteins hydrated was prepared and manually loaded

from the large end of the pipette with a syringe. The capillary action delivered the

solution to the end of the pipette. Subsequently, the nanopipette deposited a line of

the protein which was around 500 nm wide and around 40 nm thick. The experi-

ment was performed at room temperature without humidity control. The same

type of pipette was also used to pattern dots and lines of green fluorescent protein

(GFP) on BSA-coated glass slides, resulting in dot diameters of around 250 nm and

line widths of around 450 nm. This method demonstrated that the feature size can

be made 1000 times smaller than with conventional spot arrayers.

A nanopipette filled with a solution of DNA or protein was utilized by Bruck-

bauer and coworkers [104] to pattern surfaces in an aqueous environment with a

voltage applied between the pipette and surface. This method was based on scan-

ning ion conductance microscopy (SICM) [107]. In this report, a pipette was filled

with a solution of 100 nM DNA or protein and the pipette tip was inserted into a

bath of ionic solution. The ion current was used to control the dispensing rate of

molecules as well as the tip-to-surface distance. Spots of ssDNA labeled with Rhod-

amine Green were deposited on a streptavidin-coated glass surface and the mea-

Figure 4.17. (a) Experimental setup of the cantilevered

nanopipette in an AFM. (b) SEM image of a cantilevered

nanopipet. Scale bar: 100 mm. (c) Close-up of the tapered end

of a 50-nm aperture nanopipet. Scale bar: 500 nm [101].
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sured full width at half-maximum (FWHM) was 830G 80 nm. Spots of Protein G

were also patterned onto a positively charged glass surface utilizing electrostatic in-

teraction as an immobilization mechanism. Measured feature sizes were 1.3 mm.

Although pulled micropipettes are capable of delivering small volumes of sam-

ples with precise positioning, it is a challenge to accomplish reproducibility and

scalability when expansion to arrays is required, which is essential for tools in bio-

nano applications, e.g. to fabricate microarrays or nanoarrays. Micromachined pi-

pettes in the following section will give an idea how microcantilevers with chan-

nels can be microfabricated to address the reproducibility and scalability of conven-

tionally produced micropipettes.

4.3.4

Micromachined Hypodermic Needle Arrays

Microcantilevers with closed microchannels were microfabricated to be used as mi-

cropipettes and microneedles for drug injection applications. The applications of

micromachined cantilevered needles are different from the microcantilevers dis-

cussed in the preceding sections in terms of size (larger) and functionality (not

for surface patterning). However, they are integrated with microchannels to effec-

tively deliver biofluid into a body via injection and the microfabrication approach is

worth discussing because it can be utilized to create embedded microchannels in

microcantilevers. Microcantilever-based hypodermic needles are sometimes re-

ferred to as in-plane microneedles since they are fabricated in the plane of a silicon

wafer as contrasted to out-of-plane needles, where short microneedles are micro-

fabricated normal to the plane of the wafer surface [108, 109]. Microcantilever-

based needles have been fabricated using several structural materials such as sili-

con [110, 111], polysilicon [112] and metals [90, 113].

Micromachined pipette arrays were reported by Papautsky and coworkers [90].

They have integrated microchannels on cantilevers as well as dispensing apertures

at the end of the cantilevers. The cantilevers were 1.5 mm long and 400 mm wide,

and the microchannels had an inner cross-sectional area of 400� 30 mm2 (W�H).

For fabrication, a (100) silicon wafer was doped with boron to form a 4–6-mm pþ

layer, which later served as an etch stop. Then, a silicon nitride layer was deposited

by plasma CVD to be used as a mask during the following anisotropic etching in

KOH (Fig. 4.18a). Next, a palladium layer was selectively electroplated onto the sil-

icon wafer to form the undersides of the needles (Fig. 4.18b). A thick photoresist

layer (P4620) was deposited and photolithographically patterned as a sacrificial

layer to define the inner lumen of the needles (Fig. 4.18c). A palladium layer was

sputter-deposited to conformally cover the patterned thick photoresist layer, this

was followed by the electrodeposition of a thin additional layer of palladium on

top of the sputtered metal. The primary structural material was then electroformed

to complete the top and side walls of the pipette (Fig. 4.18d). The sacrificial photo-

resist was dissolved by immersing the wafer in acetone (Fig. 4.18e). The pþ mem-

brane was removed by plasma etching with SF6 gas from the reverse side to release

the micropipettes (Fig. 4.18f ).
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The microfabricated microneedles were used for high lane density slab-gel elec-

trophoresis. Capillary action was utilized to load samples into the microneedle. The

samples were dispensed into wells of electrophoretic micro-gels using a syringe

pump demonstrating a 2-fold increase in the number of theoretical plates and

a 6-fold reduction in lane spacing compared to standard mini-gel separations. Al-

though the micromachined pipettes were not intended for surface patterning, their

closed microchannels demonstrated a means to effectively deliver biofluid by capil-

lary action.

4.3.5

NFPs

NFPs can be defined as microfluidic dispensing probes that incorporate a reservoir,

continuously feeding the ink to the tip, which can write with sub-100-nm resolu-

tion [91, 114]. On-chip reservoirs were met in several applications already de-

scribed. Apertured pyramidal tips incorporated a small reservoir at the hollow

back of each tip [53]. Cantilever microspotters were capable of containing liquid

samples in the split at the end of the cantilever [87], while SPTs had on-chip reser-

voirs for storing larger volumes of samples [88]. However, the minimum resolu-

tion of all those tools was limited by the size of the aperture or the width of the

gap. It seemed to be challenging to make patterns in the sub-100-nm region.

Also, the open microfluidic components in the aforementioned devices resulted in

restricted control of evaporation and possible cross-contamination when multiple

tips/inks are used. From such a point of view, nanopipette-based probes showed

advantages [89]. Since nanopipettes are fabricated by individual glass capillary pull-

ing, difficulties arise in fabricating arrays of uniform probes. Also, the minimum

feature size patterned by nanopipettes is limited since it depends critically on the

aperture size, which typically leads to a larger dimension of the patterns due to the

formation of an external liquid meniscus around the pipette tip during patterning.

Figure 4.18. Fabrication steps for microneedle arrays [90].
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Both high-resolution patterning and continuous sample feeding through closed

microchannels were achieved by NFP. Figure 4.19 illustrates a first-generation mi-

crofabricated NFP device and its molecular-writing results. A volcano-like dispens-

ing tip was configured to have a ring-shaped aperture through which samples were

dispensed to generate sub-100-nm lines on a routine basis. Features with a line

width as small as 40 nm were patterned, which experimentally demonstrated

high-resolution fountain-pen-mode writing, i.e. a writing mode in which ink is

Figure 4.19. (a) Writing mechanism of the

NFP device. A molecular ink drawn from an

on-chip reservoir forms a liquid–air interface

at the annular aperture of the volcano-like

dispensing tip. Molecules are transferred by

diffusion from the interface to a substrate

and a water meniscus is formed by capillary

condensation. (b) Liquid from the reservoir is

delivered to the dispensing tip via capillary

force. (c) SEM image of a dispensing tip.

(d) SEM image of an NFP chip showing

cantilevers and an on-chip reservoir.

(f ) Frictional AFM images of features

patterned by an NFP. Patterns with line

widths as small as 40 nm have been

successfully generated.
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transported from the on-chip reservoir to the substrate. An embedded microchan-

nel and an on-chip reservoir continuously replenished the tip with liquid samples.

Due to the unique volcano-like dispensing tip of the NFP, both continuous feeding

and high-resolution writing were possible. The resolution of the NFP was con-

trolled by the radius of the tip since it preserved the DPN-mode writing, compared

to other techniques, where the aperture size or the gap width were considered as

the dominant factors limiting the resolution. While the nanopipettes, apertured py-

ramidal tips and quill-type SPTs work by the formation of an outer meniscus be-

tween the probe and substrate, the NFP forms a meniscus between the ultra-sharp

AFM-like tip and substrate, like traditional DPN.

The batch-fabrication processes developed for the NFP chips provided straight-

forward scaling-up to NFP arrays. Using standard microfabrication technologies,

chips with five fountain-pen probes were batch-fabricated (Fig. 4.20). The fabrica-

tion steps started with the conventional tip formation process using a precursor

cap defined by mask M1 (Fig. 4.20a). During the oxidation sharpening process,

the precursor tip fell off (Fig. 4.20b). A silicon nitride film with a thickness of

around 0.3 mm was deposited by LPCVD to form the floor of the channels. Mask

M2 defined the space through which the on-chip reservoir would be connected to

the channels. Layers of silicon oxide with a thickness of around 0.5 mm and silicon

nitride with a thickness of 0.3–0.5 mm were deposited by LPCVD to form the sacri-

Figure 4.20. Microfabrication steps of NFP [114].
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ficial layer and the ceiling layer of the microchannels, respectively (Fig. 4.20c). Li-

thography with mask M3 followed by RIE in CF4 plasma defined the in-plane ge-

ometry of the channels, where the channels follow the edges of the pattern com-

prised in mask M3. A buffered oxide etching (BOE) solution was used for a

controlled underetching of the structures, to provide the lumen of the microchan-

nels (Fig. 4.20d). Subsequently, the lateral openings of the channels were closed by

bird’s beak oxidation (Fig. 4.20e). Sealing of the channels followed using either an

LPCVD silicon nitride layer or an electron-beam evaporated gold layer (Fig. 4.20f ).

Lithography with mask M4 was conducted to pattern the sealing layer with the

geometry of the cantilevers and chip boundaries. The reverse-side nitride was litho-

graphically processed with mask M5 and subsequently etched by CF4 RIE. Aniso-

tropic etching in KOH solution formed the on-chip reservoir and the handling

body (Fig. 4.20g). After the removal of the oxide, the chip remained suspended by

small, easy-to-break silicon bridges, to provide good wafer-level maneuverability

(Fig. 4.20h). After this step, a thin gold layer was deposited on the reverse side of

the cantilevers to provide sufficient reflectivity for the optical beam-deflection sens-

ing system of the AFM.

With the expansion to 1- or 2-D NFP arrays incorporating multiple on-chip res-

ervoirs, simultaneous patterning of surfaces with multiple biological inks can be

carried out. Potential applications include high-throughput manufacturing of

nanosensors and nanoarrays. For example, in the DPN technique, a substrate was

patterned with a MHA monolayer and subsequently antibodies were attached to be

Figure 4.21. Second-generation NFP chip.

Left: reflected light optical micrograph of the

top side of the chip, showing two reservoirs

feeding each six microchannels on each side of

the chip. Right: transmitted light optical

micrograph, showing the reservoir wells. Inset

shows a SEM detail of the dispensing volcano-

shape tip.
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ready to sense antigens. With the NFP, most of the intermediate steps may not be

necessary. It is also important to emphasize that NFP patterning does not require

repeated dipping of the tip and specific treatment of the substrate for protein print-

ing. A second-generation NFP device was recently fabricated by the same group,

allowing two on-chip reservoirs, each feeding a linear array of six cantilevers with

nanodispensing probes (Fig. 4.21). The new chip presents some advantages regard-

ing channel sealing and fabrication, an increased uniformity and sharpness of the

nanodispensing tips, a better control of the longitudinal and lateral bending stiff-

ness of the cantilever and the possibility to add independent actuation of the

probes and electrical contacts for conductive NFP lithography and voltamography.

4.4

Applications

We now describe applications of cantilevers for patterning biomolecules, including

DNA, protein and viruses.

4.4.1

Patterning of DNA

Silicon nitride DPN tips created nanoscale patterns of oligonucleotides on both

metallic and insulating substrates [14]. Hexanethiol-modified oligonucleotides

were used as ink for DPN patterning on gold substrates with features ranging

from 50 nm to several micrometers in size. The patterned surface was subse-

quently used to direct the assembly of complementary oligonucleotide-modified

gold nanoparticles. The immobilization of the DNA was achieved by the covalent

bonding between the hexanethiol group of the DNA and the gold surface. Prior to

the patterning, the surface of the silicon nitride AFM cantilever was modified with

3 0-aminopropyltrimethoxysilane in order to improve the coating of the DNA on the

surface of the tip. The modified tip surface was readily wetted by the DNA ink so-

lution when dipped. In addition to utilizing the gold-thiol immobilization for DNA

patterning, modified silicon oxide surfaces were demonstrated to work as a DPN

substrate. Since gold surfaces prevented the study of electrical or optical character-

istics of the DPN-patterned nanostructures due to the conductivity and quenching,

respectively, of the surface, the use of silicon oxide opened the door to such studies.

The silicon oxide surface was treated with 3 0-mercaptopropyltrimethoxysilane

(MPTMS) and the oligonucleotides were modified with acrylamide groups in order

to utilize the covalent link between the pendant thiol groups of the MPTMS and

the acrylamide moieties of the DNA as an immobilization mechanism. The biolog-

ical activity of the patterned oligonucleotides was confirmed in an ensuing hybrid-

ization process.

In DPN, functionalization of the tip surface is required to efficiently coat the

DNA ink. However, the NFP did not need such tip modification due to the direct

delivery of the DNA ink in suspension from the on-chip reservoir to the tip.
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Hexanethiol-modified oligonucleotides were deposited on a gold substrate in a

fountain-pen fashion using the device presented in Fig. 4.21. An array of dots was

patterned and verified by AFM topography scanned with a commercially available

silicon nitride tip as shown in Fig. 4.22.

4.4.2

Patterning of Proteins

DPN was used to fabricate a nanoarray for the HIV-1 immunoassay as a proof-of-

concept DPN-based biodetection [15]. DPN-generated dots of MHA on a thin gold

film were used to immobilize anti-HIV-1 p24 antibodies. When immersed into a

sample containing HIV-1 p24, the nanoarray reacted with the antigens leading to

a height difference of the MHA features due to the bound antigens. This height

difference is not easily detectable by AFM. Hence, the height difference was ampli-

fied by gold nanoparticles that were functionalized with the same antibody. The

DPN-generated nanoarray with the double-sandwich immunoassay demonstrated

the capability to detect and measure antigens with unprecedented sensitivity. The

important feature of this approach is the high number and small size of individual

dots, which reduces the time necessary for antigens to travel and bind to anti-

bodies, and also provides the necessary redundancy for a correct statistics.

An enhanced tool was introduced by Lynch and coworkers [115] for fast and

large-area patterning. One of the improvements consisted of replacing the AFM

piezotube with a piezoelectric inchworm stage capable of 20-nm resolution over

25 mm of xy travel. Although the stage did not provide as high lateral resolution

as the piezotube, it performed better in terms of repeatable movements over sev-

eral centimeters. A second improvement was the shortening of the tip–surface

contact time for patterning by applying precisely timed bursts of wet or dry air di-

rectly to the tip–surface interface. With this scheme, protein transfer could be

achieved in less than 100 ms, which was an improvement upon the 250 s mm�1

in DPN [15]. For patterning, a commercially available AFM probe was mounted

on the tool for building protein nanoarrays. In demonstrated experiments, an array

of antigen (mouse IgG) was spotted with approximately 700-nm diameter spots on

Figure 4.22. AFM topography image of an array of DNA dots

patterned by fluidic spotting using an NFP probe.
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a pretreated substrate [115]. The specific binding of Cy3-labeled goat anti-mouse

antibody was verified with minimal nonspecific background binding. It was dem-

onstrated that nanoarray assays could be produced in a rapid fashion and the mini-

aturized size would lead to a reduced sample volume of the protein for bioanalysis.

For example, each 1-mm dot in the nanoarray would cover less than 1/1000 of the

surface area of a conventional microarray dot while maintaining enough antibodies

to provide a useful dynamic range [115].

4.4.3

Patterning of Viruses

AFM was utilized to identify viruses utilizing type-specific immunocapture and the

morphological properties of the capture viruses by Nettikadan and coworkers [116,

117]. Multiple virus-specific antibody capture domains were constructed on a chip

using ink-jet protein arraying technology. The chip, termed ViriChip, was con-

structed with 600-mm diameter antibody domains. The ViriChips were individually

exposed to each of six group B coxsackieviruses [116]. Each of the six group B cox-

sackievirus types bound extensively to their specific ViriChip with little or no bind-

ing observed on the nonspecific chips. Counting of the number of bound viruses

was performed using AFM inspection.

Substrates for the chips were prepared from diced silicon wafers (4� 4 mm2).

After ultrasonic cleaning in water and ethanol, metal films of 5-nm chromium

and 10-nm gold were sequentially sputter coated. Target areas (600 mm diameter)

were created using copper electron microscopy grids as masks during sputtering.

A SAM layer was coated by immersing the substrate in an alkanethiolate solution.

The target areas were covered with recombinant Protein A/G followed by blocking

the unreacted alkanethiol groups. The chip was completed by placing 1 ml of anti-

viral antibody on the Protein A/G domain of a substrate, followed by incubation

and rinsing. Each virus sample (1 ml) of the six group B coxsackieviruses was ap-

plied onto the antibody-coated domains. AFM scanning operated in tapping mode

was used to obtain morphological and counting information on the viruses.

It was inferred that a reduction of the antibody domain size to 2–5 mm should

increase the sensitivity of the assay [116] based on the previous study on the phe-

nomenon of analyte harvesting [23, 118]. Further, it was verified that the efficiency

of virus capture increases dramatically with decreased sample volume. With micro-

fluidic delivery of samples to the capture domain, the capture efficiency would

likely be increased.

4.5

Conclusions and Outlook

Since they have been used in AFM for imaging, microcantilevers have evolved to

meet the requirements from many life sciences applications. Microcantilevers are

fundamental tools for biopatterning and biosensing in SPM-based techniques. Dif-
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ferent materials targeting the biochemical applications were integrated and used

for fabricating the tips and cantilevers. Massive parallel arrays are being pursued

in an attempt to increase the throughput. Efforts have been made to integrate mi-

crofluidics into microcantilevers, which include apertured pyramidal tips, minia-

turized spotters with nib-type reservoirs, open and closed microchannels, on-chip

reservoirs, and complex systems with several of the previously mentioned features.

Microcantilevers may serve to create ultra-miniaturized bioanalytical devices and

testing methodologies in which the efficiency relies on the higher detection speed,

higher accuracy and increased statistical significance of the results.
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5

Nanobioelectronics

Ross Rinaldi and Giuseppe Maruccio

5.1

Introduction

Nanobiotechnology has been boosted by the advancements in fabrication technolo-

gies, which enable the construction of artificial structures in the size range of bio-

logical entities. The fascinating world of the bio-self-assembly provides new oppor-

tunities and directions for future electronics, opening the way to a new generation

of computational systems based on biomolecules and biostructures. Here, we re-

view the advances in the field of nanobiomolecular electronics, starting from the

description of a few selected bio-units up to the implementation of hybrid devices.

Possible applications of bioelectronic devices to standard electronics, such as recti-

fication, amplification and storage, as well as novel functionalities will be discussed

on the basis of recent concept studies.

The chapter is organized as follows: Section 5.2 is dedicated to the motivations of

nanobioelectronics research, Section 5.3 summarizes the fundamentals of bio-

building blocks for nanoelectronics (DNA and proteins), and Section 5.4 deals

with how to interconnect biomolecules and exploit their self-assembly properties

for the implementation of nanobiodevices. Sections 5.5 and 5.6 are dedicated, re-

spectively, to the investigation of DNA and proteins for nanobioelectronics applica-

tions. Finally, some conclusions are drawn and possible future research directions

are forecast in Section 5.7.

5.2

Bio-self-assembly and Motivation

Moore’s Law (Fig. 5.1), the 1965 prediction by Intel co-founder Gordon Moore that

manufacturers would double the number of transistors on a chip every 18 months,

with resulting declining prices and increasing performances, has been fulfilled for

four decades by the semiconductor industry. However, the latest editions of the an-

nual International Technology Roadmap for Semiconductors [1] – a joint effort of

worldwide semiconductor industry associations predicting the main trends in the
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semiconductor industry spanning 15 years into the future – lists reasons for think-

ing that this may soon change.

The Roadmap explores ‘‘technology nodes’’ – advances needed to keep shrinking

the so-called DRAM half-pitch, i.e. half the spacing between cells in memory chips.

Currently, the industry is moving to a DRAM half-pitch of 90 nm, about 2/1000 the

width of the proverbial human hair. Analyzing various aspects of chipmaking, the

Roadmap forecasts that researchers should lower that figure to 35 nm by 2014,

continuing doubling the number of transistors per integrated circuit. This minia-

turization trend is expected to continue for another 15–20 years, but the down-

scaling with the usual top-down approach (i.e. thanks to the improvement of the

lithographic techniques) is becoming increasingly difficult because of physical lim-

itations including size of atoms, wavelengths of radiation used for lithography, in-

terconnect schemes, etc. Three fundamental limits exist [2]: (a) the energy needed

to write a bit must be bigger than the average energy of the thermal fluctuations

(kT) to avoid bit errors (thermal limit), (b) the energy necessary to read or write a

bit and the frequency of the circuits are limited by the uncertainty principle (quan-

tum limit), and (c) a maximum tolerable power density exists (power dissipation

limit).

Figure 5.1. Moore’s law – number of transis-

tors as a function of time (points refer to the

various processors introduced by Intel: 4004,

8008, 8080, 8086, 286, 386, 486, Pentium,

Pentium II, Pentium III and Pentium 4, respec-

tively). The concomitant occurrence of some

milestones of molecular electronics is also

indicated. In 1965, Gordon Moore, co-founder

of Intel, first observed and then predicted that

the number of transistors per integrated circuit

grew exponentially. So far, this prediction has

been fulfilled thanks to the continuous

advances in miniaturization driven by the

progress in lithographic techniques. However,

it now seems to be in serious danger and

modern electronics has to face the restrictions

dictated by the laws of physics when the

minimum feature size of a chip approaches

100 nm, at least with current technologies.

Thus, gaining the nanometer scale and/or

further enhancing the computational capabil-

ities requires a turning point, a change in

architecture and the development of concep-

tually new devices exploiting spin, quantum

mechanics and/or molecular building blocks.

(Adapted from Ref. [2].)
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Although minimum feature sizes in the few nanometers range have been dem-

onstrated in various laboratories and a number of new lithographic solutions [such

as extreme UV, X-ray proximity, and electron (EBL)- and ion-beam lithography

(IBL)] have been proposed as post-optical techniques, to a large extent these tools

are not suitable for mass production and/or capable of meeting the requirements

of the Roadmap, and no known solutions currently exist for these problems.

Thus, the Roadmap underlines the pressing need for developing beyond-CMOS

devices and post-optical lithographies, together with the necessity to engineer man-

ufacturable interconnection schemes compatible with the new materials and pro-

cesses recently proposed. Gaining the nanometer scale and/or further enhancing

computational capabilities is expected to require a turning point, a change in archi-

tecture and the development of conceptually new devices [2–5].

One of the potential roadblocks to continue the scaling beyond the 50-nm node

is molecular electronics. Having the final goal of using interconnected molecules

to perform the basic functions of digital electronics, molecular electronics (for a re-

view see Ref. [2]) has recently attracted much interest as a different approach to

maintain the historical trend of reducing the cost/function ratio by around 25–

30% per year. The concept of molecular electronics can be traced back to the

Aviram–Ratner prediction [6] that molecules having a donor–spacer–acceptor

structure would exhibit rectifying properties when placed between two electrodes.

A bottom-up approach is promising for building nanodevices from molecular

building blocks instead of carving lithographically bigger pieces of matter into

smaller and smaller chunks, since it provides a new solution to miniaturization.

In fact, although it needs a cross-disciplinary effort (merging chemical, biological

and physical expertise), the molecular approach offers important advantages of

high reproducibility and small size of the molecular building blocks (naturally

identical and with well-defined sizes and electronic levels), along with their ther-

modynamically driven self-assembly and self-recognition properties [7]. From this

perspective, the fascinating world of biomolecules (accurately optimized by nature

over billions of years of evolution) provides new opportunities and directions for

further miniaturization. While engineers and scientists have long been aspiring to

manipulate structures controllably and specifically at the micro- and nanometer

scale, nature has been performing these tasks with great accuracy and high effi-

ciency using highly specific biological molecules such as DNA and proteins. One

of the biggest drivers behind nanotechnology’s enthusiasm for biological systems

revolves around the organism’s impressive ability to manufacture complex mole-

cules (like DNA and proteins) with atomic precision. However, the strongest moti-

vation for using biomolecules as building blocks for the construction of artificial

computational systems lies in their self-assembly properties, which open the way

for a new generation of devices and fabrication strategies [8]. The self-assembly

properties of biological units can be defined as ‘‘the self-organization of one or

more entities without any external source of information about the structure to be

formed as the total energy of the system is minimized to result in a more stable

state’’ [9]. This process inherently implies (a) some mechanism driving movement
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of entities like diffusion, electric fields, etc., and (b) the concept of ‘‘recognition’’

between different elements, or ‘‘bio-linkers’’, that drives the self-assembly and re-

sults in binding of elements dictated by forces (electrical, covalent, ionic, hydrogen

bonding, van der Waals, etc.), such that the final physical placement of the entities

originates a state of lowest energy [10].

Researchers are now looking at biology as a source of inspiration, and working to

join biology and nanotechnology, fusing useful biomolecules to man-made struc-

tures in order to fabricate devices that mimic nature in sensing [11], performing

complex computational tasks [5], transferring electrons [12], relaying, processing

and storing information and producing energy (e.g. biofuel cells exploiting en-

zymes that extract energy from compounds such as glucose to power life) [13], as

well in creating multifunctional systems and molecular-scale motors [14] capable

of performing mechanical movements. The result is a merger that attempts to

blend biology’s ability to assemble complex structures with the nanoscientist’s

capacity to build useful devices or the chemist’s ability to synthesize complex sys-

tems (up to hundreds of atoms in size) controlling the position of every atom

without too much trouble or fusing useful biomolecules to chemically synthesized

nanoclusters in arrangements that do everything from emitting light to storing

tiny bits of magnetic data.

Over the last decade there have been dramatic advances toward the realization of

molecular-scale devices and integrated computers at the molecular scale [2, 15].

First pioneering experiments were performed demonstrating that individual mole-

cules can serve as nanorectifiers [16] and switches [17, 18], 1000 times smaller

than those on conventional microchips. Very recently, the assembly of tiny com-

puter logic circuits built from such molecular-scale devices has been demonstrated

[19, 20]. Moreover, molecular electronics is expected to also develop nanodevices

exhibiting new functionalities, which exploit peculiar properties of engineered

molecules [21] or of biomolecules capable of performing efficiently a lot of differ-

ent functions.

5.3

Fundamentals of the Bio-building Blocks

5.3.1

DNA

DNA is the basic building block of life. It has a double-stranded helical structure.

The famous double-helix structure discovered by Watson and Crick in 1953 [22]

consists of two strands of DNA wound around each other (Fig. 5.2). Each strand

is about 2 nm wide, and has a long polymer backbone built from repeating sugar

molecules and phosphate groups. Each sugar group is attached to one of four

‘‘bases’’. The four bases – guanine (G), cytosine (C), adenine (A) and thymine (T)

– form the genetic alphabet of the DNA and their order or ‘‘sequence’’ along the
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molecule constitutes the genetic code. Two single-strand (ss) DNA molecules can

join together through hydrogen bonding to form a double-strand (ds) DNA. This

process is called hybridization. The chemical bonding is such that an A can only

pair with a T, while a G is always paired with a C. The base pairs look like the

rungs of a helical ladder. Since the phosphate groups on the backbone are nega-

tively charged, the DNA is usually surrounded by positive ‘‘counterions’’. The neg-

ative charges produce electrostatic repulsion of the two strands, so that positive

ions are needed to neutralize the negative charges and keep them together. DNA

molecules have been proposed as molecular wires because some of the electron

orbitals belonging to the bases overlap quite well with each other along the long

axis of the molecule. Such so-called stacking interactions also underlie many

one-dimensional (1-D) molecular conductors, including one of the most widely

studied organic conductors – tetrathiafulvalene-tetracyano-p-quinodimethane

(TTF-TCNQ).

5.3.2

Proteins

Proteins have a vital role in all living systems. The biological function of proteins is

determined by the interaction with other molecules. The ability of proteins to inter-

act with the outside world is based on their 3-D structure and conformational flex-

ibility. Proteins are encoded by DNA. The primary structure of the protein deter-

mines how a protein will fold into a functional 3-D shape. A scheme concerning

Figure 5.2. (a) Diagram of the DNA double-stranded helical

structure. (b) Possible interconnection of DNA fragment with

two electrodes or an acceptor and a donor group for transport

studies.
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the fundamentals of protein structure is reported in Fig. 5.3. The folded (native-

state) protein consists of hydrophilic (polar) residues on the inside and hydropho-

bic (nonpolar) residues on the outside. In solution, the polar residues are usually

in contact with the solvent, whereas the nonpolar residues are protected from sol-

vent in a hydrophobic core. The hydration shell in aqueous solution, where the

H2O molecules forms hydrogen bonds onto the protein surface, solvates the

protein.

Proteins play a fundamental role in all biological processes, as they may have dif-

ferent functionalities such as enzymatic catalysis, ionic and electron transfer, coor-

dinated moving, mechanical support, immunization, production and transmission

of neuronal pulses, growth and transformation control, etc. Typical examples are

hemoglobin that transports oxygen in the erythrocytes and myoglobin that plays

the same role in the muscles, whereas iron is carried in the blood by the transfer-

rin and is deposited in the liver by means of a complex with a different protein,

ferritin.

In particular, proteins capable of charge transport can most likely be used for

building bioelectronic devices. For example, blue copper proteins like Azurin

from Pseudomonas aeruginosa and poplar plastocyanin are involved in the bacterial

respiratory phosphorylation and in some steps on the photosynthesis of green

plants, respectively. They show little differences in molecular mass (14 000–

10 500) and in the structure of the copper active site (distorted trigonal bipyramid

for Azurin and distorted tetrahedral for plastocyanin), which plays the role of an

electron reservoir in the electron transfer process. Both of them are redox proteins

whose functionality in physiological conditions consists of performing electron

transfer between other metalloproteins [cytochrome c551 and nitrite reductase for

Azurin and cytochrome bf and photosystem I (PS I) for plastocyanin].

Figure 5.3. Fundamentals of protein structure.
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5.4

Interconnection, Self-assembly and Device Implementation

To date, a fully biological device, presumably operating in a living (liquid) environ-

ment, is far from being realistic. An intermediate and necessary step is to fabricate

hybrid devices in which the functionality of the biological molecules is exploited

through the interconnection with a more conventional solid-state inorganic device.

This is the case, for instance, of a field-effect transistor (FET) whose gate channel

consists of a self-assembled biomolecular layer.

Although at the early stage, such technology is very fundamental for the under-

standing of biomolecular systems and for the exploration of their potentialities.

The processes for the implementation of hybrid biodevices are based on two funda-

mental steps:

� The nanofabrication of a pattern which interconnects the bio-entity to the exter-

nal world (load, power supply, circuit, etc.), following a typical ‘‘top-down’’ litho-

graphic approach. This is a general issue concerning all molecular electronics

(see Section 5.4.1).
� The self-assembling of the biomolecules (‘‘bottom-up’’ fabrication) to immobilize

the biosystem in the pattern. A possible systematic approach to build complex

biomolecular devices is to start from well-characterized clean substrates [such as

Si(100), SiO2 or Au(111) single crystal surfaces] and deposit submonolayers of

spatially isolated molecules or biomolecular functional units. The self-assembly

of the biological units on the substrate can follow different pathways like (a)

bulk (polymer) entrapment, i.e. absorption, (b) surface absorption (physisorb-

tion), (c) nondirected covalent binding to the surface (chemisorption), (d) electro-

static adsorption, (e) covalent binding at defined (molecularly engineered) sites of

the biocompound or (f ) binding by bio-specific interactions (Fig. 5.4) [23]. See

Section 5.4.2 for further details.

Figure 5.4. Schematic of the different self-assembling

mechanisms of biological units onto a substrate. (reprinted

with permission from W. G€oopel, Biosensor and Bioelectronics

1995, 10, 35–39. Copyright 1995 Elsevier Science Ltd.)
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5.4.1

Interconnecting Molecules

A major challenge in molecular electronics is how to interconnect single molecules

and probe molecular conductivity in real devices working at the nanoscale (both

two- and three-terminal devices). This issue requires the fabrication of nanometer-

spaced electrodes. Since optical lithography suffers from physical limitations

(mainly related to diffraction effects), new techniques are needed for patterning

below 100 nm. Even though none of the proposed methods equals the advantages

of photolithography for low cost and high throughput, a number of lithographic

solutions (extreme UV lithography [24], X-ray proximity lithography, and EBL and

IBL) are available, and new techniques have been developed to produce very close

electrodes. For instance, Reed and coworkers [25] have investigated charge trans-

port through molecules of benzene-1,4-dithiol self-assembled onto the two facing

gold electrodes of a mechanically controllable break junction fabricated by the gen-

tle fracture of an electrode by means of mechanical deformation. Another possibil-

ity is to constrain molecules in free-standing junctions, which consist of suspended

electrodes used to electrostatically trap molecules and/or nanoparticles by monitor-

ing the current and interrupting the trapping fields at the first increase in conduc-

tivity. Among these various alternatives, planar nanojunctions – consisting of two

facing metallic electrodes separated by an insulating medium and fabricated by

EBL and lift-off processes – are ideal to implement molecular devices since they

have a high process yield (typically more than 90% of the nanojunctions are good

with an open-circuit resistance around 1 TW) and provide the opportunity to per-

form transport experiments on molecules and/or nanostructures self-assembled at

the surface of a solid, as well as to fabricate field-effect devices by adding a third

electrode at the bottom of the device. Recently, Kervennic and coworkers [26] suc-

ceeded in producing pairs of platinum electrodes with a separation down to 3.5 nm

by combining EBL and chemical electrodeposition. The separation between EBL-

fabricated electrodes is reduced to atomic separation by monitoring the interelec-

trode conductance and stopping the electrodeposition process at predefined

conductance values. In the particular case of DNA, the conductance has been mea-

sured using nanofabricated electrodes, atomic force microscopy (AFM), scanning

tunneling microscopy (STM) and low-energy electron point source (LEEPS) mi-

croscopy. See Tab. 5.1.

Tab. 5.1. Transport characterization techniques.

Scanning probe

techniques

STM Conductive-probe AFM Mercury drop

electrodes

Nanojunctions for devices break junctions free standing junctions planar junctions

5.4 Interconnection, Self-assembly and Device Implementation 157



5.4.2

Delivering Molecules

Molecular-scale assembly of individual components in working devices is another

challenge. In the last few years, great attention has been focused on the develop-

ment of techniques capable of fabricating molecular layers and patterns [evapora-

tion, spin-coating, Langmuir–Blodgett techniques, thermodynamically driven self-

assembly (TDSA) and soft lithography] or to deliver molecules to specific locations

(electrostatic trapping, dip-pen and related techniques, and optical tweezers). All

these strategies have their own advantages and disadvantages. For example, evapo-

ration usually is not suitable for delicate biomolecules, while spin-coating is fast

and cheap, but films are strongly anisotropic and inhomogeneous. TDSA is partic-

ularly attractive for bioelectronics applications since it opens the way for the fab-

rication of engineered highly ordered layers, taking advantage of the specific re-

activity of biomolecules having functional groups with affinity for specific surface

atoms and/or molecular sites [7]. Although a detailed knowledge of the positions,

identities and affinities of the functional groups is required in order to develop a

reasonable linkage strategy, TDSA allows us to fully exploit all the intrinsic advan-

tages of the biomolecular approach. Recently, soft lithographies (consisting of dif-

ferent fabrication techniques embracing imprint and stamping methods) have also

been attracting considerable attention since they are biocompatible and allow us to

create patterns on a surface of interest using a pattern-transfer element (a rigid

stamp) made of an elastomer, a thermoplastic polymer network that deforms

under an applied force and recovers its shape when the force is released.

In addition to these techniques (parallel and static), a number of scanning meth-

ods (serial or parallel) have been developed to place molecules in specific, well-

established locations (e.g. in the gap between two nanoelectrodes). ‘‘Dip-pen’’

nanolithography (DPN), proposed by Mirkin’s group [27], is a powerful resistless

nanopatterning technique allowing the delivery of molecules to a suitable substrate

from a solvent meniscus. The concept of DPN is quite simple. A conventional sili-

con nitride AFM tip literally draws molecules of virtually any material from the sol-

vent meniscus to a surface of interest (‘‘paper’’). The molecular ‘‘ink’’ consists of a

chemically reactive material placed on the tip. The fine controls of the tip position

and the chemisorption of ink molecules as the tip is scanned across the substrate

enables the deposition of organic molecules in a nanometer-scale region. Using

DPN it is currently possible to achieve high-resolution patterns (linewidths as

small as 15 nm and less than 10-nm spatial resolution). The main parameters af-

fecting the nanopatterning results are the diffusion and the relative humidity.

When deposited onto solid surfaces, molecules diffuse out, therefore dramatically

influencing the spatial resolution. The relative humidity controls the dimension of

the naturally formed water droplet between the substrate and the AFM tip, and

thus the effective contact area. Another limiting parameter is the tip radius of cur-

vature. Due to the high resolution and the possibility to use the same apparatus to

image and to write a pattern, DPN is a very powerful tool for molecular electronics.

More recently, Mirkin’s group has also developed an eight-pen nanoplotter capable
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of performing parallel DPN [28] using a dense array of AFM tips and has em-

ployed DPN to generate DNA-based templates capable of guiding the assembly of

nanoscale building blocks [29]. This technique opens the way to placing molecules

and/or nanostructures at established positions. Another interesting tool for molec-

ular delivery is the optical tweezer where light is used to move matter and manip-

ulate nanoscopic objects, exploiting photons momentum. For examples, nanopar-

ticles can be trapped in the focus of a laser beam and serially moved. The force

felt by the trapped particle is primarily given by the dipole and by the gradient

force due to the interaction of a dielectric object with light and lies in the piconew-

ton range, therefore allowing the manipulation of very fragile structures. Recently,

MacDonald and coworkers have constructed 3-D trapped structures within an

optical tweezers setup using an interferometric pattern between two laser beams.

These results point towards the creation of extended 3-D crystalline structures

[30]. Assembling functional molecular devices with this serial manipulation

approach is, however, extremely slow, and thus technologically unattractive and

not suitable for mass production. An alternative, promising strategy to produce

large-scale functional circuits at the molecular level is so-called ‘‘molecular lithog-

raphy’’ directly exploiting self-recognition and self-assembly of biomolecules on

surfaces (a parallel process), as described in Section 5.5.

In particular, in order to attach single DNA molecules to metal electrodes, DNA

oligomers have been functionalized with thiol groups (SH) [31] or other sulfur–

gold interactions have been exploited [32–34], such as derivatizing oligonucleotides

with disulfide groups. Electrostatic trapping has been also employed [35, 36] to

align DNA molecules between the electrodes. See Tab. 5.2.

Tab. 5.2. Nanopatterning and molecular delivery methods.

Local/scanning Static/large area Type

Optical tweezers extreme UV and X-ray

proximity lithography

light-based

Electrostatic trapping; EBL

and IBL

electromagnetic

AFM nanolithography, AFM

storage, ‘‘Millipede’’

nanoimprint lithography thermomechanical

AFM nanostencil,

membrane nanostencil

evaporation, spin-coating,

Langmuir–Blodgett

technique

deposition

DPN and parallel DPN soft lithography molecular delivery

Molecular lithography self-assembled monolayers self-assembly/self recognition
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5.5

Devices Based on DNA and DNA Bases

DNA plays a crucial role in biology as the carrier of genetic information in all living

species. Recently, however, physicists and chemists have become increasingly inter-

ested in the electronic properties of the ‘‘molecule of life’’, as demonstrated by the

large number of fundamental and applied works published in the recent years,

mainly concerning its charge transfer properties. Such considerable interest is

largely explained by the number of possible applications ranging from electronic

devices to long-range detection of DNA damage.

Despite the current hot debate, the subject is far from new. Soon after the

Watson-Crick discovery of the double-helix structure of DNA in 1953, Eley and Spi-

vey suggested that DNA could serve as an electronic conductor [37], as the result of

interbase hybridization and p–p interactions in the stacked base pairs of double-

stranded DNA. If z is the direction of the DNA helical axis (i.e. perpendicular to

the base plane), atomic pz orbital can originate delocalized p bonding and p� anti-

bonding orbitals, enabling charge transport along the helical axis (similar stacked

aromatic crystals, such as the Bechgaard salt, are indeed metallic). (Note that al-

though DNA bases are also aromatic, there are important differences such as the

nonperiodic nature of biological DNA and the expectation of Anderson localization

for the electronic states. Moreover, the chemical surroundings and molecular vibra-

tions have also to be taken into account in the case of DNA.)

The advent of measurements on single DNA molecules recently revived the field.

In particular, measuring the fluorescence produced by an excited molecule, the

Barton’s group at the California Institute of Technology [38] found that it no longer

emitted light if attached to a DNA molecule and ascribed this fluorescence quench-

ing to the charge transfer from the excited donor molecule to a nearby acceptor

molecule along the DNA strand. In other words, DNA would act as a conducting

molecular wire, mediating long-range transport on fast timescales. Moreover, they

reported a profound sensitivity of long-range charge transfer to stacking and a sig-

nificant reduction of electron migration as the result of the presence of base mis-

matches or other stacking perturbations [38].

It is worth noting how these results could have deep implications in the funda-

mental understanding of important biological processes such as the mechanisms

for sensing DNA damage in living organisms, which unlike the DNA repairing

processes still present various open-points. For example, in response to DNA-

damaging agents, cells induce the expression of DNA-repair enzymes, activate

cell-cycle checkpoints, inhibit DNA replication and mitosis and promotes DNA re-

pair, recombination, or, under some circumstances, undergo apoptosis (in the case

of fatally damaged DNA, cells are triggered to self-destruct so that they cannot

cause cancer). However, the mechanisms by which these cellular responses are ac-

tivated are not completely understood. Proteins moving along the DNA could be

responsible for DNA damage recognition, but in such case the screening of the

genome would be quite inefficient since this process is expected to be highly

time-consuming and very slow along, for example, the 2 m of DNA in the human
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genome. However, if DNA is a conducting molecular wire, as reported by Barton

and coworkers, the presence of damaged regions could be electronically detected

exploiting DNA-mediated long-range charge transport, by two proteins (a trans-

mitter and a receiver) working as a donor group at one end and an acceptor at the

other end. If a damaged region intervenes between them, a significant reduction of

charge transfer is expected and the transmitter could simply move along the DNA

until the identification of the site of damage, which is then marked for repair [39].

After much initial controversy, the chemists studying charge transfer in DNA are

now moving towards a common view [40, 41] and it is generally accepted that

charge carriers can hop along the DNA over distances of few nanometres. On the

contrary, the understanding of physicists investigating transport through DNA

molecules is much less clear and the issue of DNA conductivity still presents

some open-points, since the experimental results of different worldwide groups

are surprisingly contrasting and range from an insulating [31–33, 42], semicon-

ducting [35, 43] or ohmic [34, 36, 43–46] up to a proximity-induced superconduct-

ing behavior [47].

5.5.1

Charge Transfer in DNA

The process of charge transfer (intermolecular from one molecule to another or in-

tramolecular from one end to the other of the same molecule) is one of the most

fundamental in chemistry and materials science and has been extensively studied

in extended molecules, like DNA, with a donor group at one end and an acceptor at

the other end. Experimental and theoretical studies have shown that the electron-

transfer reactions within such a single molecule can occur by two main mecha-

nisms. The first consists of a single-step quantum mechanical tunnelling (QMT)

from the donor to the acceptor, a coherent process since no energy is exchanged

between the electron and the molecule during the transfer and the electron is

never localized. QMT is quantitatively described by the Marcus theory [48] and

characterized by a rate decreasing exponentially with the distance. As a conse-

quence, it is possible only for short distances events, while for very long distances,

it is expected to be insignificant. The second possible mechanism is thermal hop-

ping, an incoherent process involving several uncorrelated events resulting in a

random multi-step walk. In this case, the electron is localized on the molecule

and exchanges energy with it. Hopping is predominant for long-distance electron

transfer.

Shortly, the main factors influencing the electron transfer (ET) rate are [49]: (1)

the distance between the donor and acceptor (in QMT the ET rate decreases expo-

nentially with distance, whereas in hopping it is inversely related to the distance);

(2) the nature of the micro-environment separating the donor and the acceptor

(which mediates the virtual state or provides intermediate states, respectively); (3)

the reorganization energy l, i.e. the energy required for all structural adjustments

(in the reactants and in the surrounding molecules) that are needed for the trans-

fer of the electron [50]; (4) the driving force.
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In the past, electron transfer in DNA was largely studied by means of various

techniques. However, it was the important work of the Barton’s group at Caltech

[38] and the Turro’s group at Columbia University [51] to revive the field, investi-

gating its distance dependency and reporting the apparent coherent transfer over

distances as long as 4 nm. As a result, DNA became a new paradigm for electron

transfer, with possible applications as a molecular wire. In this respect, the exten-

sive chemical variability of DNA (including differences in sequence, structures –

kinks, bends, bulges and distortions – as well as the polyelectrolyte character of

the double helix with the possible flow of positively charged counterions along the

negatively charged phosphate backbone) opens large possibilities for tuning elec-

tron transport in DNA. On the other hand, the same variability is at the origin of

the different results reported in DNA charge-transfer experiments. However, a

common view about the basic mechanisms (coherent tunnelling and thermal hop-

ping) involved in DNA charge-transfer was laboriously achieved in the last years

thanks to extensive experimental and theoretical work.

To understand why the DNA sequence makes a difference, we have to compare

the relative energies of the G-C and A-T base pairs obtained from computational

models, photoemission experiments and electrochemical measurements. Since

the thermal energy of the charge carrier is substantially smaller than the energy

difference between these two base pairs, a hole will localize on G-C pairs while

the A-T pairs act as barriers. Hole transfer is thus possible by tunnelling or hop-

ping between G-C sites, with the second mechanism dominant for large distances

due to the different distance dependencies.

Both the charge-tunnelling and the thermal-hopping mechanisms have been

verified in experiments, notably by Bernd Giese and co-workers [52, 53]. In their

experiment (Fig. 5.5), the charge transfer between G bases, separated by adenine-

thymine ðA � TÞn bridges of various lengths, in double DNA strands was measured

using gel electrophoresis. They found that from being a coherent superexchange

charge transfer (tunnelling) process at short distances, the mechanism becomes a

thermally induced hopping process for long ðA � TÞn sequences, where the ad-

enines are involved as charge carriers (A-hopping). A switch between these reac-

tion mechanisms occurs because the tunnelling rates decrease considerably as the

distance increases. Therefore, in DNA strands where the guanines are separated by

long ðA � TÞn sequences (more than three), endothermic transfer of the positive

charge from a guanine radical cation (Gþ) to an adjacent adenine becomes faster

than the direct transfer of this charge to the distant guanine. The subsequent mi-

gration of the positive charge between the adenines (A-hopping) is so rapid that the

length of the ðA � TÞn sequence plays only a minor role. Note that charge transfer

(and transport) in DNA strongly depends on the base-stacking characteristics, the

dynamic structural distortion of the DNA, the base sequence and the different

redox potentials of the bases (Fig. 5.6). In this scenario, having the smallest oxida-

tion potential between the DNA bases, guanines (G) or sequences of guanines are

easily oxidizable sites. Thus, once holes are created on the DNA chain, then the

charge transport can occur among discrete G sites or delocalized GGG domains

(e.g., polaron). This means also that they represent easy targets for many oxidizing
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Figure 5.5. Electron transfer between a GGG sequence and a

guanine radical cation, separated by (AT)n base pairs. The ratio

PGGG/PG is a measure of the efficiency of the electron

transfer. (reprinted with permission from B Giese et al., Nature

2001, 412, 318. Copyright 2001 Macmillan Publishers Ltd.)

Figure 5.6. Energy levels for DNA bases and some metal work

functions. (reprinted with permission from R. G. Endres et al.,

Rev. Mod. Phys. 2004, 76, 195. Copyright 2004 American

Physical Society)

5.5 Devices Based on DNA and DNA Bases 163



agents and guanine-rich regions of DNA could serve as ‘‘cathodic’’ protectors

against oxidation for genes which are in electrical contact with them [54].

Meanwhile, Lewis and coworkers, at Northwestern University, have directly ob-

served both thermal hopping and coherent transfer [55], while Barton and Zewail,

at Caltech, also explained their fluorescence-quenching experiments using these

two mechanisms [56]. For a more detailed description of the theory of charge

transfer, see Ref. [57]. Most of the reported examples of charge transfer in DNA

are in liquid environment.

5.5.2

DNA Conductivity

While chemists are now converging towards a common view, among physicists

there is still a hot debate about the issue of DNA conductivity due to the conflicting

results yielded in direct electrical measurements by different groups worldwide.

This is a quite new field which in the last years took advantage of the nanotechnol-

ogy tools (such as electron beam lithography and scanning probe microscopy) to

image samples at the molecular level and probe conduction in single DNA mole-

cules by interconnecting them between two metal electrodes.

5.5.2.1 Near-ohmic Behavior (Activated Hopping Conductor)

In 1999, Fink and Schönenberger at the Basel University [44] carried out the first

direct electrical measurements on small bundles of DNA developing a special high-

vacuum low-energy electron microscope able to image thin free-standing bundles

of DNA stretched across a hole in a membrane. The molecules were placed onto a

regular array of 2-mm holes in a carbon foil by cast deposition of a drop of water

containing 0.3 mg/ml of l-DNA onto the sample holder. This procedure usually

resulted in l-DNA networks spanning the sample-holder holes with DNA strands

associated into a rope and only very occasionally individual DNA molecules were

obtained. The DNA conductance was then measured in a vacuum environment

(@10�7 mbar) by touching the DNA bundles with an additional tip (Fig. 5.7) placed

at an electrical potential U with respect to the grounded sample holder and used to

achieve mechanical contact to a specific site of the DNA rope, to break the ropes at

a certain distance from the rim of the hole, and to apply a voltage bias to one end

of the ropes (while the other one is grounded). These manipulations were per-

formed in situ while observing the projection images of the molecules on a TV

monitor and the sample holder was covered with a gold layer to improve the elec-

trical contact to the molecules. The result of this experiment was quite unexpected:

a single DNA rope of 600 nm in length was found to behave like a ohmic con-

ductor with a resistivity of the order of 1 mWcm, while two DNA ropes simultane-

ously interconnected behaved like two resistors in parallel (with the overall mea-

sured resistance reduced by a factor of 2). Contrarily, in the simplest picture one

expects DNA to behave like a semiconductor with a large energy gap between the

valence and conduction bands.

Results from the groups of Tran, Rakitin, Cai, Hartzell and Yoo [45, 43, 36, 34,
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46] also suggested almost ohmic conductance at room temperature by means of

very different experimental techniques. In all these studies DNA bundles, net-

works of bundles or supercoiled samples were investigated (see Tab. 5.3).

In particular, due to the numerous open points and difficulties concerning the

contact effects and charge injection into DNA, Tran and coworkers measured the

Figure 5.7. (a) The experimental setup used

by Fink and Schonenberger to probe the

conductivity of DNA. (b) A 2-mm hole spanned

by a single DNA rope and the shadow image

of the manipulation tip. (c and d) I–V

characteristics of an individual DNA rope and

two DNA ropes in parallel. (reprinted with

permission from H. W. Fink et al., Nature

1999, 398, 407. Copyright 1999 Macmillan

Publishers Ltd.)
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temperature dependence of the AC conductivity in a contact-less configuration by

evaluating the absorption in a microwave resonant cavity [45]. The measured con-

ductivity was found to be only weakly frequency dependent and influenced by the

environment of the double helix (with larger values in buffer). They interpreted the

observed temperature dependence by means of a crossover between two transport

Tab. 5.3. Summary of recent measurements of DNA

conductivity (adapted with permission from Ref. [57],

Copyright 2004 American Physical Society).

Class Group DNA sample Result Electrodes Method Ions

1. Anderson

insulator

Storm et al.

(2001)

single l-DNA/

poly(G)–poly(C)

insulating (at room

temperature) (DNA

height: 0.5 nm)

Pt/Au on SiO2,

mica surface

Mg2þ

Braun et al.

(1998)

single l-DNA insulating (at room

temperature)

Au free hanging

(gluing

technique)

Naþ

Zhang et al.

(2002)

(conducting if

doped)

SFM, on

mica

de Pablo et al.

(2000)

2. Bandgap

insulator

Porath et al.

(2000)

single poly(G)–

poly(C) (only 30

base pairs)

wide bandgap

semiconductor (at

room temperature)

Pt free hanging Naþ

Rakitin et al.

(2001)

single, short

oligomer-l-DNA

(at room

temperature)

Au (gluing

technique)

3. Activated

hopping

conductor

Rakitin et al.

(2001)

bundles of l-DNA narrow ‘‘bandgap’’ Au free hanging Naþ

Yoo et al. (2001) supercoiled

poly(G)–poly(C)/

poly(A)–poly(T)

linear ohmic at room

temperature

insulating at low

temperature

Au/Ti on SiO2

Cai et al. (2000) networks of

bundles poly(G)–

poly(C)/poly(A)–

poly(T)

linear ohmic (at

room temperature)

Au SFM, on

mica

Tran et al. (2000) supercoiled dry

and wet l-DNA

hopping conductivity None microwave

absorption

Fink and

Schonenberger

(1999)

bundles of l-DNA conducting (doped)

(at room

temperature)

Au free hanging

4. Conductor Kasumov et al.

(2001)

few l-DNA

molecules

induced

superconductivity

(T < 1 K)

Re/C on mica Mg2þ
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mechanisms: ionic conduction due to the counterions at low temperatures and car-

rier excitations across single particle gaps or temperature-driven hopping transport

processes at high temperatures. Notably, the same temperature dependence was

observed by Yoo and coworkers (Fig. 5.8 [46]), which proposed an explanation in

terms of a small polaron hopping model over the whole temperature range (the

same model predicting a dependence of Im sinhðbVÞ also fits their I–V data very

well).

Yoo and coworkers investigated transport in poly(dA)–poly(dT) and poly(dG)–

poly(dC) DNA molecules and reported room-temperature resistances of 100 and

1.3 MW, respectively. Other interesting differences were observed like the much

weaker temperature dependence for poly(dG)–poly(dC) and its behavior as a p-

type semiconductor, while poly(dA)–poly(dT) acts as a n-type semiconductor under

the effect of a gate voltage. Tran and coworkers reported a resistivity of 0.005 Wcm

for the dry l-DNA, while Yoo and coworkers estimated a value of 0.025 Wcm in the

case of poly(dG)–poly(dC).

Other experimental results came from the Kawai group at Osaka University [36].

They used scanning probe microscopy and a conductive tip to inject current in

DNA bundles connected to a metal strip at different positions in order to deter-

mine the length dependence of the current. The resistance was found to increase

exponentially with the distance, from 109 ohm to 1012 ohm (Fig. 5.9). Moreover,

DNA made of C and G bases were more conductive than DNA with A and T bases

[36] (estimated resistivity for poly(dG)-poly(dC) around 1 Wcm). The increasing of

the resistance with the length was attributed to the number of defect in the mole-

cules, while they proposed that the more compact base-stacking structure of

Figure 5.8. Temperature dependence of the conductance for

poly(dA)–poly(dT) and poly(dG)–poly(dC). (reprinted with

permission from Yoo et al., Phys. Rev. Lett. 2001, 87, 198102.

Copyright 2001 American Physical Society)
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poly(dG)-poly(dC) (crystal structure data indicates that the helical rises of residues

are 2.88 Å and 3.22 Å for poly(dG)-poly(dC) and for poly(dA)-poly(dT), respectively

[36]) can also contribute to its better conductance as compared to poly(dA)-

poly(dT). In the same group, in a four probes current voltage measurement [58]

the effect of oxygen doping was tested on poly(dG)–poly(dC) DNA and poly(dA)-

poly(dT) DNA samples. The authors found that the conductance of the DNA sam-

ples increases by orders of magnitudes due to oxygen hole doping and that the

poly(dG)–poly(dC) DNA samples behave like a p-type semiconductor, whereas the

poly(dA)–poly(dT) ones are more likely n-type semiconductors. This difference was

attributed to the lower oxidation potential of dG with respect to dA. In this experi-

ment the spacing between the electrodes was varied from 100 to 200 nm.

Finally, Hartzell and coworkers [34] compared the conduction in nicked and re-

paired l-DNA, showing a gap up toG3 V and almost ohmic behavior (it is worth

noting, once again, the important possible implications in DNA damage recogni-

tion). Moreover, Kasumov and coworkers [47] reported proximity induced super-

conductivity in long l-DNA, which in their experiment exhibits metallic behavior

down to very low temperature (this would be the proof of the existence of true ex-

tended states). However, this result has not been independently reproduced and

will not be further discussed here.

5.5.2.2 Semiconducting (Bandgap) Behavior

The role of the DNA sequence on transport was investigated at the nanoscale for

the first time by Porath and co-workers at Delft University, who measured very

short DNA molecules consisting of two strands containing only G and C bases, re-

spectively, in order to probe the importance of G-C pairs in hole transfer through

Figure 5.9. Resistance versus DNA length for poly(dA)–

poly(dT) and poly(dG)–poly(dC). (reprinted with permission

from Cai et al., Appl. Phys. Lett. 2000, 77, 3105. Copyright 2000

American Institute of Physics)
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DNA [35]. Using electrostatic trapping from a dilute aqueous buffer containing

about one molecule per (100 nm)3, Porath and co-workers placed individual

double-stranded poly(G)-poly(C) DNA molecules between two nanoelectrodes only

8 nm apart. The DNA molecule was 10.4 nm long to span the two closely spaced

metal nanoelectrodes as a linear, nearly stiff structure. After a DNA molecule was

trapped from the solution, the device was dried in a flow of nitrogen and electrical

transport was measured. On applying a voltage to the device, they first observed an

insulating gap (i.e. no current) at low voltage followed by a conduction onset above

1 V. The low-current region widened as the temperature increased. Two different

peaks were present in the differential conductance curves and suggested a molecu-

lar-band-mediated transport mechanism and a wide-gap semiconductor behavior,

as expected for short DNA molecules if we assume that DNA bases have a rather

large highest occupied–lowest unoccupied molecular orbital (HOMO–LUMO) gap

(4 eV) and the metal work function lies in the gap. In this case, in fact, a very large

electric field is needed to drive transport and allow charge carriers to enter the

DNA by aligning the molecular energy bands with the energy levels in the electro-

des. The reported dI/dV curve is thus a measure of the DOS, while the voltage gap

(1–2 eV) can be related to the energy difference between the metal work function

and the nearest molecular level available for conduction (either the guanine

HOMO or the cytosine LUMO). Porath and coworkers [35] interpreted their results

as reasonable evidence of the existence of coherent electronic states extended

across the molecule. It is worth noting that, in this experiment, transport through

DNA molecules only a few base pairs long is probed: the persistence length in

dsDNA is about 100 base pairs at room temperature, thus the investigated mole-

cules are reasonably free of the kinks and defects that would lead to an inter-

ruption of the p–p interactions [57]. This experimental finding was confirmed

by the model developed by Cuniberti and coworkers [59] on a similar DNA short

sequence.

More recently, Watananbe et al. at Xerox in Japan [60] performed other experi-

ments on single DNA molecules by means of a triple probe atomic force micro-

scope in which two conductive carbon nanotube (CNT) electrodes were employed

as source and drain electrodes to interconnect a DNA molecule and a third CNT

(fixed to the AFM probe) served as the gate electrode. Due to the small drain-

source distance (25 nm), also in this case only few base pairs were probed. Experi-

ments were carried out under nitrogen atmosphere at room temperature and non

linear IDS-VDS characteristics with a non-conducting gap decreasing from 2 to 0.2 V

with increasing VG from 0 to 5 V were observed. Electrical measurements with

drain-source distance of only 5 nm showed equally spaced steps in the IDS-VDS

curve with a period of 80 meV and a gap of 400 meV at VG ¼ 2 V.

5.5.2.3 Insulating Behavior

The electronic conduction at length scales of 40 nm and longer was measured at

Delft University by Storm and co-workers with different electrode shape [31].

They obtained clear AFM images of DNA molecules interconnecting the nano-

electrodes, but did not observed any conduction for such long lengths of DNA
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with applied bias voltages up to 10 V and also with an additional gate voltage in the

range between �50 V and 50 V. They used both individual DNA molecules and

small DNA bundles (mixed sequence and poly(dG)-poly(dC)) and employed a cast

deposition technique to deposit the molecules between the electrodes. Although

under their conditions DNA self-assembles into networks similar to those obtained

by Cai and coworkers, Storm and colleagues measured a higher resistance in all

their experiments of around 1 TW, which was observed to increase in a flow of dry

nitrogen gas (>1013 W, i.e. 10 TW). Thus, they suggested that the observed conduc-

tion was due to the thin water layer on the hydrophilic mica. These findings clearly

contrast with the Basel results (and other high-conductance reports), but they con-

firm earlier measurements by Braun and coworkers at Technion in Israel [32], who

also observed insulating behavior for DNA over a scale length of about 16 mm in

length, and results of de Pablo and coworkers [42], who measured the DNA con-

ductivity using a scanning force microscopy (SFM) tip covered by gold (they re-

ported a lower bound of 106 Wcm for the resistivity). The discrepancy between the

Storm lower value (1 TW) and the conductivity reported by Cai and coworkers

[about 200 GW for bundles of poly(dG)–poly(dC) at a length scale of 200 nm] is,

however, not so large.

de Pablo and coworkers [42] also presented ‘‘first principles’’ electronics struc-

tures calculations for a double helix of infinite length in acidic dry conditions,

which supported the picture of an insulating behavior for the l-DNA. They started

by considering a poly(C)–poly(G) sequence and then analyzed the effect of swap-

ping guanine and cytosine bases in one of every 11 base pairs of their unit cell.

This resulted in a dramatic change of the electronic structure of the chain and in

a cut in the HOMO-state channel (more or less the same happens for the unoccu-

pied band), as shown in Fig. 5.10. Thus, Anderson localization (over very few base

pairs) and an exponential decay of the conductance with the length are expected in

biological DNA, due to the nonperiodic nature of its base sequence. Residual con-

duction by hopping mechanisms (polaronic or not) is still possible, but it should

exhibit a marked dependence on temperature and frequency [42]. Taking into

account the electronic structure obtained for poly(C)–poly(G), de Pablo and co-

worker’s results could be consistent with those of Porath, but are strongly in

contrast with those of Fink and Schonenberger (whose resistivity is 10 orders of

magnitude lower). An insulating behavior for a l-DNA molecule on the micron

scale has been also reported by Zhang and coworkers [33] (resistivity higher than

106 Wcm).

5.5.2.4 Discussion of DNA Conductivity

Despite the large worldwide efforts, the issue of DNA conductivity is, thus, still

subject of intense debate and rather unsettled. Assessing and understanding DNA

transport properties, with all their facets, it is crucial to gain a deep insight inside

important life mechanisms (like DNA damage recognition and reparation) as well

as for a variety of applications in molecular electronics and biotechnology, e.g. the

implementation of DNA chips with an electronic readout. Microarrays for the de-
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tection of nucleic acids (DNA chips) are widely used for DNA sequencing, disease

screening and gene expression analysis since they allow us to obtain information

on nucleic acid sequences in a manner that is faster, simpler and cheaper than tra-

ditional methods [61]. Currently, the readout schemes for such devices are optical

and involve the use of fluorescent dyes, but the exploitation of DNA conductivity (if

large enough, after hybridization, in well-stacked dsDNA as compared to floppy, in-

sulating single strands of DNA) or of its self-assembly properties (for the delivery

of conductive elements between pairs of electrodes in large arrays) could enable in

the near future the development of an electronic readout which is expected to allow

a significant increase in the number of different probe sites (whose density would

be no more resolution limited) per unit area, and thus a potentially faster and

more efficient sequence analysis.

Figure 5.10. Isosurfaces of constant density

for (a and b) the 11 highest occupied and

lowest unoccupied states of poly(G)–poly(C),

and (c) the 11 highest occupied states when

swapping a guanine and a cytosine base in

one of every 11 base pairs of the unit cell.

(reprinted with permission from de Pablo et al.,

Phys. Rev. Lett. 2000, 85, 4992. Copyright 2000

American Physical Society)
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The main difficulties in addressing the DNA conductivity lie in the complexity of

the system and in making clean (i.e. fully controllable) experiments, due to three

main issues:

(a) Differences in the DNA molecules: sequence, length, character (single mole-

cules or ropes).

(b) Influence of the molecular environment (hardly controllable and possibly prep-

aration dependent): water molecules, counterions, substrate, physisorbed/

chemisorbed DNA. For example, the number of water molecules per base is

believed to influence the DNA structure [62].

(c) The detection scheme and the role (nature and quality) of contacts between

electrodes and molecules. It is very difficult to have an ideal ohmic molecule–

metal contact and the organic–inorganic interfaces usually produce tunnel bar-

riers that can strongly influence the results. Only the metal work function is

typically known.

Even theoretically, the situation is quite confused with the large unit cell limiting

computational approaches [57], and a number of proposed transport models in-

volving electrons, holes [63], polarons [64] and solitons [65].

However, recently, some progress in the analysis and understanding of the wide

range of experimental results has been done [57]. We will try to provide a more

unitary as possible discussion of the literature. As noted above, there has been

only one group reporting proximity-induced superconductivity in long l-DNA,

thus these results will not be discussed here (Zhang and coworkers [33] proposed

contamination from carbon or rhenium to explain such results).

Although the contact-less detection scheme of Tran and coworkers could detect

very short dissipative regions embedded in an insulating DNA molecule [33] and

de Pablo and coworkers [42] demonstrated that in Fink and Schonenberger’s ex-

periment [44] the measured DNA conductivity was affected by the irradiation with

the imaging electron beam of the LEEPS microscope (resulting in a contamination

layer with subsequent increase of conduction), the different experimental evidence

of conducting DNA molecules needs an explanation in a comprehensive frame-

work, which also takes into account the observed semiconducting and insulating

behaviors. In this respect, it is worth noting how all reports of near-ohmic behavior

concern DNA bundles, networks of bundles or supercoiled samples, while insulat-

ing behavior was observed in single molecules and short molecules were found to

be semiconducting.

The possible stabilization of floppy single DNA molecules by the bundles or con-

densed water and counterions trapped between the DNA molecules (leading to a

different pathway for charge transport) could explain the observed near-ohmic be-

havior [57] and also the dependence of the conductance on humidity (the contri-

bution of the alternative pathway to conduction would be of course strongly in-

fluenced by the water content, but the more regular structure of DNA at high

humidity could also contribute) as well as the lack of anisotropy seen in films of

oriented DNA molecules [62].
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A 1-D pathway through stacked base pairs could be argued from the weak se-

quence dependence reported by Yoo and coworkers; however, this could also be

related to the different helical rises of poly(G)–poly(C) and poly(A)–poly(T) DNA,

which could lead to a different contribution from water and counterions. In this

scenario, small molecules could easily exhibit a semiconductor behavior, as ob-

served by Porath and coworkers. The effects of the water solvent on the electronic

states are accurately discussed in [57].

5.5.2.5 Other Applications of DNA in Molecular Electronics

The interest in DNA for molecular electronics, however, does not stop at its con-

duction properties, but also lies in its self-assembly ability. For example, in Ri-

naldi’s group at the National Nanotechnology Laboratory, a single modified DNA

base, the lipophilic deoxyguanosine, was adopted to fabricate electronic devices.

Guanosine was chosen due to the lowest oxidation potential among the DNA

bases, which favors transport, and its self-assembling properties related to its pecu-

liar sequence of hydrogen-bond donor and acceptor groups [66]. Using this

approach, Maruccio and coworkers [67], from the same group, succeeded in the

fabrication of a prototype FET based on this modified DNA base (Fig. 5.11) with a

maximum voltage gain of 0.76. Unlike other molecular electronics devices based

on CNTs, this prototype FET is based on ordered and self-assembled layers, instead

of a single molecule with tremendous interconnection problems [68]. The transis-

tor was fabricated by cast deposition of a droplet of the deoxyguanosine derivative

in chloroform solution between the source and drain contacts consisting of two

EBL-fabricated chromium/gold electrodes separated by a distance of 20–100 nm,

while the control electrode was a layer of silver deposited on the reverse of the Si/

SiO2 substrate. The guanosine-based FET operated at room temperature and ambi-

ent pressure, and exhibited a voltage threshold for the conduction which could be

modulated by the gate voltage. The electrical characteristics were explained in

terms of resonant tunneling, the threshold voltage being defined by the alignment

between the molecular minibands and the Fermi level in the electrodes.

DNA exhibits a surprising range of structural forms and possible modifications.

One interesting example is the replacement of certain hydrogen atoms in the base

pairs of the DNA with metal ions (Zn2þ) as reported by Rakitin and co-workers at

Brown University in the US [43], in collaboration with researchers at the Univer-

sity of Saskatchewan in Canada. Specifically, they prepared and investigated four

types of l-DNA samples:

(1) B-DNA in standard buffer at pH 7.5.

(2) M-DNA where the imino-proton of each base pair was substituted with a metal

ion (Zn2þ).

(3) B-DNA samples in which the sticky ends of the DNA were attached to surface-

bound oligomers.

(4) B-DNA at pH 7.5 with 0.1 mM of Zn2þ, since at this pH M-DNA does not form

but the contribution of DNA surface-bound Zn21 ions on the measured elec-

trical characteristics can be determined.
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The subsequent exposure of the samples to ‘‘freeze-dry’’ methods could not rule

out the ionic contribution because of the existence of salt bridges formed on the

substrate surface between electrodes. To solve this problem a new design for the

contact was implemented by placing DNA between two electrodes separated by a

physical gap of width 1–30 mm and practically infinite depth. A metallic-like con-

Figure 5.11. (a) Self-assembly and cast

deposition of dG(C10)2 on the three-terminal

device, consisting of two arrow-shaped Cr/Au

electrodes on a SiO2 substrate and a third Ag

back electrode (not to scale). (b) High-

magnification SEM image of two Cr/Au

nanotips with a separation of 20 nm.

(c) Characteristics of the FET at different gate

voltages (VG). The dashed lines extrapolate

the voltage threshold VT for any VG value.

By changing the gate voltage, VT can be

modulated since the alignment condition

for resonant tunneling is modified due to

a shift in the energy of the molecular band.

(reproduced with permission from G. Maruccio

et al., Nanoletters, 2003, 3, 479–483. Copyright

2003 American Chemical Society)
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duction was observed in 15 mm long M-DNA, while a semiconducting behavior

with a few hundred meV band gap was obtained in the case of B-DNA before con-

version into M-DNA. Finally, a decrease in the zero bias conductance of about

three orders of magnitude with respect to M-DNA was found in sample (4). The

possibility to achieve such drastic change in conductivity could have important ap-

plications in molecular electronics.

An entirely different use of DNA was proposed by Braun and co-workers at the

Technion and is based on the exploitation of its unrivaled assembly properties [32].

In fact, a strategy for the assembly of integrated circuits is still missing in mo-

lecular electronics and in this respect the highly specific binding between DNA

strands may provide a key tool to control the geometry and connectivity of future

electronic circuits without the use of destructive lithography techniques. Inspired

by this, the Braun group firstly assembled DNA between two electrodes adding

sticky ends to DNA fragments and then replaced the counterions with silver ions

demonstrating that DNA can be used as a linear template to grow a thin metallic

wire. The same approach was followed by Richter at Dresden to build up highly

conductive palladium nanowires on a DNA template [69]. Moreover, the group of

Erez Braun developed also the so-called sequence-specific molecular lithography

[8], an alternative and promising strategy to produce large-scale functional circuits

at the molecular level exploiting self-recognition and self-assembly of DNA (a par-

allel process). The information encoded in the DNA molecules replaces the masks

used in conventional lithography, while a RecA protein serves as the resist. This

technique enables high resolution, the fabrication of three-way junctions (branch-

points) and the sequence-specific positioning of molecular objects. More recently,

Keren and coworkers [70] reported the fabrication of a carbon nanotube FET, self-

assembled using a DNA scaffold molecule to provide the address for precise local-

ization of the nanotube as well as the template for the extended metallic wires

contacting it (Fig. 5.12). Besides DNA and proteins, genetically engineered viruses

have also been employed to order nanostructures [71].

Recently Williams and coworkers at Delft joined the conducting properties of

single-walled carbon nanotubes (SWNTs) with the specific molecular-recognition

features of DNA by coupling SWNTs to peptide nucleic acid (PNA, an uncharged

DNA analogue) and hybridizing these macromolecular wires with complementary

DNA [72]. The oligonucleotide adducts imparted recognition properties, used to

programme the attachment of SWNTs to each other and to the electrodes. This

general approach can be exploited in the field of biosensors.

DNA can be also combined with specific chemical side groups, providing the

basis for new functional devices and accurate biosensors. For example, nanocom-

posite structures made of gold nanoparticles covered with single-strand DNA frag-

ments were prepared by the Alivisatos’s group at Berkeley [73] and Mirkin and

coworkers at Northwestern [74] with the spacing between the nanoparticles con-

trolled statically (by using different sticky ends) or dynamically (by exploiting the

melting properties of DNA with changes in temperature or solvent). Moreover,

DNA has the potential for assembling intricate spatial structures and networks

with a variety of geometries, as those produced by Seeman and co-workers at New
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York University, including loops, knots, one- and two-dimensional arrays, three-

dimensional cubes and nanolattices based on synthetic DNA structures [75].

As previously discussed, an important application of the assembly properties of

DNA are the DNA chips which make use of many parallel DNA (single strands)

probes to check whether certain genetic codes are present in a given specimen of

DNA. Their read out schemes are currently optical, but an electronic read-out pos-

sibly exploiting the electron-transfer properties of DNA or using single-strands

with sticky ends attached to electrically active molecular elements (such as metal

clusters, fullerenes or certain molecular switches) could enable further miniatur-

ization. The different electrochemical responses of single- and double-strand DNA

molecules that attach to a surface can be also used in this frame [76].

Finally, concerning the applications of DNA self-assembly, we have of course to

mention the DNA computation and its proof-of-concept by Adleman’s group in

1994 [5], which demonstrated that the recombinant properties of DNA can be ex-

Figure 5.12. Assembly of a DNA-templated

FET by molecular lithography. (i) Polymeriza-

tion of RecA monomers on a ssDNA molecule,

resulting in the formation of a nucleoprotein

filament. (ii) Binding of the nucleoprotein

filament at a desired address by homologous

recombination. (iii) Delivery of a streptavidin-

functionalized SWNT on the DNA-bound RecA

by means of a primary antibody to RecA and

a biotin-conjugated secondary antibody.

(iv) Incubation in an AgNO3 solution and

formation of silver clusters on segments

unprotected by RecA. (v) Formation of two

DNA-templated gold wires to contact the

SWNT by electroless gold deposition (the

silver clusters are used as nucleation centers).

(reproduced with permission from K. Keren

et al., Science, 2003, 302, 1380–1382.

Copyright 2003 American Association for the

Advancement of Science)
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ploited to solve problems appropriately encoded into single DNA strands, using

five simple operations: (a) synthesis of a large numbers of oligonucleotides, (b)

annealing/hybridization of oligonucleotides to produce dsDNA molecules, (c) ex-

traction of molecules containing a given sequence of bases, (d) detection of DNA

molecules and (e) amplification of DNA molecules. The massive parallelism in-

trinsic in this approach allowed Adleman’s group to solve a problem that had re-

sisted conventional methods. The problem-specific technique of Adleman’s group

has been recently extended theoretically to more general Boolean operations.

In conclusion, although the advantages to use DNA as a molecular wire in elec-

tronic devices have probably to be evaluated in more detail, its unique assembly

and recognition properties seem destined to be a major tool in molecular elec-

tronics.

5.6

Devices Based on Proteins

Besides DNA, proteins have been also intensively investigated in the last years for

application in molecular electronics, molecular motors and biosensors, since their

nature-tailored functions presents clear advantages for a number of specific appli-

cations. For example, the potential of photochromism has generated great interest

in the synthesis of new photosensitive materials and in the development of new

techniques for their use. Some biological systems, like bacteriorhodopsin and the

green fluorescent protein (GFP) of the Aequorea Victoria jelly fish, offer naturally

evolved optimized structures with unique properties that can further be tailored

for specific applications by genetic engineering. The green fluorescent protein

(GFP) is very interesting for optoelectronic applications since it exists in two dis-

tinct configurations (bright and dark) and has a very efficient fluorescence emis-

sion that makes possible also single-molecule detection. Moreover, genetic

engineering allows producing mutants with modified spectral characteristics, en-

hanced brightness, photostability, quantum yield, and other properties tailored for

specific applications. In particular, two GFP mutants – EGFP (enhanced GFP) and

E2GFP (obtained by a single point mutation T203Y of EGFP) – were recently inves-

tigated by the Beltram group [77] who achieved optical control of transition be-

tween the bright and dark states in E2GFP by means of two laser beams with

different wavelengths (l ¼ 476 nm and 350 nm). Both the investigated proteins ex-

hibited in solution absorption peaks at 400 and 515 nm, ascribed respectively to the

protonated neutral and deprotonated anionic forms (states A and B) of the chromo-

phore. A weak emission was observed for both mutants after excitation of state A

and was ascribed to excited-state photoconversion from A to B. Moreover, the au-

thors observed a reversible turning on and off (blinking) of the emission and its

ultimate switching off (photobleaching) into a long-lasting dark state (C) within a

few seconds after excitation at 476 nm. In the case of E2GFP mutants, it was pos-

sible to achieve a reversible photoconversion from state C back into state B by irra-

diation at 350 nm. Since unlimited optically controllable cycles between the bright
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and dark configurations were reported, these results open the way to the use of the

E2GFP mutant in memory devices by employing the states B and C to encode a

ð0; 1Þ bit. In fact, information can be stored and manipulated and the basic re-

quired operations (write, read and erase data) are performed at the single molecule

level. According to the authors, one possible implementation is to use photoconver-

sion from the dark to bright state by irradiation at 350 nm as WRITE step, fluores-

cence emission following weak excitation at 476 nm as READ step and photo-

bleaching as ERASE step.

As discussed above, another interesting protein is the Bacteriorhodopsin (BR), a

trans-membrane protein found in the cellular membrane of Halobacterium salina-
rium, which functions as a light-driven proton pump and thus is expected to be

useful as photonic material. Due to its peculiar properties, its use as the active

component in memory devices was investigated (for a recent review on Bacterio-

rhodopsin-based applications see [78]), in particular in holographic associative

memories and branched-photocycle three-dimensional optical memories. More in

detail, the proposed holographic associative memories were based on a Fourier

transform optical loop and the real-time holographic properties of a BR films. On

the other hand, in the branched-photocycle three-dimensional optical memories,

parallel write, read, and erase processes were performed exploiting a sequential

multiphoton process and an unusual branching reaction that creates a long-lived

photoproduct. A very broad range of applications was proposed, from electronics

to optoelectronics and computing including random access thin film memories,

neural-type logic gates, photon counters and photovoltaic converters, artificial reti-

nas, picosecond photodetectors, multilevel logic gates optical computing, and dif-

ferent kinds of memories (see [78] for further details).

Then, very recently, Yasutomi and coworkers at the Kyoto University [79] re-

ported the fabrication of a molecular photodiode that can switch photocurrent di-

rection by changing the wavelength of an irradiating light (Fig. 5.13). Their device

was based on bicomponent SAMs of two helical peptides carrying different chro-

mophores (thus selectively activable) and having opposite direction of dipole mo-

ments (when immobilized on gold). Since at a certain range of the applied poten-

tials the direction of the photocurrent is determined by the direction of the dipole

moment, photocurrent can be switched from anodic to cathodic alternating photo-

irradiation at 351 nm and 459 nm. The optimum voltage for photocurrent switch-

ing was determined by investigating the dependence of photocurrents on applied

potential for the unicomponent SAMs.

The Greenbaum group reported on the generation of exogenous photovoltages

by the Photosystem I (PSI) reaction centers, nanometer-size robust supramolecular

structures that can be isolated and purified from green plants. A diode laser at

l ¼ 670 nm was used to illuminate heterostructures composed of PSI and organo-

sulfur molecules onto gold substrates, while the photovoltage was measured by

Kelvin force probe microscopy. Under illumination, the potentials of the central re-

gion of the PSIs were found to be typically more positive than the periphery by 6–9

kT, where kT is the Boltzmann energy at room temperature [80]. Possible applica-

tions of the PSI to the implementation of artificial retina are currently under exper-
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Figure 5.13. (a) Molecular structures of the

two kinds of hexadecapeptides employed

(SSL16ECz and Rul16SS) whose dipole

moments (with opposite directions) determine

the photocurrent switching from anodic to

cathodic under selective photoexcitation of the

sensitizer (an ECz or Ru group respectively)

when the peptides are coassembled in a

highly-ordered bicomponent SAM on a gold

substrate via an Au–S linkage. (b–c) Periodic

photocurrent generation by the SSL16ECz

(Rul16SS) SAM upon photoirradiation at

351 nm (459 nm) in a 50 mM TEOA (MV2þ)
aqueous solution. (d) Time course of photo-

current switching upon alternating photo-

irradiation at 351 and 459 nm. (e) The action

spectra (purple solid line) consists of anodic

and cathodic photocurrent regions, which

agree with the absorption spectra of SSL16ECz

(blue dashed line) and Rul16SS (red dashed

line) in ethanol, respectively. (reproduced with

permission from S. Yasutomi et al. Science,

2004, 304, 1944. Copyright 2004 American

Association for the Advancement of Science)
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imentation in the same group. Moreover, they also explored two-dimensional

vectorial arrays of functional PSI reaction centers (prepared on atomically flat de-

rivatized gold surfaces) by STS [12]. The nature and extent of PSI orientation

were controlled by chemical modification of the surface derivative and checked

by STS. When gold electrodes where treated with mercaptoacetic acid, 83% of

the electron transport vectors were parallel to the electrode surface and a

semiconductor-like I-V curve with a band gap ofA1.8 eV (corresponding to the

first excited singlet state of chlorophyll) was observed (Fig. 5.14a). On the other

hand, using 2-mercaptoethanol, 70% were oriented perpendicularly in the ‘‘up’’

position and only 2% were in the ‘‘down’’ position and current-rectification (i.e.

diode-like behavior) was observed (Fig. 5.14b–c). Authors ascribed the asymmetry

of the I-V characteristics to either a difference in electronic energy (in analogy with

a solid-state p-n junction) or a difference in the tunneling distance for each end.

A novel example of protein-based active electronic device has been recently dem-

Figure 5.14. Orientation-dependent STS

characteristics of individual PS I reaction

centers. (a) If a PS I is oriented parallel to the

electrode surface, a semiconductor-like

behavior with a bandgap of around 1.8 eV can

be observed. (b and c) If a PS I is anchored

perpendicular to the gold surface, a diode-like

(current rectification) I–V curve can be

observed. (reproduced with permission from

I. Lee et al., Phys. Rev. Lett. 1997, 79, 3294–97.

Copyright 1997 American Physical Society)
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onstrated by the group of Rinaldi and coworkers at NNL, taking advantage of the

redox properties and of the functional groups of the blue copper protein Azurin,

that, in vitro, is able to mediate electron transfer (ET) from cytochrome c551 to ni-

trite reductase from the same organism [81]. Azurin from P. aeruginosa is a 14.6

kDa blue-copper protein existing in two stable configurations – Cu(I) and Cu(II) –

and its ET capability depends on the equilibrium between these two oxidation

states by means of the reversible redox reaction Cu2þ þ e� ACu1þ, which converts

continuously the Cu(II) copper oxidized state into the Cu(I) reduced state and vice
versa. A disulfide bridge (Cys-3-Cys-26) located at a distance ofA2.6 nm from the

copper site [82] allows the chemisorption of Azurin in oriented monolayers onto

crystalline gold or other suitably functionalized surfaces [83, 84]. Since protein

adsorption on surfaces may lead to denaturation, in their recent publication, Mar-

uccio and co-workers [49] examined the integrity of proteins in dry monolayers

after immobilization by non-contact atomic-force microscopy and by intrinsic fluo-

rescence (the fluorescence of aromatic residues in proteins is strongly influenced

by their microenvironment) concluding that neither the covalent binding to the

functionalized SiO2 surface nor the application of strong electric fields induce

gross denaturation and/or conformational transitions in Azurin. Their prototype

device consists of a planar metal-insulator-metal nanojunction, fabricated by EBL

[85] and connected by the self-assembled protein monolayer, and a silver back

gate electrode in a field-effect transistor configuration. An oriented protein mono-

layer was formed in a two-step procedure involving (a) the self-assembly of 3-

mercaptopropyltrimethoxysilane (3-MPTS) and (b) the reaction of the free thiol

groups of 3-MPTS with the unique surface disulfide bridge of Azurin. The

current-voltage characteristic (Ids-Vds) exhibited a low-current plateau at low field

and then rises up to hundreds of pA (see Fig. 5.15). The transfer characteristic

exhibited a pronounced resonance centered at Vg ¼ 1:25 V. This feature gradually

disappeared after some gate sweeps. From an electronic viewpoint, their device

switches from a n-MOS FET behavior before resonance to a p-MOS FET after reso-

nance. Although among all the fabricated nanodevices, only a limited group exhib-

ited a clear gate effect over a number of gate sweeps (whereas the others failed dur-

ing the first few sweeps – the ageing of nanodevices is a general issue of molecular

electronics [16, 85, 87]), this is a key result because it would allow to exploit the

advantages of a complementary logic, fabricating both p-type and n-type devices

on the same chip.

The authors ascribed these results to the unique transport mechanism of their

biomolecular devices. The transport of electrons through systems containing redox

sites may occur via physical displacement of the redox molecules and/or electron

hopping from one reduced molecule to an adjacent oxidized molecule [88]. The

authors discarded the first mechanism since the proteins were covalently bound

to the substrate. Thus, they ascribed electron transport in the Pro-FET to hopping

from one reduced (Cu(I)) protein to an adjacent oxidized (Cu(II)) protein, which

behave as a redox pair. For electrons to flow, therefore, both reduced and oxidized

Azurins must be present and their relative proportion determines the ET rate.

The authors proposed that the Azurin redox state is regulated by Vg: the higher is
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Vg, the greater is the fraction of reduced Azurins. At a particular value of Vg the

fraction of oxidized molecules will equal that of reduced molecules and therefore

ET will be maximal. In their model the change in the protein oxidation state was

ascribed to the influence of the applied electric field on the redox energy levels of

the proteins. To verify whether such model based on a hopping mechanism be-

tween neighbouring proteins was compatible with their experimental findings,

they performed numerical simulations of the current flowing in the device as a

function of the applied potentials. The basic features of the experimental curves

were exhibited also in the results of their simulation. Moreover, the proposed

model is also consistent with the interpretation of the redox peak in cyclic voltam-

metry curves and in electrochemical STM experiments [84, 89] performed on Azur-

ins chemisorbed on Au(111) substrates. The key role of the copper atom in electron

transfer was further supported by a comparison with the current-voltage curves

measured in devices implemented with two Azurin variants (the first with the Cu

atom replaced by a Zn atom, the second without metal atom), where the flowing

currents were significantly lower and no modulation was observed between �6

and 6 volts.

The same metalloprotein has been investigated also at Oxford, where Davis and

coworkers acquired current–voltage characteristics by means of conductive-probe

AFM and studied the dependence of the conductance from the force load, finding

that forces larger than 3 nN were necessary to achieve a reliable contact to the pro-

tein [90].

Figure 5.15. Characteristic of the Pro-FET: 3-D

plot of the drain–source current as a function

of the drain–source bias (VDS) and gate bias

(VG) measured in the dark and at room tem-

perature. No leakage current was observed to

flow between the planar electrodes and the

back-gate (values as low as few picoamperes

and a negligible variation with VG up to 8 V).

A pronounced resonance centered at VG ¼
1.25 V is present (see also the transfer charac-

teristic at VDS ¼ 5:5 V in the projection).

(Reproduced with permission from G. Maruccio

et al., Towards Protein Field-Effect Transistors:

Report and Model of a Prototype, Adv. Mater.,

2005, 17, 816–822)
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Before concluding, we would also like to mention the work of Yu and coworkers,

who succeeded in the construction of ordered neuronal networks by positioning

neurons on a biolectronic chips by means of a negative dielectrophoretic force [91].

5.7

Conclusions

We have briefly discussed the present status of the research in the field of nano-

bioelectronics, with special emphasis on DNA- and protein-based devices.

Although this field is rather young and very open, the worldwide results ob-

tained so far are promising, and deserve further studies to determine the actual po-

tentiality of biodevices and to further investigate a number of important issues,

such as:

� Interconnection of biomolecules and inorganic devices
� Molecular engineering and self-organization
� Transport mechanisms
� Reproducibility and ageing of biomolecular devices
� Biochemical driven implementation of fully biomolecular nanodevices

On the basis of recent progress in the field of nanobioelectronics we fell as though

we are just at the beginning of a great journey that will have many unexpected

findings. There is no turning back and we cannot even envisage the future develop-

ments of this field and where it will take us.

There is much work under way actively pursuing molecular and biomolecular

engineering, and the building of composite materials at the nanoscale to be joined

together, but there is still an enormous challenge ahead. Building materials from

the bottom up requires a multidisciplinary approach. This arena is unquestionably

in the nano-dimension, where all fields of science and engineering meet. New

ideas will be fostered from collaboration among scientists with diverse back-

grounds. As Francis Crick put it, ‘‘In nature, hybrid species are usually sterile, but

in science the reverse is often true. Hybrid subjects are often astonishingly fertile,

whereas if a scientific discipline remains too pure it usually wilts’’.
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6

DNA Nanodevices: Prototypes and Applications

Friedrich C. Simmel

6.1

Introduction

The unique biochemical and biophysical properties of DNA can be utilized to con-

struct artificial, machine-like molecular structures which can perform simple me-

chanical or computational tasks, or both. This chapter gives an overview over the

first prototypes of such ‘‘DNA nanodevices’’ as well as over recent developments

towards functional DNA machines. In contrast to earlier review articles on this

subject, particular emphasis is put on possible applications of DNA nanodevices

in the life sciences – DNA devices interacting with proteins, as biosensors or as

components of drug delivery systems.

The outline of this chapter is as follows. Section 6.2 gives a short introduction

into the most important properties of DNA which make this molecule so interest-

ing for nanoscale science and technology. Section 6.3 deals with ‘‘simple DNA de-

vices’’ – prototype devices which can perform simple movements on the nanoscale.

Section 6.4 focuses on more recent developments of ‘‘functional’’ nanodevices with

an emphasis on possible applications in the life sciences. DNA-based molecular

motors and automata will be discussed as well as the interaction of DNA devices

with proteins. Section 6.5 deals with problems related to the construction of auton-

omous or ‘‘free-running’’ DNA devices and discusses a variety of different concepts

to achieve such autonomous behavior. Section 6.5 closes the chapter with a few

concluding remarks.

6.2

DNA as a Material for Nanotechnology

6.2.1

Nanoscale Science

One of the main goals of nanotechnology is the manipulation of matter at the level

of single molecules or atoms. Such ultimate control could lead to the development
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of new functional materials and devices which obtain their functionality from the

ordered assembly of components on the molecular scale. In the life sciences, such

molecularly ordered systems could lead to extremely sensitive and even autono-

mous sensors and to intelligent drug delivery units.

One approach towards nanoscale control – often termed the ‘‘top-down’’

approach – is the manipulation of matter using macroscopic machines. Using

scanning probe techniques, for example, the manipulation of single atoms or mol-

ecules has already been demonstrated during the last decade [1, 2]. Even though

such examples show impressively the degree of control on the atomic level that

has been achieved so far, it is not clear how scanning probe or other ‘‘top-down’’

techniques could be used for fast and efficient assembly of a large number of nano-

scale components.

A different approach to molecular-scale engineering does not involve the ‘‘direct’’

manipulation of molecules and atoms with the help of a macroscopic device,

but rather the utilization of self-assembly and self-organization principles. This

approach is inspired by biological systems which often serve as ‘‘prototypes’’ for

self-assembled nanotechnological structures.

In biological systems, complex and comparatively large structures are formed

from smaller and simpler building blocks by ‘‘molecular recognition’’ events –

usually the cooperative action of a multitude of weak bonds between two or more

molecules which result in strong and highly specific interactions. Molecular con-

struction is often assisted by ‘‘molecular machines’’ or enzymes – themselves self-

assembled macromolecular complexes – which, among others, catalyze reactions,

assist molecular transport or transduce signals. In addition, the molecules in a

living cell are intimately linked within complex interaction networks which give

rise to fascinating ‘‘emergent’’ properties.

Naturally, all these features would be highly desirable for artificial nanosystems.

For these reasons, researchers in the field are trying to utilize the molecular recog-

nition properties of biological molecules for the construction of nonbiological

structures. Furthermore, first attempts have been made to construct artificial ana-

logs of biological molecular machines and motors. One of the most interesting and

most widely used biomolecules in this context is the famous molecule of heredity –

DNA.

6.2.2

Biophysical and Biochemical Properties of Nucleic Acids

There are a number of good – and practical – reasons for the utilization of DNA

in nanoscience (summarized in Fig. 6.1). The main feature of interest, of course,

is the base-pairing interaction between complementary DNA bases which was

discovered more than 50 years ago [3]. DNA molecules are composed of so-called

nucleotides which themselves consist of a sugar unit (2 0-deoxyribose) with a

phosphate group and a ‘‘base’’ attached to it. The bases in DNA are the purines

adenine (A) and guanine (G) and the pyrimidines thymine (T) and cytosine (C).

In the Watson–Crick (WC) base-pairing scheme, the bases A and T bind together
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via two hydrogen bonds, whereas G and C are connected via three such bonds. In

DNA, the nucleotides are linked together by the phosphate groups which connect

the 3 0 position of deoxyribose of one nucleotide with the 5 0 position of the sugar

ring of the following nucleotide. This linkage endows the DNA strand with a ‘‘di-

rection’’, e.g. 5 0-AG-3 0 and 5 0-GA-3 0 (where the sequence is read from the 5 0 end

of the first nucleotide to the 3 0 end of the last nucleotide) are two different mole-

cules. If two DNA molecules with ‘‘complementary’’ sequences are brought to-

gether, they can bind to each other and form a DNA duplex. Here it is important

that the two strands have opposite directionality, i.e. a DNA strand with sequence

5 0-N1N2 . . .Nn�1Nn-3
0 will bind to a strand with sequence 5 0-NnNn�1 . . .N2N1-3

0,

where Ni denotes the WC complement of Ni. Under standard buffer conditions,

the DNA duplex will adopt a double-helical structure with a diameter of 2 nm and

a helix pitch of roughly 10.5 base pairs. The base pairs stack upon each other and

Figure 6.1. The most important features of

DNA for nanoscience. Base-pairing: The specific

binding between adenine (A) and thymine (T),

on the one hand, and guanine (G) and cytosine

(C), on the other hand, is the basis of the

unique molecular recognition properties of

DNA. Base sequence: In ssDNA, nucleotides

which consist of deoxyribose, phosphate and

a base are linked together. The bases can be

chosen arbitrarily and therefore large numbers

of distinct DNA molecules with different base

sequences are possible. Programmability: If two

DNA sequences are complementary, they may

bind together to form a DNA duplex structure,

i.e. sequence determines structure. Nanoscale

dimensions: Under normal conditions DNA

duplexes are right-handed double-helices with

a diameter of 2 nm. Mechanical properties:

On the nanoscale, DNA is a rigid molecule.

The persistence length, i.e. the length over

which the correlation between the tangential

vector t(s) decays, is of the order of 50 nm or

150 base pairs.
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are ‘‘hidden’’ within the double helix. The planes defined by the base pairs are ori-

ented roughly perpendicularly to the axis of the helix, whereas the sugar units with

the negatively charged phosphates point radially away from it. The vertical distance

between two subsequent base pairs is approximately 0.34 nm. The phosphate link-

ages make DNA a highly negatively charged polyelectrolyte. Due to the double-

helical structure and this high charge density, duplex DNA is a relatively rigid mol-

ecule. In terms of polymer science, the persistence length Lp of double-helical

DNA is of the order of 50 nm or 150 base pairs. This is a measure for how far

one has to follow the contour of a polymer until the original orientation is lost –

essentially this is a measure of its flexibility. More technically, Lp is the correlation

length of the tangent vector of the polymer. In the worm-like chain (WLC) polymer

model, we have h~ttðsÞ �~ttð0Þi ¼ expð�s=LpÞ, where s is the coordinate along the

polymer and~ttðsÞ is the tangent vector at position s. An Lp of 50 nm makes DNA a

considerably less flexible molecule than most synthetic polymers. For nano-

construction, DNA can thus simply be regarded as a stiff molecular rod. At the

same time, DNA is much more flexible than other biopolymers such as the cyto-

skeletal F-actin or microtubuli. It is therefore not straightforward to produce or-

dered micron-scale structures with DNA.

By the proper choice of DNA sequences, one can also avoid the formation of du-

plex structures. To this end, sequences have to be chosen in such a way that they

are not complementary to any other DNA molecule – or to itself – over stretches of

more than a few bases. In contrast to double-stranded (ds) DNA, single-stranded

(ss) DNA is a much more flexible polymer with a persistence length on the order

of 1 nm. By ‘‘programming’’ DNA molecules to form partly double-stranded and

partly single-stranded regions, one can therefore construct molecular networks

consisting of rigid and flexible elements.

Unlike the folding of amino acid chains in proteins, the formation of secondary

and tertiary structure in nucleic acids is hierarchical and sequential [4] – the

binding energies for base-pairing are much larger than the energies for other inter-

actions between remote residues, and therefore DNA and RNA folding are domi-

nated by secondary structure formation. The prediction of the formation of base-

paired regions within one DNA molecule or those formed between several DNA

molecules therefore represents a major step in accurate structure prediction for

nucleic acids structures. In the absence of significant three-dimensional (3-D) in-

teractions between distant sections of a DNA or RNA molecule, it is already the

final step. This property makes the relation between DNA sequence and structure

much more transparent than in proteins and therefore a ‘‘rational’’ design of DNA

structures can be achieved much easier.

This rational design is also facilitated by the wealth of thermodynamic data avail-

able for nucleic acids structures. Based on these data, thermodynamic quantities

such as the free energy of formation of DNA structures or useful experimental pa-

rameters such as the melting temperature of a given DNA duplex (the temperature

at which half of the duplexes are dissociated into single strands) can be calculated

relatively reliably. In a given set of DNA molecules, strands may also hybridize to

each other in several alternative configurations and here thermodynamic calcula-
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tions aid in the design of structures which mainly self-assemble into one specific,

desired structure.

Maybe one of the most important practical features of DNA, however, is the

availability of automated synthesis methods which allow the production of reason-

able quantities of DNA with virtually any desired base sequence. A designed DNA

structure can therefore be readily translated from a sequence on your computer to

a real molecule.

6.2.3

DNA Nanoconstruction

The unique properties of DNA summarized in the previous section have indeed al-

ready been utilized for the realization of a number of impressive supramolecular

constructions. Starting with the synthesis of a DNA molecule with the topology of

a cube by Seeman and coworkers in 1991 [5]. DNA has been used to construct

molecules with the structure of a truncated octahedron [6], DNA catenanes [7], tet-

rahedra and octahedra [8, 9], and other geometrical objects [10]. DNA has also

been used to construct 2-D molecular networks from DNA branched junctions

[11, 12]. When these networks fold back to themselves, they can also form DNA

‘‘nanotubes’’ [13–15]. Recently, such networks have even been utilized to arrange

nanoparticles and proteins in two dimensions [16–18]. Attempts to extend these

structures into the third dimension are currently being made in a number of

laboratories.

6.3

Simple DNA Devices

The biochemical and mechanical properties of DNA cannot only be used for the

construction of static supramolecular structures, but they can also be utilized to

achieve motion on the nanometer scale. So far, one can discern essentially two

strategies. Some of the devices rely on conformational changes of the DNA mole-

cules themselves which occur under certain buffer conditions. Other devices ex-

ploit the different rigidity of ssDNA and dsDNA, and switch back and forth be-

tween several structures by the addition or removal of DNA ‘‘fuel’’ or ‘‘set’’ strands.

6.3.1

Conformational Changes Induced by Small Molecules and Ions

The presence of multiply charged cations can lead to marked changes in DNA

structure. DNA strands with a sequence of repeating CG residues, for example,

may undergo a transition to the so-called Z form of DNA in the presence of cobalt

hexammine. Z-DNA is a left-handed helical conformation of DNA and the tran-

sition from B form DNA (the ‘‘usual’’ right-handed double-helical DNA conforma-

tion) is therefore associated with a change in helicity of the molecule. In the ‘‘B–Z
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device’’ [19], the B–Z transition has been utilized to produce nanoscale rotatory

motion. To this end, the DNA sequence d(CG)10 which tends to undergo the B–Z

transition, was flanked by two DNA supramolecular structures which do not.

When the d(CG)10 sequence was switched into the Z form, the two flanking parts

rotated with respect to each other. Experimentally this could be proved by fluores-

cence resonance energy transfer (FRET) measurements between two strategically

attached fluorescent dyes. In FRET, excitation energy is transferred from one donor

fluorophore to another chromophore in close proximity. The strong distance de-

pendence of this effect in the nanometer range makes it extremely valuable for

the characterization of nanoscale motions. Consequently, it is the most commonly

used experimental technique – apart from gel electrophoresis – to characterize the

operation of DNA nanodevices.

Another example where the presence of cations influences DNA structure is

related to the phenomenon of DNA condensation – even though duplex DNA is

highly negatively charged, two DNA helices can overcome their mutual electro-

static repulsion in the presence of multivalent cations such as Mg2þ, putrescine,

cobalt hexammine, spermidine or spermine [20]. In Ref. [21], magnesium ions

were utilized to switch a network of biotinylated DNA molecules linked by strepta-

vidin from an uncondensed into a condensed structure, in which neighboring

DNA duplexes formed supercoils. This was accompanied by a movement of the

nodes of the network with respect to each other.

The presence of protons may also induce a DNA conformational change. At low

pH values the DNA bases adenine and cytosine, for example, are protonated at

their N6 or N4 positions, respectively. Protonated cytidine (pKa ¼ 4:2) participates

in a number of unconventional DNA secondary structures, e.g. the DNA ‘‘i-motif ’’

and a DNA triplex structure. The i-motif [22] can form between DNA strands with

repetitive stretches of cytosine residues and is held together by hemiprotonated cy-

tosine pairs (Fig. 6.2a). The intramolecularly formed i-motif shown in Fig. 6.2(b)

Figure 6.2. Unusual DNA structures which

form with protonated cytosine residues. (a) A

hemiprotonated CCþ base pair. (b) A C-rich

strand of DNA forms the so-called ‘‘i-motif ’’ at

low pH values due to intramolecular CCþ
base-pairing. (c) Protonated cytosine also plays

a role in DNA triplex formation. Here, the

lower two DNA strands bind to each other in

standard WC mode, whereas the upper strand

binds to the middle strand in the ‘‘Hoogsteen’’

mode. This is only possible when the cytosines

are protonated.
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has recently been utilized for a simple proton-driven DNA device [23]. Upon the

addition of a small amount of hydrochloric acid to a solution of the DNA device

strand 5 0-CCCTAACCCTAACCCTAACCC-3 0, the molecule folds into the i-motif.

When the pH is subsequently raised by the addition of sodium hydroxide, the mol-

ecule unfolds again. At neutral pH, the DNA strand is available for hybridization

and it can form a DNA duplex with its complement strand. During one operation

cycle, the 5 0 and 3 0 ends of the device strand therefore move from a proximate po-

sition with a distance on the order of 1 nm to a position where they are separated

by roughly 6 nm.

Under certain conditions DNA can also form triplex structures. In a triplex, two

strands bind with each other in conventional WC mode while the third strand

binds to the duplex via other base-pairing interactions. One such triplex structure

is based on the binding of two homopyrimidine strands to one homopurine strand.

In the example in Fig. 6.2(c), the homopurine strand contains the repetitive se-

quence d(GA)n. One homopyrimidine strand [with the sequence d(TC)n] binds to

the hompurine strand by WC base-pairing while the other homopyrimidine strand

binds via ‘‘Hoogsteen’’ base-pairing [24]. The latter binding mode is only possible

when the cytosine residues are protonated. One can therefore switch between a

duplex and a triplex DNA structure by lowering or raising the pH value [25]. This

duplex–triplex transition has already been utilized to drive the simple DNA

mechanical device depicted in Fig. 6.3 [26]. Here, a long DNA strand L has been

hybridized to two shorter DNA strands F and S. The strands F and L form a struc-

Figure 6.3. A proton-driven DNA nanodevice

based on the duplex–triplex transition. The

device consists of three DNA strands L, F and

S. L and F form two rigid double-stranded

‘‘arms’’ connected by a flexible single-stranded

hinge. Strand S is also hybridized to L and

contains a DNA sequence which is able to

form a triplex structure. The sequence which

can bind to the duplex formed by S and L is

contained in the unhybridized section schemat-

ically depicted as a ‘‘random coil’’ in the open

state. At low pH, the cytosine residues in this

coil region are protonated and this section of

L can bind to the S–L duplex in Hoogsteen

mode, thereby forming a triplex structure. This

closes the arms of the structure. The structure

can be cycled between the open, duplex state

and the closed, triplex state by changing the

pH value of the reaction solution between

pH 8 and pH 5. (Reprinted with permission

from Ref. [26], 8 2004, Wiley-VCH.)
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ture characterized by two rigid arms connected by a short flexible hinge (very sim-

ilar to the structure of other, hybridization-driven devices to be discussed in the

next section). Strand S also hybridizes to a section of L, while a part of L remains

unhybridized at high pH values. S contains a hompurine sequence and can form a

triplex structure with L at low pH values. As shown in Fig. 6.3, in the triplex con-

figuration strand L folds back on itself and therefore moves the two arms of the

device with respect to each other.

Another (maybe the earliest) example of a DNA nanomechanical device, demon-

strated by the Seeman group, was based on the influence of the intercalating

dye ethidium bromide on DNA structure [27]. Here, the position of base pairs in

a cruciform DNA junction embedded into a circular dsDNA construct could be

shifted by applying torsional stress to the DNA circle via the incorporation of the

intercalator.

One great disadvantage of the devices based on conformational changes caused

by small molecules or ions is the fact that here DNA only plays a structural role –

the DNA code is only utilized for the construction of the devices, but not for their

control. Hence all of the devices in a reaction volume are affected by a buffer

change simultaneously and they cannot be addressed individually. This issue is, at

least in principle, resolved in hybridization-driven devices.

6.3.2

Hybridization-driven Devices

A very different operation principle underlies hybridization-driven DNA devices.

Here, the conformational change of a DNA supramolecular structure is brought

about by the hybridization of ‘‘fuel strands’’ with single-stranded ‘‘motor’’ sections.

‘‘DNA tweezers’’ were the first prototype of this kind of device [28]. Their opera-

tional principle is shown in Fig. 6.4. In the open state, the DNA tweezers consist

of three strands of DNA. One 40-nucleotide long strand is hybridized to two other,

42-nucleotide strands in such a way that together they form two 18-base pair (6-

nm), rigid duplex ‘‘arms’’ connected by a 4-nucleotide, single-stranded flexible

‘‘hinge’’. In the open state, each of the 42-nucleotide strands still has 24-nucleotide

(i.e. 42–18 nucleotides) single-stranded extensions available for hybridization. The

addition of a 56-nucleotide ‘‘fuel’’ strand which is complementary to these exten-

sions can then be used to close the tweezers structure, i.e. the two arms are forced

together by the hybridization with the fuel strand. A ‘‘trick’’ is used to switch the

device back to its original configuration. In the closed state, from the 56 nucleoti-

des of the fuel strand, 8 nucleotides are deliberately left single-stranded. These 8

nucleotides serve as a ‘‘toehold’’ for another ‘‘anti-fuel’’ or ‘‘reset’’ strand which is

exactly complementary to the fuel strand. A biochemical process known as ‘‘branch

migration’’ unzips the structure, when fuel and anti-fuel try to bind with each oth-

er. After completion of this process, a stable 56-base pair ‘‘waste’’ duplex is formed

and the DNA tweezers are in their open configuration once more. The device can

be operated cyclically by the alternate addition of set and reset strands.

The same operation principle has since been used in many other DNA devices: a
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simple variation of the DNA tweezers is the DNA actuator device [29, 30] shown in

Fig. 6.5. Here, instead of two single-stranded extensions, the arms of the tweezers

were connected by a single-stranded loop. Depending on the sequence of the fuel

strands, the device could either be closed similarly to the tweezers or stretched

into an elongated conformation. Whereas the intermediate configuration is a

rather floppy structure (like the open tweezers), the closed and the stretched con-

figurations are much more rigid. The distance between the fluorescent dyes at-

tached to the arms of the actuator is switched from roughly 2 nm in the closed

state to approximately 14 nm in the stretched state.

A rotatory DNA device based on multiple crossover molecules (complex supra-

molecular DNA structures in which DNA strands are shared between two or

more DNA duplexes) was demonstrated by Yan and coworkers [31]. Their DNA

structure could be switched between a ‘‘paranemic crossover’’ (PX) conformation

and a ‘‘juxtaposed’’ (JX2) configuration (Fig. 6.6). The PX motif is a four-stranded

DNA structure in which two neighboring duplexes exchange strands of the same

directionality at every possible site [32]. If parts of this motif are removed and re-

placed by DNA sections without crossover, molecules such as the juxtaposed JX2

structure result in which two helices are rotated with respect to the corresponding

PX structure (Fig. 6.6). In the PX–JX2 device, the central section of a supramolecu-

lar structure based on the PX motif was created with DNA molecules which could

be removed by the same branch migration ‘‘trick’’ as used for the operation of the

DNA tweezers. After removal, these molecules could be replaced by DNA strands

which switched the device to a JX2 configuration. Again using branch migration,

the device could be switched back to the original PX structure.

Figure 6.4. Operation cycle of the DNA

tweezers (cf. Ref. [28]). In the open state, the

DNA tweezers consist of three DNA strands

which together form a ‘‘tweezers’’-like structure

consisting of two double-stranded arms

connected by a flexible single-stranded hinge.

The arms have two single-stranded extensions

to which a ‘‘set’’ or ‘‘fuel’’ strand can attach.

The hybridization of the fuel strand with these

extensions closes the tweezers structure.

Another fuel strand which is completely

complementary to the first one can reset the

tweezers to the open state. When the tweezers

are in the closed state, the reset strand

attaches to the single-stranded ‘‘toehold’’

region of the set strand (gray) and displaces

the set strand from the tweezers by ‘‘branch

migration’’. After completion of this process,

a double-stranded waste product is formed by

the set and reset strand, while the open state

of the tweezers is restored.
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Other devices utilizing branch migration were based on unusual DNA structures

such as guanine quartets (‘‘G quartets’’). In a G quartet, four guanine bases bind to

each other into a cyclical configuration via non-WC base-pairing interactions. In

the experiments described by Li and Tan [33] and by Alberti and Mergny [34],

ssDNA structures formed by several stacked intramolecular G quartets were

switched to an elongated duplex structure by the addition of a complementary

DNA fuel strand. This transition could be reversed by removing the fuel strand

using branch migration. The overall effect was a detectable change in distance be-

tween the 5 0 and 3 0 ends of the device strand from about 2 nm in the quadruplex

state to 7 nm in the duplex state.

6.4

Towards Functional Devices

With the prototype devices described in the previous section it was established that

it is possible to construct DNA structures which can perform movements on the

nanometer scale. Except for their building material, these structures are nonbiolog-

ical and completely ‘‘designed’’. Their realization can therefore be regarded as an

Figure 6.5. Operation cycle of a DNA actuator

[30] switchable between three mechanical

states. The actuator is similar to the tweezers

and consists of two DNA strands (A and B)

which hybridize together to form a circular

structure as depicted in (a). By the addition of

appropriate fuel or removal strands F1, �FF1, F2
or �FF2, the device can be switched between a re-

laxed state (a), a closed state (b) and a

stretched state (c). Removal strands can bind

to the toehold sections depicted in gray of the

fuel strands and remove them by branch

migration. The ends of the arms (circular and

triangular symbols stand for fluorescent dyes

which are used for characterization) are

switched from a short distance of a few

nanometers in the closed state (b) to almost

14 nm in the stretched state (c). (Reprinted

with permission from Ref. [30], 8 2002,

American Institute of Physics.)
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important step towards the realization of complex artificial molecular machinery.

However, the tasks these prototype devices could perform were not particularly

‘‘useful’’. In fact, their movements (rotation or stretching) were mostly idle, i.e.

the motion was just an internal rearrangement of parts. To lift DNA devices to the

next level of complexity, it is important to design structures that can perform spe-

cific tasks and interact with their environment. There are a number of different ap-

proaches towards such functional devices. One is to achieve directed motion rather

than idle movements with the goal to produce artificial molecular motors. Another

possibility for functional devices is to couple DNA devices to nanoscale structures

like other biomolecules or nanoparticles. Such hybrid structures could be particu-

larly interesting for applications in biotechnology and the life sciences.

6.4.1

Walk and Roll

Among the most fascinating biological molecular machines are molecular motors

such as kinesin, dynein or the myosins [35]. Kinesin and dynein motors walk

along cytoskeletal microtubuli, whereas myosin motors walk on supramolecular

Figure 6.6. The transition between the PX and

the JX2 structure forms the basis of a nano-

mechanical device by Yan and coworkers [31].

Both structures are formed by two DNA

duplexes which share common DNA strands.

In the PX (paranemic crossover) structure,

the two DNA double-helices exchange strands

wherever it is possible, whereas in the JX2

(juxtaposed) structure strands do not cross

over in the middle part of the structure. Note

that in the JX2 structure, the helices C and D

have a different position than in the PX

structure. In Ref. [31], Yan and coworkers

managed to switch the inner section of these

structures (gray) using removable DNA strands

and branch migration. This leads to a switch-

able transition between the PX and the JX2

form. The corresponding ‘‘rotation’’ of the

duplexes C and D with respect to each other

can be observed.
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tracks made from actin. Kinesin, dynein and certain kinds of myosin help to

actively transport vesicles within cells. Myosin motors are also responsible for

other kinds of active movement in eukaryotic cells, including muscle contraction

in higher eukaryotes. Many other enzymes like DNA or RNA polymerases can

also be regarded as biological molecular motors. Clearly, the ability to actively

transport molecular components or to exert forces on a molecular scale would

also be highly desirable for nanotechnological applications or in biotechnology.

However, building an artificial molecular motor is not an easy task.

Molecular motors work very differently from macroscopic machines as all move-

ments on the molecular scale are dominated by Brownian motion. The energies

available for the operation of molecular motors are only slightly higher than the

thermal energy and they are therefore subjected to large fluctuations. Research on

biological molecular motors has shown that these tiny machines do not work

against Brownian motion, but rather utilize it for their operation. In many cases,

a ‘‘Brownian ratchet’’ mechanism seems to be at work, where an irreversible

chemical step is utilized to ‘‘rectify’’ the undirected Brownian motion [36]. The

general features of such biological motors now serve as a guideline for the con-

struction of artificial DNA motors.

Three different concepts to achieve directional motion in DNA-based systems are

depicted schematically in Fig. 6.7. They correspond to the DNA walkers by Shin

and Pierce [37] and Sherman and Seeman [38], the molecular ‘‘gears’’ by Tian

and Mao [39], and the enzyme-assisted walker by Yin and coworkers [40]. The first

simple DNA walker was introduced by Shin and Pierce [37]. A double-stranded

DNA scaffold with ssDNA ‘‘docking positions’’ attached to it serves as a track for

the DNA walker. The walker itself is a DNA duplex with two single-stranded

‘‘feet’’. As explained in Fig. 6.7(a), DNA fuel strands are used to connect the

single-stranded feet to the docking positions on the track. The connector strands

are equipped with single-stranded toehold sections and can be displaced from the

device by removal strands via branch migration. The free DNA foot can then be

connected to the next free position on the track. This can be repeated several times

with the appropriate connector and removal strands to move the walker to arbitrary

positions on the track.

A similar walking device based on more complex DNA structures was realized

by Sherman and Seeman [38]. In their work, the walker consists of two DNA du-

plexes joined by flexible single-stranded linkers. The walker can be translocated

along a track which consists of a triple crossover molecule (‘‘TX’’, three double

helices connected by shared DNA strands) which contains single-stranded position

labels. Similar to the walker by Shin and Pierce, the duplexes of the Sherman and

Seeman walker also contain single-stranded ‘‘feet’’ and can be attached to the dock-

ing positions on the TX track via DNA linker molecules. Again, these connections

can be removed by branch migration and the free foot can be connected to the next

position.

As shown in Fig. 6.7(b), the same principle can be applied to achieve a different

kind of unidirectional motion. In the ‘‘molecular gears’’ system realized by Tian

and Mao [39], two DNA ‘‘circles’’ roll against each other driven by hybridization
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and branch migration. The two circles consist of a closed single strand to which

three strands are hybridized containing flexible hinges made of thymine residues

and single-stranded extensions (‘‘teeth’’). The two circles can be connected by DNA

linker strands which are partly complementary to one ‘‘tooth’’ of one circle and

another tooth of the other circle. Due to the flexible hinges, two circles can be con-

Figure 6.7. Three examples for unidirectional

motion realized with DNA devices. (a) A

simple walker system. A walker, which consists

of a DNA duplex (or a more complex structure)

and single-stranded ‘‘feet’’, can attach to a

dsDNA track from which single-stranded bind-

ing positions or ‘‘footholds’’ extend. The

attachment of the feet is achieved with DNA

fuel strands F1 and F2, which are partly com-

plementary to the footholds and partly comple-

mentary to the feet. The connection between

the walker and track can be broken again with

removal strands which can remove the fuel

strands by branch migration. Using a different

fuel strand the free foot can be attached to

another position on the track. This walking

principle has been applied in Refs. [37, 38].

(b) Essentially the same principle as in (a) can

be used to make two DNA circles roll against

each other. The two circles with single-stranded

extensions can be connected to each other with

one or two fuel strands. Using fuel and removal

strands in the correct order, the circles can roll

against each other (corresponds to the device

in Ref. [39]). (c) An autonomous enzyme-driven

‘‘walker’’ (cf. Ref. [40]). The walker system con-

sists of a dsDNA track with double-stranded

position strands. Initially, the first two neigh-

boring position strands have sticky ends which

may hybridize with each other. The two posi-

tion strands can be ligated together and cut

with a restriction enzyme. This creates new

sticky ends on the position strands. The net

effect is the transfer of a few DNA bases from

one position to the next (depicted in gray).

Using two different restriction enzymes, trans-

port of the bases can autonomously occur over

a longer track with many positions.
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nected by two linker strands simultaneously. As in the case of the walkers, the

linker strands contain single-stranded toehold sections at which removal strands

can attach and displace the linker strands from the device. By the alternate addition

of linker and removal strands in the correct order, the two circles can be made to

roll against each other in one direction.

A different concept to achieve unidirectional motion in a DNA-based system was

demonstrated by Yin and coworkers [40]. In contrast to the other walkers, their sys-

tem needs the help of DNA-modifying enzymes, but it walks ‘‘autonomously’’. The

basic idea is depicted in Fig. 6.7(c). Again, the walker (which now consists of only a

few DNA bases) sits on a DNA track which consists of double-helical DNA with

duplex position strands. These position strands have short, single-stranded ends.

If the ends of neighboring strands are complementary, they can hybridize with

each other and can then be ligated by a DNA ligase. The sequences of these

duplexes are chosen such that in the ligated state the recognition sequence for a

restriction endonuclease is formed. Upon the addition of the endonuclease, the

connected neighboring position duplexes are cut and a new pair of sticky ends is

produced. In this way, the DNA bases representing the ‘‘walker’’ are transferred

from one to the next position. Using two different restriction enzymes, the system

can be designed to unidirectionally transport the walker bases along a track with-

out ever stepping back [40].

Quite recently, several improvements on these systems could be demonstrated.

Turberfield and coworkers could realize an autonomous walker system similar to

the system by Yin and coworkers, but now driven by the action of a nicking en-

zyme and branch migration [41]. In this new system, a longer DNA fragment is

passed from one binding position to the next. In a different approach, Mao and

coworkers could utilize the action of a DNA enzyme (cf. Section 6.5.1) to achieve

autonomous unidirectional motion along a track [42].

The DNA walker systems demonstrated so far essentially belong to the ‘‘Brow-

nian’’ type. The walkers diffusively find a binding position on a track and a chem-

ical reaction (hybridization or enzymatic ligation, restriction, etc.) is used to fix the

position. Directionality is introduced by the choice of the base sequence of the

track positions and the walkers. So far, the walkers also move without load – so

nothing can be said about the efficiency of these systems. It will be very interesting

to see in the future how DNA walkers behave when they have to carry something,

i.e. when they have to perform work.

6.4.2

Interaction with Proteins

The numerous advantages of DNA mentioned in Section 6.1.1, i.e. its controllabil-

ity, programmability and stability, allow us to rationally construct artificial molecu-

lar devices which are (by their very nature) ‘‘automatically’’ biocompatible. The

life sciences should therefore be a particularly interesting and fruitful area for the

application of ideas developed in the context of DNA-based nanodevices: moving

molecular components, sensing, information processing, etc.
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Exciting possibilities arise, for example, when DNA nanodevices are made to in-

teract with proteins. This interaction can be achieved in a variety of different ways:

proteins can be coupled to DNA chemically or biochemically, proteins may be uti-

lized which naturally bind to DNA, and proteins can bind to ‘‘aptamers’’ – nucleic

acids which fold into a specific structure in which they strongly bind to a protein.

Many interesting examples for biochemically coupled protein–DNA conjugates

come out of the Niemeyer lab. One example, not directly related to DNA nanome-

chanical devices, is the utilization of DNA recognition in the so-called immuno-

polymerase chain reaction (PCR) technique [43]. Here biotinylated antibodies are

linked to biotinylated DNA molecules via streptavidin. These DNA–protein con-

structs can then be used to detect a primary antibody–antigen recognition event

by the amplification of the DNA fragment with the PCR. Another very interesting

example for supramolecular constructs produced from biotinylated DNA and pro-

teins is the assembly of bienzymic complexes from NADH:FMN oxidreductase and

bacterial luciferase [44]. NADH:FMN oxidoreductase reduces flavin mononucleo-

tide (FMN) to FMNH2, which binds to luciferase. Luciferase in turn oxidizes an

aldehyde to a carboxylic acid and emits blue light. As bacterial luciferase needs

FMNH2 for the reaction, holding the NADH:FMN oxidoreductase in close proxim-

ity greatly enhances its activity. Such a concept may allow one to tune biochemical

activity by controlling the distance between enzymes in DNA-scaffolded multi-

enzyme complexes.

There are also many proteins which naturally interact with DNA: nucleases, li-

gases, polymerases, recombination proteins, transcription factors, to name but a

few. In many cases these DNA-binding proteins recognize specific DNA sequences

and in some cases they also distort the structure of DNA. Seeman and coworkers

demonstrated recently that DNA devices can be used to estimate the work per-

formed by a DNA-binding protein when it distorts the double helix [45]. As pro-

tein, the Escherichia coli integration host factor (IHF) was used which bends the

DNA double helix by more than 160�. The binding site for IHF was sandwiched

between two DNA TX structures which were fluorescently labeled with a FRET

pair (Fig. 6.8). The bending of the construct can be monitored with the FRET sig-

nal. To measure the work performed by the enzyme upon bending, cohesive ends

of various lengths were also attached to the TX units. Upon bending the DNA, IHF

also has to disrupt the duplex formed by these cohesive ends. The work can there-

fore be determined from the free energy of formation of the duplex. Interestingly,

this concept is very similar to a recently demonstrated DNA-based force sensor

[46], but here the ‘‘measuring device’’ itself is also on the molecular scale.

A different approach to DNA–protein hybrid devices is not to utilize proteins

which bind to DNA, but rather to evolve specific DNA or RNA sequences which

bind to proteins. Such so-called ‘‘aptamers’’ can be isolated in in vitro selection

experiments (SELEX) for a large variety of proteins and also small ligands such as

ATP [47]. Aptamers bind specifically to their targets and in many cases have com-

parable binding constants as antibodies with their antigens. The great advantage of

aptamers as compared to antibodies is their simple preparation and their stability.

In particular, once isolated, DNA aptamers can be easily synthesized using the
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automated DNA synthesis methods mentioned before. In the context of DNA

nanodevices, one additional advantage is that they can be incorporated into DNA

nanomechanical devices or supramolecular structures.

Recently, Dittmer and coworkers [48] applied the concept of switching a DNA

device between two conformations using branch migration to a DNA aptamer

structure. The operation principle of this device is explained in Fig. 6.9. The nano-

device is based on a DNA aptamer selected to bind the human blood-clotting

protein, thrombin. The 15-base DNA sequence 5 0-GGTTGGTGTGGTTGG-3 0 folds

into a secondary structure consisting of two G-quartets, in the presence of potas-

sium ions (Fig. 6.9). The device in its standard state binds thrombin. Release of

the protein can be triggered by the addition of a single-stranded effector DNA con-

taining a sequence that is complementary to a portion of the aptamer sequence,

resulting in an unfolding of the aptamer to form a duplex, which is unable to

bind the protein. The protein can be bound once again by the addition of another

DNA strand, fully complementary to the previously added strand, which removes

the effector by branch migration. The aptamer is thus allowed to return to its

protein-binding quadruplex form. By the alternate addition of effector strands, the

DNA device can repeatedly made to bind or release the protein – the device can

therefore be thought of as a ‘‘nanohand’’. In principle, similar devices can be con-

structed to bind other proteins and ligands if an appropriate aptamer exists.

Figure 6.8. A DNA device that can be used to

measure the work performed by a DNA-binding

protein which distorts the double-helix. (a)

The device consists of two connected triple-

crossover (TX) constructs (left and right part;

these are similar to the structures in Fig. 6.6,

but with three interconnected double helices).

The upper domains of the TX structures are

connected by a DNA duplex which contains the

recognition site for the DNA-binding protein

IHF. The lower domains are connected by a

cohesive part which consists of two comple-

mentary single-stranded sections of DNA.

(b) When IHF binds to its recognition site it

distorts the DNA duplex connecting the TX

structures. However, to be able to do so it has

to perform additional work to disrupt the

cohesive tract connecting the lower domains

of the device. Using cohesive tracts of varying

lengths one can estimate the maximum work

the protein is able to perform. (Reprinted with

permission from Ref. [45], 8 2004, Wiley-VCH.)
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The examples mentioned in this section should give an impression of the poten-

tial of hybrid systems composed of DNA nanodevices and proteins. Such systems

can have many interesting applications in the life sciences. DNA structures can be

used to arrange proteins into certain geometries to fine-tune or study their interac-

tions. DNA nanodevices can also be used as sensors which measure the work per-

formed by DNA-binding proteins. Finally, DNA aptamers can be combined with

Figure 6.9. A DNA device based on a

DNA aptamer. The aptamer sequence

5 0-GGTTGGTGTGGTTGG-3 0 folds into a struc-

ture characterized by two stacked guanine

quartets. In this structure, the aptamer binds

strongly and specifically to the protein throm-

bin. To be able to switch this aptamer effi-

ciently between a protein-binding and a non-

binding conformation, it has been extended by

a 12-nucelotide ‘‘toehold’’ section. In the

folded state (I) the aptamer device A binds to

the protein thrombin (T). In (II), the opening

strand Q attaches to the 12-nucelotide toehold

section of the device and displaces the protein.

In the stretched duplex conformation (III), the

device cannot bind to thrombin. The removal

strand R can attach to a second toehold

section in strand Q and displace Q from A by

branch migration. Strand A then refolds and

binds the protein thrombin again. Alternate

addition of Q and R strands allows repeated

release and binding of the protein. (Reprinted

with permission from Ref. [48], 8 2004,

Wiley-VCH.)
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switchable DNA nanostructures to control the binding or release of molecules.

This may find applications in biosensors or in intelligent drug delivery systems.

6.4.3

Information Processing

In biology DNA is used for the storage of genetic information. For artificial appli-

cations, this information-carrying nature of DNA has been utilized in the field of

‘‘DNA computing’’ for the solution of computational problems such as the ‘‘Ham-

iltonian path problem’’ [49], satisfiability problems [50–52] and many others. One

more recent development in DNA computing is the construction of molecular au-

tomata which do not solve hard computational problems, but which can autono-

mously perform simple logical operations based on molecular inputs. This should

be particularly interesting in the context of intelligent drug delivery systems. Here,

one would like to construct autonomous molecular devices which can sense envi-

ronmental information, perform a simple computation and decide which action to

take, e.g. whether to release a specific molecule or not.

One approach towards autonomous information processing by DNA-based

devices was taken by Benenson and coworkers [53–55]. In their work, the DNA-

cleaving properties of the class IIS restriction endonuclease FokI were utilized to

build the molecular realization of the computer-theoretical concept of ‘‘finite state

machines’’ or ‘‘finite automata’’. Finite automata are computing machines with a

finite number of internal states which can undergo transitions between these

states according to certain rules. A program for such an automaton consists of a

series of such transitions. The operation of the automaton is based on the fact

that the enzyme FokI cleaves a dsDNA substrate 9 and 13 nucleotides offset from

its recognition, creating a 4-nucleotide sticky end. Hence, the states and input sym-

bols for the automaton are represented by different 4-nucleotide sequences. In Ref.

[53], FokI is used to sequentially cleave off pieces of a double-stranded program

and thereby create a series of transitions between the various states of the automa-

ton. Finite automata are related to Turing machines, but have limited computing

power. In Ref. [53], Benenson and coworkers used their DNA automata to make

simple decisions such as to determine whether a given input symbol occurs at least

once. Keinan and coworkers recently used another class IIS endonuclease, BbvI, to
perform similar molecular computations in a chip-based approach [56].

Benenson and coworkers, on the other hand, were able to demonstrate how their

FokI-based DNA automaton could actually find application in autonomous diagno-

sis and drug delivery systems [57]. To this end, the transition molecules for a FokI-
based DNA automaton were designed to be active only in the presence of specific

mRNA molecules. With these transition molecules, a molecular computer was

realized which could decide whether the levels of certain mRNA molecules were

high or low. Depending on the decision, a short DNA strand was released as a

‘‘drug’’. This DNA drug was chosen as an antisense molecule, which in principle

could inhibit the synthesis of a cancer-related protein by binding to its correspond-

ing mRNA.
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A different approach towards autonomous computing with DNA is based on

DNA enzymes. Similar to DNA aptamers, DNA enzymes are another example of

DNA molecules which have functional properties in addition to their structural

properties. They also fold into specific secondary and tertiary structures in which

they exhibit catalytic activity. DNA enzymes (and their RNA counterparts, i.e. ribo-

zymes) catalyze reactions such as RNA cleavage, ligation and even peptide bond

formation. In Ref. [58], Stojanovic and coworkers realized several logic gates based

on the action of the RNA cleaving deoxyribozymes E6 [59] and 8–17 [60, 61]. These

DNA enzymes cleave RNA molecules or, alternatively, chimeric DNA/RNA hybrid

molecules with an RNA base at the appropriate position, when these are bound

to their substrate recognition sections. In Ref. [58], the recognition sequences

are protected by self-hybridized stem–loop modules. By base-pairing with a DNA

strand complementary to the loop sequence, the stem–loop modules can be

opened. This makes the substrate recognition sequence accessible for the sub-

strate, which is subsequently cleaved. By combining controlling and catalytic mod-

ules, Stojanovic and coworkers realized simple logic gates such as AND or XOR

[58], a DNA half-adder [62] and a molecular computer which autonomously could

play the game ‘‘Tic Tac Toe’’ [63]. A combination of autonomous DNA-based com-

puters with aptamer-based molecular devices (as introduced above) seems natural.

In fact, Kolpashchikov and Stojanovic recently introduced a molecular ‘‘robotic’’

system in which DNA logic gates controlled the binding state of a DNA aptamer

for the chromophore malachite green [64].

6.4.4

Switchable Networks and Hybrid Materials

The properties of DNA nanomechanical devices may also be utilized to switch

larger DNA nanostructures such as DNA-linked nanoparticle networks or DNA-

based supramolecular networks between several states.

Yan and coworkers could show recently that the topology of large supramolecular

DNA networks could be switched by nanomechanical actuators incorporated into

these networks [65]. Again, switching between two different states was accom-

plished with DNA fuel strands and by using the branch migration mechanism.

In a different publication, Yan and coworkers recently also demonstrated the incor-

poration of aptamer sequences into DNA supramolecular structures [18], which

facilitated the spatial arrangement of proteins bound by the aptamers. Based on

this work and ideas put forward above [44, 48], supramolecular structures are

now conceivable on which several interacting proteins are held by different ap-

tamer sequences and their distance (and hence their interactions) is regulated by

actuating elements incorporated into the structures.

Similar structures can be realized which can switch the distance between inor-

ganic nanoparticles rather than proteins. As a first example, Niemeyer and co-

workers demonstrated a switchable network composed of gold nanoparticles and

DNA molecules [66]. The experimental concept is displayed in Fig. 6.10. Two

batches of gold nanoparticles are first tagged with thiolated oligonucleotides with
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different sequences. Two nanoparticles with different tags can then be connected

by linker oligonucleotides which are partly complementary to the tags on one

species of nanoparticle and partly complementary to the other. This leads to the

formation of a crosslinked network of gold nanoparticles. To make the system

switchable, the crosslinking oligonucleotides are equipped with a DNA ‘‘toehold’’

(as in the original ‘‘tweezers’’ system [28]) at which a DNA strand complementary

to the crosslinker can attach. The crosslinker is then removed by branch migration

and the nanoparticles are disconnected. By the alternate addition of crosslinkers

and removal strands, the system can be driven through several operation cycles

during which the mean distance between the particles is switched. In the case of

metallic nanoparticles, the distance between the particles influences the coupling

between surface plasmon excitations within the particles, and aggregation of the

nanoparticles results in an observable shift in the absorbance of the reaction sam-

ple. This color change upon aggregation has already been applied in a variety of

biosensors [67, 68] and such switchable networks may also find application in this

area.

Apart from biosensing applications, switchable hybrid structures composed of

DNA actuators and nanoparticles may also help to answer more fundamental ques-

tions regarding the coupling of excitations in nanoparticles, and to tune energy

and charge transfer rates between them.

Figure 6.10. DNA can be used to reversibly

control the aggregation of gold nanoparticles.

Two species of gold nanoparticles (1 and 2)

tagged with different single-stranded ‘‘address

labels’’ can be connected using DNA strands

Fa complementary to these labels. This leads

to an aggregration of the nanoparticles which

can be monitored, e.g. in the absorption char-

acteristics of the sample. Removal strands Fd

complementary to Fa can attach to the toehold

section c 0 of Fa and remove the connecting

strands from the aggregate by branch migra-

tion. This leads to a deaggregation of the

DNA-linked nanoparticle network. By the alter-

nate addition of Fa and Fd, the aggregation–

deaggregation cycle can be performed many

times. (Reprinted with permission from

Ref. [66], 8 2004, Wiley-VCH.)
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6.5

Autonomous Behavior

Most of the devices described so far could not operate autonomously, with the

exception of the autonomous walkers by Yin and coworkers [40], Bath and co-

workers [41], and Tian and coworkers [42], and the computing devices by Benen-

son and coworkers [53] and Stojanovic and coworkers [63]. Usually, an external op-

erator had to intervene at each step of the operation cycle of the devices and add

DNA ‘‘fuel’’ or ‘‘effector’’ strands, or change the buffer conditions. While this may

be no hindrance in simple applications, in many cases it might be desired to have

free-running devices rather than ‘‘clocked’’ devices. For example, for applications

in intelligent drug delivery or in nanofabrication, the devices should respond to en-

vironmental stimuli by a complex series of actions without guidance by an external

operator.

6.5.1

Driving Devices with Chemical Reactions

The successful concept of ‘‘fuel strandsþ branch migration’’ for the operation of

DNA-based nanodevices has one drawback when it comes to autonomous opera-

tion: complementary fuel and removal strands cannot be added simultaneously to

the reaction solution as they would immediately react with each other rather than

driving a device through its states. A possible solution for this problem has been

proposed by Turberfield and coworkers [69] based on the inhibition of hybridiza-

tion between complementary strands by the formation of secondary structures. In

Ref. [69] it is shown that the hybridization between two complementary strands

can be slowed down considerably by forcing the strands into hairpin conforma-

tions using ‘‘protection strands’’. Hybridization can be sped up again by DNA

‘‘catalysts’’ which can open these hairpin structures. To construct free-running de-

vices using this concept, such catalyst strands would have to be incorporated

into DNA nanomechanical structures. These would then be continuously driven

through their states by the consumption of the metastable protected ‘‘fuel’’ strands.

These fuel molecules could be added simultaneously as now the reaction with the

DNA device would be much faster than a direct reaction.

Another realization of a self-running device was demonstrated by Chen and co-

workers with a machine consisting of a DNA actuator [29] modified with an RNA-

cleaving DNA enzyme [70] similar to the DNA enzymes used for computing by

Stojanovic and coworkers. In its standard state, the DNA enzyme is in a compact

form and the actuator assumes its closed state (Fig. 6.11). In the presence of its

substrate (a DNA/RNA chimera), the enzyme extends to its catalytically active

structure as it forms a duplex with the substrate and the arms of the actuator are

pushed apart from each other. When the substrate is cleaved by the DNA enzyme,

two short fragments remain hybridized to the device instead of one long substrate

strand. The two short duplexes are thermodynamically less stable and the cleaved
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substrate is released from the device leading to the collapse of the enzyme section

and thus an automatic closure of the actuator. The device will run through its

operation cycle autonomously as long as the substrate is present. When using a

noncleavable DNA substrate, the device can also be deliberately forced into a

stalled configuration [71]. The recently demonstrated free-running walker by Tian

and coworkers [42] is also based on this operation principle.

A different concept to autonomously operate buffer-driven DNA nanodevices has

been demonstrated by Liedl and Simmel. It could be shown that the pH-sensitive

conformational transition of a cytosine-rich DNA strand between a random coil

conformation and the i-motif (Fig. 6.2b) could be driven by the oscillating proton

concentration generated by a chemical oscillator [72]. In this system, the states of

the DNA devices are synchronized by the dynamics of a nonlinear dynamical sys-

tem rather than by an external operator.

6.5.2

Genetic Control

A very different possibility for the autonomous operation of DNA-based devices

opens up when one considers the production of DNA or RNA effector molecules

‘‘on the run’’. RNA molecules are produced, of course, when a gene is transcribed

into mRNA by an RNA polymerase. It is therefore quite natural to think about

Figure 6.11. An autonomous DNA device

based on the action of a DNA enzyme. The

sequence for an RNA-cleaving DNA enzyme

has been incorporated into a DNA actuator

similar to the one shown in Fig. 6.5. When a

chimeric RNA/DNA substrate S binds to the

DNA enzyme section E, the two arms of the

device are pushed apart from each other. After

cleavage of the substrate the resulting shorter

DNA fragments S1 and S2 unbind from E,

and the device collapses into the closed state.

This opening–closing motion can continue

as long as substrate strands are available.

(Reprinted with permission from Ref. [70],8 2004, Wiley-VCH.)
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the utilization of genetic transcription for the operation of DNA nanomechanical

devices.

It is well established that biochemical reaction networks have information-

processing properties [73, 74]. This is particularly obvious in genetic networks

which control the expression level of proteins through complex interactions

between regulatory molecules and genes. The textbook example for a genetic

switch is the lac operon in E. coli bacteria in which the expression of the protein

b-galactosidase is regulated by the relative concentrations of lactose and glucose.

Many other gene regulatory motifs with a variety of tasks and responsibilities

have been found since the discovery of the lac operon and biochemical analogs of

switches, oscillators, filters, components with memory functions and others have

been identified [74].

Recently, the knowledge about these motifs has also been used to construct arti-

ficial genetic networks. By transferring circuit designs known from electrical engi-

neering to artificial regulatory networks, such functions as a bistable genetic switch

[75], a genetic oscillator [76], or a sender–receiver system [77] could be syntheti-

cally implemented in bacteria and similarly in vitro [78]. An overview of the devel-

opments in ‘‘synthetic biology’’ is given in Refs. [79, 80].

It is a tempting idea to use similar artificial genetic networks to drive DNA

nanodevices through their mechanical states. One could imagine a genetic oscilla-

tor periodically producing RNA fuel strands which switch a DNA actuator from

one conformation into another and back, possibly dependent on environmental

variables which modulate the genetic activity. A first step in this direction was

taken in Ref. [81] in which the DNA tweezers introduced in Section 6.2.2 were op-

erated by an mRNA fuel strand which was transcribed from an artificial ‘‘fuel

gene’’. More recently, the transcription of fuel strands was also put under the con-

trol of simple gene regulatory mechanisms [82]. One example is shown in Fig.

6.12, where the closure of DNA tweezers by RNA fuel is controlled by the Lac

repressor and the inducer IPTG. In the presence of the repressor protein LacI,

fuel transcription is suppressed and the DNA tweezers are in their open state.

When the inducer isopropyl-d-thiogalactoside (IPTG) is added to the transcription

solution, it binds to LacI, which in turn cannot bind to the DNA substrate in this

form. Consequently, fuel transcription is switched on and the tweezers close. In

Ref. [82], the transcription of an appropriate removal strand has also been put un-

der the control of a second repressor (LexA). Closed tweezers are opened by RNA

fuel only in the absence of this repressor. To achieve genetic control over a series of

movements, in the future the temporal order of the transcription events will have

to be regulated using transcriptional cascades or feedback loops.

These initial steps demonstrate that it is indeed possible to control the action

of DNA-based nanomechanical devices by gene regulatory mechanisms. It should

therefore be possible to program DNA devices to perform a complex series of tasks

in response to certain environmental influences. It is also conceivable to construct

similar DNA or RNA structures which act in response to naturally occurring

mRNA molecules. This again could be interesting in the context of biosensing

or drug delivery. For example, one could construct aptamer-based devices which
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release their molecular load in response to the presence of specific mRNA

molecules.

6.6

Conclusion

Apart from their original biological role, DNA molecules can be used as highly ver-

satile building blocks for the construction of nanoscale structures and devices. The

first simple prototype devices based on DNA could only perform simple move-

ments such as stretching or rotation. Based on these prototypes and combining

them with other concepts from nanotechnology and the life sciences, a variety of

more functional DNA nanodevices has recently been demonstrated. The first

examples of ‘‘DNA walkers’’ capable of unidirectional motion have been given;

the interaction of DNA devices and proteins has been utilized for sensors, for the

control of biochemical reaction rates and for the controlled binding and release of

proteins; ideas from DNA computing have been integrated to logically control the

action of DNA-based devices; and, finally, the action of DNA devices has been

coupled to the genetic machinery.

These developments represent the first steps towards autonomous molecular-

scale devices which can sense environmental information, perform computations

and act independently as molecular motors, drug reservoirs or signal transducers.

Figure 6.12. Gene regulatory control of DNA

devices. A gene construct contains the instruc-

tions to close opened DNA tweezers (close

gene). Its transcription will lead to the produc-

tion of a fuel mRNA strand which can close

the tweezers. In the construct, the promotor

of the gene is put under the control of the Lac

operator directly downstream of the promoter.

When the repressor protein LacI binds to the

operator, transcription extension by T7

polymerase is blocked. However, when the

‘‘inducer’’ IPTG binds to LacI, it cannot bind

to the operator sequence. Then transcription

is switched on, fuel mRNA is produced and

the DNA tweezers are closed. (Reprinted with

permission from Ref. [81], 8 2005, Wiley-VCH.)
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As such, they are expected to have a significant impact on the development of ad-

vanced biosensors or as components for intelligent drug delivery systems.
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7.1

Introduction

Among membrane proteins, G-protein-coupled receptors (GPCRs) are of special

importance because they form one of the widest groups of receptor proteins [1–

6]. As they can be activated by a large variety of extracellular signals, such as light,

odorant molecules, hormones, peptides, lipids, neurotransmitters and nucleotides,

GPCRs mediate the sense of vision, smell, taste and pain [1–8], and are involved in

an extraordinary number of physiological processes [1–8]. For the same reasons,

GPCRs are also implicated in a number of pathologies and they constitute one of

the most important classes of pharmacological targets [1–6]. Accordingly, many ef-

forts in the field of nanobiotechnology are devoted to the realization of nanobiosen-

sors based on a single or a few GPCRs and aimed at detecting the specific ligands

[9–18]. In the cell, the detection and transduction process begins with the confor-

mational change of the GPCRs associated with the capture of the specific ligand [1,

7]. This conformational transition then activates the so-called G-proteins, giving

rise to a complex sequence of biological mechanisms which ends in the production

of an electric pulse by neurons (action potential) [1, 7].

It must be noted that different ligands may induce and stabilize distinct confor-

mational states among the various structures available, and thus promote different

G protein activation and receptor desensitization/internalization [19–22]. More-

over, GPCRs can interact with other proteins through their C-terminal domains.

They can also give rise to homodimers and heterodimers with other membrane-

bound proteins involved in their function and pharmacology [23]. Of course, un-

derstanding these mechanisms is crucial for new drug design. However, the drug-

discovery process and the research of novel GPCR-based therapeutics require a

large body of data to allow the identification of new receptor ligands. Therefore,
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there is an increasing need to develop genetic and chemical high-throughput

screening (HTS) methods for an efficient sorting of compounds with pharmaceuti-

cal potential [3, 24–26]. In this context, the production of nanobiosensors based on

GPCRs can provide a very useful tool.

In nanobiosensors, the detection process bypasses the complicated sequence of

biological events which follows G protein activation; rather, the goal is to achieve

sensitive and reliable monitoring of the conformational change by direct analysis

of the optical or the electrical response of the nanodevice itself.

The first difficulty to be faced in developing such chip-based sensors is to pre-

pare and immobilize the receptors in such a manner as to preserve their function,

i.e. their ability of undergoing the appropriate conformational transition. The sec-

ond difficulty consists in achieving sensitive and reliable monitoring of the confor-

mational change, by analysis of the optical or electrical response of the device. Of

course, this analysis requires the development of suitable tools, both experimental

and theoretical.

This development represents a true challenge. In particular, here we discuss the

possibility of studying the detection process of a single receptor device by direct

measurement of its electrical properties [16, 17]. Actually, most of efforts in the lit-

erature focus on optical or atomic force microscopy (AFM) techniques to monitor

the ligand detection process (see Section 7.3). Only a few attempts [16–18] based

on electrical measurements have been made until now, as a consequence of the

difficulty arising from the very low values expected for currents, which requires

very advanced amplification techniques. Thus, the method adopted here and illus-

trated in this chapter represents a very innovative approach. Concerning this point,

we further underline the novelty of the theoretical model that, uniquely in the lit-

erature, uses an impedance network for the description of the electrical properties

of a single protein device.

It is important to note that all the members of the GPCR superfamily [1] share a

common molecular topology consisting of seven transmembrane helical domains

(a-helices), connected by three intracellular and three extracellular loops (Fig. 7.1).

This feature of the GPCR superfamily plays an important role in the development

of theoretical and computational models of these receptors [1]. Actually, while the

primary structure (amino acid sequence) is known for many GPCRs [27], the

detailed atomic positions are available only in the case of rhodopsin, the rod cell

photoreceptor that mediates light vision, where they can be measured by X-rays dif-

fraction experiments performed in the protein crystalline state [27–31]. Indeed, the

natural abundance and availability of rhodopsin, in contrast to other GPCRs, typi-

cally expressed at a very low level in the cell, results in the fact that only rhodopsin

crystals have been obtained and studied at high resolution [27–33]. For all these

reasons, rhodopsin is the best-studied GPCR, and it is often selected as a model

protein for biological and biophysical studies of this kind of receptor [34–36]. Rho-

dopsin also serves as a pilot receptor for establishing biotechnological platforms for

chip-based screening technologies, to characterize the function and interactions of

GPCRs [37].

A three-dimensional structure for the activated state of rhodopsin, i.e. metarho-

dopsin II [19, 31, 37], was obtained at medium resolution by combining elements
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of secondary structure with experimental, long-range distance constraints inducing

rigid body movements of secondary structures relative one to another. As a result,

the metarhodopsin II state of the receptor exhibits a spatial organization different

from the ground state rhodopsin [31].

In this chapter, we first briefly review some of the different techniques that have

been previously developed to prepare and immobilize the receptors on the sub-

strate. Then, we consider the detection process as characterized by the response of

the device. In particular, we discuss the electrochemical impedance spectroscopy

(EIS) technique, which is emerging as a very effective technique for the detection

of biosensing events at the electrodes [38–42]. The largest part of this chapter is

devoted to illustrating a recent theoretical model [17, 43–45] which studies the cur-

rent response to an applied AC voltage of a nanodevice realized by a single GPCR

embedded in its membrane and in contact with two functionalized metallic nano-

electrodes.

This model, based on a coarse-grained approach [17, 46, 47], describes the pro-

tein as a network [48] of elementary impedances. The model starts with the con-

struction of a time-independent (static) network, corresponding to an ideally frozen

protein, in which all the atomic positions are fixed at the equilibrium values [17].

The nodes of this static network correspond to the positions of the a carbons (Ca)

atoms of the rhodopsin amino acids, in the ground or in the activated state (meta-

rhodopsin II), as taken from the protein data bank [27]. Then, an elementary im-

pedance is associated with each link between a pair of amino acids, established

according to a length cut-off criterion [46]. The elementary impedances, which

mimic the electrical interactions among the protein amino acids, are taken depen-

dent on the amino acid distance and on other parameters which account for the

different physical and chemical properties of the amino acids [17]. The solution of

the equivalent circuit determines the global impedance of the network itself. The

Figure 7.1. Schematic drawing of a GPCR. The

big dark-grey rectangular box represents the

cellular membrane which separates the extra-

cellular region (above) from the cytoplasmic

region (below). The seven grey vertical rectan-

gles show the seven transmembrane a-helical

domains of the receptor, while the loops and

the two termini (N- and C-terminus) are shown

by black lines. The three black circles represent

the three subunits of the G-protein and, finally,

the grey ellipse on the top shows a ligand

captured by the receptor.
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results of this static-network model, applied to the case of rhodopsin and OR-I7

(rat olfactory receptor) [49], predict a detectable change of the global impedance as-

sociated with the conformational change of the receptor due to the sensing action

[17, 45]. Afterwards, the frozen protein approximation is relaxed and the thermal

fluctuations of the atomic positions are included in the model, first by adopting a

single-force-constant approximation [43, 50, 51], as the simplest level of modeling,

and then a two-force-constant approximation [44]. This last update in the model

is introduced to describe the different flexibility of the atomic bonds within the a-

helices and within the loops [1]. The protein thermal fluctuations result in an

impedance noise which is calculated as a function of the temperature. The impli-

cations of this impedance noise on the ligand detection process are then discussed.

7.2

Preparation and Immobilization of GPCRs on Functionalized Surfaces

The first requirement to develop receptor-based nanobiosensors is the immobiliza-

tion of receptors in such a manner as to preserve their function. Since GPCRs are

composed of seven transmembrane a-helices [1], they are extremely hydrophobic

and require a lipidic or detergent environment to keep their native conformation

and function. Generally, membrane receptors are expressed in heterologous cells,

solubilized, and then purified in an appropriate detergent before being reconsti-

tuted in proteoliposomes and immobilized on a sensor surface [52–54]. Although

many such successful procedures have been reported, the method requires sub-

stantial effort for purification of GPCRs prior to analysis. This cannot be consid-

ered for the majority of GPCRs because of their very low expression level, even in

recombinant systems. Furthermore, the receptor function can be influenced by

its lipidic environment as shown for rhodopsin [55] and m-opioid receptor [56].

Therefore, enormous care must be taken to avoid modification of the activity of

the receptor during its solubilization and reconstruction.

The possibility of building bilayers harboring previously purified GPCRs on sen-

sor surfaces has been demonstrated for rhodopsin [54, 57], b2-adrenergic receptor

[58, 59] and m-opioid receptor [60, 61]. On-surface reconstitution of rhodopsin in

lipidic membranes has also been achieved from mixed detergent/lipid micelles,

with a high density of functional receptors [15]. However, one of the most promis-

ing strategies for the preparation of GPCRs seems to produce lipid vesicles by

breaking membranes where GPCRs have been expressed [18, 42]. Indeed, this pro-

cedure bypasses the difficulties implied in the purification of GPCRs and in their

subsequent insertion into the reconstituted membranes.

For what concerns the immobilization of GPCRs, the self-assembled multilayer

technique appears to be the most suitable and effective for the construction of well-

ordered and ultra-thin organic films, since it allows the required control at a molec-

ular level. Actually, starting from the pioneering works of Nuzzo and Allara

[62], the field of self-assembled monolayers (SAMs) has experienced an explosive

growth [63]. The simplicity in the production of SAMs, their adaptability and the
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possibility of controlling the orientation of biomolecules on the surface ascribe

to the SAM technique a central role in the construction of artificial biomolecular

recognition surfaces, particularly in the development of biosensors [64–66]. The

construction of self-assembled multilayers from biological components has been

investigated intensively due to its potential application for biosensors [13, 14, 67,

68]. In particular, it has been found that the avidin–biotin system works very well

as a bridge to anchor a bioreceptor, since the biotinylation of a biomolecule does

not affect its biological activity. Furthermore, the noncovalent complex between

avidin and biotin is characterized by a very high affinity constant of 1015 mol�1 L.

Once formed, the bond is stable even if the pH of the solution is changed and it

can easily resist multiple washings [69].

In recent studies, a mixed SAM formed by 16-mercaptohexadecanoic acid

(MHDA) and biotinyl-PhosphoEthanolamine, inserted and bound to MHDA, has

been produced on gold electrodes [18, 42]. Neutravidin was then used to anchor

biotin-labeled, receptor-specific antibodies. Such a multilayer system using biotin/

avidin pairs acting as binding agents is of relevance for biosensor research, to im-

mobilize a membrane receptor. Immobilization of the prototypical GPCR, rhodop-

sin, in its native membranes was thus achieved on functionalized surfaces [18, 42],

which represents the first prerequisite for elaborating a GPCR-based biosensor.

The rhodopsin membrane fraction preparations were obtained by simple sonica-

tion of the natural rod outer segments membranes. Negative-staining electron

microscopy of the sample showed that the fragments are circularized into micro-

somes, although unclosed membrane fragments are still present and the suspen-

sion is mostly constituted of vesicles with diameters of 40–100 nm. This procedure

provides samples of rather uniform size, which fit the geometrical requirements of

the nanobiosensor supports. Moreover, as the receptor remains at all times in its

native environment, this procedure offers the advantage of avoiding the risks of

altering or loosing receptor activity as a consequence of the purification and recon-

stitution of the GPCR in artificial membranes or liposomes. Furthermore, this spe-

cific immobilization methodology can be very useful to develop molecular arrays of

other GPCRs that, in contrast to rhodopsin, are usually present in a low amount in

the membrane fraction. Therefore, this form of in situ purification and immobiliza-

tion on biostructured solid supports can overcome the difficulties usually encoun-

tered in studying most of the GPCRs and that arise from a low expression level.

7.3

Signal Techniques

Different techniques have been developed in recent years. A particularly important

role in this field is played by optical techniques which, in most cases, make use of

visible fluorescent proteins (VFPs) [70] and of confocal microscopy analysis, as in

fluorescence resonance energy transfer (FRET) and fluorescence lifetime imaging

(FLIM) techniques [71–73].

Other important tools for the investigation of this kind of system are offered by
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surface plasmon resonance (SPR) [18, 54, 58] and AFM. This last technique, in

particular, represents a very powerful tool for structural biology studies since it

gives access to the molecular architecture [74, 75], and it can also be used to follow

and characterize receptor immobilization on the selected biostructured surfaces.

EIS has become one of the most effective electrochemical techniques for the

characterization of biomaterial-functionalized electrodes and of biocatalytic trans-

formations at electrode surfaces; specifically, for the detection of biosensing events

at electrodes [38–42]. Compared to other electrochemical techniques, one of the

great advantages of EIS is the small amplitude of the perturbation from the steady

state, which makes it possible to treat the response theoretically by linearized or

otherwise simplified current–potential characteristics [38–42]. Therefore, EIS has

been performed extensively to characterize the fabrication of biosensors and to

monitor biomolecular recognition [12, 38–41, 76]. Very recently, electrochemical

impedance measurements have demonstrated the sensitivity and selectivity of

self-assembled multilayer systems for the specific grafting of the rhodopsin mem-

brane fraction [18, 42].

7.4

Theoretical Approach

The theoretical study of the electrical response to an external voltage of a GPCR-

based device is a hard task. Thus, we limit ourselves to consider a ‘‘simple’’ two-

terminal device, made by a single receptor embedded in a small portion of its

native membrane and inserted between two ohmic electrical contacts (functional-

ized metallic layers) through which an AC voltage is applied. The device is placed

within a physiological buffer solution, necessary to keep the protein in the correct

conformation. This device is sketched in Fig. 7.2, where, without loss of generality,

Figure 7.2. Representation of a single receptor device: the

receptor is contacted between two functionalized electrodes

through which an external AC voltage is applied.

222 7 Towards the Realization of Nanobiosensors Based on G-protein-coupled Receptors



a vertical configuration of the electrodes has been assumed (other configurations

can also be considered).

As discussed before, the main mechanism by which GPCRs perform their bio-

logical functions is associated with the conformational transition undergone as

consequence of the interaction and capture of the ligands [1, 9]. Thus, the main

task of a theoretical study of the electrical properties of a GPCR-based device con-

sists in estimating the magnitude of the difference of the electrical response to the

external voltage in the two receptor conformations. The GPCR conformational

transitions have been intensively studied [27, 31, 32, 46, 77–82], especially by

experiments [27, 31, 32, 77–80], and it has been realized that the activation of the

receptor involves a release of constraints in the transmembrane helix bundle, re-

sulting in the opening of a cleft at its cytoplasmic end [19, 37], and in a net volume

change of the protein [79]. In particular, a lot of information is available concern-

ing the most stable light-activated state of rhodopsin, known as metarhodopsin II

[27, 31, 32], where the available information also includes the coordinates of the

atomic positions. To illustrate qualitatively the conformational change of GPCRs,

Fig. 7.3 shows a schematic representation of the ground and activated states of rho-

dopsin and of the rat OR-I7. Apart from these large-scale conformational transi-

tions, it is well known that proteins are not rigid, but instead they sample a variety

of conformations in the neighborhood of their native conformation [82]. These

fluctuations within different conformations, all near to the equilibrium one, are

called equilibrium fluctuations [82].

Both the complicated relationship between structure and functions of the pro-

teins and the details of the molecular motion in the folded state can, in principle,

be studied by molecular dynamics (MD) simulations and normal-mode analysis, by

using classical MD or ‘‘ab initio’’ quantum MD, or even hybrid schemes [81, 83–

85]. These last mix a quantum treatment of a limited number of atoms and a clas-

sical treatment of the remaining atoms, thus allowing the study of large biological

molecules [81, 83–85]. However, the use of these atomic approaches becomes com-

putationally very heavy and inefficient with increasing protein size [46].

Figure 7.3. Schematic representation of the ground and

activated states of OR-I7 and rhodopsin.
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Recently, alternative methods have been proposed, based on coarse-grained mod-

els of proteins and simplified force fields [50, 51]. Successively, many other studies

have shown the success and the effectiveness of these kinds of models in describ-

ing protein dynamics, particularly for the case of large proteins composed by more

than several thousands of amino acids [46, 47].

Therefore, in developing a theoretical model of the electrical properties of a

GPCR-based device we have also followed a coarse-grained approach, by formulat-

ing it in terms of an electric network of impedances [17, 43–45] instead of the

usual elastic network of springs, considered in the above cited works [46, 47, 50,

51]. In the following we illustrate in detail the procedure and we discuss the results

for the case of rhodopsin. Moreover, we also show results concerning OR-I7 [49].

However, it is important to note that, in addition its computational simplicity, an

important advantage of this coarse-grained network approach [17, 46, 47, 50, 51]

is given by the fact that, by focusing mainly on protein topology, it represents an

appropriate tool for providing predictions for the other GPCRs, for which detailed

information on the atomic positions is missing.

7.5

The Impedance Network Model

We start by considering an ideally frozen bovine rhodopsin molecule, in which no

fluctuation occurs and all the atoms occupy the equilibrium positions [17]. We

describe this protein as a static network made of elementary impedances (in this

context, a static network means a network made of time-independent elements).

The network is built in the following manner [17].

First, we have to choose the nodes of the networks, i.e. we have to choose a ref-

erence position within each amino acid (residue). By following a choice largely

adopted in the literature [46, 47, 51], we assume the Ca atoms present in any

amino acid as nodes of the network. Accordingly, we have taken the atomic coordi-

nates of bovine rhodopsin from the Protein Data Bank (PDB) [27], where several

sets of data from independent experiments are present in the standard PDB file

format. We have used PDB with IDs 1F88 [28] and 1JFP [32] for the rhodopsin

ground state, and the data set II (PDB ID 1LN6) [31] (engineered data) for meta-

rhodopsin II. Then, we have extracted the spatial coordinates of the Ca atoms of

each amino acid (348 for bovine rhodopsin) from the PDB file.

We assume that the amino acids interact electrically between each other and that

charge transfers between neighboring residues [78, 86] and/or changes of their

electronic polarization [87] affect these interactions. Accordingly, a link is drawn

between any pair of nodes, i and j separated by a distance li; j less than a given

cut-off value, d ¼ 2Ra, where Ra is an electrical interaction radius (Fig. 7.4). More-

over, we introduce two extra nodes (contact nodes) which mimic the electrodes.

These contact nodes are linked to a given set of amino acids, depending on the

particular geometry of the contacts in the real device (each electrode is linked at

least to one amino acid). A representation of this interaction network for the case
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of a hypothetical protein made of 18 residues is shown in Fig. 7.5. We note that the

solution and the membrane are not directly taken into account at this stage of

the model (however, as the main effect of the membrane is to keep the protein

in the folded state, this effect is implicitly accounted for by taking the coordinates

of the Ca corresponding to a given folded conformation of the protein).

The next step of the model consists of associating an elementary impedance Zi; j

with the link between the nodes i and j [17]. We take this elementary impedance

as the impedance of a RC parallel circuit (the most usual passive AC circuit) and

we denote as Ri; j and Ci; j, respectively, the resistance and the capacitance of the

link between the nodes i and j. Different expressions can be adopted for Zi; j.

Here, we discuss three possibilities, corresponding to an increasing level of com-

plexity. The first possibility, model (i), is the simplest one: all the impedances are

taken to be equal: Zi; j ¼ Z0. The second possibility, model (ii), consists of assum-

ing that Ri; j and Ci; j are, respectively, the resistance of a simple ohmic resistor and

the capacitance of a planar homogeneous capacitor. Thus, Ri; j z li; j and Ci; j z li; j.
Consequently, Zi; j takes the expression [17]:

Zi; j ¼ li; j
r

Að1þ iroee0Þ
ð1Þ

Figure 7.4. A link is drawn between the nodes i and j, which

stay at the positions of the a carbon atoms Cai and Caj of the

ith and jth amino acid, when their relative distance is less than

twice the interaction radius Ra:

Figure 7.5. Interaction network associated

with a hypothetical protein made of 18

residues: the full circles show the nodes

positioned at the a carbon atom of each amino

acid and the lines represent the links arising

from electrical interactions between a pair of

amino acids with a relative distance shorter

than a cut-off value. The open circles represent

two extra nodes associated with the electrodes.

7.5 The Impedance Network Model 225



where A is the cross-sectional area of the capacitor and of the resistor, r is the re-

sistivity, e the relative dielectric constant, e0 is the vacuum dielectric permittivity, o

is the angular frequency of the external AC voltage. The third choice, model (iii),

consists of taking the cross-sectional area of the resistor and of the capacitor equal

to the area of the cross-section defined by the overlap of the two spheres pertaining

to the given amino acids, as shown in Fig. 7.4. Thus:

A ¼ p R2
a �

l2i; j
4

" #

ð2Þ

To compare these three models, we plot in Fig. 7.6 the modulus of the total net-

work impedance, jZj, calculated by using models (i), (ii) and (iii) as a function of

the interaction radius Ra. The total network impedance Z is calculated by solving

Kirchhoff ’s node equations. We note that in the case of an irregular network, with

complex topology [48], the solution of the circuit by node equations is particularly

convenient with respect to the use of loop equations. The systematic decrease of

jZj shown in Fig. 7.6 at increasing values of Ra reflects the increasing importance

of parallel connections with respect to series connections. One can see that the

curves of the first two models show a step-like behavior related to the sharp discon-

tinuity in the value of jZj when Ra becomes equal to li; j. However, the curve ob-

tained by using model (iii) shows a continuous behavior. Furthermore, model (iii)

appears to be more sensitive to a variation of the number of links in the networks.

Of course, an improvement in the description of the protein is expected if the

physical and chemical properties of the different amino acids are accounted for in

the expression of Zi; j. At a simplest level, this can be done by considering e and/or

r as dependent on the indices i and j. For this purpose, we have taken [17] the

following expression ei; j ¼ 1þ gða� 1Þ for the dielectric constant of the capacitor

associated with the pair i and j of amino acids, where a1 ðai þ ajÞ=2 is the average

Figure 7.6. Modulus of the network impedance as a function

of the interaction radius: the dotted curve is obtained from

model (i), the dashed curve from model (ii) and the solid curve

from model (iii). The impedance is expressed in arbitrary units

and the interaction radius is in Ångstroms.
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intrinsic polarizability of the pair, and ai and aj are the intrinsic polarizabilities of

the ith and jth amino acid, respectively. Actually, by describing a protein in solu-

tion as a set of polarizable dipoles embedded in a dielectric medium of solvent

molecules, Song [87] has calculated a set of values for the intrinsic polarizabilities

of the 20 amino acids, portable for all the proteins in nature. Finally, we have cho-

sen the value of g in the expression of ei; j in such a manner as to obtain the values

of ei; j distributed between 1 and 80 (vacuum and water) proportionally to a. Thus,

with the last update, model (iii) provides for Zi; j the expression [17]:

Zi; j ¼
li; j

pðR2
a � l2i; j=4Þ

� 1

ðr�1 þ ioei; je0Þ
ð3Þ

In the following we will show and discuss results obtained by using this expression

of Zi; j.

An important feature characterizing the topology of a network is represented by

the degree distribution, i.e. the distribution function of the node connectivity [48].

Figure 7.7 shows the degree distribution of the interaction networks of rhodopsin

and OR-I7 obtained for two values of the interaction radius, Ra ¼ 4 and 5 Å. The

degree distribution is found to be only roughly described by a Poissonian curve.

Indeed, secondary peaks are present for both rhodopsin and OR-I7. This behavior

of the degree distribution characterizes a pseudo-random network [48]. We note

that for the values of Ra considered in Fig. 7.7 the width of the distribution in-

creases by increasing the interaction radius. The contrary will occur at the highest

values of Ra. In particular, above a given maximum value of the radius, Ra;max, of

the order of the size of the receptor, each node will be connected with all the other

nodes and the degree (number of links) of all the nodes will be become ðNam � 1Þ,

Figure 7.7. Degree distribution (distribution

function of the node connectivities) of the

interaction network of rhodopsin and OR-I7.

The thin and thick solid curves are obtained in

the case of rhodopsin by taking Ra ¼ 4 and

5 Å, respectively; the dot-dashed and the

dashed curves are obtained in the case of

OR-I7 by taking Ra ¼ 4 and 5 Å.
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where Nam is the number of amino acids. Consequently, for Ra bRa;max the de-

gree distribution will become a d function independently of Ra.

Figure 7.8 reports the total number of links, N, existing in the network, as a

function of the interaction radius. The data concerning the ground state of rhodop-

sin and OR-I7 are shown by the thick solid and the grey dashed curves, respec-

tively. We can see that for any value of Ra, the number of links in the interaction

network of rhodopsin is higher than that existing in the case of OR-I7. Moreover,

the difference in the link number is rather significant (about 10%) for values of

Ra b 8 Å. Figure 7.8 also displays as a function of Ra the behavior of the relative

increment of the number of links, DN=DRa, for the ground state of rhodopsin

(black solid curve) and OR-I7 (grey short-dashed curve). Thus, from Fig. 7.8 we

can conclude that when Ra @ 8–18 Å the connectivity of the network is very

sensitive to the value of the interaction radius. On the other hand, by comparing

the behavior versus Ra of N and DN=DRa in the ground and in the activated state

of rhodopsin, it has been found [17] that the range of values Ra @ 8–18 Å corre-

sponds to the maximum sensitivity of the network to conformational changes.

This statement is also confirmed by the analysis of the dependence of the total

network impedance, Z, on the interaction radius in the case of rhodopsin and

metarhodopsin, as shown in Fig. 7.9. Precisely, in Fig. 7.9 we report the difference

of the impedance modulus, jZj, calculated in the case of rhodopsin and metarho-

dopsin. This difference has been normalized to the impedance modulus of the rho-

dopsin network. We can see that when Ra @ 8–18 Å the total network impedance

depends strongly on the conformation of the protein. It must be noted that this

Figure 7.8. Total number of links in the

network, N, and relative increment as a

function of the interaction radius. The thick

solid and the grey dashed curves show N for

the interaction network corresponding to the

basic state of rhodopsin and OR-I7. The thin

solid and the grey short-dashed curves show

the relative increment of N. The interaction

radius is expressed in Ångstroms.
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sensitivity of the total network impedance to the conformational changes arises not

only from the above discussed sensitivity of N to the protein conformation, but also

from the fact that the elementary impedances Zi; j are assumed to be functions of

the distances li; j.
To provide a prediction of the expected electrical response of the GPCR-based

nanodevice and to test our model in a direct comparison with the results of EIS

measurements [38–42], we have calculated the network impedance as a function

of the frequency of the applied AC voltage. Figure 7.10 shows the Nyquist plot of

the network impedance calculated in the case of rhodopsin. Precisely, Fig. 7.10 dis-

plays the opposite of the imaginary part of the network impedance versus the real

part, where both these quantities are calculated in the frequency range 0G 1 kHz.

The three curves reported in Fig. 7.10 are obtained for Ra ¼ 2 Å (short-dashed

curve), Ra ¼ 5 Å (long-dashed curve) and Ra ¼ 12:5 Å (solid curve). In all cases,

we have taken r ¼ 109 Wm while the amplitude of the applied voltage, V0, is

V0 ¼ 1 V. Moreover, the real and the imaginary parts of the impedance have been

normalized to the static value of the real part, Re[Zðo ¼ 0Þ], which takes the values

Re[Zðo ¼ 0Þ] ¼ 302 GW, 11.2 GW and 1.67 MW, respectively, for Ra ¼ 2; 5 and

12.5 Å. As a general trend, when Ra b 5 Å, the shape of the Nyquist plot is indis-

tinguishable from that corresponding to a single RC parallel circuit (semicircle). In

contrast, when Ra < 5 Å, the Nyquist plot deviates from this behavior. In particular,

when Ra ¼ 2 Å, the degree of most of the nodes of the network is 2 (Fig. 7.7) and

the series combination of elementary impedances Zi; j becomes dominant in the

network structure. In other terms, changes in the shape of the Nyquist plot are

only detected near to the sequential limit. Of course, the value of Re[Zðo ¼ 0Þ]
depends on both Ra and r. Therefore, impedance spectroscopy measurements

Figure 7.9. Relative difference of the values of the impedance

modulus in the ground state (Rh) and in the activated state

(MII) of rhodopsin as a function of the interaction radius

(Ra expressed in Ångstroms).
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could be a method which allows the identification of the values of the parameters

to be used in the modelization of the receptor.

Figure 7.11 displays a comparison between the Nyquist plot corresponding to

the rhodopsin interaction network and that corresponding to the activated state

metarhodopsin II. Precisely, the solid curve is obtained for rhodopsin while the

Figure 7.10. Nyquist plot of the network

impedance: the short-dashed curve corre-

sponds to an interaction radius equal to 2 Å,

the long-dashed curve to a radius of 5 Å and

the solid curve to a radius of 12.5 Å. The real

and the imaginary parts of the impedance are

normalized to the static value of the real part,

which is 302 GW, 11.2 GW, and 1.67 MW,

respectively, when Ra is 2, 5 and 12.5 Å.

All curves correspond to the basic state of

rhodopsin and are obtained by taking a

resistivity of 1 GWm.

Figure 7.11. Nyquist plot of the network

impedance: the solid curve is obtained for

rhodopsin by taking the interaction radius

equal to 12.5 Å and a resistivity of 1 GWm,

the dot-dashed curve is obtained for meta-

rhodopsin by taking the same values of the

parameters. The real and the imaginary parts

of the impedance are normalized to the static

value of the real part of the network impedance

in the metarhodopsin state which takes the

value of 2.04 MW.
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dot-dashed curve for metarhodopsin II. In both cases we have taken Ra ¼ 12:5 Å,

r ¼ 109 Wm and V0 ¼ 1 V. The real and the imaginary parts of the impedance are

normalized to the static value of the real part of the impedance in the metarhodop-

sin state: Re[Zðo ¼ 0Þ] ¼ 2:04 MW. Figure 7.11 shows that the conformational

change of the receptor due to the detection of a photon implies a significant varia-

tion in the Nyquist curve, in principle detectable by impedance spectroscopy mea-

surements. This result is of particular relevance also in view of the application of

the model to other GPCRs.

7.6

Equilibrium Fluctuations

The above results have been obtained by considering an ideally frozen protein, in

which no fluctuation occurs and all the atomic positions are fixed at the equilib-

rium values. However, as discussed in a previous section, proteins are not rigid,

but they sample a variety of conformations in the neighborhood of the equilibrium

conformation [46, 50, 51, 80]. These fluctuations of the atomic positions result in

an intrinsic impedance noise which is present during an electrical measurement

performed on such a nanodevice. The level of this noise turns out to be crucial to

the actual detection of the ligand capture by the GPCR when compared with the

impedance variation due to the conformational transition and with the electrode/

amplifier noise.

Therefore, we have extended the previous model by relaxing the frozen protein

approximation and by studying the effect of the fluctuations of the atomic posi-

tions on the electrical response to an AC field [17, 43–45]. For this purpose, we al-

low the nodes of the network to fluctuate around their equilibrium positions with

an amplitude depending on the temperature [43, 44]. For the sake of simplicity

and to get a first qualitative estimation, we describe the system of fluctuating nodes

as a set of independent, isotropic, harmonic quantum oscillators, with common

values of the force constant g and of the proper frequency, o0. The oscillators are

assumed to be in contact with a thermal bath at temperature T. We denote with

~rrn; eq and d~rrn ¼~rrn �~rrn; eq, respectively, the equilibrium position and the displace-

ment from the equilibrium at the time t of the nth oscillator, and with hðd~rr Þ2i its

mean square displacement. It can be easily seen that hðd~rr Þ2i is given by:

hðd~rr Þ2i ¼ 3

2
� kBy
g

þ kBy

g
� 1

exp½y=T � � 1
ð4Þ

where y ¼ po0=kB. Thus, when Tg y, Eq. (4) simplifies as:

hðd~rr Þ2iAkBT=g ð5Þ

At an arbitrary temperature the wave function of the oscillator is a superposition of

several excited states and its probability density cannot be expressed in a simple

7.6 Equilibrium Fluctuations 231



form. Again, for simplicity, we take the following expression for the probability

density of presence of the nth oscillator around its equilibrium position:

Pðd~rrnÞ ¼
33=2

½2phðd~rr Þ2i�3=2
� exp � 3

2
� ðd~rrnÞ2

hðd~rr Þ2i

" #

ð6Þ

where hðd~rr Þ2i ¼ 3hðdxÞ2i and hðdxÞ2i ¼ hðdyÞ2i ¼ hðdzÞ2i. The fluctuations of

the network impedance have been calculated by a Monte Carlo simulation which

generates the position of all the nodes at each step according to the space probabil-

ity given by Eq. (6). The calculations have been performed by choosing the value

g ¼ 2:5 kJ mol�1 Å�2 for the oscillator force constant, according to the literature

[46, 50, 51]. This choice of g provides y ¼ 12 K. Thus, the condition T g y is well

satisfied at room temperature. The choice of a unique force constant for all the

amino acids of the protein is a frequently adopted assumption [46, 50, 51], as in

the previously mentioned Gaussian Network Models [46, 50].

However, it is also well known that a-helices are much more stable under ther-

mal fluctuations than loops and termini [1–4]. For this reason, we have also calcu-

lated the impedance noise by assuming two different force constants, g1=g2 and

g2 < g1 for a-helices and loops/termini, respectively [44]. The values of g1 and g2
have been chosen by taking the mean value of the force constant g ¼ 2:5

kJ mol�1 Å�2 and then by considering different values of the ratio g1=g2. The

greater the value of this ratio, the more flexible the loops and termini are with

respect to helices.

Figure 7.12 displays the values of the impedance modulus calculated as a func-

tion of the time for the case of rhodopsin. Similar data obtained for metarhodopsin

Figure 7.12. Calculated values of the impedance modulus

versus time for rhodopsin. The impedance modulus has been

normalized to its average value and the time is expressed in

simulation steps. The grey and the black curves are calculated

by taking the ratio g1=g2 ¼ 1 and 20, respectively.
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II are reported in Fig. 7.13. All the data in Figs. 7.12 and 7.13 have been normal-

ized to their respective average values and refer to simulations performed at room

temperature. In Figs. 7.12 and 7.13, the curves corresponding to g1=g2 ¼ 1 and 20

are reported, respectively, in grey and black. The comparison of the data shows that

the metarhodopsin state is characterized by impedance fluctuations significantly

wider than those in the rhodopsin state. This is particularly true when the force

constant of the a-helices is 20 times greater than the force constant of loops/

termini. This result reflects the minor thermal stability of metarhodopsin with re-

spect to rhodopsin, probably due to an expansion of the entire structure conse-

quent to the conformational transition [35].

This conclusion is supported also by Figs. 7.14 and 7.15, which report the

probability distribution function, f, of the impedance fluctuations for rhodopsin

and metarhodopsin calculated at room temperature by taking the ratio g1=g2 ¼ 1

(open diamonds) and 20 (full circles). The probability densities have been obtained

by analyzing ZðtÞ signals made of about 5� 105 data. Here, s is the root mean

square deviation from the average value of the impedance modulus hjZji. This
normalized representation has been adopted for convenience because it makes

the distribution independent of its first and second moments [88]. In particular,

Fig. 7.15 shows that for metarhodopsin the impedance fluctuations are non-

Gaussian even when g1=g2 ¼ 1 (in contrast, in the case of rhodopsin the fluc-

tuations are Gaussian). Moreover, strong non-Gaussian tails are present when

g1=g2 ¼ 20 and, in particular, for metarhodopsin. This strong non-Gaussianity at

room temperature for g1 g g2 (and, in particular, for metarhodopsin) is due to the

presence of big spikes corresponding to the loss of links that are crucial to ensure

the connectivity of the network [48, 88].

Figure 7.13. Calculated values of the impedance modulus

versus time for metarhodopsin. The impedance modulus has

been normalized to its average value and the time is expressed

in simulation steps. The grey and the black curves have the

same meanings as in Fig. 7.12.
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Finally, Fig. 7.16 reports the values of the relative root mean square fluctuation

of the impedance modulus, s=hjZji, as a function of the temperature. We can see

that once the higher flexibility of loops and termini is accounted for by taking

two different values for the force constants g1 and g2, the relative fluctuation of

the impedance becomes strongly sensitive to the temperature. In particular, for

g1=g2 ¼ 20, the relative root mean square fluctuation of the impedance modulus

for rhodopsin is about 15%, while for metarhodopsin it is about 35%. Such high

levels of noise would make it problematic to detect the conformational change in

terms of variation of the impedance of the nanodevice, being this variation roughly

Figure 7.14. Normalized PDF of impedance

modulus fluctuations at T ¼ 300 K for

rhodopsin. Diamonds and full circles

correspond to simulations performed by

taking the ratio g1=g2 ¼ 1 and 20, respectively;

s is the root mean square deviation from the

average modulus. The solid curve represents

the Gaussian distribution.

Figure 7.15. Normalized PDF of impedance modulus

fluctuations at T ¼ 300 K for metarhodopsin. The solid curve,

the diamonds and full circles have the same meanings as in

Fig. 7.14. s is the root mean square deviation from the average

modulus.
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of the same order [17]. However, the increase of the impedance noise itself in the

rhodopsin ! metarhodopsin transition (more than a factor of 2 at room tempera-

ture) could in principle provide a way to detect this transition.

7.7

Conclusions

We have considered the possibility of realizing nanobiosensors based on GPRCs.

First, we discussed some of the main difficulties to be faced in developing such

chip-based sensors, i.e. (a) the preparation and the immobilization of the GPCRs

on functionalized surfaces in a manner suitable to preserve their function (to en-

able the conformational transition associated with the capture of the ligands) and

(b) the signal techniques. In this regard, the problem consists of developing exper-

imental and theoretical tools allowing a sensitive and reliable monitoring of the li-

gand capture and/or of the conformational transition by an analysis of the optical

or the electrical response of the nanodevice. Focusing on this last approach, we dis-

cussed the EIS technique, which is emerging as a very effective technique for the

detection of biosensing events at the electrodes [38–42]. Then, the largest part of

this chapter was devoted to illustrating a theoretical model recently proposed for

the study of the current response to an external AC voltage of a single-protein

device. In particular, we have considered, as a prototype, a two-terminal device con-

sisting of a GPRC (rhodopsin or rat OR-I7) embedded in a lipid bilayer and con-

tacted by two ohmic electrodes. A coarse-grain approach has been developed for

the description of the electrical properties of the receptor which is modeled as a

network of elementary impedances. The conformational changes of the receptor

Figure 7.16. Relative root mean square devia-

tion of the impedance modulus as a function of

temperature for rhodopsin and metarhodopsin.

The data shown by full and open symbols are

calculated by taking the ratio g1=g2 ¼ 1 and 20,

respectively. The dashed lines represent the

best fit of the data with an exponential law.

The temperature is expressed in Kelvin.
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induced by the capture of the ligand (photon or odorant molecule) are then trans-

lated into a variation of the network impedance. The role played by the different

model parameters on the network structure and on the impedance spectral proper-

ties was analyzed. Furthermore, the study of the impedance noise associated with

the equilibrium fluctuations of the protein showed that the conformational transi-

tion is followed by a significant increase of the impedance noise level, which, by

itself, would offers an interesting possibility to detect the transition. Thus, the

results obtained look promising for the practical realization of a GPCR-based nano-

biosensor able to perform its sensing functions based on a change of its electrical

properties.
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8

Protein-based Nanotechnology:

Kinesin–Microtubule-driven Systems

for Bioanalytical Applications

William O. Hancock

8.1

Introduction

Protein machines carry out tasks critical to cell function, including DNA replica-

tion, intracellular transport, ion pumping and cell motility. They have evolved in-

credible diversity, specificity, efficiency and precision, and a considerable propor-

tion of research in modern biology aims to uncover the fundamental mechanisms

underlying their function [1]. The cytoskeletal motors, kinesins, dyneins and myo-

sins, constitute a subset of these protein machines and are notable in being able

to convert chemical energy directly to mechanical work. In cells, these motors gen-

erate the force that drives muscle contraction, they transport intracellular cargo

throughout cells and they drive the critical movements that underlie cell division.

With the ability to engineer devices and systems at the micron and submicron

scales, and to synthesize nanoparticles with novel and powerful functionalities,

there is a growing need to transport and organize material at submicron dimen-

sions. Because cytoskeletal motors have evolved specifically to transport and orga-

nize material at these size scales, there is a current effort to integrate these

molecular motors and their cytoskeletal tracks into engineered devices [2–10].

This interdisciplinary research, which involves biologists, bioengineers, chemists,

materials scientists, electrical engineers and others, is part of a larger effort to inte-

grate proteins with highly evolved functions into nanoscale engineered systems.

For instance, proteins and peptides are also being used as tools to drive self-

assembly of inorganic materials such as semiconductors into functional materials

[11, 12]. Another example of protein-based nanotechnology is the push to create

electronic devices based on proteins or ion channels [13].

Compared to pressure-driven microfluidic flow, active transport by molecular

motors in microfluidic channels offers a number of advantages as components of

bioanalytical systems or biosensors. First, because of the small size of the motors

and cytoskeletal filaments, the channels can be scaled down to dimensions below

100 nm. Second, motor-driven transport can occur up concentration gradients and

against fluid flows. Third, because energy for transport (in the form of ATP) is de-

livered and consumed directly at the site of transport, dense arrays of multiplexed

Nanotechnologies for the Life Sciences Vol. 4
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channels can be created without need for complex electrical connections. However,

before biomolecular motors can be integrated into hybrid microscale and nano-

scale engineered systems, there are a number of experimental hurdles that must

be tackled. First, interfaces between the proteins and material surfaces must be op-

timized to attach proteins while maintaining their biochemical function. Second,

the design of these microsystems needs to be optimized to best capitalize on the

unique transport properties of these motors. Finally, to make analytical devices

based on biomotors a reality, it is crucial to develop methods for attaching desig-

nated cargo to these proteins and to increase the stability of these proteins.

This chapter focuses on the integration of kinesin molecular motors and their

microtubule tracks into microdevices for bioanalytical applications. A number of

insightful reviews have been written on the molecular mechanism of motor pro-

teins, in general [14, 15], and kinesin motors, in particular [16, 17]. There are also

reviews on applications of biomolecular motors in nanotechnology [18, 19] and

on applications of kinesin motors in microscale transport [4]. Finally, there is a

parallel effort underway using actin and myosin for transport in microscale and

nanoscale transport applications, [20–23], but that work is not discussed here.

This chapter is organized as follows. In Section 8.2, the relevant cell biology and

biophysics of the kinesin–microtubule system is presented, including a description

of the in vitro assays that have been developed to study kinesin function. Section

8.3 explores theoretical aspects of motor-driven microscale transport; in particular,

the relationship between transport speeds and diffusion times for particles of vari-

ous sizes. This analysis helps to frame applications in which kinesin-driven trans-

port is best utilized. Section 8.4 discusses experimental approaches to interfacing

motor proteins and microtubules with engineered surfaces. Section 8.5 reviews ap-

proaches that have been taken to control the direction of kinesin and microtubule

movements. These studies provide the core work that needs to be accomplished

towards integrating motor proteins into functional microscale devices. To create

bioanalytical systems or biosensors driven by the kinesin–microtubule system, it

is also crucial to develop strategies for attaching molecular or cellular cargo to mi-

crotubules or motors; these strategies are discussed in Section 8.6. Finally, Section

8.7 discusses higher-level design considerations for motor-driven devices, including

ways to maximize the lifetime of motors and microtubules, and approaches for in-

troducing minute samples into these devices and detecting low levels of analyte in

microfluidic channels.

8.2

Kinesin and Microtubule Cell Biology and Biophysics

In eukaryotic cells, organelles, vesicles, chromosomes and protein complexes are

actively transported throughout the cell by molecular motors moving along cytos-

keletal filaments. This transport system consists of both kinesin and dynein mo-

tors moving along microtubule filaments, as well as myosin motors moving along
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actin filaments, but members of the kinesin family carry out the bulk of intracellu-

lar transport. Conventional kinesin, the founding member of the kinesin family,

serves as a model protein for understanding the molecular basis of intracellular

transport and for applications of molecular motors in nanotechnology. Conven-

tional kinesin is a dimeric protein that contains three domains: the head or motor

domain, the coiled-coil stalk that holds the two chains together and the tail that,

along with two associated light chains, is responsible for binding cargo (Fig. 8.1)

[24, 25]. Each motor domain contains both an ATP and a microtubule-binding

site, and movement is achieved by a cycle in which each head alternately binds to

the microtubule, undergoes a conformational change and releases from the track

[16, 26–28]. Following the discovery of conventional kinesin [29], other members

of the kinesin family were discovered based on sequence similarity in the motor

head domain. The kinesin family can be divided into 14 classes based on sequence

similarity and functional properties [30], and in the human genome there are 44

kinesin genes [31]. While almost all of the application work with kinesin motors

has utilized conventional kinesin, because other kinesins have different motor

properties, they may become useful in future applications.

Microtubules are cylindrical polymers of the protein tubulin that are 25 nm in

diameter and up to tens of microns long. Tubulin dimers 8-nm long associate in a

head-to-tail manner to make protofilaments, these protofilaments associate later-

ally to make sheets and the sheets close to make hollow cylinders that normally

contain 14 protofilaments [32]. Because the subunits are asymmetric, microtubules

have a structural polarity – the ‘‘minus’’ or slow-growing end is anchored near the

center of the cell and the fast-growing ‘‘plus’’ ends extend to the perimeter of the

cell. Experimentally, tubulin is normally isolated from cow or pig brains [33],

which are large, inexpensive and rich in tubulin due to the neurons that require

long-distance intracellular transport. Microtubules can be polymerized in vitro
from purified tubulin, covalently modified with fluorophores or other functional

groups and stabilized in polymer form with the drug taxol, making them stable

for up to 1 week in normal buffers at room temperature [34].

Figure 8.1. Structure and function of conventional kinesin.

The two heads hydrolyze ATP and walk towards the ‘‘plus’’ end

of microtubules. The kinesin tail binds to intracellular cargo.

Microtubules, made from tubulin subunits, are 25 nm in

diameter and tens of microns long.
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8.2.1

Kinesin Motility Assays

Nearly two decades of biochemical and biophysical experiments on conventional

kinesin have resulted in a solid quantitative characterization of this molecular mo-

tor. Conventional kinesin motors walk along microtubules at speeds of nearly

1 mm s�1, taking 8-nm steps and hydrolyzing one ATP per step [27, 35, 36]. The

motor speed decreases approximately linearly with applied load up to a single

motor stall force of 5–7 pN [37, 38]. Kinesin movement in vitro is studied predom-

inantly using two different assays – the microtubule gliding assay and the bead

assay (Fig. 8.2) [39, 40]. In the microtubule gliding assay, motors are adsorbed to

glass surfaces that have been treated with the blocking protein casein, and micro-

tubules are observed landing on and moving over the motors, analogous to a rock

star being passed over the hands of an eager crowd. Typically, these assays are per-

formed in 20-ml flow cells constructed from a microscope slide, two pieces of

double-sided tape and a cover glass, which enables facile solution exchange by

simply pipeting solution in one side and wicking out the other side using filter

paper or tissue [41]. Using this geometry, the motor concentration on the surface

can be varied and different solutions can be introduced to optimize movement

characteristics [42]. Microtubule movements are visualized by covalently labeling

the microtubules with a fluorescent dye, observing them under a fluorescent mi-

croscope coupled to a sensitive CCD camera and recording the movements on vid-

eotape or computer [41]. As the assay is relatively easy to perform and the filaments

are transported long distances along the surface, this geometry has generated the

most attention for microscale transport applications of the kinesin–microtubule

system.

In the other commonly used assay, the bead assay, microtubules are immobi-

lized on glass surfaces, motors are adsorbed to micron-scale beads and the beads

Figure 8.2. Assays for studying kinesin motor

function. (A) Schematic of the microtubule

gliding assay, in which motors are adsorbed to

the surface and microtubules are transported

across the surface. (B) In the bead assay, in

which microtubules are immobilized on the

surface, motors are adsorbed to micron-scale

beads and the beads are transported along the

immobilized microtubules.
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are transported along the microtubules. This system is analogous to the geometry

found in cells, and one advantage is that optical tweezers can be used to grab the

beads and measure displacements and forces generated by the motors to nano-

meter and piconewton precision [43]. For transport applications, the bead can in

principle be replaced by functional nanoparticles or biomolecules like proteins or

nucleotides. As the tail domain of kinesin motors can be deleted or significantly

altered with no effect on the motor function [44], in theory antibody fragments, re-

ceptors, DNA-binding domains or other protein motifs can be fused to the motor

tail and these motor–cargo complexes transported along microtubules.

Motor directionality is a key consideration for applications using either the glid-

ing assay or the bead assay. In the gliding assay, microtubules diffuse out of solu-

tion and land on the motors, and the direction of microtubule transport is defined

by the orientation of the filament (Fig. 8.3). Because the motors, which are immo-

bilized, move to the microtubule ‘‘plus’’ end, the filaments move with their ‘‘mi-

nus’’ ends leading. The coiled-coil of conventional kinesin has a region of random

coil that is thought to act like a swivel, enabling the heads to rotate freely and bind

to filaments only in the proper stereospecific orientation [45]. As discussed below,

a large portion of the work done to harness microtubule transport for nanoscale

applications has involved finding ways to control the direction of microtubule

transport. The bead geometry has its own directionality problems – the transport

direction is determined by the orientation of the immobilized microtubules (Fig.

8.3). In theory, if a dense bundle of oriented microtubules could be immobilized

on the surface, they would serve as ideal tracks to direct kinesin transport. How-

ever, as described in Section 8.5, achieving these oriented and aligned bundles has

proven difficult [9, 46].

For applications using kinesin motors and microtubules, it is important to ob-

tain sufficient amounts of protein and keep the proteins stable over time. As dis-

cussed above, tubulin can be purified from native sources following established

protocols [33] or it can be bought from commercial sources (Cytoskeleton, Denver,

CO). Conventional kinesin is generally bacterially expressed and purified [36, 44,

47], but it too can be purchased. One of the hurdles to using other motors in

the kinesin family is that not all of them can be bacterially expressed [48, 49] and

they can be more prone to denaturation or precipitation over time. Methods for ex-

tending the lifetime of kinesins and microtubules in engineered devices will be

discussed below in Section 8.7. For more information and detailed protocols for

kinesin and microtubule purification, and in vitro motility experiments, readers

can consult the book Kinesin Protocols edited by Isabelle Vernos [50] or the Kinesin

Home Page (http://www.proweb.org/kinesin/).

8.3

Theoretical Transport Issues for Device Integration

One of the main application goals for molecular motors to date has been active

transport of analytes in microfluidic systems. There currently exist a number of ap-
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Figure 8.3. Kinesin–microtubule in vitro

motility assays. (A) Microtubule gliding assay,

showing fluorescent microtubules moving over

immobilized kinesin motors. Screens are 22 mm

wide and images are 2 s apart. As can be seen,

many microtubules move over the surface and

their directions are determined by their orienta-

tion when they land on the surface. (B) Bead

assay in which 0.2-mm diameter glass beads, to

which many kinesin motors are adsorbed,

are transported along surface-immobilized

microtubules. Screens are 10 mm wide and

images are 4 s apart. The direction of bead

movement is determined by the orientation of

the immobilized microtubules. Images in (A)

are fluorescence and images in (B) are dif-

ferential interference contrast microscopy.
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proaches for moving fluids, analytes and particles through microscale geometries,

such as pressure-driven convective flow, electrophoresis, dielectrophoresis and

electro-osmotic flow. Rather than supplanting these methods, biomotor-driven

transport should be thought of as a new approach that expands the toolbox. The

best choice depends on the nature of the problem, and the hope is that in the fu-

ture biomotor-driven transport will be combined with these other transport and

separation approaches to make highly functional microscale devices.

It is informative to investigate from a theoretical perspective the range of particle

sizes and transport distances where biomotor-driven transport is the most useful.

Specifically, it is important consider the relative roles of diffusion (Brownian

motion) versus motor-driven active transport. Small analytes (proteins and nucleo-

tides) in aqueous solutions diffuse rapidly and any transport must overcome this

diffusional mixing. For instance, as discussed below, an average protein can diffuse

1 mm in 5 ms and even for distances of 100 mm the average diffusion time is faster

than the time it takes a kinesin motor moving at 1 mm s�1 to get there. It should be

remembered that active transport is unidirectional, while diffusion is random, but

the quantitative comparison serves as a useful guide.

8.3.1

Diffusion versus Transport Times

In Tab. 8.1, diffusion times and motor-driven transport times are compared for a

range of potential analytes from proteins up to eukaryotic cells. The Einstein rela-

Tab. 8.1. Theoretical diffusional and transport properties for a

range of biological analytes

Particle Diameter D (mm2 sC1) 1 mm 100 mm

tDiffusion
(s)

tTransport
(s)

tDiffusion
(s)

tTransport
(s)

Transition

distance

(mm)

Protein 5 nm 100 0.005 1 50 100 200

Nanoparticle 20 nm 25 0.02 1 200 100 50

Virus 100 nm 5 0.1 1 1,000 100 10

Bacteria 1 mm 0.5 1 1 10,000 100 1

Cell 20 mm 0.02 20 1 2� 105 100 0.05

Notes:

D ¼ kBT=6phr.
kBT ¼ 4:1� 10�21 Nm at 25 �C.

Viscosity h ¼ 0:89 cP at 25 �C ¼ 0:89� 10�3 Ns m�2.

tDiffusion ¼ x2=2D (one-dimensional).

tTransport ¼ x=v, where v ¼ 1 mm s�1 for kinesin.

Transition distance (when tTransport < tDiffusion) ¼ 2D=v.
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tion is used to derive the diffusion constant, D based on the drag coefficient of the

particle g:

D ¼ kBT=g ð1Þ

Where kBT is Boltzman’s constant (1:38� 10�23 Nm) multiplied by the absolute

temperature [51]. From Stokes’ law, the drag coefficient of a spherical particle in

low Reynold’s number flow is defined as:

g ¼ 6phr ð2Þ

where h is the solution viscosity (0:89� 10�3 Ns m�2 for water at 25 �C) and r is
the radius of the particle [51, 52]. Combining these equations, we get the equation

for the diffusion constant for spherical objects:

D ¼ kBT=6phr ð3Þ

For the particles in Tab. 8.1, approximate diameters are given and diffusion con-

stants in aqueous buffers at 25 �C are calculated.

Using the diffusion constant, the average time it takes to diffuse a distance x in

one dimension is defined as:

tDiffusion ¼ x2=2D ð4Þ

and the time required for kinesin-driven transport is defined as

tTransport ¼ x=v ð5Þ

where v ¼ 1 mm s�1 for conventional kinesin [36, 52]. In Tab. 8.1 these times are

calculated for the different particles for distances of both 1 and 100 mm. As can be

seen, small particles diffuse rapidly and motor-driven transport outpaces diffusion

only for distances over a few hundred microns, while large particles like bacteria

and eukaryotic cells diffuse very slowly and motor transport is much faster for all

distances. A helpful way to understand the utility of kinesins in microscale trans-

port applications is to ask: at what transition distance does motor-driven transport

outpace diffusion ðtTransport < tDiffusionÞ? This distance, which gives a rough value

for where motor-driven transport becomes useful, is calculated in the final column

of Tab. 8.1. The important result is that for proteins and small particles like nano-

particles in the range of tens of nanometers, diffusional mixing is sufficient to get

particles where they need to go for distances less than a few hundred microns.

However, for larger particles like bacteria and cells, diffusion is inadequate at virtu-

ally all length scales. Hence, there is significant potential for these nanoscale mo-

tors to drive and control movement of micron-scale biological objects. As discussed

in Section 8.6, drag forces for these relatively large objects are negligible compared

to the forces kinesin motors can exert.
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While it is insightful to compare diffusion and transport times, it is important

to appreciate that while diffusion occurs in all directions, motor-driven transport

is directional. Hence, even for short distances this transport can establish and

maintain concentration gradients provided the transport flux is sufficiently high.

Second, because binding these small cargo pulls the particles out of solution and

eliminates their random diffusional movement, it reduces the number of degrees

of freedom and achieves a significant level of positional control. Furthermore, in-

creasing the solution viscosity either by adding solutes or by creating permeable

hydrogels should be able to significantly slow diffusion rates without necessarily

slowing motor transport. Finally, as the channels and sorters are fabricated using

versatile photolithography techniques [2, 6, 53], there is ample opportunity for op-

timizing the design of these systems to maximize the utility of motor-based trans-

port and minimize diffusional mixing.

8.4

Interaction of Motor Proteins and Filaments with Synthetic Surfaces

A recurring technical hurdle in integrating functional proteins into engineered de-

vices is the problem of interfacing synthetic materials with biological molecules.

The problem of understanding and controlling protein–biomaterial interactions

has been a major focus of the biomaterials field for decades [54, 55]. For instance,

in the case of implanted biomaterials, the predominant approaches to maximizing

biocompatibility are either to create surfaces that completely resist protein adsorp-

tion or surfaces to which proteins can adsorb, but not change their activities or

otherwise produce an immune response. Due of the importance of this problem,

there is a body of work on protein adsorption to biomaterials. However, there are

no sure-fire techniques for (a) creating surfaces that bind proteins, but do not

affect their function, or (b) creating surfaces that completely resist protein

adsorption.

To harness the utility of motor proteins and their cytoskeletal tracks for nano-

technology and microscale transport applications, it is crucial to control the specific

adsorption of these proteins to surfaces. Here, techniques for immobilizing motor

proteins and cytoskeletal filaments are reviewed.

8.4.1

Motor Adsorption

It can be argued that the discovery of conventional kinesin’s motor activity [29]

was a result of this motor’s ability to bind to glass surfaces and retain its function.

With proper surface passivation to reduce motor denaturation, conventional kine-

sin binds functionally to many types of glass as well as various oxides and other

hydrophilic surfaces [7, 41, 56, 57]. The most reliable surface passivation is pre-

treatment of surfaces with casein, a protein found in milk. In solution, casein

forms heterogeneous aggregates with diameters of the order of 10–300 nm [58].
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The aggregation state of unproteolyzed casein is heterogeneous and depends on

the Ca2þ concentration, pH, degree of phosphorylation and other factors [59]. For

kinesin experiments, commercially bought casein is dissolved in buffer and passed

through a submicron filter and/or centrifuged to remove aggregates [41].

It is clear that pretreatment of glass surfaces with casein greatly increases the

activity of kinesin motors adsorbed to the surface, but the precise mechanism of

action is not clear [41]. The working model is that casein aggregates tens of nano-

meters in diameter pack on the surface, the tail domains of the kinesin motors

bind between the casein particles, and the motor heads stick into solution and in-

teract with microtubules. It cannot be ruled out that the kinesin motors bind di-

rectly to the surface-adsorbed casein, but the fact that a great excess of casein in

the motor solution does not compete with the surface-adsorbed casein (there is no

reduction in the concentration of functional motors on the surface) argues against

this. Also, it has been reported that casein has a chaperone-like function in stabiliz-

ing proteins against denaturation [60]. It cannot be ruled out that part of the en-

hancement of kinesin function by casein is due to stabilizing the motor protein

structure.

One of the problems with the casein pretreatment described above is that it does

not work for every motor protein. Apart from conventional kinesin, there are many

other kinesin motor proteins (44 total in the human genome) that vary both in

their motor properties and in their intracellular cargo [31]. These different motor

characteristics – direction of movement along the microtubule, affinity for the mi-

crotubule and speed of movement – provide a rich toolbox for engineering hybrid

devices based on these motors. However, while there is considerable structural con-

sistency in the head domain, there is great divergence structurally and functionally

in the tail domains [31, 61–63]. The result of this diversity is that techniques

for attaching one motor to a surface do not necessarily work for other motors. To

date, three generalizable approaches have shown promise. The first is to adsorb

antibodies to the surface and immobilize the motors through these antibodies

[64]. This approach has the advantage that antibodies complementary to virtually

any motor can be made or, by attaching a universal protein tag (such as a hexa-

histidine tag) to recombinant motors, one reliable antibody to be used for a range

of motors. A second approach for hexa-histidine tagged motors is to functionalize

the surface with a surfactant terminated with nitrilotriacetic acid (NTA), which

chelates nickel ion. His-tagged proteins bind tightly to the surface through the im-

mobilized Ni-NTA and the motors remain functional on these surfaces [65]. A

third method is to attach motors to surfaces through biotin–avidin chemistry [66].

Streptavidin (or its equivalents avidin or neutravidin) can be directly adsorbed to

surfaces or specifically bound to biotin-functionalized surfaces and biotinylated

motors can be attached to this immobilized streptavidin. Motors attached by this

means have been shown to be completely functional and the bond strong enough

to not be pulled off by motor forces [67–69].

While a range of hydrophilic surfaces support kinesin-driven microtubule move-

ments, hydrophobic surfaces do not. When glass surfaces are treated with the hy-

drophobic silane octadecyl trichlorethylsilane or other hydrophobic surface treat-
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ments (with contact angles above 60�) prior to casein and kinesin treatment, no

microtubule binding or movement is observed [57, 70]. The interpretation is that

motors denature on these hydrophobic surfaces and even casein pretreatment can-

not prevent this motor denaturation. This property of surface chemistry-dependent

motor function has been used to define where on microfabricated surfaces micro-

tubules will be transported and where they will not (discussed further in Section

8.5).

8.4.2

Microtubule Immobilization

For applications where microtubules are immobilized on surfaces and cargo-

functionalized kinesins move along these filaments, a number of strategies have

been developed for immobilizing microtubules. Microtubules will bind to clean

glass or quartz microscope slides [71] and this immobilization is sufficient for

some investigations into motor function. However, for transport applications, a

more robust immobilization is generally required. One of the most common im-

mobilization approaches is to functionalize glass surfaces with an amino silane

compound (3-aminopropyltriethoxysilane) that confers a positive charge to the sur-

face [39, 72]. Microtubules, which have a net negative charge at physiological pH,

bind tightly to these surfaces and high microtubule densities can be achieved. By

lithographically patterning silanes on silicon wafers, this approach has been

used to pattern immobilized microtubules at microscale dimensions [73]. Poly-

lysine-treated glass is another approach that uses electrostatic interactions to bind

microtubules to surfaces [74].

Two other microtubule immobilization strategies have also been shown to work

well. Microtubules can be biotinylated and attached to surfaces through streptavi-

din, either by adsorbing streptavidin directly to the surface or immobilizing an-

other biotinylated protein (like biotinylated bovine serum albumin), and then using

streptavidin as a glue between that protein and the biotinylated microtubule [37,

75]. In principle, self-assembled monolayers (SAMs) in which a portion of the

groups are terminated with biotin could be patterned, and streptavidin and micro-

tubules patterned by the underlying biotin. Other techniques for patterning biotin

or streptavidin at micron or nanoscale dimensions that have been developed for

DNA microarrays or nanoscale two-dimensional protein patterns could be applied

to patterning biotinylated microtubules. The final immobilization strategy, in the

‘‘turning lemons into lemonade’’ category, involves using dysfunctional kinesin

motors to immobilize microtubules [76, 77]. If kinesin protein is mishandled, e.g.

stored at room temperature for days, or when problems arise during expression

and purification of functional motors, the motors inactivate in such a way that

they bind to microtubules, but do not move along them. When these ‘‘dead-

heads’’ are adsorbed to surfaces, they act as an excellent adhesive to immobilize

microtubules.

While the optimum immobilization approach depends upon the specific applica-

tion, there are some general considerations that apply to all microtubule immobili-
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zation techniques. First, approaches that permit patterning microtubules on the

micron or submicron scale are helpful only if filament orientation can be con-

trolled. For instance, even with narrow strips of adhesive, microtubules can simply

lay across the lines, negating the pattern. Finally, from experiences in our labora-

tory and others, it is clear that from the perspective of kinesins, not all microtubule

immobilization strategies are created equal. For instance, when microtubules are

immobilized through aminosilanes on glass, motors rarely interact with micro-

tubules that are tightly adsorbed to the surface through their entire length, while

they interact much more frequently with microtubules that are more loosely tacked

down and have regions that are not directly attached to the surface. Whether these

problems are due to deformation of the microtubules when they are tightly ad-

sorbed or to unfavorable motor–surface interactions is not clear, but these observa-

tions emphasize that the success of any immobilization strategy must include an

analysis of motor function as well.

8.5

Controlling the Direction and Distance of Microscale Transport

The key to harnessing the transport capabilities of molecular motors is controlling

the direction of motion. For applications in microscale transport, it is this ability to

direct the transport of a particle or analyte independent of fluid flows or concentra-

tion gradients that has generated the most interest in the field to date. Redirecting

microtubule movements in the microtubule gliding assay has received the most at-

tention because the filaments move long distances (detachment is not a concern),

the filaments can be easily visualized by fluorescence microscopy and they can be

functionalized to transport cargo. In this section, transport applications utilizing

the filament gliding is covered first, followed by the opposite geometry, i.e. cargo-

loaded motors moving along immobilized filaments.

8.5.1

Directing Kinesin-driven Microtubules

Building on the standard microtubule gliding assay, the first directed transport in-

vestigations showed that micron-scale grooves deposited on glass surfaces either by

shearing polytetrafluoroethylene (PTFE) or by microfabrication guide microtubule

motions parallel to the grooves [2, 4, 7, 78, 79]. This redirection arises from the na-

ture of microtubule movements along surfaces – the front of the filament searches

out new motors to bind to as it is propelled along the surface and physical barriers

that reorient this free end act to reorient the direction of filament movement (Figs.

8.4 and 8.5). Building on these initial demonstrations, a number of studies using

more sophisticated fabrication approaches have amply showed that microtubules

can be guided and redirected using surface features. A key advance, first shown

by Hiratsuka and coworkers [6], was the demonstration that microtubules moving

in microfabricated channels can be redirected by arrowhead-shaped ‘‘rectifiers’’

built into the channels that pass filaments traveling one direction, and buckle and
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redirect filaments traveling in the opposite direction. Later investigations extended

this result using different fabrication approaches and a range of rectifier shapes

(Fig. 8.6) [53, 80]. An important advance in this study was to identify photoresist

materials that prevent adsorption of functional kinesin motors, such that when

the photoresist is patterned on glass, functional motors are only found on the glass

surfaces in the bottom of the channel. In both the work by Hiratsuka and co-

workers and in a related study by Moorjani and coworkers [2], the key to contain-

ing the movement in the channels was not preventing protein adsorption to the

walls, but rather the fact that motors that adsorbed to the photoresist denatured

or otherwise inactivated. When the photoresist walls were treated to enable func-

tional motor adsorption, the microtubules simply crawled over the walls [2].

One goal in achieving useful transport by this approach is minimizing the num-

ber of filaments lost due to detachment from and diffusion away from the surface.

If filaments are transported along the surface by a population of motors that each

cyclically attach and detach from the filament, there is a low probability that all of

the motors are detached at the same time and so long transport distances can be

achieved. However, when filaments are redirected by walls or crawl over walls of

the channels, there can be significant filament loss if the channels are not enclosed

on all sides [2, 79, 81]. This filament loss can be minimized by undercutting the

walls of the channels to create overhangs that tend to trap the filaments in the

Figure 8.4. Physical model of a microtubule,

propelled by immobilized kinesins, colliding

with a wall and buckling. The length of filament

that can buckle, LB, is defined as the distance

between the last motor and the wall. For the

microtubule to buckle, the cumulative motor

forces must be greater than the minimum

buckling force for approach normal to the

surface, but can be less than that if the inci-

dent angle is less than 90�. (Reprinted with

permission from Ref. [2] 8 2003 American

Chemical Society.)
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channels [3]. Also, by designing rectifying shapes and patterning gold on the bot-

tom of the channel to maximize motor adsorption, and silanes on the sides of the

channels to resist motor adsorption, high efficiencies of filament rectification have

been achieved [80]. Experiments using this ‘‘open-top’’ configuration where motors

are adsorbed to patterned and textured surfaces, and the top of the channels are

left open to solution, have been instrumental in understanding the optimal chan-

nel design and surface chemistry for redirecting microtubule movements in micro-

channels. However, the best method for eliminating filament loss is to enclose

these microchannels on all sides. For practical devices to emerge from this area of

research, it is clear that enclosed microchannels will be required, together with ap-

paratus for sample inputs and downstream detectors. As described below, there

has been some initial progress toward these goals.

8.5.2

Movement in Enclosed Microchannels

Achieving directed movement in enclosed channels entails different design con-

straints than movement along topographically patterned surfaces. For instance,

because microtubules are surrounded on four sides, detachment from the surface

is less of a problem because subsequent rebinding is quite rapid. Furthermore,

whereas guiding microtubules with open-top channels generally requires that the

side walls are not populated with functional motors, in enclosed channels it is fine

for microtubules to move along all four walls so long as they are moving down the

channel in the desired direction. However, there are some important design con-

straints for creating enclosed channels for microtubule transport. First, because

fluorescence microscopy is generally used to visualize microtubule movements in

the channels, at least one side must be transparent and materials that autofluor-

esce (which includes many photoresists) need to be avoided. Second, as described

in Section 8.7 below, polydimethylsiloxane (PDMS), which is regularly used in

microfluidics work, can generally not be used because of its high oxygen perme-

ability. Third, because the channels are initially filled and motor-functionalized by

pressure-driven flow, the bond between the channels and the top enclosure must

be sufficiently strong. Finally, the channel design must include fluidic connections

for injecting motor and microtubule solutions into the channels.

Huang and coworkers recently succeeded in achieving kinesin-driven microtu-

bule movements in enclosed microfabricated channels [57]. A number of channel

designs were investigated, and a key breakthrough was creating hierarchical chan-

nels of decreasing dimensions such that solutions could be exchanged into small

H————————————————————————————————————————

Figure 8.5. A microtubule being redirected by

a microfabricated channel wall. The channel

is glass and the walls are 1.5-mm high SU-8

photoresist. The microtubule moves from left

to right in the channel, bumps into the

photoresist wall and is redirected back into

the channel. The scale bar at right is 10 mm;

images are 12 s apart. (Reprinted with

permission from Ref. [2] 8 2003 American

Chemical Society.)
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channels 15 mm wide and 5 mm deep without large dead volumes. The channels

were constructed in SU-8 photoresist patterned on glass, covered with dry film

photoresist and topped with a silicon wafer or glass slide for mechanical stability.

Microtubules moved long distances in the channels, indicating that the ATP fuel

was not limiting in these enclosed volumes. Furthermore, the microtubules could

move upstream in convective fluid flows, which means biomotor-driven transport

can move against microfluidic transport [57]. Current work in this area aims to

simplify fabrication processes and optimize the channel geometries to achieve

ideal microtubule transport, concentration and redirection.

8.5.3

Immobilized Microtubule Arrays

While most studies investigating transport applications of kinesins have utilized

the microtubule gliding configuration, there has also been progress on immobiliz-

ing aligned microtubules and transporting motor-functionalized cargo along these

filaments. Conceptually, binding motors to analytes and transporting this cargo

along immobilized filaments is the simpler geometry and because of the ease

with which motors can be engineered to contain diverse cargo binding domains

in place of their tail, it has significant potential. However, the key hurdle to making

this geometry work is immobilizing parallel and uniformly oriented filaments on

surfaces. While filaments can be aligned in fluid flows, they are of mixed orienta-

tion and hence are of little use in transport applications. Current progress in ob-

taining arrays of uniformly oriented immobilized filaments is described below.

Brown and Hancock created an array of uniformly oriented microtubules by

immobilizing short microtubule seeds at defined locations, growing filaments

selectively off of the ‘‘plus’’ ends of these seeds, aligning the newly polymerized

filaments by fluid flow and then immobilizing them on a surface (Fig. 8.7A) [46].

This process created aligned filaments, but the arrays were not the density needed

for useful transport and the method is difficult to adapt to microscale environ-

ments. Limberis and coworkers used an elegant technique to bind and align micro-

tubules [82]. Antibodies to the a-tubulin subunit, which is exposed only at the ‘‘mi-

nus’’ ends of microtubules and not the ‘‘plus’’ ends, were immobilized on a surface

and microtubules flowed in and allowed to bind end-on (Fig. 8.7B). Fluid flow was

then used to push the filaments over and, although they were not immobilized in

this study, a final immobilization step should not be difficult. A third technique,

which may have the most potential, was demonstrated by Prots and coworkers,

H————————————————————————————————————————

Figure 8.6. Arrowhead-shaped structures in

photoresist rectify microtubule movements.

In this example, 1.5-mm high SU-8 photoresist

walls on glass create a rectifier with inlet and

outlet channels. A microtubule can be seen

moving upward inside the arrowhead, bumping

into the photoresist wall and being redirected

back into the channel. Rhodamine-labeled

microtubules and SU-8 channel walls were

imaged using simultaneous fluorescence and

differential interference contrast microscopy.

(Reprinted from Ref. [53], with kind permission

of Springer Science and Business Media.)
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who started with a field of microtubules moving over immobilized motors, aligned

their direction of movement using fluid flow (over time all filaments move parallel

and downstream to the flow) and then crosslinked the filaments to the motors

using glutaraldehyde (Fig. 8.7C) [83]. Other experiments have shown that glutaral-

dehyde treatment does inhibit subsequent interactions of the microtubules with

motors [84] and the authors showed that kinesin-functionalized beads move uni-

directionally along these filament arrays [10].

One of the downsides of using kinesins moving over immobilized microtubules

is that the transport distances are generally shorter than distances achieved by

many immobilized motors moving long microtubules across surfaces. Single-

molecule experiments have shown that during each encounter, conventional kine-

sin moves approximately 1 mm along a filament before detaching [39, 85]. These

motors can then reattach and move further; however, for long distance transport,

longer run lengths are desired. Somewhat longer transport distances can be

achieved by modifying the motors to increase the amount of positive charge in

the ‘‘neck’’ region adjacent to the head [86] or by binding multiple motors to the

desired cargo such that dissociation of one motor does not lead to dissociation of

the entire cargo. These dissociation problems highlight the fact that if immobilized

microtubules are used, they not only need to be uniformly aligned, but they need

to be immobilized at high densities to maximize the rate of motor reattachment.

To make this geometry feasible for analyte transport applications, more work needs

Figure 8.7. Three methods to create an array

of uniformly oriented microtubules on a

surface. (A) Brown and Hancock immobilized

short microtubule seeds on an adhesive

region, grew microtubules exclusively from the

‘‘plus’’ ends of these filaments, and then

aligned and immobilized them. (B) Limberis

and coworkers bound antibodies for a-tubulin

to the surface, captured microtubule ‘‘minus’’

ends and then aligned the microtubules by

fluid flow. (C) Prots and coworkers used fluid

flow to align kinesin-driven microtubules and

then immobilized these filaments on the

surface. (Reprinted with permission from Refs.

[46, 82, 83] 8 2002 and 2001 American Chemi-

cal Society and 2003 Elsevier, respectively.)

258 8 Protein-based Nanotechnology: Kinesin–Microtubule-driven Systems for Bioanalytical Applications



to be done to develop facile methods to create high density, uniformly oriented

microtubule arrays.

8.6

Cargo Attachment

Another important hurdle for achieving useful transport from the kinesin–

microtubule system is developing methods for selective and reversible attachment

of cargo to the microtubules and/or motors. For microtubules moving in micro-

channels, the long-term vision is that the microtubules will pick up their cargo at

one site and be transported along a channel, and the cargo will be deposited in a

collection or analysis chamber. The question is: how is cargo attached to micro-

tubules? Successful approaches and future ideas are reviewed here.

One problem with attaching cargo to microtubules is that, in contrast to motors,

it is difficult to use the tools of molecular biology to modify tubulin sequences.

Generally, tubulin for these applications is purified from cow or pig brain and it

is currently prohibitively expensive to produce genetically engineered large animals

for this purpose. In vitro expression of recombinant tubulin has been achieved [87],

but it is technically demanding and yields are low. Hence, the primary route to

modifying microtubules to enable cargo attachment has been to covalently link

functional cargo attachment groups to the microtubules. By attaching reactive N-
hydroxysuccinimidyl (NHS) groups to exposed amine residues on tubulin, micro-

tubules have been covalently labeled with a number of fluorescent dyes and biotin

[34]. Biotinylated microtubules have by far been the most widely used. Avidin (or

its relatives streptavidin and neutravidin) contains four high-affinity biotin binding

sites, enabling sandwich configurations where biotin-functionalized cargo can be

attached to biotinylated microtubules [88, 89].

Proteins, single-stranded (ss) DNA or RNA molecules and cells represent three

potential types of cargo that can be transported, separated and/or concentrated by

the kinesin–microtubule system (Fig. 8.8). To date, all three types of cargo have

been attached to microtubules through biotin–avidin chemistry. Biotinylated anti-

bodies can be purchased from commercial sources or antibodies of interest can be

biotinylated using amine-reactive biotin sold by Molecular Probes (Invitrogen,

Figure 8.8. Attaching cargo to a microtubule

through biotin–avidin chemistry. Biotin

molecules (black dots) that are covalently

linked to tubulin subunits bind streptavidin

protein (which has four biotin binding sites).

Biotin-functionalized antibodies (left), DNA

oligonucleotides (center) or particles (right)

can be linked through the streptavidin and

transported by the immobilized kinesin

motors.
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Carlsbad, CA). These biotinylated antibodies can be attached to microtubules by

incubating biotinylated microtubules first with neutravidin and then with the bio-

tinylated antibody, but care must be taken not to overload the microtubule [89]. As

the neutravidin binds to the same microtubule surface that the kinesin motors

bind to, a portion of the tubulin subunits must remain unlabeled to enable motor

binding. By attaching anti-GFP (green fluorescent protein) antibody to micro-

tubules, we showed that microtubules can pick up and transport protein cargo

along kinesin-functionalized surfaces [90]. This important proof of principle im-

plies that microtubules could be modified to transport any protein for which a suit-

able antibody exists.

A second important cargo is nucleic acids. A possible application for a kinesin-

based analytical device would be RNA analysis for examining gene expression in a

small tissue sample or for detecting viruses. DNA microarrays are now widely used

for expression profiling – determining what mRNA species are being expressed in

a cell or tissue under certain conditions. However, if the sensitivity could be in-

creased, smaller sample volumes could be used, ideally to the point where mRNA

levels from individual cells could be analyzed. As this enhancement would remove

any signal loss due to heterogeneity between different cells in a tissue biopsy, this

is an active area of research. A kinesin-based transport device would be very valu-

able if it could bind selected mRNA from a cell lysate, transport these analytes

down microscale channels, detect their presence and concentrate them in a collec-

tion chamber for later analysis such as sequencing or polymerase chain reaction

(PCR) amplification (Fig. 8.9). To demonstrate the feasibility of nucleotide trans-

Figure 8.9. Diagram of a motor-based detec-

tion and purification scheme. Top panel shows

an integrated system including a sample cham-

ber containing microtubules and analyte,

kinesin-functionalized microchannels through

which cargo is transported, a LED excitation

source and photodiode (PD) detector inte-

grated into the channels, and electrodes (E)

to direct cargo-laden microtubules to the

collection chamber. Bottom panel shows that

kinesin-based transport that will drive the

system. (Reprinted from Ref. [53], with kind

permission of Springer Science and Business

Media.)
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port by microtubules, Muthukrishnan and coworkers bound ssDNA oligonucleo-

tides to microtubules through biotin–avidin chemistry and then bound fluores-

cently labeled complementary DNA oligonucleotides to these microtubules. Like

the protein cargo-functionalized microtubules, these DNA cargo-functionalized mi-

crotubules were faithfully transported across kinesin functionalized surfaces [88].

Diez and coworkers showed that kinesins can also be used to transport and stretch

large pieces of DNA. l-phage DNA attached to microtubules through biotin–avidin

chemistry was transported along surfaces by immobilized motors and, when

bound at one end to the surface or another microtubule, could be stretched by the

motor forces up to its maximum contour length [91].

Another cargo attachment strategy that has been investigated is using cyclodex-

trins attached to microtubules [92]. These versatile molecules are cyclic oligosac-

charides that contain a hydrophobic cavity that can be engineered to bind small

molecules and proteins [93]. As they can be biotinylated, they can be attached to

biotinylated microtubules through a streptavidin crosslinker and transported by

surface-immobilized kinesins. Kato and coworkers reported that cyclodextrin-

functionalized microtubules moved more than 10-fold slower than normal micro-

tubules, indicating the attachment unfavorably altered the surface of the micro-

tubule [92]. Hence, work needs to be done to improve this strategy, but it has the

potential to be of significant utility. Other cargo-binding approaches can be envis-

aged such as designing RNA aptamers through directed evolution [94], and attach-

ing these to microtubules through biotinylated bases, but no work has been pub-

lished to date in this area.

8.6.1

Maximum Cargo Size

An important question for kinesin-based transport is: what is the size limit for

cargo transported by kinesins and microtubules? To investigate the potential utility

of kinesins in microscale devices, Limberis and Stewart attached kinesins to

10� 10� 5-mm3 silicon microchips and found the chips moved at normal motor

speeds along immobilized microtubules [56]. Similarly, Jia and coworkers attached

clumps of gold nanowires 6 mm long to microtubules and found that they were

transported at normal speeds along motor functionalized surfaces [53]. The fact

that the viscous drag forces did not affect the motor transport speeds suggests

that even larger objects can be transported. The theoretical maximum size of an

object that can be attached to a microtubule and transported by kinesins is calcu-

lated below.

The theoretical size limit for spherical objects that can be attached to micro-

tubules and transported by molecular motors can be calculated by comparing mo-

tor forces to viscous drag forces for a sphere in aqueous buffer. Individual motors

can exert 5–8 pN of force [37, 38, 95]. Kinesin motors can be adsorbed on surfaces

to densities of 1000 motors mm�2 or more, so it is reasonable to expect a long mi-

crotubule to be able to interact with hundreds of motors [42]. If motor forces sum

(which has not been definitively shown, but is consistent with a number of experi-
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mental observations), then it is possible that motor forces pushing a microtubule

could approach 1 nN. The drag force on a particle moving in aqueous solution is

equal to

F ¼ gv ð6Þ

where g is the drag coefficient and v is the velocity [52]. For a microtubule moving

cargo at 1 mm s�1, the drag coefficient, g, that results in 100 pN of force, which

would start to slow the microtubule, is 10�4 Ns m�1. The drag coefficient of a

spherical object can be calculated from Stokes’ law, given in Eq. (2) above. Solving

for the diameter of a sphere that would start to slow down the microtubule – the

result is 1 cm! Hence, the range of objects that can in principle be transported by

this system has only begun to be explored.

8.7

System Design Consideration

The development of biomotor-driven microscale devices has evolved in three

phases: (a) recapitulating intracellular motility in in vitro experiments, (b) control-

ling microtubule transport using microfabrication, surface processing and other

techniques, and (c) creating integrated functional devices. The first phase was com-

pleted by the early 1990s. The second phase has been the focus of considerable ef-

fort over the last five years and, although it will continue to advance, the progress

will likely slow somewhat. It is now that researchers are turning to the third phase,

i.e. device development. There are a number of issues that need to be resolved

for this work to move forward, such as protein lifetimes, sample introduction, and

analyte detection and processing. Progress to date in these directions and future

efforts towards these goals are reviewed here.

8.7.1

Protein Stability and Lifetime

As a tool in nanotechnology, there is a trade-off between the exquisite functionality

of biomolecular motors and their robustness. For their small size, kinesins are able

to achieve long-range transport of microtubules at appreciable speeds and generate

significant forces. Due to their small size, they have the potential to be integrated

into very microscale and nanoscale device geometries, enabling redundancy, multi-

plexing, minute sample analysis and minimal reagent costs. However, because

they are proteins, they are much more fragile than most nanoscale materials. To

assess their potential utility when integrated into analytical devices, and to inves-

tigate alternate design approaches, it is necessary to determine the lifetime of

kinesin motors and microtubules under normal operating conditions, and then to

find conditions that extend these lifetimes.
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Under normal laboratory conditions, taxol-stabilized microtubules are stable at

room temperature for roughly 1 week [96, 97], and kinesin motors are stable on

the order of hours to days depending on their concentration, storage buffer, tem-

perature and other variables. For experiments on motor fundamentals, as long as

the motors are stable for a working day, there is no need to put the work in to ex-

tend their lifetime because each morning a new aliquot of protein can be thawed

from the �80 �C freezer. Hence, it has been the interest in device integration that

has driven experiments to uncover the mechanisms that limit the working life-

times of kinesin and microtubules, and to extend these lifetimes.

In the kinesin–microtubule field, the most convenient technique for observing

motor function is fluorescence microscopy. Microtubules can be visualized by dif-

ferential interference microscopy, but for applications where motors and/or cargo

are to be observed fluorescence is much more versatile. In the microfluidics field,

a standard approach for creating channels has been PDMS molding and bonding

to glass [98] and in a perfect world these two approaches could be combined. How-

ever, workers studying fluorescent microtubule movements in PDMS channels

quickly ran into problems with photodamage [99]. In the standard microtubule

gliding assay, the microtubule cocktail includes buffering salts, ATP to drive motil-

ity, and an antifade consisting of an oxygen-scavenging system and reducing agent

[41, 45]. In the absence of antifade, exposure of the fluorescent microtubules to the

high-intensity mercury arc lamp used for fluorescence excitation results in rapid

photobleaching, loss of movement and microtubule depolymerization due to oxy-

gen free radical damage. With antifade, the movement of rhodamine-labeled

microtubules can be visualized for roughly 10 min under continual high intensity

illumination. Without illumination or by shuttering the light, microtubule move-

ment lasts for around 10 h or longer [100]. However, when the flow cell is enclosed

with PDMS instead of glass, illumination leads to inhibition of motion and micro-

tubule breakage or depolymerization after approximately 1 min [99, 100]. The

cause of failure was traced to the high oxygen permeability of this silicone polymer,

which overwhelms the antifade’s ability to remove all of the soluble oxygen. PMMA

enclosures also showed this same property. While these results do not rule out

these materials as device components, if they are to be used they must be

combined with another barrier to oxygen diffusion, increasing the complexity of

fabrication.

A central concern in the feasibility of kinesin–microtubule powered devices is

long-term storage: if hybrid biological/synthetic devices are manufactured, how

long can they be preserved before use? Interestingly, this is a similar concern in

the field of tissue engineering, where products like artificial skin that include live

cells integrated into a polymer scaffold must be made at a manufacturing site,

stored and shipped, and then unpacked and used by a doctor. The obvious first

approach is freezing; kinesin motors, tubulin and even taxol-stabilized micro-

tubules can be frozen on liquid nitrogen and stored at �80 �C for years with little

loss in functionality. In theory, hybrid devices could be simply dunked in liquid ni-

trogen and thawed before use, but there are a number of possible problems with

this approach, including mechanical problems due to unequal expansion coeffi-
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cients of the various materials and the requirement for a deep freeze at every point

of use.

There has been some recent work on novel methods for extending kinesin and

microtubule lifetimes that has yielded interesting results. With the goal of identify-

ing material-processing approaches that could be used to created hybrid devices,

Verma and coworkers tested the stability of casein, kinesin motors and micro-

tubules when exposed to various solvents and strippers used in materials process-

ing and nanofabrication. Interestingly, kinesin motors survived when exposed to

either pure isopropyl alcohol or acetone – two solvents commonly used to remove

photoresist [101]. Microtubules were less robust than motors, but they did survive

exposure to 1:4 dilutions of these chemicals in aqueous buffer and these diluted

solvents retained their ability to strip photoresist. While not directly impacting de-

vice lifetime, these studies provide new approaches for device manufacture and

they suggest that these proteins are more stable than may be indicated by their

lifetimes in buffer at room temperature. In other work, it was found that drying

immobilized kinesins by wicking the solution out of flow cells and storing them

under different conditions resulted in longer kinesin lifetimes [102]. Hence, it is

possible that instead of freezing hybrid devices, simply desiccating them and

then reconstituting them may provide a simple alternative. These findings should

lessen the constraints to hybrid device design.

8.7.2

Sample Introduction and Detection

Two future hurdles to creating kinesin-driven analytical devices are sample intro-

duction and analyte detection. To date there is scant work in this area, but because

these requirements are universal to virtually all sensor systems, ideas and modules

will undoubtedly be borrowed from other disciplines. With respect to sample intro-

duction, one design constraint is that these biomotors work in aqueous environ-

ments. As discussed above, kinesins can survive being dried or exposed to solvents,

but for their proper function they must remain in proper buffer solutions. Hence,

to detect airborne particles (e.g. viruses or bacteria), the samples would need to be

concentrated (i.e. filtered) from the atmosphere and then transferred to the aque-

ous state. While not impossible, there are clearly a number of engineering prob-

lems to be solved for this application to become feasible.

An area where the strengths of kinesin-powered devices are maximized is the de-

tection of proteins, RNA or small molecules in minute aqueous samples. As dis-

cussed above, detection of specific molecules from single cells is a holy grail of

sorts for bioanalytical detection. Delivering the contents of single cells to kinesin-

powered transport and detection machinery is a task in itself. Both convective flows

and dielectrophoresis have been used to transport cells in microfluidic systems

[103, 104]. Additionally, both optical and electrical methods have been developed

to rapidly lyse cells, enabling their intracellular contents to be delivered to the

microanalysis machinery [105, 106].
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8.7.3

Analyte Detection and Collection

As in all analytical systems, analyte detection will be a key component to future

kinesin-powered hybrid devices. The first choice for analyte detection is fluores-

cence, because it is sensitive and is the standard technique for observing micro-

tubules moving in channels. Building on work guiding microtubule transport in

microfluidic channels, analyte detection could be achieved by binding the analyte

to the microtubule and observing the change in fluorescence. If the analyte (cell,

protein or nucleotide) is fluorescent and has a different emission peak than the

fluorophore labeling the microtubule, analytes could be detected by observing the

microtubule fluorescence at one wavelength and measuring the analyte fluores-

cence at a second wavelength. In this case, the microtubule acts to both concen-

trate and to localize the analyte.

While this detection could be achieved using epifluorescence microscopy, there

is potential for achieving much more utility and sensitivity by integrating the

optical components into the microfluidic chips containing the motors and analyte.

For instance, if an LED and photodiode are integrated into the microchannel

containing the microtubule and bound analyte, the detector could be within

microns of the sample (Fig. 8.9). This placement should maximize photon capture

and reduce background signal due to extraneous signal. One advantage of using

the kinesin–microtubule transport system for analyte detection is that the move-

ment speed is stereotyped, so for low signal levels the time average of fluorescence

as the analyte moves across the detector could be used to increase the signal-to-

noise ratio.

8.8

Conclusion

Due to the highly evolved properties of protein machines, there is incredible

potential in integrating them into hybrid biological/synthetic devices. Their

nanometer-size scales match well with emerging nanofabrication capabilities and

novel functional nanoscale materials. A continuing struggle in nanotechnology is

finding techniques to manipulate and organize molecules and nanoparticles in

cases where self-assembly is not energetically favorable. As biomolecular motors

have evolved to transport and organize biological materials on the nanoscale and

microscale in cells, they have the potential to solve a number of these general prob-

lems in nanotechnology. This chapter reviewed the in vitro transport capabilities

of kinesin motors, with an eye toward creating microfluidic devices for analyte de-

tection. This application is one of the first envisaged for these particular protein

machines and it is anticipated that as new approaches are developed for to gain

ever more control over the kinesin–microtubule system, these biological machines

will be applied to other nanoscale systems.
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9

Self-assembly and Bio-directed Approaches for

Carbon Nanotubes: Towards Device Fabrication

Arianna Filoramo

9.1

Introduction

Silicon-CMOS technology is the base of present hardware technology for informa-

tion processing. Until now, its evolution has been governed by Moore’s law (from

the 1970s), stating that microprocessor performance (defined as the number of

transistors on a chip) doubles every 18 months. However, the International Tech-

nology Roadmap for Semiconductors (ITRS) [1] predicts that the present CMOS

technology will reach its fundamental limits in terms of miniaturization by 2010–

2015, concurrently with a dramatic increase in the cost of the production units.

This prompts us to study and develop alternative nanofabrication technologies

that will enable the production and manipulation of well-defined structures at the

nanoscale level. Indeed, it is well accepted that conventional technologies based on

the ‘‘top-down’’ approach are foreseen to experience experimental difficulties. This

is due to the existence of various physical effects that do not down-scale properly

and, most importantly, to the fabrication cost issues at the nanoscale dimension.

At this scale, as also stressed in the IST Technology Roadmap for Nanoelectronics

[2], self-assembly and, more generally, ‘‘bottom-up’’ approaches appear to be a

more reasonable way to assemble nano-objects into circuits with a two- and/or

three-dimensional layout. In particular, self-assembly is also identified as the most

promising way to significantly reduce the fabrication costs compared to what is

expected for standard top-down silicon-based devices. Indeed, the basic idea of

self-assembly is to use a process involving the spontaneous self-ordering of sub-

structures into superstructures. This spontaneous self-ordering is due to specific

chemical or physical properties of matter and relies on the natural tendency of

the system to search for a stable configuration. This chapter is not meant to be an

exhaustive review of self-assembly techniques, but rather a focused discussion on

the application of this concept to a particular nano-object – the carbon nanotube

(CNT). At present there are several materials with potential for the fabrication of

new-generation nanodevices. They vary from conventional semiconductors to con-

jugated molecules, but among them CNTs are one of the most interesting. This is
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due to the wide range of physical properties they can show as a function of their

shape and geometry.

CNTs have already been used to fabricate nanodevices, like field-effect transistors

(FETs), with very interesting performance characteristics. In this chapter we de-

scribe their fabrication techniques, as well as their principal characteristics. The

chapter also contains a more general discussion about these unique materials and

their nano-applications. In this sense, we provide a discussion on the relevance of

using CNTs as active elements in future nanoelectronic devices. We also critically

consider the existing techniques that, by self-assembly, enable us to selectively

place the nanotubes at specific locations on a substrate in a circuit configuration.

The self-assembly methods we will consider in this chapter are: in situ chemical

vapor deposition (CVD) growth, the self-assembled monolayer (SAM) technique

and the DNA-directed approach. We present their advantages, drawbacks and per-

spectives. In particular, we discuss in detail the DNA-directed approach. This bio-

directed method constitutes a genuine and complete molecular-scale bottom-up

method, since it relies on recognition properties inherent to biological entities

and can be employed without using any standard lithography technique (a finger-

print of the top-down strategy). As well as the economically very appealing interest

of a self-assembly technique is generated by the perspectives of important reduc-

tions in fabrication costs, DNA-directed self-assembly could in addition bring truly

new technological perspectives by introducing a disruptive strategy and by stimu-

lating the development of novel architecture paradigms, which could include con-

cepts like self-repairing features, reconfigurability, three-dimensional design and

massive parallel processing.

The chapter is organized as follows. Section 9.2 presents a brief review of the

basic physical features of CNTs, their synthesis methods and the different families

of CNT applications reported in the literature. Section 9.3 is devoted to the discus-

sion of the techniques of fabrication of CNT transistors. Here, the interest in self-

assembly is highlighted. The first self-assembly method to be detailed is in situ
CVD in Section 9.4, whereas two post-growth approaches are extensively discussed

in the following two sections: in Section 9.5 we review the SAM method and in

Section 9.6 we discuss the different aspects of the DNA-directed self-assembly tech-

nique for nanotube electronic applications. Finally, we draw our conclusions in

Section 9.7.

The scope of the chapter is to provide an introduction and an overview of the

current state of the fabrication of devices made of CNTs by using self-assembly.

Nonetheless the degree of maturity of the presented nanofabrication methods is

variable; we provide a critical comparison of their perspectives and an analysis of

the issues to be solved before they could be integrated to real-world applications.

This aims to give to the reader the elements to think about the strategies to be con-

ceived for the future developments of the different nanofabrication techniques.

The focus of the chapter is more on the fabrication of devices by self-assembly

methods than on the details of their functioning, which are left to the appropriate

cited references. This chapter, with the help of the included references, will give
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the reader the necessary tools to acclimate, evaluate and enter into this interesting

field of research.

9.2

CNTs: Basic Features, Synthesis and Device Applications

Since their discovery in the early 1990s by Sumio Ijima [3], CNTs have been a priv-

ileged subject of fundamental and applicative research due to their extraordinary

physical properties [4]. For instance, their excellent resilience, tensile strength and

thermal stability can be used for resistant car bodies, earthquake-resistant build-

ings or microscopic robots. More generally, the wide range of potential applications

in vastly different domains is a result of the numerous and varied aspects of their

physical, chemical, mechanical and electronics properties. Long-term exploitation

of these unique properties is expected to allow the elaboration of a whole new fam-

ily of valuable devices.

9.2.1

Basic Features

CNTs can be divided in two classes: single-wall CNTs (SWNTs) and multiwall CNTs

(MWNTs). A SWNT is basically a rolled-up shell of graphene sheet made of hexag-

onal carbon rings with half-fullerenes capping the shell ends. MWNTs were discov-

ered first and are a stack of SWNTs of different diameters disposed in a concentric

geometry (like Russian dolls). These two kinds of CNTs are schematically pre-

sented in Fig. 9.1.

Figure 9.2(a) shows a small part of the graphene lattice, with carbon atoms la-

beled according to the Dresselhaus notation [4]. The nomenclature ðn;mÞ, with
n > m, used to identify SWNT refers to integer indices of two graphene unit lattice

vectors corresponding to a nanotube’s wrapping index known as the chiral vector.

Figure 9.1. Schematic representations of a SWNT (a) and a MWNT (b).
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The chiral vector determines the direction along which the graphene sheet is rolled

to form the nanotube. It is, by definition, perpendicular to the tube axis vector. The

tubes of type ðn; nÞ are commonly called armchair nanotubes because of their

shape ( ) perpendicular to the tube axis. They make a chiral angle of 30�.

The tubes of type ðn; 0Þ are called zigzag nanotubes due to their shape ( ) perpen-

dicular to the tube axis. They make a chiral angle of 0�. All the remaining tubes are

called chiral nanotubes and have a chiral angle y with 0 < y < 30� (see Fig. 9.2b).

CNTs thus possess both nanometric (related to their radius) and microscopic (re-

lated to their typical length) characteristic. Correspondingly, most of their original

physical properties result from this hybrid nature. For electronic purposes we are

principally concerned with the transport properties of CNTs.

In this context, single-wall nanotubes are particularly interesting because of the

Figure 9.2. The graphene sheet is a planar

hexagonal lattice of carbon atoms (a). We can

recognize the unrolled honeycomb lattice of a

nanotube. SWNTs with different chiralities are

obtained by rolling-up parts of the graphene

sheet along different axes: an arm-chair, a

chiral and a zigzag (from top to bottom in b).
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following singular physical property: a SWNT can show either metallic or semi-

conducting behavior, depending on its chiral vector ðn;mÞ. The general rule is that

if the difference n�m is an integer multiple of 3 then the nanotube is metallic,

whereas in all the other cases the nanotube is a semiconductor. As a consequence,

if all chiralities are equiprobable, the metallic:semiconductor abundance ratio for

SWNTs should be 1:3. Most importantly, one can envisage the realization of struc-

tures with specific transport properties by combining CNTs of different nature

into the same device. For instance, nanotubes with different chiralities can be

connected to obtain heterojunctions. Applications of SWNTs as electronic devices

are discussed in a later section. Concerning MWNTs, the stacking of nanotubes

with different chiralities can bring more unexpected results, as suggested by first-

principles calculations. Indeed, the outcomes of such model calculations show that

the interlayer coupling, which in most cases has little effect on the electronics

properties of the individual tubes, can, under specific conditions of the relative po-

sitions of one tube shell with respect to the other, strongly modify their individual

properties [5].

Finally, it is also important to recall that nanotubes have good elastomechanical

properties and that they are thermally very stable. This is related to the fact that the

two-dimensional arrangement of carbon atoms in a graphene lattice allows large

out-of-plane distortions while the strength of carbon–carbon in-plane bonds keeps

the graphene sheets exceptionally strong against distortions [6–8]. Experimental

observations of distortions induced to a nanotube demonstrate this high elasticity

and point towards its possible use as lightweight, highly elastic material [9–12].

Therefore, CNTs provide one-dimensional wires that enable the fabrication of dif-

ferent complete families of electronic devices.

9.2.2

Synthesis of Nanotubes

There are mainly three methods for the synthesis of nanotubes: arc-discharge [13–

18], laser ablation [19–21] and CVD [22–26]. The first two are evaporation methods

that employ solid-state carbon precursors as carbon sources for nanotube growth

and involve carbon vaporization at high temperatures (in an oven at 1100–

1200 �C) assisted, respectively, by an arc-discharge or laser ablation. In order to

achieve nanotube growth some metal catalysts are added in the solid graphite

source. The third method utilizes hydrocarbon gases as sources for carbon atoms.

It also employs metal catalyst particles as ‘‘seeds’’ for nanotube growth, but the

process takes place at relatively lower temperatures (500–1000 �C). More details

about the CVD method are given in Section 9.4. These three methods have not

been equally used in the literature.

Currently, the majority of the work published on the synthesis of CNTs (MWNTs

and SWNTs) deals with different types of production by using the CVD route. A

large variety of successful production approaches based on this method have been

reported in recent years. Indeed, CVD processes are expected to be the solution for

the mass production of CNTs.
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The state-of-the-art synthesis achievements using CVD methods are: (a) produc-

tion of centimeter-long CNTs [27, 28], (b) synthesis of CNTs along the direction of

an applied electric field [29] and (c) very regular ordering of CNTs grown on tem-

plates [30]. The major problems of CVD-based approaches for SWNTs synthesis

are: (a) the difficulty of producing CVD-SWNTs with a narrow diameter distribu-

tion and (b) the tubes produced generally have more defects. It is worth pointing

out that although the best-quality SWNTs so far are produced by evaporation-

related methods, the difference with CVD ones is becoming less and less

significant.

It should be stressed that an important issue in the growth of SWNTs is the con-

trol of the tube diameter and of the chirality distributions. These two parameters

are of prime importance in transport studies, since (a) as mentioned in Section

9.2.1, the chirality of a SWNT determines its intrinsic metallic or semiconducting

conductive properties and (b) the current of a nanotube transistor in its off-state is

strongly dependent upon the nanotube bandgap, which is inversely proportional to

the tube diameter d (the bandgap of a semiconducting SWNTz 1=d). Despite the

importance of having a good control of these distribution parameters, none of the

three synthesis methods has yielded bulk materials with homogeneous diameters

and chiralities. So far, evaporation techniques remain the best for the selective syn-

thesis of SWNTs with a narrow diameter distribution [31, 32]. With respect to the

chirality issue, two interesting reports should be mentioned: the first achievement

concerns a preferential CVD growth of semiconducting SWNTs (with a yield of

90%) [33], while the second one concerns a postsynthesis method to separate me-

tallic from semiconducting nanotubes [34].

9.2.3

Device Applications

A large number of studies on CNT applications have been reported in the literature

[35]. They span from field emission electron sources [36–41], supercapacitors [42–

44], artificial muscles [45–47], nanoelectromechanical systems [48–53], photoac-

tuators [54], controlled drug delivery/release [55, 56], reinforcement of materials

[12, 57–61], composite printable conductors [62], optical components [63, 64],

nanoelectronic components [65], scanning probe tips [66–68], etc.

Here, we consider nanoelectronic device applications. In particular, we focus on

transistors made of nanotubes and only briefly discuss their nanosensor applica-

tions. Indeed, it has been experimentally demonstrated that an individual semi-

conducting SWNT can be used as the channel of a CNTFET [69, 70]. In 2001, dif-

ferent achievements were accomplished: the demonstration of a room temperature

single-electron transistor (SET) [71] and of nanotube transistors showing gain

above unity [72], as well as the realization of logical gates mimicking CMOS ones

(but with a lateral channel extension reduced to 1 nm) [72, 73]. Recent experimen-

tal [74–79] and theoretical [79–82] studies on CNTFETs showed that most of them

work as Schottky barrier transistors. Their switching characteristics are limited by

the Schottky barriers at the metal/nanotube junction that brings to the fore the
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crucial role of interfaces in such a transistor. By optimizing the nanotube/electrode

interface [74, 78, 83] and the gate coupling, the device characteristics can be im-

proved both in the ‘‘on’’ and ‘‘off ’’ states. Some CNTFETs [84, 85] already exhibit

a level of performance comparable to state-of-the-art silicon MOSFETs (at compara-

ble geometry).

It is worth pointing out that SWNTs are also an ideal material for nanosensor

fabrication – their one-dimensional structure and their high specific area make

the conductance of semiconducting SWNTs highly sensitive to very small amounts

of molecules [86].

More precisely, in the context of sensor applications, the exceptional properties

of nanotubes are exploited mainly in two ways. The first approach is based on the

changes in electrical characteristic of a device constituted by an individual (or very

few) SWNT in a transistor configuration. In this case the current in the device is

modified by the interaction of the molecules with the semiconducting SWNT chan-

nel and/or with the electrodes of the transistor. In some cases the SWNT can be

appropriately functionalized in order to enhance its interaction with and its sensi-

tivity to the molecules to be detected. We can quote sensors of gaseous molecules

[52, 87], proteins [88, 89], pH/glucose [90], aromatic compounds [91], humidity

[92] and DNA hybridization with high sensitivity (concentrations as low as 6.8 fM

solution) [93].

In the second approach, the CNTs are used as electrode materials in electro-

chemical cells [94]. Since their first application for the oxidation of dopamine

[95], an increasing number of studies have been devoted to the CNT electrocata-

lytic behavior towards the oxidation of biomolecules. We can quote studies on dop-

amine [96–98], ascorbic acid [96], epinerphrine [96, 98], 3,4-dihydroxyphenylacetic

acid [99], homocysteine [100], thyroxine [101], glucose [102, 103], total cholesterol

in blood [104] and DNA hybridization sensors [105–107]. The advantages pre-

sented by the CNT electrodes with respect to traditional carbon electrodes are

better conducting characteristics, higher chemical stability, increased reaction

rates, improved detection limit and reversibility. However, it should be noted that

in most of these applications the nanotubes were utilized as a bulk material and

not as an individual nano-objects. The nanotubes are generally dispersed in solu-

tion by chemical treatments, then incorporated in a matrix and deposited as (or

onto) the electrodes. In some more recent reports the nanotubes are directly grown

on the electrodes by CVD methods. A recent overview of this type of biosensors

can be found in Ref. [108].

9.3

Fabrication of CNT Transistors and Self-assembly Approaches

The majority of the works reported on CNT transistors concern the study of their

fundamental properties and performance. In this framework, the techniques that

have been developed for the fabrication of such devices do not take into account

yield/cost issue and are mainly based on random deposition methods.
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Generally, the nanotubes are produced by an evaporation technique (laser abla-

tion or arc-discharge) and, after a purification step, are dispersed in solution

(typically in 1,2-dichloroethane). Then, they are deposited on an oxidized silicon

substrate [69–78]. The result of this deposition is a completely spatially random

distribution of the nanotubes on the substrate. Indeed, in this condition it is only

possible to control the nanotube density on the surface by varying their concentra-

tion in the solution and not their positioning.

To connect some of these randomly dispersed nanotubes, they are first localized

by atomic force microscopy (AFM) imaging with respect to some location marks

fabricated on the substrate. Then, the best candidates (in terms of position) are

chosen and a set of dedicated electrodes is fabricated. In some cases, a set of pre-

patterned electrodes is already present on the substrate before the nanotube depo-

sition and it is a matter of ‘‘luck’’ if the deposited nanotubes are correctly posi-

tioned on them. This is normally checked by AFM images of the sample. The

same idea is followed if the nanotubes are randomly grown on the substrate by

CVD. Indeed, after the growth, the nanotubes are imaged and the best candidates

are electrically connected. Finally, it is also worth noting that each nanotube tran-

sistor does not always have its own gate electrode and that generally the conductive

reverse side of the silicon substrate is used as a back-gate.

However, the possible use of CNTs as active elements in future nanoelectronics

is closely related to the question of legacy/compatibility with present information

technology. Indeed, it is quite unlikely that a system based on a new technology

consisting of architecture with completely random disposition of such devices

could be introduced and accepted. Therefore, to take full advantage of the unique

electrical properties of SWNTs in device/circuit applications, it is desirable to be

able to selectively place them at specific locations on a substrate with a low-cost,

high-yield self-assembly-based technique.

Nowadays, the state-of-the-art of self-assembly of CNTs devices can be divided in

two different classes of self-assembly methods: (a) in situ CVD growth, where the

localization arises from the catalyst controlled positioning, and (b) post-growth lo-

calized deposition on a substrate. In the latter case, the nanotubes are first grown,

handled in solution and only subsequently positioned on the substrate. Obviously,

the technique chosen for selective placement of the nanotubes must not degrade

the electrical characteristics of the devices and must leave open to all the possibil-

ities of such interesting nano-objects.

The advantage of a post-growth deposition method is that, before deposition,

CNTs can be purified and chemically treated in order to separate them by diameter

[109–111], length [112] or chirality [34, 113, 114]. Moreover, in this predeposition

step the nanotubes can also be chemically functionalized to add to their exceptional

features other interesting chemical or physical properties [115, 116]. As discussed

previously, the drawback to overcome in this case is mainly related to the deposi-

tion issue since it is generally random on the substrate. To solve this SWNT ran-

dom deposition issue, two post-synthesis methods can be used.

The first one is to achieve a selective placement of SWNTs on regions of the sub-

strate that are predefined by surface treatments. This post-growth selective place-
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ment approach is based on the use of SAMs to modify the surface properties of

certain regions of a substrate. This, in turn, affects the interactions between the

sidewalls of a CNT and the surface, and the CNTs are preferentially attracted there.

The second approach could solve the deposition challenge using biological scaf-

folds, as DNA molecules, to realize site-controlled implementation of nanocompo-

nents. Indeed, the unique intra- and intermolecular recognition properties of DNA

have already been used to build-up scaffold structures and position nanoparticles

[117–121].

These two post-synthesis methods are discussed Sections 9.5 and 9.6, while the

in situ CVD approach is discussed in the next section.

9.4

In situ CVD Growth

The in situ CVD method is based on the selective growth of CNTs on specified lo-

cations on the substrate. We now present the main aspects of this technique.

As previously mentioned, the first step of the CVD is the energy-activated de-

composition of some hydrocarbon gas. The energy source can be either a plasma

or a resistively heated coil and its function is to ‘‘crack’’ the gaseous molecules to

provide reactive carbon atoms. Such carbon atoms diffuse towards the substrate,

which is heated and coated with a transition metal catalyst. Then, the carbon atoms

are fixed on the substrate and, if the appropriate conditions are fulfilled, CNT

growth takes place.

The most commonly used gaseous carbon sources are methane, carbon monox-

ide and acetylene. Acetylene is widely used as a carbon precursor for the growth of

MWNTs, which occurs at temperatures typically in the 600–800 �C range. Carbon

monoxide or methane have proven to be more effective for the growth of SWNTs,

since the temperature required is usually higher (800–1000 �C) and acetylene is

not stable at these temperatures.

It should be noted that the CVD method has undergone dramatic and important

developments over the past few years. The yield and average diameter of SWNTs

were optimized by controlling the process parameters [122], and, although the

diameter distribution is not as narrow as for laser ablation synthesis, impressive

progress has been made in the optimization of this growth technique. For in-

stance, as already quoted in Section 9.2.2, some reports have been found to move

from the standard yield of 70% for semiconductor nanotube species [30] to a more

interesting 90% [33].

Concerning the fabrication of CNT devices, the basic idea is to achieve the in situ
localized growth of nanotubes by controlling the localization of the metal catalyst.

Indeed, CVD CNT synthesis is essentially a two-step process consisting of an initial

catalyst preparation step followed by the actual growth of the nanotubes, which

starts at the places where the catalysts are present. Following this strategy, the first

example of localized growth of SWNTs was realized in 1998 [86]. The authors pro-

duced individual SWNTs on silicon wafers patterned with micrometric islands of
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catalytic material. Their synthesis procedure begins with the patterning of catalytic

islands on silicon substrates by electron beam lithography (EBL). More precisely,

they first use EBL to define micrometric square islands in a poly(methyl methacry-

late) (PMMA) resist. Then, they deposit a liquid phase of the metal catalysts

[Fe(NO3)3�9H2O,MoO2(acac)2] mixed with alumina nanoparticles. Finally, they

obtain the catalyst islands by lift-off of the nonexposed PMMA resist. For nano-

tube growth, they used methane as carbon precursors and a temperature of about

1000 �C. Moreover, they limited the formation of amorphous carbon by limiting

the CVD synthesis to short times (maximum 10 min). They found that all the

grown nanotubes were rooted in the islands and that some of them bridged two

metallic islands. Following this pioneering work, much activity on in situ CVD for

CNT devices fabrication has taken place and transistor arrays have been fabricated

[30].

However, there is an important issue to be solved before integrating such a CVD

method with current CMOS technology. Indeed, for the direct growth by CVD of

CNTs on silicon, the temperature regime for the growth of SWNTs and MWNTs

must be compatible with CMOS integration. In this sense, substantial progress has

been recently achieved by the use of a plasma-enhanced CVD (PECVD) method

[33]. In this work, nanotube growth was carried out at 600 �C on SiO2/Si wafers

on which some discrete ferritin particles were randomly adsorbed to act as cata-

lysts. The idea is that the plasma-assisted dissociation of CH4 into more reactive

higher hydrocarbons and more reactive radicals must be favorable for efficient

SWNT growth at lower temperatures. Moreover, the method uses a low-density

plasma that propagates down and reaches the sample placed 40 cm from the

plasma coil, thus preventing any local heating of the substrate. It should be noted

that another advantage of lowering the CVD growth temperature is related to the

diameter distribution and chirality issue. Indeed, it is likely that the size and shape

of the catalytic nanoparticles should be more stable at lower temperatures, leading

to a better control of the size and potential chirality of nanotubes.

In order to fully overcome the growth temperature issue and ensure compatibil-

ity with CMOS technology, a very interesting (but fundamentally different) solu-

tion can be envisaged. Indeed, these kinds of limitations can be completely avoided

by preparing the nanotubes ex situ, functionalizing them and then selectively de-

positing the nanotubes into the CMOS circuit. This is the philosophy of the post-

growth strategies, as discussed in the following sections.

9.5

Selective Deposition of CNTs by SAM-assisted Techniques

The technique of localized deposition assisted by SAMs is nowadays the subject of

large interest. It started with the pioneering works of the groups of Liu [123], Mus-

ter [124] and Choi [125]. It relies either on a local chemical functionalization of the

surface [123] or on an electrostatic anchoring of surfactant-covered SWNTs on

amino-silane functionalized surfaces [124, 125]. The basic idea beyond these pro-
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cesses is the same, but the use of amino-silane surfaces has allowed the control of

both deposition density and selective placement in predefined areas of the sub-

strate of isolated SWNTs. Due to its great importance in the selective deposition

of SWNTs, the SAM-assisted technique is discussed in detail in the following

subsection.

9.5.1

Methodology and Key Parameters

This process can be summarized as follows [126–128]: the patterns (regions for

future selective placement) are defined by performing EBL on a PMMA resist de-

posited on the SiO2 surface of a silicon substrate. After a cleaning step [reactive ion

etching (RIE)], a monolayer of aminopropyltriethoxysilane (APTS) is deposited by

CVD [129–131] to form a ‘‘sticky patch’’ in the regions opened in the resist (see

schematic representation in Fig. 9.3).

Exposure to ethylenediamine (EDA) is used to increase both the surface concen-

tration and the orientation of APTS [132], and consequently to improve interac-

tions with SWNTs. It is likely that this EDA molecule plays the role of a catalyst

during the chemical anchoring of APTS on Si-OH. Indeed, it blocks the hydrogen

bond formation between the amino group and Si-OH [133]. As a consequence, at

the end of the chemical reaction, each amino group is well oriented on the top

of the monolayer and their density increases by around 50%. Gas deposition is

chosen instead of silanization from an aqueous solution, since it yields a much

better control of layer thickness [125]. Once the sticky patch has been formed, it

is expected that the adhesion of SWNTs would be enhanced in the functionalized

Figure 9.3. Schematic vision of the fabrication of the APTS

patterns on the substrate surface. The patterns are defined in a

PMMA resist by standard electronic lithography. Then, the

motifs are developed and, after a cleaning step (RIE), the sticky

patches of APTS are deposited in vapor phase.
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regions with the APTS ‘‘sticky patch’’. Essentially, two ways can be chosen to selec-

tively place SWNT.

The first method consists of working with an aqueous solution, where sodium

dodecylsulfate (SDS) surfactant is used to disperse SWNTs. In this case, the sam-

ple is exposed to the SWNT suspension and then the resist is lifted off to enhance

selectivity by removing any nanotubes that would have been adsorbed on the

PMMA (see schematic representation in Fig. 9.4).

However, in this case, the following bottleneck has to be faced: the density of ad-

sorbed tubes on the surface is too low for the realization of integrated circuits. It

turns out that increasing the concentration of SWNTs in the solution leads mainly

to the deposition of bundles on the surface. The two problems to be solved within

this approach are (a) to improve the dispersion of SWNTs in the solution, and (b)

avoid the competition, in the electrostatic anchoring on the amino-silane surface,

between the SDS micelles present in the solution and the SDS-covered tubes.

In order to avoid these two drawbacks, a second approach has been developed

[126, 127]. The main point is that nanotubes are dispersed not in an aqueous

solvent, but in N-methyl pyrrolidone (NMP). It has been observed [134] that this

solvent allows dispersing nanotubes without any kind of surfactant. Therefore, it

can solve point (a) and eliminates point (b). However, due to NMP interaction

with the PMMA resist, it has been necessary to modify the process as shown in

Fig. 9.5.

Figure 9.4. The sticky patches of APTS are exposed to the

nanotube solution. In this case, to enhance placement

selectivity, the residual PMMA resist is lifted off after nanotube

deposition.

Figure 9.5. After the formation of the APTS patterns, the

residual PMMA resist is lifted off. Then the sample is exposed

to the nanotube solution. In this case, the selectivity is ensured

only by the different affinity of nanotubes with different

(APTS/SiO2) surfaces.
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The main difference with respect to the previous sequence (Fig. 9.4) is the re-

versed order of the last two steps. Thus, in the present case, the resist is removed

before exposure to the nanotube solution. A priori, one would think that the selec-

tivity of the placement would be partially lost; however, this is not the case, as

shown in Refs. [126, 127].

The detailed studies reported in Refs. [126–128] have shown that each of the dif-

ferent steps in Figs. 9.3 and 9.5 play an important role in the selective placement,

and that various parameters critically contribute to the success of the deposition

process. Since these points are of particular importance in mastering the selective

placement technique, we reconsider below the whole deposition process in much

more detail. The discussion will follow Refs. [127, 128].

The nanotubes used in Refs. [127, 128] were obtained by the laser ablation tech-

nique [135]. The pristine SWNT samples first underwent a purification stage as de-

scribed in Ref. [136]. Then, they were dispersed in NMP solvent. The solution was

sonicated [137] and centrifugation was performed [126]. The SWNT concentration

in NMP was varied from 0.1 to 0.005 mg mL�1 and the variation of the density of

deposited SWNTs was recorded. The substrates for that study consisted of 200-nm

thick thermally grown SiO2 on silicon, covered with a monolayer of APTS. The

SWNTs in NMP solution were deposited on the surface for 1 min. Finally, the den-

sity of deposited SWNTs was quantified by AFM experiments. The main results of

this study are presented below.

Before discussing the results concerning the selective placement, it is worth

stressing the excellent deposition yield of the NMP-based approach. For the sake

of comparison, Fig. 9.6 presents AFM images of APTS-treated substrates after

exposure to either an aqueous SDS solution at 1.2 CMC (Fig. 9.6a) or to a NMP

solution (Fig. 9.6b) for the same SWNT concentration and exposure time. Contrary

to aqueous solvents, for the NMP solution the adsorption process on APTS seems

to be independent of any charge effect (thought they cannot be completely ex-

cluded [138]). Indeed, in the case of NMP, the NH2 conversion of the silane group

to NH3
þ by exposure to HCl vapor does not seem to be relevant for the deposition

yield. The adsorption is likely due to an interaction between the amine group of

the APTS and the nanotube, as shown by Kong and Dai [139].

At a concentration of 0.1 mg mL�1, the density is 150 SWNTs on a 4-mm2 area.

This result is comparable to that of Liu and coworkers [123], with 240 CNTs on

a 6.25-mm2 area. Between 60 and 70% of the nanotubes on the recorded AFM

images are less than 1.6 nm high, indicating individual SWNTs or small bundles.

Therefore, the bundling problem observed with surfactants in aqueous solvents

[point (a) above] seems to be much less significant in NMP.

The influences of several parameters on the deposition have been analyzed [126,

128], such as the deposition time, centrifugation speed, sonication time and SWNT

concentration. The distribution of the nanotube diameter appeared similar for all

concentrations (below 0.1 mg mL�1), indicating that there is no significant reduc-

tion of the bundles in diluted solutions. Concerning the centrifugation, the SWNT

solutions were centrifuged for 10 min at different speeds up to 28 000 r.p.m. Un-

like the case of SWNTs in aqueous solvents, the rotation speed seems to have no
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significant effect on the dispersion of nanotubes. Concerning the sonication, after

24 h the tubes were up to 1–2 mm long, but they were severely shortened to less

than 400 nm length if sonicated for 36 h. Finally, as expected, by increasing the

deposition time we observed, accordingly, an increase of the density of SWNTs

deposited.

The principal aim of the study reported in Refs. [127, 128] was to achieve selec-

tive placement of CNTs. For that, the experiments were repeated on patterned sub-

strates. As already mentioned, the resist was removed before SWNT deposition

(Fig. 9.5). In this case, the selectivity is ensured only by the different behavior of

Figure 9.6. AFM images of APTS-treated

substrates after exposure to two kinds of

nanotube solutions. (a) The substrate was

exposed to an aqueous solution with SDS

surfactant, while in (b) it was exposed to a

NMP solution. (c) A bare SiO2 substrate was

exposed to the same NMP solution as in (b),

note that in this latter case no nanotubes

deposition is observed.
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the APTS-treated regions with respect to the nontreated regions. This point was

checked by a preliminary experiment where a nonsilanized and a silanized sub-

strate were exposed to the same nanotube solution. The results are reported in

Fig. 9.6 [b (APTS-treated substrate) and c (nontreated substrate)]. It is clear from

these figures that no deposition is observed for the nonsilanized sample.

An important parameter for the quality of the selective deposition is the geome-

try of the pattern. For the simple stripes geometry, the key parameter is the width

of the stripes. Continuous stripes 500, 200 and 100 nm wide were patterned in

PMMA, then silanized and exposed to the SWNTs in NMP solutions. Figure 9.7

shows the selective deposition obtained for the sample with 100-nm trenches. Suit-

able densities can be achieved for any width by varying the deposition time and/or

the SWNT concentration in the solution within reasonable limits. For the same

experimental conditions, the SWNT density increases roughly by a factor of 2

when the stripe width is increased from 100 to 200 nm. Moreover, was seen in

this study that longer tubes (lengthg 1 mm) are better aligned than shorter ones

and that the quality of alignment is improved for narrower stripes, as already ob-

served for aqueous solutions [125]. Finally, the use of 100-nm wide stripes repre-

sents the best way to limit the number of aligned SWNTs to one, which is crucial

for the reliable study of electrical transport in individual SWNTs [127, 128].

Furthermore, in order to reliably control the fabrication of a large number of

SWNT transistors on the same wafer, it is necessary not only to anticipate the sta-

tistics of deposition on a given pattern, but also the existence of any ‘‘proximity’’

effect, i.e. any effect on the deposition yield due to a possible combined interaction

of patterned areas when they are in close vicinity to each other. SWNT deposition

has been checked on groups of stripes 100 nm wide and 2 mm long spaced by 1, 3

Figure 9.7. AFM image of a sample with a series of

continuous APTS stripes 100 nm wide and spaced 1 mm from

each other. The stripes are defined by lithographic patterning of

PMMA, then silanized and finally exposed to the CNTs in NMP

solution.
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and 20 mm on the same substrate. AFM observation showed a placement yield

superior to 85% in all groups. The constant density of deposition obtained for all

groups clearly indicated that no ‘‘proximity’’ effects were involved in the placement

process. An additional test was performed with the realization of a crossed SWNT

configuration. Finite size crosses 100 nm wide and typically with 750-nm long

arms were submitted to SWNT deposition. Typical results for the deposition of

SWNT on striped and crossed APTS motifs are reported in Fig. 9.8.

It should be stressed that this kind of result (in terms of yield and selective depo-

sition) critically depends on the quality of deposited APTS, and can be obtained

only if the monolayer is perfectly uniform, homogeneous and well ordered.

In conclusion, for SAM-assisted selective placement, the NMP-based method

provides an excellent deposition yield for both unpatterned surfaces and substrates

patterned with different geometries (single and groups of stripes, and arrays of

crosses), and the feasibility of deposition of a limited number of aligned nanotubes

per stripe (ideally one) has already been demonstrated.

The last step in the fabrication of SWNT transistors is the realization of contacts.

The choice of depositing SWNTs by a selective placement approach considerably

simplifies the subsequent contacting process. Indeed, since we define the deposi-

tion areas by EBL, the patterning of electrodes on top of precisely localized SWNTs

is simple. No specific and tedious AFM imaging is required to locate SWNTs, as is

the case for randomly deposited SWNTs. The transistor is fabricated by first selec-

tively depositing the tubes on a silane pattern prepared on a substrate fitted with

position markers. After nanotube deposition, the contact electrodes are patterned

and made using standard lithographic techniques (see Fig. 9.9 for electrodes in

the crossed and striped geometries).

Figure 9.8. AFM images of two samples

with APTS pre-patterned areas of different

geometries, after exposure to a SWNT solution.

(a) A single finite APTS stripe with one aligned

nanotube. (b) A cross APTS pattern with two

nanotubes aligned in each direction of the

cross. No combing technique was applied

during the nanotube deposition.
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Altogether, these results obviously open the way for the controlled fabrication of

a large number of SWNT devices by SAM self-assembly.

9.5.2

Performance of CNTFETs Fabricated by the SAM Method

CNTFETs obtained by random deposition of nanotubes were introduced in Section

9.2.3. The present subsection is devoted to a comparison of the characteristics of

transistors obtained by random and self-assembled depositions.

As already mentioned in Section 9.2.3, CNTFETs have been demonstrated to be

Schottky barrier transistors. As a consequence, their transport characteristics can

depend on the choice of the metal for electrode fabrication. One can check this

point, e.g. by comparing the performance of devices obtained with the same tubes,

but with different types of electrodes; this has actually been done for both ran-

domly deposited [74] and self-assembled [83, 127] CNTFETs.

Figure 9.10 reports the characteristics of self-assembled CNTFETs in two config-

urations: (a) a ‘‘standard’’ configuration with 0.2-nm titanium/40-nm gold elec-

trodes (Fig. 9.10a), and (b) an optimized configuration, hereafter called ‘‘TiC’’

(Fig. 9.10b), with deposition of 20-nm titanium/20-nm platinum electrodes and ap-

plication of rapid thermal annealing (RTA). This RTA process took place at temper-

atures in the range 650–850 �C in inert ambient gas to convert the electrode con-

tacts to titanium carbide (as in Ref. [74]). As the electrodes were fabricated on top

of SWNTs deposited on 200-nm SiO2 film grown on a silicon wafer, the wafer itself

was used as the gate electrode (‘‘back-gate’’ configuration). Electrical measure-

ments were performed in vacuum.

‘‘Standard’’ CNT field effect transistors behaved as p-type FETs, i.e. the dominant

carriers are holes. As shown in Fig. 9.10(a), the transconductance (dID/dVG) for

Figure 9.9. AFM images of two connected samples with APTS

areas of different geometries. (a) A single finite APTS stripe

with one aligned nanotube connected by two electrodes

(source and drain). (b) A 3-D view of a connected crossed

device.
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this kind of device is in the 10�9 A V�1 range and the current modulation occurs

through 4 orders of magnitude. ‘‘TiC’’ CNTFETs exhibited a drastic improvement

of performance. According to several authors, ‘‘TiC’’ decreases the contact resis-

tance for the injection of both p- and n-type carriers [74]. Indeed, the ‘‘TiC’’

CNTFETs in Fig. 9.10 are ambipolar, i.e. they carry a strong current at both

negative and positive values of VG. dID/dVG increases by 2 orders of magnitude

and results in the 10�7 A V�1, range while the current modulation occurs through

6–7 orders of magnitude, which is also 2 orders of magnitude better than ‘‘classi-

cal’’ devices.

The characteristic values of the self-assembled ‘‘TiC’’ devices are close to those

obtained on similar back-gated devices fabricated by random deposition directly

on SiO2 (e.g. as evidenced by the comparison of the results in Fig. 9.10 with those

reported in Ref. [74] for a p-type device). Moreover, it has been shown that the

transport characteristics of ‘‘TiC’’ CNTFETs obtained with both random and self-

assembly techniques are strongly dependent upon the temperature of the anneal-

ing process, with an optimum around 800� 850 K [74, 127].

The results clearly indicate that the electrical performance of self-assembled

CNTFETs is mainly determined by the nanotube/metal contact interfaces and by

their response to the applied electric fields. This obviously suggests that after

RTA, the use of a SAM technique to direct the assembly of the nanotube does not

perturb the transport characteristics of such fabricated CNTFETs. It is worth notic-

ing the importance of this result, which validates the self-assembly approaches for

large-scale production of nanotube-based electronics. Moreover, it should also be

noted that the SAM-based process discussed above is fully compatible with the re-

alization of top-gate devices [140] and/or low thickness and high effective dielectric

constant oxide films [141]. In conclusion, this self-assembly technique allows con-

Figure 9.10. Transport characteristics of the

‘‘standard’’ (a) and ‘‘TiC’’ (b) devices. (a)

Transfer characteristics at room temperature

with source to drain voltage VSD ¼ 200 mV;

dID/dVG ¼ 25 nA V�1. The on:off current ratio

is 104. (b) Transfer characteristics with source

to drain voltage VSD ¼ [0.2 V:1 V]; dID/dVG ¼
0:17 mA V�1. The on:off current ratio is 107.

(Adapted from Ref. [127].)
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trolled and systematic fabrication of CNTFETs with performances reaching the

actual state-of-the-art of CNTFETs as obtained by other techniques.

It should be also mentioned that the APTS monolayers are destroyed in the

annealing process. Thus, it is still pertinent to question the role of the APTS

monolayer on device characteristics when the RTA step is not performed, as it is

the case of standard Ti/Au or Cr/Au electrodes. In order to elucidate this point,

it is necessary to compare the performances of devices made by the APTS self-

assembly technique (called CNTFETs on APTS) with those of CNTFETs made by

random deposition (called CNTFETs on SiO2). A comparison is presented in Fig.

9.11, which shows the ID(VGS) characteristics for the two kinds of devices. The

measurements were performed at room temperature, in air, with the gate bias

swept from the on- to the off-state [83]. We notice that their performances are

very similar: on-state current up to around 5 mA, on:off ratio of 4 orders of magni-

tude, transconductance of 0.4� 0.5 mS and subthreshold slope S ¼ 2000G 300 mV

dec�1. This means that, under typical atmospheric conditions, the performances

are set by the quality of the contacts and the gate efficiency (set by the oxide thick-

ness), independently of the placement technique. Note, finally, that the perform-

ances of the devices used in the comparative study shown in Fig. 9.11 are similar to

the best performances of CNTFETs of comparable geometry reported in the litera-

ture and thus representative of the state-of-the-art of CNTFETs.

In conclusion, the chemical functionalization of SiO2 substrates by an APTS

monolayer brings a relevant solution to the problems of (a) systematic placement

of nanotubes in a transistor geometry and (ii) their subsequent connection to elec-

trodes. Moreover, the use of the SAM deposition process not only does not deterio-

rate the device characteristics (as one may think), but it is also fully compatible

Figure 9.11. Transfer characteristics IDðVGSÞ at VDS ¼ �1 V of

two CNTFETs with a gate oxide thickness of 200 nm. (a)

CNTFETmade by random deposition on SiO2. (b) CNTFET

made by the self-assembly technique. Insets show the same

data in log-scale. (From Ref. [83].)
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with the production of high-quality, state-of-the-art CNTFETs. Finally, more recent

works have shown that it is possible to take even further advantage of the APTS

monolayer to perform chemical optimization of CNTFETs [142]. Indeed, when

compared to a CNTFET on SiO2, a CNTFET on APTS includes an additional, tun-

able, chemical interface (nanotube/APTS) to act onto.

In Sections 9.4 and 9.5 we have considered two approaches (CVD and SAMs)

to perform selective placement of SWNTs. An important motivation was the devel-

opment of a bottom-up technology for the implementation of nanodevices. How-

ever, standard top-down lithography techniques are still necessary in both two

approaches. Indeed, even if the random deposition of nanotubes is avoided and

large-scale fabrication can be envisaged, the patterns for the catalyst or for the

APTS monolayer, as well as the electrodes, are realized by standard lithographic

techniques. A real technological breakthrough in self-assembly would be to develop

a complete molecular-scale bottom-up method. In this context, in the following

section we discuss a promising technique based on the use of a DNA scaffold to

realize nanoscale site-controlled implementation of nanocomponents.

9.6

DNA-directed Self-assembly

Among the new methodologies based on bottom-up approaches for future nano-

technology, the exploration of bio-directed assembly for organizing nano-objects is

one of the most promising. Indeed, the nanoscale is the natural scale on which

biological systems build up their structural elements, and biological molecules

have already shown great potential in the fabrication and construction of nano-

structures and devices.

In this context, the DNA molecule is of particular interest, as highlighted by the

increasing number of recent works devoted to the study of its physical properties

and implementation in nanoelectronics. Indeed, the DNA molecule has already

been successfully used to build up nanostructures [117, 143] or scaffolds for nano-

particle assembly [118–121]. Moreover, one can envisage its use for the assembly of

devices. The key advantage in using DNA as a scaffold for these constructions is

that its intra- and inter-molecular interactions are the most readily known, engi-

neered and reliably predicted. The information contained in DNA sequences can

be envisioned to code:

� The assembly of the scaffold.
� Its selective attachment on the surface microscale electrodes.
� The positioning of nano-objects or nanodevices on the scaffold.
� The realization of electrical connections and circuitry.

This idealized pathway to assemble circuit in two (or three)-dimensional geometry

is very appealing, and, as we discuss in the following, some of the necessary steps

have already been realized and reported in the literature, as well as a first mono-
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device demonstrator [144]. In the following we discuss separately these four as-

pects of the use of DNA molecules for the realization of bio-assembled nanodevices

and nanocircuits.

9.6.1

The Assembly of the Scaffold

In recent years, an increasing number of works have been devoted to the realiza-

tion of nanostructured scaffolds with DNA molecules. The pioneering experiments

concerned the assembly of sticky-ended linear DNA molecules [145]. Since then, a

long way has been covered to evolve towards the vision, developed by Seeman and

coworkers, of a construction with ‘‘smart bricks’’ made of DNA molecules. The

main idea is based on the following simple scheme: the sticky ends of the envis-

aged DNA ‘‘smart bricks’’ would have the property to recognize each other and

act as nanovelcro to realize the required assembly [146]. Obviously, such ‘‘smart

bricks’’ must be more complex than linear DNA in order to realize a nanostruc-

tured two (or three)-dimensional scaffold. Therefore, in order to implement this

scheme, synthetic molecules have been designed to produce branched motifs,

taking inspiration from the natural phenomenon of reciprocal exchange crossover

between DNA molecules [147]. Indeed, it is well known that natural DNA is not

always in the linear configuration, but it passes, during its metabolism, through

the configuration of an unstable branched molecule. The main idea of the method

is to synthesize single-strand (ss) DNA molecules that self-assemble into stable
macromolecular branched building blocks (called DNA tiles or ‘‘smart bricks’’).

Thus, the tip is to prepare synthetic oligonucleotides that break the homologous

sequence symmetry of the natural branched molecules, avoiding in this way the

instability due to the isomerization via branch migration [148]. Following this prin-

Figure 9.12. Schematic representations of various motifs

constructed with DNA tiles: Holliday junction analogues, and

DX and TX molecules. (From Ref. [148].)
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ciple, various motifs have been fabricated, like Holliday junction analogues, double

(DX) and triple (TX) crossover molecules, knots, and parallelograms (see Fig. 9.12).

The most interesting motifs in terms of scaffolds for nanotechnology purposes

are those leading to a defined geometrical arrangement. In fact, simple branched

junctions do not automatically lead to geometrical control [149, 150], essentially

due to their lack of rigidity. The famous lattices reported by Seeman and coworkers

rely on stiffer motifs, like the DX [151] or TX [152] tiles. More recent studies report

the construction by biological recognition properties of a DNA-based nanostructure

made of four four-arm junctions (4� 4 tile, see Fig. 9.13) [153].

This programmed self-assembly gives rise to two distinct lattice morphologies:

uniform-width nanoribbons and two-dimensional nanogrids that have been used

to template protein and/or silver nanowires [153].

Figure 9.13. SEM and AFM images of different lattices

constructed with DNA tiles. From left to right: (SEM image of )

a DX, (SEM image of ) TX and (AFM image of ) 4� 4 lattices.

(Adapted from Ref. [146].)
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Another interesting approach has been developed by Bergstrom and coworkers,

who used rigid tetrahedral linkers with arylethynylaryl spacers to direct the assem-

bly of attached oligonucleotide linker arms into novel DNA macrocycles [154]. The

main originality of this method consists in the use of rigid tetrahedral organic

vertices and in the fact that a variable number of oligonucleotide arms serve as

connectors for the design of more complex architectures.

9.6.2

Selective Attachment of the DNA Scaffold on the Surface Microscale Electrodes

Another important step in the pathway for the use of DNA-directed assembly of

nanocircuits is the fixation/linkage of the DNA scaffolds on the substrate and its

connection to external microelectrodes. The issue is to have some anchoring

sticky-end points on the electrodes (or substrate) to selectively deposit the scaffold.

In this context, the biochip community has made very strong efforts and different

methods have been developed for DNA probe technology. The goal to achieve is to

fix a specific sequence on each electrode of the chip. In present-day technology, the

DNA probes are nearly always attached to inorganic substrates (silicon and glass

are the most widely used) [155–157], while the presence of the electrodes is not

always required. Nevertheless, the majority of the most advanced techniques

proposed in the literature can be transposed to our electrode-specific linkage prob-

lem. The solutions that have been found are essentially of two types. The first is to

label the surface with defined oligonucleotides sequences, by means of either (a)

addressing by micro-nanospotting or (b) addressing assisted by an applied electric

field. The second type of specific labeling is more exactly an in situ localized syn-

thesis of the desired oligonucleotide sequence. These different techniques are

briefly described below.

Historically, the micro-spotting technique was the first method developed. In

this case, the immobilization is achieved passively either by covalent bonding or

adsorption [158–161]. Nowadays, it is possible to find different variations of the

same principle, like the robotic deposition on a prepared substrate [162] or the

use of an ink-jet printer [161]. The more recent evolution of this technique is

‘‘dip-pen’’ nanolithography (DPN), which allows a lateral resolution of the order

of 50 nm [163]. This technique is based on scanning probe technology, as de-

scribed in the following. First, an AFM tip is ‘‘inked’’ with a solution of the mate-

rial to be transferred to the surface. Then the AFM tip ‘‘writes’’ the desired pattern

on the surface. However, although advances have been made by the introduction

of parallel multipen approaches (by multicantilever AFM), this technique is still

fundamentally slow and its throughput cannot compete with standard printing

process.

Electrical addressing has also been intensively developed. As one example, Nano-

gen recently developed an electric-field-assisted DNA immobilization process [164],

designed to give pixel-by-pixel selectivity. The Nanogen DNA chip (NanoChipTM)

uses affinity-based immobilization (noncovalent bonding of the capture probes to

the surface). This technology uses the electrophoresis principle of migration of
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the negatively charged DNA molecule: ‘‘. . . when a biotinylated sample solution is

introduced onto the array, the negatively charged sample moves to the selected

positive electrode, where it is concentrated and bounds to the streptavidin in the

permeation layer. The array is then washed and another sample can be added. In

this way, site by site, an array of [oligonucleotides] samples is assembled on the

[electrodes] array’’ [165]. A more advanced method of selective attachment of

DNA strands to an electrode, also based on electrical addressing, consists of the

successive (electrochemically addressed) copolymerization of 5 0 pyrrole-labeled oli-

gonucleotide and pyrrole. By this method, each electrode is covered by a conduct-

ing polymer (polypyrrole) grafted by an oligonucleotide [166].

The second solution concerns the in situ synthesis of the oligonucleotide se-

quence on the electrodes, using a light-directed method. Affymetrix commercial-

izes this kind of array and the fabrication process can be schematized as follows

(see Fig. 9.14) [167, 168]. A solid support is derivatized with a covalent linker

molecule terminated with a photolabile protecting group. Light is then directed

through a mask to de-protect and activate selected sites, and protected nucleotides

couple to the activated sites. The process is repeated, activating different sets of

sites and coupling different bases, allowing arbitrary DNA probes to be constructed

at each site.

9.6.3

Positioning of Nano-objects or Nanodevices on the Scaffold

In order to position nano-objects on the scaffold, it is necessary to master their

linkage to a DNA strand and then use the DNA recognition properties to insert

Figure 9.14. Schematic representation of the in situ

oligonucleotides synthesis process using a light-directed

method. Adapted from Ref. [167].
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them on the scaffold. The approach can differ depending on whether the nano-

object is inserted during the construction of the scaffold or linked to it successively.

In any case, the linkage of the nano-object to the DNA strand is a key step of the

process. Many works have been reported aiming to develop methods for function-

alizing small inorganic building blocks with DNA and then direct their assembly

into extended structures by using the molecular recognition properties associated

with DNA. So far, DNA has already been used to functionalize gold nanoparticles

[120, 169–172], semiconductor quantum dots [173] and CNTs.

Concerning the chemical derivatization of CNTs, end chemistry of oxidatively

etched nanotubes has been largely investigated [174–177]. This functionalization

method was mostly used to improve nanotube solubility by reacting the nanotubes

with hydrophilic dendra, alkyl chains or polymers. Nonetheless, it is still not clear

if this strategy leads uniquely to functionalization of the defect sites of the oxidized

ends of the nanotubes or also their side-wall surface. Indeed, the oxidation step

performed during the usual purification process of the SWNTs produces such de-

fects in relatively low amounts (estimated to about 2–3%) [178, 179], but they are

not specifically localized only at the nanotube ends.

Currently, most of the work performed on nanotube functionalization is based

on side-wall chemistry. Both covalent and noncovalent routes have been developed.

A series of covalent side-wall functionalizations has been reported recently, includ-

ing the reaction of nanotubes with nitrene, carbene and radical compounds. These

methods should open routes to a wide variety of new nanotubes derivative [180–

182]. In contrast, noncovalent routes have been mainly used to wrap nanotubes

with polymer to enhance solubility and form composite materials [183–188]. An

interesting study about solubilization of SWNTs by means of noncovalent chemis-

try (peptide wrapping) has been recently reported. In this work the authors first

solubilize the nanotubes in aqueous solution by peptide wrapping [189] and then

they increase the stability of such solution by crosslinking the wrapped peptides to

each other [190].

Most results reported on CNT–DNA linkage also deal with covalent chemistry

based on carboxylic acid defect groups present on SWNTs [191–195]. In 2002, a

work reported the covalent coupling of peptide nucleic acid (PNA) rather than

DNA [195]. The authors chose PNA as an intermediate for the covalent chemistry

before hybridizing it with a DNA strand. The reason of this choice was the higher

robustness of PNA to environmental conditions, as compared to other oligonucleo-

tides. Nevertheless, in this report, as in each of the other described methods for

covalent grafting of DNA onto nanotubes, an additional aggressive oxidation was

performed in order to increase the defect density [192–195] and no indication was

given on the yield of DNA–SWNT linkages. Moreover, the effect of introducing a

large number of defects along the nanotubes is still not clearly known, but is be-

lieved to strongly affect their original (mainly sp2) structure and electronic proper-

ties. Recently, the same type of covalent chemistry between ssDNA and nanotubes

(MWNTs and SWNTs) has been exploited to form multicomponent structures

including 150-nm gold nanoparticles [196]. Finally, there is an interesting report

about the binding of DNA to nanotubes by photochemistry [197]. In this work,
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the covalent linkage is not performed on a carboxylic defect, but by using acid pho-

tochemistry and in situ DNA synthesis.

Different works have also been reported on the association of biological mole-

cules (DNA and/or proteins) with nanotubes by means of noncovalent chemistry.

A strong interaction of DNA with the nanotube surface has been suggested for

MWNTs [198] and more recently a demonstration of wrapping of SWNTs by well-

defined ssDNA molecules has been published [34]. The great advantage of a non-

covalent method is its independence of the presence of the carboxylic groups, so

that the DNA binding can also be successfully achieved for completely defect-free

nanotubes.

In terms of noncovalent methods, the attachment of streptavidin protein [199] to

the nanotube is of particular interest, as we will discuss below. Streptavidin is a

relatively small protein (60 000 Da) composed of four identical subunits. The

mechanism that binds streptavidin to a sp2 nanotube surface is probably related

to hydrophobic interactions [199]. Indeed, this molecule is known to bind to hydro-

phobic surfaces [200]. The streptavidin protein is particularly well studied for its

various biochemical applications because of its high affinity to biotin. Indeed,

each of the streptavidin subunits has an active binding site for biotin molecules

and the streptavidin–biotin system has one of the largest free energies of associa-

tion yet observed for noncovalent binding of a protein and small ligand in aqueous

solution (Kassoc ¼ 1014 M�1). Moreover, these complexes are also extremely stable

over a wide range of temperature and pH. Correspondingly, the simple idea that

has been followed for the DNA–nanotube attachment process is to react a biotiny-

lated DNA strand with a streptavidin-coated nanotube (see scheme in Fig. 9.15). In

other words, this technique uses noncovalent chemistry through a biological recog-

nition complex (streptavidin–biotin) in order to link DNA and nanotubes [201,

202].

One great advantage of this method is related to the yield and the robustness of

the reaction, while its main inconvenience is its lack of site specificity. However, it

is worth pointing out that none of the methods reported above, particularly those

based on covalent binding, is genuinely site specific. In fact, it would be extremely

naı̈ve to think that the carboxylic defects are present only at the ends of the nano-

tubes. On the contrary, it is more likely to think that the chemistry on a side-wall

defect will be extremely favored with respect to a reaction at the ends, due to the

nanotube’s particular cylindrical shape and geometry factor (diameter versus

length). In order to avoid this unspecific site chemistry and ensure the effective-

Figure 9.15. Schematic representation of the linking process

between a biotinylated DNA strand with a streptavidin-coated

nanotube.
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ness of a covalent reaction on carboxylic defects only at the ends, Willner and co-

workers [203] developed a method to mask the nanotube side-walls by a wrapping.

In this work the authors succeeded in performing real end chemistry and they

were able to link covalently the flavin adenine dinucleotide cofactor only to the

nanotube ends. It is thought likely that such a method could be extended/adapted

to perform covalent end chemistry between nanotubes and DNA strands in

solution.

9.6.4

Realization of Electrical Connections and Circuitry

So far we have discussed methods to construct and position nanotubes on a DNA

scaffold opportunely linked on the substrate microelectrodes. However, an essen-

tial step for electronic purposes is the electrical connection of such nanotubes.

This latter relies on the transport properties of DNA molecules and has recently

generated heated debate among scientists, as evidence both for and against the

hypothesis of DNA as a conducting wire has piled up. While no full consensus

has been reached, we feel that the extensive transport measurements carried out

on single DNA molecules and DNA bundles strongly suggests that DNA in the

dry state deposited on a substrate is a good insulator and thus not useful as a con-

ducting element. We believe that in spite of its somewhat negative sense, such a

conclusive statement is of great importance in defining strategies for implement-

ing DNA-based technology. Indeed, it now becomes clear that to achieve an electri-

cal connection using DNA strands, it is necessary to proceed to their metallization.

During the past 10 years we have seen the development of numerous methods to

metalize DNA scaffolds and a recent review of these metalization processes can be

found in Ref. [204]. In the following we summarize the main aspects and results

concerning this topic.

The feasibility of this biotemplating approach was first shown by Braun and cow-

orkers [205]. The authors first immobilized a DNA strand between two electrodes.

Then, they treated it with silver ions in order to perform an Agþ/Naþ ion exchange

and replace the natural sodium counterions of the DNA backbone with silver ones.

Successively, these silver ions were subjected to a chemical reduction process by

the reducing agent hydroquinone to form small silver aggregates. Finally, the silver

nanoclusters fixed on the DNA strand were autocatalytically grown (using an acidic

solution of hydroquinone and silver ions) to give a granular (100 nm width) nano-

wire contacting the two electrodes. The majority of DNA metalization processes

follow the same principle and can be decoupled in terms of successive steps, as

schematically shown in Fig. 9.16 and discussed below.

The first step consists of biomolecule activation – the metal ions or metal com-

plexes bind to DNA, creating reactive metal sites (Fig. 9.16a). The activation can

take place by an ion-exchange mechanism (as discussed above for silver [205]) on

the DNA backbone or by insertion of the metal complexes between the DNA bases

(like platinum or palladium complexes [206]).

In the second step, the bound seeds are usually treated with a reducing agent
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(Fig. 9.16b). This converts the metal ions or metal complexes in metal nanoclusters

fixed on the DNA strand. The more often used reducing agents are dimethylami-

noborane [207, 208], hydroquinone [205] and sodium borohydride [209]. An inter-

esting variant has been proposed by Keren and coworkers [210, 211], who fixed the

reducing agent (glutaraldehyde) directly to the DNA strand in order to enhance

specificity and reduce parasitic unwanted background metalization. At the end of

these two steps, the DNA strand has some small metal nanoclusters fixed on it

(as represented in Fig. 9.16c), which will successively act as ‘‘seeds’’ for the metal-

ization of the DNA molecules.

The third step of the metalization process consists of autocatalytic growth of the

fixed metal seeds on the DNA strand (Fig. 9.16d) by the addition of new metal ions

(or metal complexes solution) and new reducing agent solution. The idea of this

autocatalytic process is that metal complexes or ions from solution are preferably

reduced on already reduced metal nanoclusters (the seeds) fixed on the DNA

strands. It should be noted that this autocatalytic cluster growth can be generalized

Figure 9.16. Schematic representation of the different steps

involved in the DNA metallization process. (Adapted from

Ref. [204].)
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to metal nanoclusters fixed on DNA strands by any other method. Indeed, effective

metalization has been reported on ex situ prepared gold nanoclusters fixed on the

DNA strand by appropriate chemical functionalization [212], by DNA construction

[213] or simply by electrostatic interactions [214].

As mentioned above, different metals have been used in the metalization pro-

cess. For the ion-exchange mechanisms on the DNA backbone we can quote silver

[153, 205] or copper [215]. The results are quite convincing for the silver process,

where a silver wire is formed consisting of a chain of contiguous 30- to 50-nm

silver grains along the DNA backbone. However, the electrical measurements

performed on the obtained silver necklace wire were not completely satisfactory.

In a following work, the same group improved the process by replacing the silver

clusters growth with an electroless gold coating of the silver-loaded DNA molecules

[210]. In this way, using silver ions as catalysts, conductive gold DNA-templated

wires with widths ranging from 50 to 100 nm were obtained. This procedure can

be generalized and the final metal coating does not necessarily have to use the

same metal as the seeding one [209, 210, 216].

Concerning the intercalation mechanism of metal complexes between the DNA

bases, palladium or platinum complexes have been the more extensively studied.

Indeed, the binding process of Pt(II) complexes to DNA is well investigated in the

case of cisplatin (cis-[Pt(NH3)2Cl2]), which is widely used as an anticancer drug

[217]. It follows from these studies that when DNA is incubated with Pt(II) com-

plexes such as cisplatin, the Pt(II) atom binds to one or two stacked DNA bases,

forming monofunctional and bifunctional DNA–Pt(II) adducts, respectively. The

most favorable binding site for cisplatin to the DNA is the N7 position of guanine,

followed by the N7 position of adenine [217, 218]. Indeed, the bases A, G and C

have exocyclic amine groups as well as ring amines, but it is the ring amines that

act as Lewis bases. The Lewis base acidities differ from base to base, with the N7

position of guanosine being the most basic. Other Lewis bases found in the nucle-

obases are N7 of adenosine, N3 of cytosine and the deprotonated N3 of thymidine

or uridine. The amines are all soft ligands and as such preferably complex to soft

metals such as Pt(II), Pd(II) or Ru(II). When the DNA is in double-strand configu-

ration, the arrangement of the basis is controlled by p stacking and then the Lewis

base sites available for coordination to the metal (Pd, Pt, etc.) are limited to the

exposed portion of the nucleobases found in the major groove (the N7 position of

guanosine and adenosine). It is commonly thought that, of these two sites, the N7

of guanosine is the preferred one [219]. After these sites are occupied, the binding

reaction proceeds more slowly and indiscriminately with other metal-binding sites

of all bases [218–221]. Using this intercalation mechanism, palladium and plati-

num DNA-coated nanowires have been obtained. Generally speaking, these metal-

ization processes of the DNA strands have been performed either (a) in solution

and then the metalized DNA molecule is deposited on substrate for the character-

ization purpose or (b) on the DNA previously deposited on the substrate. The first

case concerns the works reported by Ford and coworkers [209] and Mertig and co-

workers [222], who showed the formation of tiny platinum nanocluster necklaces

consisting of well-separated clusters of 3� 5 nm diameter with a spacing from
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one to several nanometers. On the contrary, Richter and coworkers [223], Deng

and coworkers [224], Dupraz and coworkers [216] and Ongaro and coworkers

[214] have metalized DNA strands already deposited on the substrate. In more de-

tail, Richter and coworkers fabricated continuous palladium nanowires with aver-

age diameters of 60� 100 nm on DNA strands aligned on interdigitated gold elec-

trodes and obtained interesting transport properties. On the contrary, Deng and

coworkers reported very granular 30-nm palladium nanowires without any data

about their conduction properties [224]. Actually, both Dupraz and coworkers

[216] and Ongaro and coworkers [214] started the metalization process in solution

(seeds fixation), and successively stretched the metal-loaded DNA on the substrate.

Then they completed the metalization process. They used, respectively, platinum

and gold nanoparticles as catalytic seeds, but they both finished by a gold electroless

plating process. They both obtained DNA-templated gold nanowires (average diam-

eters about 20� 50 nm) with estimated resistivities of between 10�5 and 10�4 Wm.

However, among all the methods discussed above, only a few are really promis-

ing in nanocircuit applications. First, the more interesting procedure is the one

where the DNA metalization occurs as one of the last steps. Indeed, after the met-

alization process all the recognition properties of the DNA molecule are completely

lost, and the circuit architecture must be necessarily fixed and deposited on the

substrate. Moreover, another important point is that some parts of the DNA scaf-

fold must not be metalized to avoid shorts and preserve the device characteristics.

In this sense, three convincing studies have been reported [210, 211, 213]. They

are all based on the RecA protein properties. In vivo, the RecA protein is a central

component in recombinational DNA repair pathways and homologous genetic

recombination (in Escherichia coli). In vitro, RecA protein promotes the pairing

and exchange of complementary DNA strands in reactions. The mechanism is as

follows: RecA catalyzes the pairing of ssDNA with complementary regions of

double-stranded (ds) DNA. The RecA monomers first polymerize to form a helical

filament around ssDNA (Fig. 9.17a). Duplex DNA is then bound to the polymer

(see Fig. 9.17b).

Figure 9.17. Schematic representation of the homologous

recombination process that leads to binding of the ssDNA–

RecA nucleoprotein filament at the complementary address on

the dsDNA.
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This particular feature has been used to differentiate a part of the sequence of

the DNA strand in the metalization process. Indeed, it is clear that the targeted se-

quence is perfectly identified by the RecA polymerized ssDNA. The idea exploited

is that the creation of the complex between the RecA–ssDNA polymer and the

complementary regions of dsDNA acts as a mask for the metalization process. In

the first report on sequence-specific metalization [210] it is shown that this com-

plex avoids the Agþ/Naþ ion exchange. This blocks the formation of the silver

seeds on the targeted sequence of the DNA molecule and, consequently, the suc-

cessive gold metalization (see Fig. 9.18).

In a successive work [211], the same team showed that sequence-specific lithog-

raphy can also be achieved by sequence-specific patterning of the local reducing

agent (glutaraldehyde). This patterning was performed both by hybridization be-

tween aldehyde-derivatized and underivatized DNA molecules and by sequence-

specific protection against aldehyde derivatization using homologous recombina-

tion processes by the RecA protein. Then, the sequence-specific patterning of the

reducing agent is reflected by the sequence-specific creation of silver metalization

seeds and successive gold metalization.

The more recent report on selective metalization also uses the homologous

recombination properties of the RecA protein and its originality is to employ a

modified RecA to act as a ‘‘linking factor’’ for sequence-specific fixation of gold

nanoparticles [213]. Then, these gold nanoparticles are used as ‘‘seeds’’ for the

Figure 9.18. Mechanism of the sequence-selective metalli-

zation process. Thanks to the homologous recombination,

the RecA protein acts as a sequence-specific resists for the

creation of the silver seeds and successive gold metallization.

(From Ref. [210].)
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metalization process. To be more specific, the authors use a genetically engineered

cysteine derivative RecA protein (Cys-RecA) and, thanks to this derivatization, the

gold nanoparticles can be fixed to the Cys-RecA–DNA filament. However, the gold

nanoparticles are not fixed on unmodified RecA filament. Therefore, the strategy

they developed to achieve selective metalization is to use separately cysteine deriv-

atized RecA and unmodified wild-type RecA (RecA) to complex different sequences

of the DNA strand. Then, the fixation of the gold nanoparticles respects the tar-

geted sequences Cys-RecA–DNA and RecA–DNA, and the successive metalization

presents a sequence specific gap corresponding to the unmodified RecA–DNA

complex.

9.6.5

Fabrication of DNA-directed CNT Devices

Among the studies that use DNA to fabricate CNT devices [144, 225–227], the

most impressive one is the report on the DNA templating of a CNTFET [144].

Indeed, in this work some of the crucial ingredients of the vision discussed in

Section 9.6 were tackled and demonstrated, even if in a simple linear back-gate

geometry. The authors employed (a) a selective placement of the nanotube on the

DNA scaffold and (b) a sequence-selective metalization of the DNA strands. In this

way, they were able to realize the electrical connection between the standard (litho-

graphically defined) electrodes and the nanotube device. In both tasks (a) and (b)

they exploited the sequence-specific homologous recombination of the RecA pro-

tein. They first anchored the SWNT in the desired part of the DNA scaffold and

then, after deposition on a substrate, proceeded to the selective metalization pro-

cess. The SWNT–DNA linkage was performed in buffered solution by the molecu-

lar recognition of a streptavidin-functionalized SWNT towards biotin and by the

antibodies properties to link the biotin to the RecA–DNA filament, as schematized

in Fig. 9.19.

Figure 9.19. Schematic representation of the

sequence-specific binding of a streptavidin-

coated SWNT. The homologous recombination

process of RecA is used to target the binding

site. The streptavidin-coated nanotube is fixed

to the DNA-bound RecA by using a complex

antibodyRecA–biot (a primary antibody to

RecA and a biotin-conjugated secondary

antibody).
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Then, to fabricate the nanotube device, they stretched the SWNT–RecA–DNA

assembly on a silicon substrate and performed the selective Ag/Au metalization

process as described in Ref. [210]. One of the interesting features of this experi-

ment is that, even in this more complicated configuration (i.e. presence of the

SWNT, streptavidin, biotin and antibodies species), the masking properties of the

RecA are preserved and the ‘‘protected’’ segment of the DNA strand is not metal-

ized. Finally, the DNA-templated gold wires were connected by fabricating standard

lithography electrodes and the device characteristics were recorded.

However, even if all the steps for DNA-directed self-assembly of a CNT device

have been demonstrated and reported in literature, it should be noted that it is still

missing a study where all these steps are combined. Indeed, in the work of Keren

and coworkers [144] there is no selective attachment to the microscale electrodes.

This implies that in order to fabricate these electrodes, the deposited SWNT–

RecA–DNA strand must be localized by imaging, as for nanotube devices obtained

by random deposition. On the contrary, in the report of Hazani and coworkers

[226, 227], the SWNT–DNA complex is fixed to the electrodes by DNA hybridiza-

tion, but no selective metalization is performed. In this case, it is likely that the

contact between the nanotube and the electrodes is ensured by the fact that the

DNA strands used are very short and the nanotube touches the metal anyway.

In conclusion, the demonstration of a completely DNA-directed self-assembled

CNT device is, at the time of writing, still to be shown, as well as the realization

of a more structured scaffold hosting more than one nanotube device in a circuit

configuration. The knowledge and mastery of the different steps needed for the

implementation of such a demonstrator have already been reported in literature,

and it is now a matter of multidisciplinary will and teams to accomplish the task.

Finally, for such a still open and exploratory research domain, new findings are

expected to further enlarge the present vision and generate novel strategies for the

short- to medium-term development of nanoelectronics.

9.7

Conclusion

In this chapter we have presented a review on the self-assembly techniques for fab-

rication of CNT devices. First, we discussed their main physical features and

sketched a few reasons why CNTs benefit from their present status as a serious

potential candidate for future nanoelectronic applications. Then, we focused our

attention on three methods to manipulate them by self-assembly. Indeed, this

promising material could be envisaged to take part in the future nanoelectronic

framework only if a cheap, massive parallel technology for fabricating nanotube de-

vices is developed. The timing of this kind of research is particularly appropriate,

as it results from an estimation of the ITRS roadmap [1]. From the analysis of this

document it appears that, even if the scaling of CMOS device structures is a well-

explored science, its limits will be reached in the near future due to various physi-

cal effects that do not scale properly, including quantum mechanical tunneling, the
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discreteness of dopants, voltage-related effects such as subthreshold swing, fabrica-

tion costs and reliability related to very small size variation, built-in voltage and

minimum logic voltage swing, and application-dependent power-dissipation limits.

Self-assembly of new and interesting materials could bring some answers to these

limitations. Indeed, it is extremely naı̈ve to think that a non-CMOS device (based

on nanotubes, molecules or other) that simply mimics a CMOS device can solve

this scaling limit only because of its reduced size. Among the various issues that

CMOS technology is facing, the power dissipation effect is the most serious one

and it can actually apply also for any non-CMOS device. Based on this assumption,

the study and implementation of non-CMOS devices cannot be motivated only by

the scaling issue, but must present other kind of advantages like (a) performing a

particular functionality not well covered by standard CMOS technology, (b) be eco-

nomically very appealing with important reductions of fabrication costs, (c) really

introduce a disruptive technology by presenting new physical effects or (d) be

prone to the development of new architecture paradigms, which could include

concepts like three-dimensional design, defect/fault tolerances, reconfigurability,

self-repairing features and massive parallel processing. This is a strong reason to

increase the investments in time and resources in studying alternative strategies

like self-assembly and, in particular, bio-inspired technologies.
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Nanodevices for Biosensing: Design,

Fabrication and Applications

Laura M. Lechuga, Kirill Zinoviev, Laura G. Carrascosa,

and Miguel Moreno

10.1

Introduction

There is increasing interest in obtaining biosensor devices based on nanotechnology

developments which can detect, in a fast and selective way, any type of substance in

air and liquid samples at very low concentrations – ideally at the single-molecule

level [1]. Clinical diagnosis, genomics and proteomics are some of the fields where

new laboratory analysis methods (faster, direct, more accurate, more selective,

having a high throughput and cheaper than conventional methods) are in high

demand. Due to their small size, ultra-sensitive transduction and the possibility

of integration in ‘‘lab-on-a-chip’’ microsystems, biosensing devices fabricated with

nanotechnologies are potential candidates for fulfilling all the above requirements.

In recent years several interesting nano-developments have been proposed as

highly sensitive transducers for biosensing [as nanoparticles, carbon nanotubes

(CNTs), photonic crystals, micro- and nanocatilevers, etc.], but few biomolecular

interactions using such developments have been demonstrated. Many of those

developments are still in their infancy, and further research and technological

development is needed before real functional biosensing devices will be available.

One of the main problems is the implementation. The path to connect such nano-

developments to operations in real-world environments has not be paved, and

large and complicated laboratory setups are still needed for signal acquisition and

processing.

However, micro/nanobiosensor devices based on microelectromechanical sys-

tems (MEMS) and related (BIO)MEMS and (bio)nanoelectromechanical systems

[BIO(NEMS)] technologies could provide a technological solution to achieve label-

free devices which could be operated in stand-alone fashion outside from laboratory

environment. For that reason, in this chapter we focus mainly on two important

branches of nanodevices for biosensing: (a) nanodevices based on nanophotonics/

optoelectronics and (b) nanodevices based on nanomechanics. Nanobiosensors

based on optoelectronics and nanomechanics platforms are excellent examples of

devices developed with microelectronics technologies, and constitute the platforms

with more possibilities for being used in real applications in the near future.

Nanotechnologies for the Life Sciences Vol. 4
Nanodevices for the Life Sciences. Edited by Challa S. S. R. Kumar
Copyright 8 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The chapter covers the design, fabrication and testing of both types of biosensor

nanodevices. Further integration of nanosensors, microfluidics, optical and elec-

tronic functions on a single sensing circuit could lead to a complete ‘‘lab-on-a-

chip’’ technological solution which could be used in field applications and in situ
analysis. Examples of fabrication, characterization and real applications of the de-

vices will be discussed as well as the way of their integration. Although there are a

number of reviews covering some aspects of the devices described here, this is the

first summary and critical discussion of the developments based on the fields of

photonics and nanomechanics, and the development of a new (nano)device com-

bining both fields.

The chapter is organized as follows:

� An overview of the reasons for using nanobiosensors instead of the classical bio-

sensor approaches.
� A brief overview of the immobilization techniques which could be employed for

immobilization of the biological receptors in the transducers.
� A complete description of nanophotonic biosensors, starting from a general over-

view and showing one example, based in integrated optics, of the latest develop-

ments in this field.
� A complete description of nanomechanical biosensors, with an extensive over-

view of these devices, and showing some examples of design, fabrication and

testing. One of the last developments in this field, combining nanomechanics

and integrated optics, is presented for the first time.
� Finally, the future trends of this exciting nanobiosensor field are discussed.

10.2

From Biosensor to Nanobiosensor Devices

10.2.1

Overview

In addition to the excellent results obtained with existing biosensor technologies

[2], there is still a need for devices able to detect, in a direct way, very low levels

(picomolar to femtomolar and ideally at the single-molecule level) of a great num-

ber of chemical and biochemical substances in the areas of environmental moni-

toring, industrial and food processes, health care, biomedical technology, clinical

analysis, etc. In addition to an extreme sensitivity, if we want to apply biosensor

technology to real situations, we would need a high selectivity, short time analysis,

and must be reversible, stable, simple to operate, robust, low cost and capable of

multianalyte determination [2].

To achieve the above characteristics, the application of recent progress in micro-

and nanotechnologies seem to be the most appealing alternative [3]. These technol-

ogies are already improving both the miniaturization and the sensivity of the

biosensor devices by using nanomaterials for their construction, allowing the intro-
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duction of new signal transduction technologies. Due to their submicron dimen-

sions, nanosensors, nanoprobes and other nanosystems allow simple and rapid

analyses in vivo. We are assisting to the birth of new biosensor devices at the nano-

scale which could be easily integrated in portable ‘‘lab-on-chip’’ platforms to per-

form ‘‘point-of-care’’ analysis and which in the future could even work inside the

human body to detect, at the very early stages, the presence of cancer cells or infec-

tious agents.

Several interesting biosensing developments based on nanotechnology have

appeared in the literature during recent years, such as the use of semiconductor,

metal or magnetic nanoparticles [4], localized surface plasmon resonance sensors

(LSPR) [5], different types of CNT biosensors [6], probes encapsulated by biologi-

cally localized embedding (PEBBLE) [7] and many others [8] (Fig. 10.1). Although

all of these developments are interesting from a scientific point of view, the real

implementation of much of them will be hampered by several factors. Firstly,

most of them still require using labels to defect the biomolecular interaction,

which is undesirable for real applications (direct reading is much more precise).

Secondly, the path to connect such nano-developments to the operation in a real-

world environment has not been paved, and large and complicated laboratory set-

ups are needed for signal acquisition and processing.

In contrast, micro/nanobiosensor devices based on microelectronics and related

(BIO)MEMS/NEMS technologies could provide a technological solution for achiev-

ing label-free devices which could be operated in a stand-alone fashion outside of a

Figure 10.1. Schemes and photographs of some nanodevices

proposed for biosensing. (Reprinted with permission.)
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laboratory environment [9]. This fabrication approach allows the flexible develop-

ment of miniaturized compact sensing devices, microfluidics delivery systems and

the possibility of fabricating multiple sensors on one chip, opening the way for

high-throughput screening. Additional advantages are the robustness, reliability,

potential for mass production with consequent reduction of production costs, low

energy consumption and simplicity in the alignment of the individual elements

[9].

Such nanobiosensors based on optoelectronics and nanomechanics platforms

are excellent examples of devices developed with such technologies, and these plat-

forms offer more possibilities for being used in real applications in the near future.

10.2.2

Biological Functionalization of Nanobiosensors

For biosensing purposes, a layer of receptor molecules (proteins, DNA, etc.) capa-

ble of selectively binding the substances to be analyzed has to be previously immo-

bilized on the biosensor surface. We must not forget that the immobilization of the

receptor molecule on the nanosensor surface is a key step towards the final perfor-

mance of any biosensor device as it affects to the reproducibility, selectivity and res-

olution of the device.

The immobilization procedure employed must be stable and reproducible, and

must retain the stability and activity of the receptors. Even though the nanodevice

that we develop would be the most sensitive one, if the immobilization fails, then

the performance of the device will be poor and the theoretical extreme sensitivity of

the nanodevice will never be achieved. For handling such diminutive areas, immo-

bilization can be performed with ex situ techniques as ink-jet, dip-pen or micro/

nanospotting [3] or by in-situ techniques through dedicate microfluidics and

nanofluidics.

Generally, direct adsorption is not adequate, giving significant losses in biologi-

cal activity and random orientation of the receptors. Two immobilization strategies

are the most employed at the biosensor field: (a) covalent coupling and (b) affinity

noncovalent interactions. Covalent coupling gives a stable immobilization as the

receptors do not dissociate from the surface or exchange with other receptors in

solution. In affinity bonding, a high-affinity capture ligand is nonreversibly immo-

bilized on the sensor surface. The most employed method is the immobilization

on gold-coated surfaces using thiol self-assembled monolayers (SAMs) [10]. For

example, a widespread method is functionalization of single-stranded (ss) DNA

(or proteins) with an alkane chain terminating in a thiol (-SH) or disulfide group

(-SS) as sulfurs form a strong bond with gold. This can also be applied for silicon

surfaces, using silane monolayers covalently attach to silicon, SiO2 or Si3N4 sensor

surfaces [11]. Several aspects must be taken into account in the development of the

immobilization procedures, such as how to avoid nonspecific interactions, getting

an optimized surface density of the receptor in order to prevent steric hindrance

phenomenon or regenerating the receptor for continuous measurements.

Further details about this subject can be found in the specific literature [12, 13];
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it is beyond the scope of this chapter to discuss in detail the immobilization proce-

dures which can be used for (nano)biosensing.

10.3

Nanophotonic Biosensors

10.3.1

Overview

Photonic biosensors are providing an increasingly important analytical technology

for the detection of biological and chemical species [2, 14]. Most optical biosensors

make use of optical waveguides as the basic element of their structure for light

propagation and are based on the same operation principle – evanescent field

sensing (EFS). With the emergence of nanotechnology, new photonic structures

have been suggested as possible highly sensitive transducers for biosensing, such

as photonic crystals [15], ring resonators [16] or hollow waveguides [17], but al-

most no biosensing demonstrations have appeared in the literature using such

structures.

Evanescent wave detection combined with nanophotonics structures is proving

to be one of the most highly sensitive biosensors. In evanescent wave detection, a

receptor layer is immobilized onto the waveguide and the exposure of such a sur-

face to the partner analyte molecules produces a biochemical interaction, which in-

duces a change in its optical properties. This change is detected by the evanescent

wave. The extent of the optical change will depend on the concentration of the an-

alyte and on the affinity constant of the interaction, in this way obtaining a quanti-

tative sensor of the interaction. The evanescent wave decays exponentially as it pen-

etrates the outer medium and, therefore, only detects changes taking place on the

surface of the waveguide since the intensity of the evanescent field is much higher

in this particular region. For that reason, it is not necessary to carry out a priori
separation of nonspecific components (as in conventional analysis) because any

change in the bulk solution will hardly affect the sensor response. In this way, eva-

nescent wave sensors are selective and sensitive devices for the detection of very

low levels of chemicals and biological substances, and for the measurement of mo-

lecular interactions in situ and in real-time [18].

The advantages of optical sensing are significantly improved when the above

approach is used within an integrated optics context [19]. Integrated optics technol-

ogy allows the integration of passive and active optical components (including fi-

bers, emitters, detectors, waveguides and related devices) onto the same substrate,

permitting the flexible development of miniaturized compact sensing devices, with

the additional possibility to fabricate multiple sensors on a single chip. The inte-

gration offers some additional advantages to the optical sensing systems, such as

miniaturization, robustness, reliability, potential for mass production with conse-

quent reduction of production costs, low energy consumption and simplicity in

the alignment of the individual optical elements [19].
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10.3.2

Integrated Mach–Zehnder Interferometer (MZI) Nanodevice

One of the most sensitive direct biosensor is the MZI. This device fabricated at the

micro/nanoscale has shown sensitivity levels close to 10�3 nm in adsorbed molec-

ular layers, which means a sensitivity in the picomolar range for biomolecular in-

teractions in a direct assay (without labels) [20].

In a MZI device [18] the light from a laser beam is divided into two identical

beams that travel through the MZI arms (sensor and reference areas) and are re-

combined again into a monomode channel waveguide, giving a signal which is de-

pendent on the phase difference between the sensing and the reference branches.

Any change in the sensor area (in the region of the evanescent field) produces a

phase difference (and therein a change of the effective refractive index of the wave-

guide) between the reference and the sensor beam, and thus in the intensity of the

outcoupled light. A schematic diagram of this sensor is shown in Fig. 10.2.

When a chemical or biochemical reaction takes place in the sensor area, only the

light that travels through this arm will experience a change in its effective refrac-

tive index. At the sensor output, the intensity (I) of the light coming from both

arms will interfere, showing a sinusoidal variation that depends on the difference

of the effective refractive indexes of the sensor (Neff ;S) and reference arms (Neff ;R)

and on the interaction length (L):

I ¼ 1

2
Io 1þ cos

2p

l
ðNeff ;S �Neff ;RÞL

� �� �
ð1Þ

where l is the wavelength. This sinusoidal variation can be directly related to the

concentration of the analyte to be measured.

For evaluation of specific biosensing interactions, the receptor is covalently at-

tached to the sensor arm surface, while the complementary molecule binds to the

receptor from free solution. The recognition of the complementary molecule by the

receptor causes a change in the refractive index and the sensor monitors that

change. After the molecular interaction, the surface can be regenerated using a

Figure 10.2. Scheme of the MZI nanodevice

configuration and its working principle. The

biomolecular interaction in the sensing area,

where the receptors are attached, induces a

phase change of the light traveling through

that area as compared to the light traveling

through the reference area.
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suitable reagent in order to remove the bound analyte without denaturing the im-

mobilized receptor.

The interferometric sensor platform is highly sensitive, and is the only one that

provides an internal reference for compensation of refractive index fluctuations and

unspecific adsorption. Interferometric sensors have a broader dynamic range than

most other types of sensors and show higher sensitivity as compared with other

integrated optical biosensors [18, 21]. Due to the high sensitivity of the interferom-

eter sensor, direct detection of small molecules (e.g. environmental pollutants

where concentrations down to 0.1 ng mL�1 must be detected) would be possible

with this device.

The detection limit is generally limited by electronic, chemical and mechanical

noise, thermal drift, and light source instabilities. However, the intrinsic reference

channel of the interferometric devices offers the possibility of reducing common

mode effects like temperature drifts and nonspecific adsorptions. A detection limit

of 10�7 (or better) in the refractive index can be achieved with this device [20],

which opens the possibility of the development of highly sensitive devices for in
situ chemical and biologically harmful agent detection, for example.

10.3.2.1 Design and Fabrication

For biosensing applications, the waveguides of the MZI device must be designed to

work in the monomode regime and to have a very high surface sensitivity at the

sensor arm towards biochemical interactions. If several modes were propagated

through the structure, each of them would detect the variations in the characteris-

tics of the outer medium and the information carried by all the modes would inter-

fere between them. The design of the optical waveguide satisfying the above re-

quirements and the dimensions of the Mach–Zehnder structure is achieved by

using modeling programs such as the finite difference methods in a nonuniform

mesh, the effective index method and the beam-propagation method. Parameters

such as propagation constants, attenuation and radiation losses, evanescent field

profile, modal properties, and field evolution must been calculated [22]. In order

to quantify and optimize the surface sensitivity, the variation of the effective refrac-

tive index of the guided modes must be calculated when the thickness of a homo-

geneous biological layer (dl) changes:

nsup ¼ qN=qd l ð2Þ

In Fig. 10.3(b) the surface sensitivity is represented as a function of the core thick-

ness, assuming that the refractive index of this layer is nb ¼ 1:45, the external me-

dium is water (ne ¼ 1:33) and the light wavelength is 632 nm.

If we want to use total internal reflection (TIR) waveguides for the sensors, we

must come to an agreement between single-mode behavior, low attenuation losses

for the fundamental mode and high surface sensitivity. For those reasons, the

structure that has been finally chosen [20], for an operating wavelength of

0.633 mm, has the configuration shown in Fig. 10.3(b). In this configuration, the

monomode behavior is obtained for core thickness below 200 nm and rib depths
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below 4 nm when the rib width is 4 mm. The small dimensions of this device imply

some drawbacks: the reduced core dimensions for monomode behavior (thickness

of less than hundreds nanometers and rib depths of a few nanometers) introduces

a technological disadvantage for mass production and large insertion losses when

coupling light with single-mode optical fibers (with a core thickness of several

micrometers). However, the high surface sensitivity for biosensing applications

justifies the development of these devices.

The fabrication is done through the following geometry: (a) a conducting silicon

wafer of 500 mm thickness, (b) a 2-mm thick thermal SiO2 layer on top with a re-

fractive index of 1.46, and (iii) a low-pressure chemical vapor deposition (LPCVD)

Si3N4 layer of 75 nm thickness and a refractive index of 2.00, which is used as a

guiding layer. To achieve monomode behavior we needed to define a rib structure,

with a depth of only 4 nm, on the Si3N4 layer by a lithographic step. This rib struc-

ture is performed by reactive ion etching (RIE) and is the most critical step in

the microfabrication of the device. Finally, a SiO2 protective layer is deposited by

LPCVD over the structure with a 2 mm thickness and a refractive index of 1.46,

Figure 10.3. Cross-section of the optical monomode

waveguides used in the Mach–Zehnder device. Note that a rib

of only 4 nm is needed for monomode and high-biomolecular

sensitivity characteristics.
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which is patterned and etched by RIE to define the sensing and reference arms of

the interferometer. The final devices (within all the fabrication processes) are

CMOS compatible. The MZI configuration is designed to be symmetric with a cir-

cular Y-junction (radii of 80 mm). Separation between the sensor and reference

arms is of 50 mm to avoid coupling between modes traveling through both

branches. Finally, the sensors must be cut in individual pieces and polished for

light coupling by the end faces.

In Fig. 10.4, the mask designed for the fabrication of such devices is shown as

well some details of the alignment marks and the reference/sensor areas of one

fabricated device. Due to the nanometric rib dimension, the device can only be ob-

served by AFM as shown in Fig. 10.5.

10.3.2.2 Characterization and Applications

The devices must be implemented with a microfluidics unit, electronics, data ac-

quisition and software for optical and biochemical testing. For the experimental

Figure 10.4. Photographs of the mask used

for MZI fabrication and some of the fabricated

devices. The details of the marks alignments

and the reference/sensor areas of a device can

be observed. Note that the MZI waveguide

cannot be observed due to its dimensions, but

is underneath the reference and sensor area.
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characterization, the light coming from a connected laser diode at a wavelength of

632 nm is end-fire coupled into the interferometers by a single-mode optical fiber.

The light coming out of the interferometer is collected by another single-mode fi-

ber, which is connected to a photodiode. The photodiode signal is amplified, digi-

talized and processed. The different dissolutions used in the characterizations are

controlled by a peristaltic pump and a polymeric flow cell.

The evaluation of the sensitivity is done by flowing dissolutions of varying refrac-

tive index and measuring the output signal of the MZI in real-time. With these

measurements, a calibration curve is constructed where the phase response of the

sensor is plotted versus the variation in the refractive index as depicted in Fig. 10.6.

The lower detection limit measured is Dno;min ¼ 2:5� 10�6, corresponding to an

effective refractive index change of DN ¼ 1:4� 10�7. It can be estimated that the

lowest phase shift measurable would be around 0:03� 2p. The detection limit

value corresponds to a very high surface sensitivity around 2� 10�4 nm�1, which

means that picomolar detection of a biomolecular interaction in a direct way is fea-

sible using this nanodevice.

As a proof of the utility of MZI technology towards biosensing detection, the ap-

plication of MZI nanobiosensors for the direct detection of DNA is described. The

first step is the immobilization of the biomolecular receptors in the sensor area.

This immobilization must be strong and stable to perform the sensitivity measure-

Figure 10.5. Image of the sensing area of a nano-MZI device.

The AFM photograph of the rib of the waveguide clearly shows

the 4-nm step achieved during fabrication. The monomode

behavior can be observed at the output light collected from the

device.
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ments of the device and for reusability. For that reason, a covalent immobilization

protocol through SAMs using silane chemistry is employed.

First, the Si3N4 surface is cleaned with oxygen plasma and 10% nitric acid in

distilled water to oxidize the surface. Second, the Si3N4 layer is immersed in 10%

3-mercaptopropyltrimethoxysilane (MPTMS) in toluene at room temperature for

12 h. The MPTMS functionalizes the sensor surface with a thiol group, allowing

the thioled DNA to be covalently immobilized on the silanized Si3N4 surface by a

disulfide bond. A ssDNA probe (28 nucleotides) with the thiol linker group [SH-

(CH2)6] at the 5 0 is used. The 15-T tail is employed as a vertical spacer chain to

increase the accessibility to the complementary DNA. For the immobilization, a

45-nM solution of the ssDNA probe in phosphate-buffered (PB) solution (pH 7) is

used. Figure 10.7(a) shows the real-time detection of the covalent immobilization

of the DNA probes by means of a phase change of DjS ¼ 7:75 2p rad.

The hybridization with the complementary ssDNA strand is detected using a 58-

nucleotide strand and flowing a 100-nM solution in the same PB buffer. Figure

10.7(b) shows the real-time detection of the hybridization between the complemen-

tary sequences inducing a total phase change DjS ¼ 2:5 2p rad. In order to test the

specificity of the DNA hybridization, 100 nM dissolutions of a noncomplementary

DNA sequence flow after the regeneration of the surface with 10 mM NaOH. This

measurement shows a null response of the sensors, ensuring the specificity of the

DNA binding. A calibration curve has been obtained by using different DNA con-

centrations. The lower experimental limit of detection is 10 pM, as can be observed

in Fig. 10.7(c). This result clearly demonstrated the high sensitivity which can be

obtained for the direct detection of biomolecular interactions by using this nano-

photonic concept for a biosensor.

Figure 10.6. Experimental and theoretical evaluation of the

sensitivity to changes of refractive index for MZI sensors with

Si3N4 core layers of 75 and 200 nm, and for the TE and TM

polarizations. In the case of the sensor with a 75-nm core layer,

the TM mode is not guided.
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10.3.3

Integration in Microsystems

The integration of optical transducers is a key issue in the further development of

‘‘lab-on-a-chip’’ microsystems [23]. The main advantage of the Mach–Zehnder

devices fabricated with standard microelectronics technology comes from the pos-

sibility to develop a complete ‘‘lab-on-a-chip’’ by optoelectronic integration of the

light source, photodetectors and sensor waveguides on a single semiconductor

package together with the flow system and the CMOS electronics [19]. There are

many advantages to shrinking down these devices and integrating them for use in

high-throughput microsystem applications such as single-molecule detection and

DNA sequencing. A complete system fabricated with integrated optics will offer

low complexity, robustness, a standardized device and, what is more important,

portability. Devices for on-site analysis or point-of-care operations for biological

and chemical detection are geared for portability, ease of use and low cost. In this

sense, integrated optical devices have a compact structure and could allow fabricat-

ing optical sensor arrays on a single substrate for simultaneous detection of multi-

ple analytes. Mass production of sensors will be also possible with the fabrication

of miniaturized devices by using standard microelectronics technology.

For the development of a complete MZI microsystem, several units must be

incorporated on the same platform: (a) the micro/nanodevices, (b) the flow cells

and the flow delivery system, (c) a modulation or compensation system for trans-

lating the interferometric signals into direct ones, (d) integration of the light

sources and the photodetectors, and (e) CMOS processing electronics. As an exam-

ple, Fig. 10.8 shows the integration of a nano-MZI device with a microfluidic sys-

H————————————————————————————————————————

Figure 10.7. (a) Detection of the covalent

immobilization of ssDNA receptor probes from

a 45-nM solution by a MZI sensor. (b) Detec-

tion of the hybridization with the complemen-

tary ssDNA strand (100 nM). (c) Calibration

curve for DNA hybridization. A lower detection

limit of 10 pM can be achieved.

Figure 10.8. Scanning electron microscopy image of the cross-

section of the polymer microfluidic channels over the sensor

area of the photonic MZI device.
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tem. The microflow cells are specifically designed and fabricated using a novel

fabrication method of three-dimensionally embedded microchannels using the

polymer SU-8 as structural material [24]. Integration of sources will be achieved

by connection with optical fibers or using embedded diffraction gratings.

10.4

Nanomechanical Biosensors

10.4.1

Overview

Over recent years, biosensors based on microcantilevers have arisen as interesting

devices for measuring biomolecular interactions in a direct way with very high sen-

sitivity [25]. These sensors derive from the microfabricated cantilevers used in

AFM and are based on the bending induced in the cantilever when a biomolecular

interaction takes place on one of its surfaces. Microcantilevers transduce the mo-

lecular recognition of biomolecules into a nanomechanical motion [26] (from a

few to hundreds of nanometers), which is commonly detected by an optical or pie-

zoresistive readout system [27–29]. Research in this new type of sensors grew ex-

ponentially after the landmark paper of Fritz and coworkers in 2000, where the

ability of microcantilever sensors for discerning single-base variations in DNA

strands without using fluorescent labels was demonstrated [26]. This paper made

a deep impact on the biotechnology area and marked the beginning of a major re-

search effort on this field. Shortly after, microcantilever sensors were used in other

works like DNA hybridization [30, 31], detection of proteins involved in cancer [32]

and other diseases [33, 34] with increased accuracy, as well as in applications in en-

vironmental sciences [35]. Cantilever sensors have also been used for the detection

of such chemical molecules as volatile compounds, warfare pathogens, explosives,

glucose and even ionic species [25].

Microcantilevers are fabricated by using standard microelectronics technology in

arrays of tens to thousands of microcantilevers. For that reason they are a promis-

ing alternative to current DNA and protein chips because they could permit the

parallel, fast and real-time monitoring of thousands of analytes (proteins, patho-

gens, DNA strands, etc.) without the need for labeling. When fabricated at the

nanoscale (nanocantilevers) the sensitivity increases and expected limits of detection

are in the femto–atto regime with the astonish possibility of detection at the single-

molecule level in real-time [29].

10.4.2

Working Principle

The physical working principle is based on the bending of the cantilever when a

biomolecular interaction takes place. The bending arises as consequence of a sur-
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face stress change induced by the molecular recognition when this phenomena

happens just on one of its sides (with regard to the other). Hence, immobilization

has to be selectively performed only on one side of the cantilever, allowing the tar-

get molecule to react onto the functionalized side (see Fig. 10.9 for details). Detec-

tion based on cantilever bending is known as static mode detection.
At the same time, the cantilever resonance frequency also varies due to mass

loading. This type of detection is known as dynamic mode detection. Resonance fre-
quency changes can be detected by measuring the thermal cantilever noise. How-

ever, to achieve high-sensitivity resolution, especially when working in liquids, it is

necessary to produce a previous excitation of the cantilevers by using alternated

electric, magnetic or acoustic fields.

Both static and dynamic modes have proven to be very sensitive when working

in air. However, when operated in liquids, the resonance peak and the quality value

shift toward much lower values than in air due to the damping effect of the liquid.

This factor dramatically affects measurements based on the dynamic mode, mak-

ing this method less suitable to monitor biochemical process in aqueous environ-

ments than when using the static mode. For this reason, as biological reactions

take place in liquids, microcantilever sensors operating in the static mode are espe-

cially suitable as a platform for performing nanomechanical biomolecular assays.

In fact, there are only a few demonstrations of biomolecular interaction detection

by using the resonant frequency method [36].

Factors and phenomena responsible for the surface stress response during

molecular recognition remain unclear. Several factors are considered to be in-

volved, but a great controversy already exists in the scientific community [30, 37,

38]. Electrostatic interaction between neighboring adsorbates, changes in surface

hydrophobicity and conformational changes of the adsorbed molecules can all in-

duce stresses which may contrast with each other and make the change in stress

not directly related to the receptor–ligand binding energy. This is particularly the

case for biological adsorption due to the complexity of the interactions involved.

Figure 10.9. Scheme of cantilever bending due to a

biomolecular interaction between an immobilized receptor and

its complementary target. Only the specific recognition causes

a change on the surface stress driving the bending of the

cantilever.
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10.4.3

Detection Systems

The readout signal is critical to the real-time measurement, accuracy and possibil-

ity of integration of microcantilever biosensors. Therefore, a crucial area is the im-

plementation a readout system capable of monitoring changes with subnanometer

accuracy. The bending or/and the resonant frequency changes can be monitored by

several techniques including optical beam deflection, piezoresistivity, piezoelectric-

ity, interferometry, capacitance and electron tunneling amongst the most impor-

tant [27]. In addition, under real conditions, sensors have to be stable long-term,

selective and sensitive to the target molecule with no crosstalk reactions. Nonspe-

cific binding of molecules and noise sources such as vibrations and temperature

changes have to be avoided. These problems can be overcome by using differential

measurements using cantilever array platforms in which a passivated cantilever is

used as a reference. Optical and piezoresistive readouts are the most popular, and

are compatible with array formats.

For the optical readout, the displacement of the free end of the cantilever is mea-

sured using the optical deflection of an incident laser beam on a position-sensitive

photodetector which allows us to calculate the absolute value of the cantilever dis-

placement [Fig. 10.10(a)]. This method provides sub-angstrom resolution and can

be easily implemented for one cantilever; however, implementation for readout of

arrays is technologically challenging, as it requires an array of laser sources with

the same number of elements as the cantilever array. This technique is employed

Figure 10.10. (a) Scheme of the optical readout method for

cantilever bending evaluation. (b) Scheme of the piezoresistive

readout and the Wheatstone bridge configuration.
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in optically based commercialized array platforms, but sequential switching on and

off of each laser source is necessary to avoid overlapping of the reflected beams on

the photodetector. This problem can be elegantly solved by using a scanning laser

source, where the laser beam is scanned along the array in order to sequentially

illuminate the free ends of each microcantilever [39].

Recently, Zinoviev and coworkers introduced a new type of optical waveguide

cantilever [40, 41], where the cantilever act as a waveguide for the light. Light going

out from the cantilever can be collected by other waveguides or by a photodetector.

This new device has shown good performance and offers an interesting approach

for further integration in ‘‘lab-on-a-chip’’ microsystems. The design and fabrication

of this device is covered in Section 10.4.3.2.

Piezoresistive readout is based on the changes observed in the resistivity of the

material of the cantilever as a consequence of a surface stress change [42, 43]. To

measure the change on the resistance, silicon cantilevers must be included into a

DC-biased Wheatstone bridge (Fig. 10.10b). This configuration is very suitable for

further integration using arrays of cantilevers [44]. However, the main disadvan-

tage is the intrinsic high noise level that directly affects to the resolution and the

sensitivity when compared to optically detected cantilevers [45], although the re-

duction of the thickness of piezoresistive cantilevers could increase the sensitivity.

However, the cross-sectional structure of piezoresisitive cantilevers is complex,

with the consequent technological limits in fabricating thin and highly sensitive

cantilevers. Moreover, the piezoelectric readout requires electrical connections to

the cantilever and their isolation from the solution. For all those reasons, the opti-

cal method is the one most employed. In addition, the best detection limits found

in the literature are achieved with the optical method [30, 32].

10.4.4

Design of a Standard Microcantilever Sensor

Microcantilevers are typically made on silicon/Si3N4 or polymer materials, display-

ing dimensions ranging from tens to hundred of micrometers long, some tens

of micrometers wide and hundreds of nanometers thick. Silicon, Si3N4 and SiO2

cantilevers are available commercially with different shapes and sizes in analogy

to AFM cantilevers, with typical lengths between 10 and 500 mm, and ultra-thin

cantilevers up to 12 nm thick. However, for specific applications (as in highly sen-

sitive biosensors) cantilevers must be designed and fabricated to satisfy such

requirements.

Previous modeling is needed in order to know the ranges of thickness, length

and width which could give the highest sensitivity. Several factors must be taken

into account. Reducing the thickness and increasing the length results in an in-

crease of sensitivity of the device, but also leads to complex fabrication technology.

The width of cantilevers is rather important when cantilevers are used in dynamic

mode. A reduction in the width of the beam, in a certain range, results in an in-

crease of the damping and subsequently in a decrease in the quality factor [27].

The effect of the frame and the material must be also taken into account. Cantile-
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ver sensitivity depends critically on their spring constant. The lower the constant,

the higher the sensitivity for measurements in liquids based on the static method.

A key factor that dramatically affects the spring constant of a cantilever is the

Young modulus, which is directly related to the characteristics of the cantilever ma-

terial. Cantilevers are normally made of silicon or related materials that have a

high Young’s modulus. A cantilever made of a softer material would be more sen-

sitive for static deflection measurements. For that reason, polymers with a much

lower Young’s modulus than that of silicon have been used as a substitute material

for fabricating cantilevers [46]. Among polymers, SU-8 has been shown to be very

sensitive, exhibiting a Young’s modulus about 40 times lower than for silicon. In

addition, the cantilever fabrication process is relatively inexpensive, fast and reli-

able. It also provides a convenient way to realize arrays of multiple sensors and to

integrate them into a miniaturized biochemical analysis system. However, there is

still no proof of biosensing testing using polymer cantilever sensors, mainly due to

the difficulty in achieving a stable immobilization of the receptor layer.

Modifications of cantilever shape and dimensions could also improve the cantile-

ver spring constant – longer and thinner [47, 48] cantilevers can address very small

spring constants. Microfabrication technologies allow fabricating micrometer-sized

cantilevers with a high length:thickness ratio in a reproducible and inexpensive

way. However, thermal motion of the cantilever severely limits the extent to which

the spring constant of the cantilever can be reduced [29]. Modeling can be done by

using, finite element programs (ANSYS), for example.

10.4.4.1 Fabrication of a Standard Microcantilever Sensor

Cantilevers are batch fabricated using well-established thin-film-processing tech-

nologies which provide low cost, high yield and good reproducibility. Such fabrica-

tion techniques include thin-layer deposition, photolithographic patterning and

etching, and surface and bulk micromachining. Usually, a sacrificial layer is first

deposited on a pre-patterned substrate before the deposition of the cantilever struc-

tural material. This structural layer must be free of stress gradients, otherwise

problems with the initial bending of cantilevers will appear. The thickness of the

layer must be uniform enough around the wafer to make sure that all the beams

will be identical. It is possible to fabricate arrays of thousands of identical cantile-

vers on one wafer.

The cantilevers might be fabricated extended over the border of the chip or they

might be located in individual cavities inside the chip. This depends on the type of

flow cells to be employed – a common one or a discrete one with independent in-

lets and outlets for each cantilever. For the chip with cantilevers in a common win-

dow, the immobilization of the receptor can be conducted on each cantilever indi-

vidually using, for example, ink-jet and nanojet printing. The individual cavity

design is more complicated from a technological point of view, but allows the im-

mobilization of different receptors in each cantilever in situ by using the discrete

flow cell and also allows parallel screening of different substances.

As an example, the technology for the fabrication of arrays composed of 20 sili-

con cantilevers is described. Both types of chips with discrete and common win-

334 10 Nanodevices for Biosensing: Design, Fabrication and Applications



dows were fabricated. The cantilevers in the array were separated by a distance of

250 mm. Photographs of the fabricated devices with common and discrete windows

are shown in the Fig. 10.11. The chips were 3� 7 mm2 in size. The dimensions

were chosen small enough to fabricate as many as possible devices on one wafer

and large enough to be conveniently handled for measurements.

SOI wafers were chosen as a starting material. The structural silicon layer was

free of intrinsic stress gradients and any superficial defects. In this way, it is possi-

ble to fabricate arrays of thousands of identical cantilevers on one wafer. To fabri-

cate the cantilevers, the most simple approach is to use bulk micromachining us-

ing anisotropic etching of silicon, but this method does not allow us to form a gap

between the cavities due to lateral etching. For that reason, deep RIE (DRIE) must

be employed to obtain windows with vertical walls.

The sequence of the technological steps is shown in Fig. 10.12. The front side

contains a structural silicon layer (1) and a sacrificial SiO2 layer (2). The reverse

side of the silicon substrate (3) has a SiO2 layer (4). As a first step, the reverse

side was covered with an aluminum layer (5), the most adequate mask material

for the following DRIE. The initial multilayer structure used for the fabrication of

the cantilevers is shown in Fig. 10.12(a). Cantilevers on the front side were defined

by dry etching of silicon through the pattern obtained by previous photolithogra-

phy. The aluminum mask was deposited on the reverse side and the SiO2 was re-

moved from the areas where the silicon substrate must be etched. Before the next

step, the components side was covered with a photoresist layer (6) (Fig. 10.12b).

Figure 10.11. Photographs of nanomechanical sensors based

on microcantilever arrays fabricated at the author’s Clean

Room facilities. Two different arrays of microcantilevers can be

observed, with common and discrete windows (see text for

explanation).
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The etching with DRIE of the silicon substrate resulted in almost vertical walls

in the cavities with a small (about 20 mm) lateral undercut at the top. At this stage,

clean SiO2 membranes with cantilevers and a photoresist layer on top were ob-

tained (Fig. 10.12c). The photoresist layer (6) prevented the membranes cracking.

To release the cantilevers, the membranes were etched in vapors of HF (49%).

Afterwards, the wafers were briefly rinsed with deionized water. The photoresist

film was removed by oxygen plasma etching.

The next step was dicing the wafers. Common sawing could not be employed as

it would break the cantilevers by the cooling water flow and might leave residuals

on the sensor surface. As a solution, a DRIE step was applied to have wafers ‘‘pre-

liminary diced’’. As the cavities under the cantilevers were etched, a groove around

every chip was etched to make the array of cantilevers joined to the wafer by two

thin hinges, which could be broken manually. With this technology a 100% yield

for the cantilever fabrication (2500 cantilevers per wafer) was obtained [49]. All

cantilevers were identical and the initial bending was almost negligible. Typical

profiles of the fabricated cantilevers are shown in Fig. 10.13. The dispersion did

not exceed 0.6 mm, which corresponded to 0.005 rad dispersion of angular deflec-

tion. Even cantilevers with an extreme low spring constant (k ¼ 0:000061 N m�1)

can be obtained following this fabrication procedure (cantilever dimensions

800� 20� 0:334 mm3).

Figure 10.12. Fabrication steps for microcantilever arrays (see text for details).

336 10 Nanodevices for Biosensing: Design, Fabrication and Applications



Table 10.1 shows the main parameters experimentally evaluated for the fabri-

cated devices and the comparison with the values for the commercial ones, demon-

strating the feasibility of the designed and fabricated devices for higher sensitivity

than the commercial devices.

10.4.4.2 Optical Waveguide Microcantilever: Design and Fabrication

The optical method is normally employed for microcantilever sensors readout, but

has several disadvantages – the major one being the difficulties experienced while

performing parallel monitoring of several cantilevers at the same time. In order to

achieve further integration, a new optical cantilever sensor has been recently pro-

posed [40, 41]. The detection method is based on monitoring the light exiting a

Figure 10.13. Typical cantilever profiles after fabrication.

Cantilevers are 200 mm long, 40 mm wide and 0.334 mm thick.

Table 10.1. Main mechanical parameters of fabricated

microcantilevers, and comparison with commercial and

polymer microcantilevers.

LengthDwidthD thickness K (N mC1) Frequency (kHz) Q

500� 20� 0:3 9:1� 10�3 1.5 1.8

200� 20� 0:3 7:4� 10�3 9.9 6.3

100� 20� 0:3 6:1� 10�3 34.9 13.6

50� 40� 0:3 7:9� 10�3 86.5 20.7

200� 20� 1:5 (polymer) 2:5� 10�3 17 15

550� 40� 0:8 (silicon commercial) 11� 10�3 23.9 34.7
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waveguide microcantilever (see Fig. 10.14 for details). This integrated waveguide

cantilever sensor can be fabricated as an array of independent waveguide channels

designed for monitoring bio-specific reactions. The sensor can work in static or dy-

namic modes, either by monitoring the deflection or by monitoring the changes in

the resonance frequency of the cantilever. The advantage of the device is that the

transducer is integrated with the receptor on one chip and the external photodetec-

tor is only used for optical power readout. No preliminary alignment or adjustment

is needed, except for light coupling into the chip, which does not seriously affect

the performance of the device if the coupler is well designed. The sensitivity of

the device is comparable to standard microcantilever sensors discussed above.

10.4.4.2.1 Principle of Operation and Theoretical Analysis The principle of opera-

tion is based on monitoring the coupling efficiency between two butt-coupled

waveguides. The energy transfer between the waveguides is very sensitive to their

misalignment with respect to each other. In this device the transducer is an opti-

cally transparent cantilever beam of submicron thickness. It is located in a cavity

and acts as a symmetrical optical waveguide. Light from the cantilever is injected

through a short gap into an output waveguide, called a receptor. After exiting the

cantilever, light diverges very quickly in the transversal direction and after a few

microns its intensity distribution is much larger compared to the distribution of

the receptor waveguide modes. Thus, the near field of the cantilever is probed by

the receptor, which is a single-mode asymmetrical waveguide. The changes in the

power of light exiting the output waveguide, which are attributed to the cantilever

bending caused either by the surface stress and/or by vibration of the cantilever,

are monitored by a conventional photodetector [41].

The simulations of the coupling efficiency and the sensitivity of the waveguides

to their misalignment with respect to each other can be done using overlap inte-

grals [50]. The simulations are performed separately for the fundamental and for

the first propagating modes of the cantilever. Two electric field distributions have

been overlapped. The first one was the distribution of light exiting the cantilever

after propagation through the gap. It was obtained using finite difference beam

propagation method (FDBPM) [51]. The second distribution was the fundamental

mode of the output waveguide. It was built using the solution of Maxwell equa-

tions with appropriate boundary conditions [50]. Waveguide parameters close to

Figure 10.14. Scheme of the novel optical waveguide microcantilever device.
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those of the fabricated device were used for the simulations. The cantilever and the

receptor were made of SiO2 and Si3N4 materials, respectively.

The sensitivity of the device is defined as the relative change in the output signal

per unit cantilever free end displacement. It was calculated as the change in the

output power required for the detection of 1-nm cantilever displacement with re-

spect to the power of light exiting the cantilever. This accuracy is equivalent to the

noise level allowed in the system. This parameter, further called the noise level, is

expressed in relative units. The results of simulations are shown in Fig. 10.15. The

noise level demonstrates similar behavior for both modes. The coupling efficiency

for the zero mode is higher than that for the first mode. The curves of Fig. 10.15

were produced assuming the cantilever is biased to the most sensitive point which

depends on the gap width as well. In general, the width of the gap is a trade-off

since a small gap allows for high sensitivity and efficiency, whereas a wide gap

makes fabrication tolerances less strict.

10.4.4.2.2 Fabrication and Characterization The most difficult step in fabrication of

the device is the fabrication of the cantilevers aligned with the output waveguides,

implying that the cantilevers should be very flat. A thermally grown SiO2 layer was

used for the fabrication. The film demonstrated no stress gradient if the bottom

layer of a few hundred nanometers was previously eliminated. This allows us to

fabricate straight cantilever beams 200 mm long, 40 mm wide and 600 nm thick.

The gap between the cantilever and the receptor waveguide was fixed to 3 mm. As

the refractive index of SiO2 is low, it is not possible to conform a total internal re-

flection waveguide over the silicon substrate, unlike a SiO2 cantilever in air. There-

fore, light was launched over the substrate to the cantilever by using a Si3N4 wave-

guide, called an input waveguide (IWG). At the cantilever anchoring area, the IWG

deposited over the silica buffer forms a junction with the cantilever beam, which is

Figure 10.15. Modeling of the coupling efficiency and the

noise level permitted in the acquisition system for the detection

of a 1-nm optical cantilever displacement versus the gap width.
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an extension of the buffer (Fig. 10.14). Light coupling into the cantilever was car-

ried out by means of the evanescent field of the fundamental mode of the IWG.

The efficiency of coupling is inversely proportional to the square root of the thick-

ness of the IWG. It can reach 75% if the thickness is close to the value defined

by the cut-off condition for the fundamental mode. The silica buffer thickness

was 1.0 mm – enough to avoid leakage of energy into the substrate assuming the

thickness of the input and output waveguides was 140 nm.

The device was fabricated using standard silicon technologies (Fig. 10.16). First,

a SiO2 layer was thermally grown by wet oxidation on both sides of a silicon wafer.

Then, a high-temperature LPCVD Si3N4 layer was deposited on the front side and

a PECVD SiO2 on the reverse side. Standard photolithography and RIE were ap-

plied to define the waveguides on the Si3N4 layer and the cantilevers on the SiO2

layer. The same processes were used to obtain the mask for DRIE on the reverse

side of the wafer. DRIE was applied to both sides in order to define the cavities un-

der and around the cantilevers. Finally, the cantilevers were released by etching the

rests of silicon using TMAH solution. A yield close to 100% was achieved, which

means more than 2500 cantilevers per wafer. Figure 10.17 shows some photo-

graphs of a fabricated array of waveguide cantilevers. The cantilevers on the chip

are located in a common cavity, which is a reach-through chip hole located in the

center.

For characterization, the chip was located on a piezoelectric actuator connected

to a sine waveform synthesizer. Light from a He–Ne laser (632.8 nm, 7.5 mW)

was coupled into the chip using direct focusing through an objective lens at the

exiting light collected by another objective and then directed to a silicon photo-

detector. The coupling efficiency into the IWG was about 5%. Near 40% of light

was transmitted from the IWG into the cantilever. The power of light exiting the

output waveguide was 0.015 mW. Total losses were �27 dB with respect to the

laser output power. The mechanical resonance of the cantilevers was close to of

13.1 kHz. The spectrum of the output signal measured with AC (11.1 kHz) voltage

of 50 mV supplied to the piezoactuator is shown in Fig. 10.18. At this frequency, a

small modulation of the output signal was observed, attributed to the modulation

of coupling efficiency at the input. AC voltage (50 mV) applied to the piezoactuator

Figure 10.16. Technology for the fabrication of the optical waveguide cantilevers.
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Figure 10.17. Photographs of the fabricated waveguide cantilevers.

Figure 10.18. Spectrum of the output signal of

a waveguide cantilever. The peak at 13.1 kHz

corresponds to the cantilever vibration at

resonance frequency induced by a piezoelectric

actuator. The excitation voltage of the

piezoactuator was 50 mV. The cantilever

oscillation amplitude was about 1.7 nm at this

frequency.
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produced a periodic change in the output signal. At a frequency of 13.1 kHz, the

cantilever was subject to resonance vibration with an amplitude of about 1.7 nm.

The sensitivity, calculated as fractional change (DUout ¼ 1:0 mV after amplification

by factor 100 and subtracting the modulation at the input, see the inset in Fig.

10.18) in the output voltage (Uout ¼ 60 mV) per unit cantilever displacement was

10�4 nm�1. The signal to noise ratio, which was about 40 at these frequencies,

would allow us to register a 0.05-nm cantilever free end displacement. This shows

the potential for using this novel structure as a nanomechanical sensor for biomo-

lecular interaction detection with high sensitivity and with a much more integrated

approach that that for standard microcantilever sensors.

10.4.5

Biosensing Applications of Nanomechanical Sensors

One of the first applications of nanomechanical sensors was in the field of ge-

nomics. Fritz and coworkers [26] demonstrated the detection of a single-base mis-

match with a detection limit of 10 nM using an array of two cantilevers. One of the

cantilevers was functionalized with a control (noncomplementary) oligonucleotide

and the DNA probe (complementary) was immobilized in the other. They achieved

hybridization deflection signals as small as 10 and 16 nm for 12 and 16mer DNA

targets, respectively, within a deflection noise of 0.5 nm. More recently, McKendry

and coworker reached a detection of 75 nM for target oligonucleotides in an array

of eight microcantilevers [30]. Both results include the specific immobilization by

microcapillarity with a 40-mM solution of the thiolated DNA probe. Figure 10.19

shows the cantilever response for a DNA immobilization step. The discrimination

of single-nucleotide polymorphisms has been also reported by Thundat and co-

workers [31], although with a single cantilever. Other DNA detection schemes

have been reported, e.g. the one which used a capture oligonucleotide combined

with a DNA probe attached to a gold nanoparticle. This method can detect at least

0.05 nM and is able to discriminate single mismatch measured by resonance [52].

Figure 10.19. Simultaneous 2 mM thiolated DNA (27mer)

immobilization detection using the cantilever array platform

showed in Fig. 10.11.
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Proteins have also caught the attention of nanomechanics applications, mainly

motivated by the possibility of achieving protein microarrays based on arrays of

cantilevers with lower-cost fabrication methods, no labeling of the target protein

and improved sensitivity. Recently, Wee and coworkers [53] reported the detection

of prostate-specific antigen (PSA), a useful marker for earlier detection of prostate

cancer, and C-reactive protein (CRP), a specific marker of cardiac disease, by an

electromechanical biosensor using self-sensing piezoresistive microcantilevers. Ma-

jumdar and coworkers [32] reported the detection of two isoforms of PSA with an

excellent range of discrimination and a detection limit of 6 ng mL�1 (deflection sig-

nal of 20 nm) in a background of 1 mg mL�1 of BSA protein. In addition, a novel

development for early osteosarcoma detection has been described, sensing the in-

teractions between vimentin antibodies and antigens with a single-cantilever-based

biosensor [54]. Other clinical applications included the detection of different patho-

gens like Salmonella enterica by Weeks and coworkers [55], vaccinia virus by Gunter

and coworkers [56] or fungal spores from Aspergillus niger by Nugaeva and co-

workers [57]. The use of aptamers as the bioreceptor element has also been widely

probed on a number of microcantilever biosensing platforms [58–61].

Biosensing with microcantilevers also extends to applications in environmental

sciences. Alvarez and coworkers [35] used this nanodevice for the detection of the

organochlorine insecticide compound dichlorodiphenyltrichloroethane (DDT). A

competitive assay was performed, in which the cantilever was exposed to a mixed

solution of the monoclonal antibody and DDT, and direct detection was proven.

With this detection strategy DTT concentrations as low as 10 nM were detected in-

volving deflection signals in the range of 50 nm (Fig. 10.20). Many other applica-

Figure 10.20. DTT pesticide detection using a single

microcantilever sensor in a real-time competitive immunoassay.

The cantilever surface was regenerated with 100 mM HCl.

10.4 Nanomechanical Biosensors 343



tions have been described for the detection of pesticides and avidin–streptavidin

[28].

Nowadays, there are several commercial platforms based on cantilever array sen-

sors available that demonstrate the potential of nanomechanical biosensors as a re-

liable sensing tool for biochemical applications [62–65].

10.5

Conclusions and Future Goals

This chapter has provided an overview of most of the technical aspects related to

two important branches of nanodevices for biosensing (nanomechanical and nano-

photonic biosensors), including design, fabrication and applications of some spe-

cific devices. Nanomechanical and nanophotonic biosensors constitute a promising

technology as a suitable solution for an important number of problems in the bio-

sensor field. The improvement of the reproducibility and sensitivity along with the

integration of microfluidics and detections systems is the main aim of the present

research.

Nanobiosensors are still undergoing considerable diversification with respect to

technologies, but those fabricated by using standard microelectronics and related

MEMS/NEMS approaches could allow the development of portable microsystems

platforms which could be employed outside the laboratory. However, limitations

in the technology, problems in the integration of all the components in one micro-

system and the connection of such tiny devices with the ‘‘real’’ world must be ap-

propriately solved. There is no doubt that such limitations will be overcome in the

near future, opening up immense possibilities for early, personalized diagnosis

and high-throughput screening.
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Fullerene-based Devices for Biological

Applications

Ginka H. Sarova, Tatiana Da Ros, and Dirk M. Guldi

11.1

Introduction

The great excitement commencing with the advent of fullerenes and their large-

scale production was the inception of a wealth of scientific projects focused on

two major disciplines – material chemistry and biomedical applications. Research

and development of biomedical applications was, however, penalized by the neces-

sity to work with soluble and biocompatible materials. Still, the outstanding phys-

icochemical features of fullerenes, in general, and [60]fullerene, in particular, to-

gether with their unique shape, renders this class of carbon nanostructures as a

candidate par excellence for biological applications. The ability, for example, to up-

take electrons causes fullerenes to act as a very appropriate radical sponge, which is

unequivocally reflected in their neuroprotective action. Photoexcitation of fuller-

enes, however, produces selectively reactive oxygen species (ROS) that are known

to be cytotoxic. In this chapter we report on the solubility, toxicity and major biolog-

ical applications of C60, considering both milestone achievements and the most re-

cent advances in these intriguing areas.

11.2

Solubility

Considering the unique and hydrophobic structure of fullerenes, it is not surpris-

ing that C60 renders absolutely insoluble in polar solvent. This aspect is, however,

detrimental for developing biological and medical applications, and it consequently

slowed down research activities in this intriguing field. To overcome this limita-

tion, different approaches have been used – suspension in co-solvents, encapsula-

tion into water-soluble hosts and chemical functionalization were mainly pursued

as potent alternatives. In a number of instances the last two methods have been

combined through the preparation, for example, of covalently linked cyclodextrins

(CDs), which play a double role, i.e. providing solubilizing features and also physi-

cally entrapping the carbon cage.

Nanotechnologies for the Life Sciences Vol. 4
Nanodevices for the Life Sciences. Edited by Challa S. S. R. Kumar
Copyright 8 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31384-2

348



Suspensions of fullerenes are achieved by dissolving them first in a nonpolar or-

ganic solvent, such as benzene, adding medium polar tetrahydrofuran (THF) and

then acetone. In the last steps, the addition of water to the mixture and the subse-

quent evaporation of the organic solvents are performed to produce yellow stable

suspensions [1, 2]. Notably, such suspensions are composed of fullerene aggre-

gates of variable sizes.

The encapsulation and/or the association of fullerenes into CDs or calixarenes

eventually led to the solubilization of fullerenes in aqueous media [3–12]. In this

context, the complex formation, for example, between sulfonated thiacalix[4]arene

and calix[6]arene and fullerene has been reported [13]. In this case, the stoichiom-

etry between C60 and complexing molecules depends mainly on the dimension of

the latter, and it is 1:1 in the case of calix[6]arene and 1:2 for calix[4]arene.

Poly(vinyl pyrrolidone) (PVP), dimethyldioctadecylammonium bromide, Triton

X-100, dihexadecyl hydrogen phosphate and lecithin also gave interesting results,

leading to rather concentrated solutions of pristine fullerenes with concentrations

as high as 10�5 M [14].

The covalent functionalization of fullerenes with hydrophilic groups is, however,

by far the most powerful strategy to obtain water-soluble derivatives. Different

functionalities, including ethylene glycol chains [15, 16], hydroxyl groups [17], car-

boxylic acids [18], ammonium groups [19] and CDs (Fig. 11.1) [7, 20–22], have

been introduced onto the carbon cage in recent years with good results.

In the same manner, preparation of monosaccharide and oligosaccharide fuller-

ene derivatives has been recently re-proposed [23–26]. Similarly, fullerene amino

acids and fulleropeptides emerged as other important classes of soluble fullerene

compounds that are abundantly reported [27]. Functionalization of the carbon

cage has been performed by either direct attachment of amino acids [28] or by tra-

Figure 11.1. Example of covalent functionalization of fullerene with CDs.
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ditional cycloaddition reactions that are followed by subsequent modification of the

appendage [29–31].

A parallel development involves the synthesis of polyadducts to increase fuller-

ene solubility. Nevertheless, the best results are currently achieved through the

monofunctionalization of fullerenes – in the form of dendrofullerene 1 – that

reaches water solubilities of the order of 34 or 254 mg mL�1 at pH 7.4 or 10, re-

spectively [32].

11.3

Toxicity

The wide-ranging appeal of fullerenes has triggered concern about their potential

toxicity. If they are employed widely, it is important that the toxicity of fullerenes be

measured and counteracted, if possible. Of key consideration is fullerene solubility

in water. Although they are inherently hydrophobic, their water solubility is essen-

tial for many emerging biomedical technologies.

Early work focused on studying the effects of unfunctionalized C60, raw soot and

fullerene black on bovine alveolar macrophage cells and macrophage-like cells.

Raw soot and fullerene black are often the intermediaries and byproducts created

during the bulk production of fullerenes in the laboratory. Enzyme tests for lysoso-

mal damage and generation of ROS were undertaken as indicators for toxicity.

Such tests demonstrate that C60 and the raw soot did induce a slight cytotoxic ef-

fect on alveolar and HL-60 cells after 48 h of incubation [33].

Functionalization of normally hydrophobic fullerenes is primarily done to render

them hydrophilic. Cells, tissues and living systems all operate in a hydrophilic en-

vironment, and functionalization aids in the interaction between the fullerene and

the biological system of interest. Their toxicity, both in tissue culture and in vivo, is
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an important characteristic for defining and constraining these applications. In

fact, there have been a few papers on the influence of C60 and its derivatives on

cell growth as well [1]. Surprisingly, no toxic effects of unfunctionalized C60 on bi-

ological samples were noted in these early assays.

Some water-soluble fullerene derivatives were found to cross the cellular mem-

brane and localize in the mitochondria of HS 68 human fibroblast and COS-7

monkey kidney cells, but no toxicity studies of this derivative have been performed

[34]. Carboxylic acid C60 derivatives inhibited excitotoxic cell death of mouse cor-

tical neurons in vitro, and delayed the death and functional deterioration of a trans-

genic mouse containing the human superoxide dismutase (SOD) gene responsible

for the neurodegenerative disease called familial amyotrophic lateral sclerosis

(ALS; also known as Lou Gehrig’s disease) [35].

When C60 was solubilized with PVP in water and the aqueous solution was ap-

plied to a mouse midbrain cell differentiation system, both cell differentiation and

proliferation were potently inhibited [36, 37]. However, water-soluble fullerene car-

boxylic acids derived from C60 and C70, which were examined for photocytotoxicity

toward Raji cells (B lymphocytes), did not show any photocytotoxic effect even at

50 mM [38].

In some cases, the phototoxicity of fullerene molecules has been identified as a

feature useful for therapeutics [39, 40]. Other work has sought to minimize the

toxicity of water-soluble fullerenes so as to permit their use in drug-delivery appli-

cations.

Recent attention has been drawn to the environmental effects of nanoscale ag-

gregates of C60. This form results when pristine C60, from either the solid state or

organic solution, is placed into contact with neutral water [41]. Rather than com-

pletely precipitating, some C60 will form suspended and water-stable aggregates

up to 100-p.p.m. concentrations. The environmental and biological significance of

fullerenes in water was examined by comparing the cytotoxicity of several impor-

tant types of water-soluble fullerenes using human liver carcinoma cells and

dermal fibroblasts. It has been shown that nanoscale aggregates of C60 are cytotoxic

to HDF and HepG2 cells at the 20-p.p.b. level [42].

In conclusion, fullerenes are toxic to human cells as well, but surface modifica-

tions can significantly reduce the effect. Fullerenes are toxic because they have a

high affinity for electrons and in the presence of oxygen they can generate radical

species that damage cell walls. Some studies even postulate that blockage of the

cell cycle might be a mechanism of this activity [43]. The low-energy, unoccupied

molecular orbitals that make it easy for fullerenes to accept electrons also make

them electrically conductive. Such results could help pave the way for the general

use of fullerenes.

11.4

DNA Photocleavage

DNA cleaving and lipid peroxidation activities of fullerenes have attracted consider-

able attention [44–46]. Importantly, C60, if exposed to light, can either make singlet
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oxygen (type II energy transfer pathway) or be an electron donor to make superox-

ide radicals. For example, photoirradiation of C60 results in the formation of the

singlet excited state 1C60
�, which undergoes efficient intersystem crossing to give

the triplet excited state 3C60
�. 3C60

� reacts with nearly diffusion-controlled rate con-

stants with molecular oxygen to yield singlet oxygen [47]. In principle, 1O2 would

then cleave DNA [48].

Possible involvement of 1O2 was examined in some detail by comparing the re-

activity of a fullerene–oligonucleotide linked system with a similarly linked eosin–

oligonucleotide [49]. Fullerene–oligonucleotides that either bind single- or double-

stranded DNA cleave the strand(s) proximal to the fullerene moiety upon exposure

to light and oxygen. DNA damage occurs predominantly at guanine bases, without

revealing a significant specificity between the various G sites [44]. Only when C60

was conjugated to an oligonucleotide was a good selectivity observed [50]. A key

observation was that addition of a singlet oxygen quencher, sodium azide, largely

inhibits the eosin–oligonucleotide cleavage, while no discernable effect was noted

for the fullerene–oligonucleotide cleavage. A likely rationale suggests that the

fullerene–oligonucleotide cleavage does not involve the singlet oxygen mechanism,

but rather an alternative mechanism must be involved.

The alternative mechanism implies an electron transfer scenario – the type I

electron transfer pathway. More precisely, the triplet excited state 3C60
� is subject

to reactions with reductants to afford the radical anion of C60. In this case, the

rate constant for electron transfer quenching as a function of donor oxidation po-

tential typically follows the Weller relationship [51]. Evidence for this pathway

comes from early work by Foote and coworkers, who reported that 3C60
� directly

oxidizes guanine in a DNA stack, because the oxidation potential of a guanosine

derivative is located at 1.26 V, which is close to the reduction potential of 3C60
�

(1.14 V). Conceptually similar is the sequence of reacting the radical anion of C60

with molecular oxygen to generate superoxide radicals and then indirectly cleaving

DNA through reductive electron transfer. Such a reductive activation of molecular

oxygen by photoexcited fullerenes was shown to be highly feasible under physio-

logical conditions.

However, the poor solubility of fullerenes in water precluded in most instances

the detailed mechanistic studies of C60 photosensitized DNA damage. However, of

course, the binding to and recognition of DNA by synthetic organic compounds –

fullerenes – is important.

Photoinduced DNA cleavage occurs efficiently by C60 in O2 saturated solutions

containing NADH – the most important redox coenzyme acting as the source of

electrons in the living system – through superoxide radicals. In fact, spectroscopic

and kinetic studies using a laser flash photolysis technique enabled the detection

of superoxide (O2
�) through the use of a radical scavenger – 5-diethoxyphosphoryl-

5-methyl-1-pyrroline N-oxide (DEPMPO) [52, 53].

Highly efficient DNA cleavage by small amounts of water-soluble poly(fullerocy-

clodextrin)s under visible light conditions and the photocleavage of DNA by pris-

tine fullerene in mixed organic solvent system have also been observed [54]. The

cleaving is followed by a strong interaction between cleaved DNA fragments and

C60 leading to DNA–C60 conjugates in high yields. Similarly, water soluble C60–
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homooxacalix[3]arene complexes and lipid-membrane-incorporated C60 acted as ef-

ficient DNA photocleavage reagents [11, 55].

Several concepts were followed to enhance the fullerene DNA interactions. A

promising strategy involves fullerene derivatives that bear DNA minor groove

binders, such as triple-helix-forming oligonucleotides. The rational design of this

synthesis is based on a reinforced effect due to the simultaneous presence of two

different agents able to confer sequence selectivity [56]. This, for example, is ex-

pected to assist in targeting the fullerene moiety to a desired DNA sequence. Al-

though the triplex formation was demonstrated, the presence of fullerene moieties

gives rise to a high degree of instability. In this context, the approach to introduce

nucleic acid-specific agents such as acridine [57] or netropsin [45] to understand

the mechanism of action of these classes of conjugates and to increase both cyto-

toxicity and sequence selectivity was unsuccessful.

An alternative concept implies that DNA can be used as a framework for the as-

sembly of fullerene materials – bearing cationic functionalities – through electro-

static interactions with the phosphate groups along the DNA backbone [58, 59].

This concept was driven by the finding that a simple carboxylic acid derivative

does not bind to DNA and hence it is unlikely that DNA undergoes direct chemical

reaction with the fullerene derivative. However, some mediating function – most

likely due to the involvement of superoxide radical anions – helped in cleaving

DNA fragments at guanine residues upon exposure to light [60].

11.4.1

Photodynamic Therapy (PDT)

Photosensitizers that are typically employed in PDT are aromatic molecules, able to

efficiently form long-lived triplet excited states. The latter display the potential to

generate ROS with high quantum yields. In addition, these compounds should

possess low energy absorptions, low toxicity in vivo and high selectivity towards

biological target in order to avoid side-effects.

Due to the small singlet-triplet energy gap and to the forbidden nature of the ra-

diative S1 ! S0 transition, the dominant deactivation pathway of the fullerene pho-

toexcited singlet state is S1 ! T1 intersystem crossing. The quantum yield of trip-

let formation is close to unity for both C60 and C70 [61, 62]. The triplet excited state

with lifetimes in the range of hundreds of microseconds is photoactive and gives

rise to the formation of cytotoxic species such as O2
.�, .OH and H.. For instance,

quenching of the fullerene triplet by oxygen through triplet–triplet annihilation is

close to diffusion control:

3C60
� þ 3O2 ! 1C60 þ 1O2

�

The fact that the reverse process, i.e. quenching of the singlet oxygen by ground

state fullerene, proceeds at a rate much lower than diffusion control, together

with the low fluorescence quantum yield of fullerenes, makes this class of com-

pounds good photosensitizers with a great potential in PDT [61].

The main drawback for the application of fullerenes as photosensitizers in vivo is
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the lack of significant absorption at longer wavelengths. However, this disadvan-

tage can be overcome when functional groups are appended that act as a ‘‘light har-

vesting’’ antenna. Indeed, this pathway was considered and reported first by Cheng

and coworkers [63] and later by other authors [64].

To characterize fullerenes C60 and C70 as photosensitizers in biological systems,

the generation of active oxygen species through energy and electron transfer was

studied in vitro [60]. It was found that 1O2
� is generated effectively in nonpolar sol-

vents, such as benzene, whereas in water, O2
.� and .OH were produced instead,

especially in the presence of a physiological concentration of reductants including

NADH. These redox active species were shown to contribute to the photoinduced

DNA cleavage under physiological conditions.

The effect of the fullerene core substitution on singlet oxygen formation has re-

vealed interesting trends [65]. The efficiency of singlet oxygen production from a

series of fullerene derivatives – epoxides and diethylmalonate derivatives – was

evaluated by measuring the near-IR emission at 1268 nm, which corresponds to

the O2 (1Dg) ! O2 (3Sg
�) transition. Overall, it was shown that functionalization

of the fullerene core reduced the photodynamic activity. Fascinatingly, the effect

was independent of the nature of the addend, but dependent on the number of ad-

dends. Higher degrees of functionalization, for example, lead to decreasing effi-

ciencies of singlet oxygen production with greater effects imposed by adjacent ad-

dends compare to more remotely placed addends. Complementary studies showed

that even multifunctionalized fullerene compounds, such as fullerol C60(OH)n
(n > 18) and fullerene-core star-like polymer, C60[>N-CH2CH2(OCH2CH2OCH3]6,

are efficient 1Dg generators in vitro [66]. Although the photophysical capabilities of

fullerols have been shown to be reduced by hydroxylation, when compared to pris-

tine C60, sufficient photoactivity remains to trigger sizeable effects on aqueous sys-

tems [67]. Indeed, fullerol C60(OH)24 has been shown to produce a mixture of sin-

glet oxygen and superoxide under both visible and UV irradiation.

Fullerenes 2a and 2c, incubated with HeLa S3 cells, were shown to be cytotoxic

upon irradiation [44]. Cells in the presence of fullerenes were not affected when

not exposed to light. Compound 2b was found to be noncytotoxic even when irra-
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diated, possibly due to its lower water solubility compared to 2a and 2c. A reference

compound lacking the fullerene moiety was inactive when incubated with cells and

exposed to light. These interesting results were explained by the formation of sin-

glet oxygen through fullerenes.

Li and coworkers reported a 2-fold proliferation of human cervix cancer cells in-

cubated with liposome-encapsulated C60 and irradiated for a short period of time

relative to unirradiated cells [68]. The authors concluded that the cancer cells

were likely to be killed only if the laser power was above a certain threshold during

the irradiation time, otherwise it would have promoted cell growth.

C60 derivatives bearing poly(ethylene glycol) (PEG) chains were found to be

cytotoxic to L929 cells, but only when photoirradiated with visible light –

measurements in the dark disclosed no appreciable impact [69]. The authors con-

sidered the generation of singlet oxygen as the critical step. Moreover, cytochrome

c was reduced when irradiated in the presence of the fullerene derivative and addi-

tion of SOD suppressed the cytochrome c reduction. However, when SOD, cyto-

chrome c and the C60 derivative were administered all together to the cells, no

change in cytotoxicity was noted that would have been caused by adding SOD.

PEG-modified C60 fullerene 3 was shown to accumulate in tumor tissues to a

greater extent than in normal tissues upon intravenous injection into tumor-

bearing mice, exhibiting prolonged C60 retention at the tumor tissue [70, 71]. Light

irradiation that was applied after the injection of 3 significantly suppressed the vol-

ume increase of the tumor. The compound was basically released from the mice

within 1 week.

Derivative 4 was not active at all up to concentrations of 50 mM, whereas at

higher concentrations the cell growth was inhibited – even in the absence of light

[38]. The light-triggered oxidative properties of singlet oxygen were considered re-

sponsible for a series of biological activities exhibited by fullerene solutions.

In the search of new photosensitizers for PDT, the attachment of sugar moieties

to the fullerene chromophores attracted considerable attention, since carbohydrates
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play, in general, an important role in cell–cell interactions [72, 73]. Sugar-pendant

monofunctionalized and bisfunctionalized fullerene derivatives were recently syn-

thesized starting with carbohydrate-linked azides, and their photocytotoxicity

against HeLa cells was studied [74]. The photosensitizing ability of the sugar-

pendant derivatives to produce singlet oxygen in dimethylsulfoxide solution was

demonstrated by the direct observation of the emission due to the O2 (1Dg) ! O2

(3Sg
�) transition at 1268 nm. In agreement with the established trend that func-

tionalization of fullerenes reduces the efficiency of singlet oxygen production [65],

mono-adducts were shown to produce singlet oxygen with higher efficiencies than

the corresponding bis-adducts. The cells were incubated for 12 h prior to the addi-

tion of photosensitizer and further incubated for an additional 6 h. After washing

and irradiating with 10 J cm�2 of laser energy, cells were further incubated for

24 h before the numbers of living cells were counted by the MTT [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. Overall, the dark

cytotoxicity of all investigated compounds was found to be quite small, while sig-

nificant phototoxicities were observed for d-glucose, d-mannose and d-galactose de-

rivatives bearing a single carbohydrate unit. However, d-xylose and maltose deriva-

tives were less toxic despite the fact that comparable amounts of singlet oxygen

were produced in vitro. Also, under the chosen experimental conditions the bis-

adducts failed to display any meaningful phototoxicity, since they gave rise to

poorer performance in terms of generating singlet oxygen than the analogous

mono-adducts.

Recently, two new fullerene-bis-pyropheophorbide a derivatives, i.e. a mono-

adduct 5 and a hexakis-adduct 6, were synthesized and tested in vitro with regard

to their intracellular uptake and photosensitizing activity towards human leukemia

T lymphocytes (Jurkat cells) [75, 76].

The uptake of 5, 6 and the reference compounds 7–9 by Jurkat cells was investi-

gated with confocal laser scanning microscopy and by measuring the fluorescence

intensity of cell extracts at the emission wavelength of pyropheophorbide a. The
intracellular concentrations of fullerene complexes and 9 were 27 times lower

than that of the free sensitizers after 24 h of incubation. They also showed slower
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accumulation in cells. The authors rationalized these results on the basis of differ-

ent uptake mechanisms – lipophilic molecules with molecular weights lower than

100 Da normally diffuse through the membranes, while bigger molecules, such as

fullerene–sensitizer complexes 5 and 6, and 9 can be taken up only by endocytosis

or pinocytosis, which have slower kinetics than passive diffusion through cell

membranes.
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The phototoxicity of fullerene–sensitizer complexes was tested in comparison

with the fullerene-free sensitizers. The rates of necrotic and apoptotic cells were de-

termined 24 h after irradiation with a laser diode (688 nm, 2.12 mW cm�2). The

fullerene complexes were found to be less phototoxic compared to the fullerene-

free sensitizers 7 and 8. This is mainly due to the high molecular weight of the

fullerene complexes, leading to lower intracellular concentration.

The hexakis-adduct 6 showed significant phototoxic activity (58% dead cells after

a dose of 400 mJ cm�2, 688 nm), while the mono-adduct 5 showed very low toxicity

even at higher doses of irradiation. The latter was attributed to a low intracellular

uptake for 5 and to an efficient electron transfer process from the pyropheophor-

bide singlet state to the fullerene moiety, resulting in low yield of the intersystem

crossing (ISC) and low quantum yield of singlet oxygen formation.

No dark cytotoxicity was found towards Jurkat cells after 24 and 48 h of incuba-

tion with all studied sensitizers.

Recently, it has been demonstrated that chemical reactions of importance for

PDT could be directly activated by a hybrid carbon nanotube (CNT) rope consisting

of two adjacent metallic CNTs, where one is filled, i.e. the peapod, and the other is

empty [77]. Under electric bias, a substantial charge transfer from the entrapped

metal ion to the fullerene cage in metallofullerenes occurs. In the CNT rope this

process also involves the peapod and the twin (empty) CNT, thus the two CNTs be-

come oppositely charged. This process can be partly inverted at elevated tempera-

tures, since the metallofullerenes have levels close to the Fermi levels. In this way,

by heating with near-IR excitation, recharging of the CNTs is expected that would

result in a change of the local electric field and further to a deformation of proteins

selectively attached to the CNT (Fig. 11.2).

11.4.2

Fullerene-mediated Electron Transfer Across Membranes

Both C60 and C70 embedded within a lipid bilayer act as efficient electron acceptors

at interfaces [78, 79]. Moreover, fullerenes can efficiently transport negative charges

across membranes [80]. Mauzerall and coworkers have observed that transmem-

brane electron transfer takes place via electronic conduction mediated by fullerene

aggregates [81]. The possible role of small fullerene aggregates, which act as an an-

Figure 11.2. Hybrid nanotube rope controlling protein activity in vivo by near-IR radiation.
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tenna for collecting photons, in the presence of monomers was also discussed by

Seta and coworkers [82]. In a study of the photoconductivity of ultra-thin bilayer

lipid membranes doped with C60, the authors suggested that since the extinction

coefficient of the aggregated form is higher than that of the monomeric form, the

absorption spectrum is dominated by the contribution of the aggregates. Thus, the

energy absorbed by the aggregates is transferred to the monomers via singlet–

singlet energy transfer and the excited monomers are then reduced by the donor

species at the membrane interface. The reduction can take place either in the sin-

glet excited state or in the triplet excited state of the fullerene. An alternative mech-

anism could be exciton-induced charge injection at the interface of the C60 aggre-

gates with the bilayer membrane.

Photoinduced charge transfer across membranes has also been achieved in the

composite assembly of C60 and CdS nanoparticles prepared by the Langmuir–

Blodgett technique [83]. The CdS nanoparticles exciton emission was quenched

due to efficient electron transfer from CdS nanoparticles to C60 across a lipid layer

(2–3 nm). The fatty layer between C60 and CdS played an important role in pre-

venting charge recombination in the composite assembly.

Amino acid derivatives of C60 were shown to penetrate through the lipid bilayer

of liposomes without destroying the membrane integrity [84]. The l-isomer was

able to diffuse through the phospholipid membrane into the liposome interior,

whereas the d-isomer localized in the region of the outer membrane surface. These

derivatives were also able to carry bivalent metal ions through phospholipid bi-

layers as a result of the formation of complexes. The study of the effects of the

two stereoisomers on lipid peroxidation in mitochondria of rat cortex brain showed

that C60-l-Arg exhibits a prolonged inhibition in the malonaldehyde accumulation,

whereas C60-d-Arg led to no discernable effects on malonaldehyde accumulation.

This data showed that amino acid derivatives of C60 affect membrane-bound en-

zymes. In particular, the l-isomer stimulates the catalytic activity of monoaminox-

idase A (MAO) A, while the main action of the d-isomer is an increase in the cata-

lytic activity of MAO B. It is worth pointing out that MAO is a known redox

enzyme. This led to the postulate that the observed effect of the amino acid deriva-

tives of C60 on the catalytic activity of MAO A and MAO B is due to an intra-

protein electron transfer process.

Recently, fullerene derivatives 10 and 11 were studied as counteranions in the

activation of oligo/polyarginine–anion complexes in living cells, and, thus, to mod-

ulate cellular uptake and anion carrier activity of oligo/polyarginines [85, 86]. The

fact that cell-penetrating peptides (CPPs) are anion carriers and that bilayer pene-
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tration is regulated by amphiphilic anions suggested that the carrier activity of

oligo/polyarginines occurs via counterion exchange, which facilitates the reversible

adaptation of their solubility to a changing environment. An efficient counteranion

activator should, therefore, have one or more negative charges for ion pairing with

guanidinium cations of the oligo/polyarginine. In addition, an amphiphilic charac-

ter with large hydrophobic domains and an aromatic surface is expected to favor

interactions with bilayer membranes. R-rich CPPs usually exist as complexes

Rn(X)m (X ¼ hydrophilic counteranion) to minimize intramolecular charge repul-

sion and the exchange of the scavenged X� with an activator Y� yields the active

complex Rn(X)m 0 (Y)m 00 at the membrane water interface. This active complex can

then shuttle across the bilayer. In this respect, the activator Y should have also the

ability to form stable, but labile, guanidinium anion complexes.

The key finding in the aforementioned study was that the efficiency of counter-

anion activators significantly depends on activator membrane and activator carrier

interactions. Specifically, the activator efficiency was found to increase with in-

creasing aromatic surface of the activator, decreasing size of the transported anion,

increasing carrier concentration as well as increasing membrane fluidity. Fuller-

enes 10 and 11 were the most efficient counteranions in egg yolk phosphatidylcho-

line, where compound 10 showed an extraordinary EC50 value. Bellow the binding

of one activator per carrier, fullerene activators acted at catalytic concentrations

[86]. At high concentrations, fullerenes 10 and 11 became inhibitors of CPP up-

take. However, in sol-phase dipalmitoyl phosphatidylcholine (DPPC) and in gel-

phase DPPC, as well as in HeLa cells, the efficiency of the planar activators (pyrene

and coronene) exceeded that of spherical activators (fullerenes and calixarenes).

These results showed that spherical activators, particularly fullerene 10, may spe-

cifically mediate CPP uptake.

The transmembrane extraction of fullerenes C60 and C70 across a membrane

having g-CDs as molecular recognition sites attached to a poly(vinyl alcohol) matrix

was achieved [87]. C60 molecules were transported from a feed aqueous phase, in

which fullerene was rendered water soluble in the form of g-CD:C60 complexes, to

a stripping organic phase such as toluene, xylene or tetralin. The high affinity of

the fullerene C60 towards g-CD allows their interfacial exchange and penetration

into the membrane core. The loading of the membrane was confirmed by the ob-

served color change of the membrane to magenta. During the first 20 h of the ex-

periment the flux of permanent C60 rapidly reached a constant value. However, the

membrane was far from saturation as the majority of the g-CD cavities were un-

occupied. It was suggested that steric hindrance due to crosslinking prevents the

formation of the inclusion complex and the occurrence of a complex involving

more than two g-CDs due to the high local concentration of these moieties is pos-

sible. Moreover, small aggregates of fullerenes, which are surrounded by several

CD cavities, were observed in the membrane. In this way the membrane acted as

a reservoir of C60 molecules that were afterwards slowly released into the receiving

solution. The rate-limiting step of the membrane transport was demonstrated to be

governed by the dissociation of the inclusion complex at the stripping interface.

This led to a low overall membrane transport flux.
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The good electron acceptor properties of fullerenes stimulated studies on their

possible applications as biosensors. A novel biosensor for the amperometric detec-

tion of glutathione was obtained by co-immobilizing a redox enzyme with a redox

mediator (fullerene derivative 12) realized at the glassy carbon electrode by the use

of an amphiphilic pyrrole derivative 13 (n ¼ 2) [88]. The reversible reduction of 12,

which is entrapped within the poly-13 film, was deduced from the coefficient of

variation curves and the electron transfer was likely to occur via a vectorial charge-

hopping mechanism involving neighboring fullerene molecules that are coupled to

the diffusion of the counterions. The poly-13/12/GR film was investigated for its

electrocatalytic properties. The biosensor showed a fast and reproducible response

to glutathione.

A C60-containing lipid bilayer membrane was shown to function as a light-

sensitive diode and to be useful for electrochemical biosensor electronic device de-

velopments [89].

The potential of glycosylated fullerene layers as biosensors for glucoproteins was

reported [90]. The amphiphilic C60 dendrimer conjugates 14 and 15 with one or

two glucodendron headgroups form stable, ordered monomolecular Langmuir

layers at the air/water interface, which were further transferred onto quartz slides

as X-type Langmuir–Blodgett films. The bulky glucodendron headgroups were very

effective in suppressing fullerene aggregation.
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11.4.3

Neuroprotective Activity via Radical Scavenging

Excess production of superoxide and/or nitric oxide radicals, as well as nonradical

H2O2 and hypochloric acid, is considered as one of the primary initiators of neuro-

degenerative diseases. Endogenous cellular antioxidants, vitamin E analogs and

SOD enzymes, have evolved in organisms – from bacteria to mammals – to inacti-

vate low levels of free radicals produced under regular metabolic conditions. How-

ever, their antioxidant defense may be overwhelmed by ROS in the cells that are

generated in the pathogenesis of a number of neuronal injuries and, as a result,

they are no longer able to achieve meaningful therapeutic results.

In this respect, compounds that act as free radical scavengers were shown to

reduce neuronal death. Fullerenes and related derivatives reveal promising antiox-

idant properties, i.e. their ability to react with multiple radical species at diffusion-

controlled rates [91]. To this end, several C60 derivatives, including carboxyfuller-

enes [18, 35, 92–112], polyhydroxyfullerenes [113–116] and a limited number of

other derivatives [19, 107, 117–120] have been investigated as neuroprotective

agents.

In particular, two different tris-adducts, C3 (16) and D3 (17), of C60. [C(COOH)2]3,

have been confirmed to be the most promising compounds for preventing neuro-

nal damage [35, 92]. The presence of six carboxylic functional groups improves the

solubility in biological media and avoids the fullerene aggregation that is com-

monly encountered in polar solvents. As a result of an improved intercalation into

biological membranes, the C3 isomer has been studied in more detail. These

studies demonstrated that the C3 isomer is an excellent radical scavenger, which

reacts both with hydroxyl radicals, .OH, and H2O2 at micromolar concentrations

[35, 93].

Dugan and coworkers also evaluated the ability of C3 to eliminate superoxide

generation in intact cells [94]. Using confocal microscopy and a superoxide-

sensitive fluorescent compound, dihydroethidium, they determined that this iso-
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mer can reduce basal mitochondria production of superoxide in cortical astrocytes

and neurons. In addition, C3 blocks iron-induced lipid peroxidation in vitro [92]

and in vivo [95]. The free radical nitric oxide, produced by three different synthase

isoforms and responsible for the generation of citrulline, is also an important effec-

tor molecule in immune and cardiovascular system.

Although Dugan and coworkers have found that C3 is unreactive with NO. itself,

in another study [96] carboxyfullerenes 16 and 17 were shown to exert some inhi-

bition on the three synthases. This work also substantiated a reduction in the level

of nitric oxide production and the rate of citrulline formation. However, this effect

was attributed to interactions of the fullerene molecules with the enzyme and not

to their properties as radical scavengers. The same authors also reported that these

compounds inhibit the Arg-independent nicotinamide adenine dinucleotide phos-

phate (NADPH) oxidase activity of one of the synthase isoforms without affecting

its catalyzed cytochrome c reductive activity.

To explore the neuroprotective and cytoprotective properties of the malonic acid

tris-adducts, Dugan and coworkers prepared neocortical cell cultures from fetal

(E15) Swiss-Webster mice (Simonson). These were subjected to tests with different

antioxidants after carrying out a brief exposure to N-methyl-d-aspartate (NMDA)

[97]. Both the C3 and D3 isomers produced a dose-dependent decrease of the exci-

totoxic death of cultured cortical neurons. C3 fully blocked NMDA receptor-

mediated toxicity at 100 mM concentration, showing greater protection and efficacy

against acute toxicity initiated by brief (10 min) exposure to high-dose NMDA. This

isomer also provided protection against AMPA (a-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid) receptor-mediated injury in neurons [35] and oligodendro-

glia [98], the cell type responsible for central myelin formation. The authors

stressed that the observed behavior not only reflects the antioxidant properties of

the compound, but other features of the molecule, e.g. its amphiphilic nature.

Moreover, the carboxyfullerene 16 limited apoptotic neuronal death produced by

several insults, including serum deprivation and exposure to the Alzheimer’s pep-

tide Ab1a42 [18], and has shown robust neuroprotection in a number of other cell

culture models of neurological disease including Parkinson’s disease [35].

In a study of neurotoxin-mediated death of dopamine neurons, the same authors

have pursued the concept that carboxyfullerene derivatives could block the toxic ef-

fect of the neurotoxins 6-OHDA (6-hydroxydopamine) and MPPþ (1-methyl-4-

phenylpyridinium). 6-OHDA and MPPþ are widely used to generate animal

models of Parkinson’s disease, since after administering in vivo they cause Parkin-

sonian conditions. Parkinsonian conditions are marked by decreased dopamine
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levels and tyrosine hydroxylase activity, impaired dopamine uptake, and an ensu-

ing loss of dopaminergic neurons. With regard to oxidative injuries, the C3 isomer

dramatically rescued dopaminergic neurons from 6-OHDA-induced cell death in a

dose-dependent manner (92% recovery at the highest dose), whereas it quickly pla-

teaued in the case of MPPþ (37.5% recovery). Concentrations of C3 in excess of

100 mM were found to be cytotoxic [99]. The D3 isomer was also found to be pro-

tective against 6-OHDA injury and MPPþ-mediated death, but to a lesser extent

than the C3 isomer. The C3 isomer proved more effective than the dopaminergic

neuroprotectant glial cell line-derived neurotrophic factor (GDNF) in rescuing

dopamine neurons from 6-OHDA- or MPPþ-mediated cell death.

A parallel assay that focused on utilizing the two isomers, C3 and D3, of tris-

adducts, among other antioxidant agents, showed that these fullerene derivatives

inhibited apoptosis of human hepatoma HEP-3B cells, induced by transforming

growth factor (TGF)-b [100]. The mechanism of action is supposed to be indirect,

because all other actions induced by TGF-b remained, surprisingly, unaltered.

The same carboxyfullerenes have been demonstrated to protect human keratino-

cytes from apoptosis induced both by UV-B irradiation and exposure to deoxy-d-

ribose [101]. However, 16 and 17 failed in preventing the downregulation by UV-B

light of the Bcl-2 levels. This suggested that these compounds protect human ker-

atinocytes from UV-B damage via generation of ROS from depolarized mitochon-

dria without the possible involvement of Bcl-2.

The same group of authors reported the protective activity of carboxyfullerenes

against oxidative stress-induced apoptosis in human peripheral blood mononuclear

cells [102]. Two models of apoptosis were used – one, induced by 2-deoxy-d-ribose,

a reducing sugar capable to induce oxidative stress and glutathione depletion, and

second, induced by tumor necrosis factor (TNF)-a plus cycloheximide. In both

models, the studied fullerene derivatives were able to inhibit apoptosis, likely act-

ing as an antioxidizing drug and partially preventing the depolarization of mito-

chondrial membrane potential as in the case of keratinocyte cells [101].

In another study, the C3 isomer was shown to inhibit lymphotoxin-b receptor-

mediated apoptosis signal-regulating kinase 1 activation in Hep3BT2 cells treated

with LIGHT-R228E [103].

In recent work, Prato and coworkers synthesized and investigated a water-

soluble fullerene derivative 18 that bears three ethylene glycol chains and three am-

monium groups for increasing the water solubility as a potential neuroprotecting

agent [19]. This compound was designed as a monofunctionalized derivative in

order to resemble the free radical scavenging ability of pristine C60, as it is known

that higher numbers of addends on the fullerene moiety decreases its radical scav-

enging features [91]. As observed by UV-vis spectroscopy, this mono-adduct showed

aggregation at concentrations higher than 10�5 M not only in water, but also in

water/ethanol and water/dimethylformamide mixtures. In a series of spectrophoto-

metric assays employing the xanthine/xanthine oxidase system for the generation

of superoxide radicals and ferricytochrome c reduction for measuring superoxide

concentration, this new fulleropyrrolidine derivative did not show a significant re-
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action with O2
.�. In a neuroprotection model, in cerebral cortical cell death in-

duced by glutamate, the compound was not only found to be ineffective, but also

showed a significant concentration-dependent toxicity. The authors explained this

undesirable toxicity by the lipophilic character of the derivative, which coupled

with its hydrophilic part confers surfactant properties favoring its interaction with

cell membranes, with their possible disruption and subsequent cell death. An im-

portant conclusion from this work is that the neuroprotective activity of C60 deriva-

tives correlates more with the number of substitutions than with their nature. In-

creased number of polar groups on C60 probably prevents its interaction with the

cell membrane and, consequently, effects its disruption.

Although in vivo studies bear great importance for understanding how well the

neuroprotective activity of novel antioxidant agents – observed in cell cultures –

translates to an intact organism, only a limited number of in vivo studies have

been published in this field so far [35, 92, 94–95, 109]. Continuous intraperitoneal

infusion of 16 into a transgenic mouse model of ALS, carrying the human mutant

(G93A) SOD gene responsible for a form of familial ALS, delayed both death and

functional deterioration [35]. The initial in vivo studies of two models of Parkin-

son’s disease have shown that 16 when co-injected with iron, intrastriatal injected

to produce striatal injury, reduced dopamine depletion [95]. A first proposed ratio-

nale prompts the ability of 16 – once injected – to reduce injury, reflecting its inter-

action either directly with iron or direct involvement in lipid peroxidation. A

second model, in which 16 was delivered systemically for 1 month to rats intra-

striatally injected with 6-OHDA to provoke Parkinsonian conditions, indicated

that dopaminergic terminals and behavior were significantly improved by C3 treat-

ment [94]. Due to their antioxidizing action, C3 tris-adducts also prevent iron-

induced stress in rat brain, and lipid peroxidation induced by superoxide and

hydroxyl radicals [95, 109].

Towards the goal of reducing the oxidative stress in brain damage, the neuro-

protective effect of carboxyfullerenes on transient focal ischemia reperfusion injury

was recently studied in rat brains [95, 104]. Carboxyfullerene was administered

either intravenously or intracerebroventricularly to chloral hydrate-anesthetized

Sprague-Dawley rats 30 min prior to transient ischemia reperfusion. The data
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showed that intravenous injection did not inhibit the reperfusion injury. This is

likely due to the limited permeability of this compound to the blood–brain barrier.

In contrast, pre-treatment with local carboxyfullerene-attenuated cortical infarction

prevented both elevated lipid peroxidation and depleted glutathione (GHS) levels

in the infarcted cortex induced by transient ischemia reperfusion. Adverse behavior

changes were simultaneously observed in rats receiving intracerebroventricular in-

fusion of carboxyfullerene, including writhing accompanied by trunk stretching

and even death.

Intravenous administration of hexasulfobutylated C60 (FC4S) has been found to

reduce the total volume of infarction produced by transient ischemia reperfusion

in rat brain [117].

The redox properties of carboxyfullerenes correlate with another interesting

activity exhibited by this class of compounds – they were shown to inhibit bacterial

meningitis [105, 106]. The effect of the C3 isomer on the regulation of brain in-

flammatory responses after intracerebral injection of Escherichia coli in B6 mice

that induced TNF-a and interleukin (IL)-1b production and recruited neutrophil in-

filtration at 6–9 h post-injection was studied [106]. Pre-treatment of each mouse

with C3 protected 40% of mice in a dose-dependent manner. Fullerene-treated

showed less TNF-a and IL-1b production compared with the levels of production

for non-treated mice. TNF-a and IL-1b production is typically detected in the cere-

brospinal fluid of patients infected with bacterial meningitis and in experimental

animals. The authors conclude their work by ascribing the inhibition of E. coli-
induced meningitis not due to direct antimicrobial activity, since C3 did not exhibit

the growth of E. coli in LB broth culture. Moreover, the E. coli cells were cleared

from the brain after 24 h in fullerene-treated mice. At the same time they were

found to replicate significantly in untreated mice. This leads to the suggestion

that C3 might have enhanced the natural antibacterial defense in the brain. A se-

ries of similar fullerene mono- and bis-adducts was also able to suppress E. coli
growth [105, 107].

Some cationic fullerene derivatives were found to exhibit bacteriostatic effects

[118, 107]. C60-bis(N,N-dimethylpyrrolidinium iodide), for example, in low concen-

trations inhibits E. coli growth and dioxygen uptake caused by E. coli and glucose

[119], whereas at high concentrations dioxygen was consumed and converted to

H2O2.

Derivative 16 was tested in vitro against apoptotic neuronal death in rat cerebellar

granule cells [108]. Cerebellar granule cells represent one of the best in vitro
models of neuronal apoptosis, both for the mitochondria and the nucleus, which

is strictly related to the generation of ROS.

Dugan and coworkers studied the effect of polyhydroxy fullerols C60(OH)n
(n ¼ 6–15, 24) on apoptotic death of culture neurons and found that these com-

pounds reduced excitotoxic and apoptotic death of cultured neurons by 80% follow-

ing NMDA treatment [113].

Polyhydroxylated fullerols also display excellent efficiency in quenching superox-

ide radicals (O2
.�) generated by xanthine/xanthine oxidase [114]. The same full-

erols C60(OH)n (n ¼ 6–15) were shown to attenuate bronchoconstriction induced
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by the xanthine/xanthine oxidase system in guinea pigs [115]. The intratracheal in-

stillation of xanthine/xanthine oxidase caused a marked decrease in dynamic respi-

ratory compliance, which was significantly reduced by these fullerols [116].

Whereas carboxyfullerenes were indicated as effective neuroprotection against

excitotoxic cell death, apoptosis initiated by several different types of triggers and

metabolic insults in cultured cells, the molecular mechanism behind the antioxi-

dant reactions of C60 compounds, particularly the mechanism of O2
.� removal by

malonic acid C60 derivative, remains controversial. Krusic and coworkers first sug-

gested that direct reactions between radical species and the highly conjugated

double-bond system of C60 were responsible for the antioxidant action of carboxy-

fullerenes and attributed this property to their delocalized p system [91]. The

spherical structure of C60 was also believed to increase the reactivity towards free

radicals compare to that of the planar aromatic and polyene compounds. The study

by Bensasson and coworkers [110], however, failed to detect a C60 radical interme-

diate in the reaction of C3 and several other malonic acid derivatives with O2
.�. In

addition, no correlation was found between the IC50 values and the reduction po-

tentials of various carboxyfullerenes [111]. A recent study of SOD mimetic proper-

ties of 16 has made a step forward showing that the reaction between 16 and the

superoxide is not via stoichiometric scavenging, where O2
.� donates an electron to

C60, but through catalytic dismutation of superoxide [112]. The catalytic mecha-

nism was indicated by the time invariability of the concentration and structure of

16 during the exposure to a continuous flux of O2
.�, produced by xanthine/

hypoxanthine metabolism, regeneration of oxygen, production of hydrogen perox-

ide, as well as absence of paramagnetic intermediate products, detectable by elec-

tron paramagnetic resonance (EPR) spectroscopy. In particular, a mechanism has

been proposed in which electron-deficient areas on the C60 sphere work in concert

with the malonyl addends to electrostatically guide and stabilize superoxide, pro-

moting dismutation. The letter process occurs at a rate of 2� 106 M�1 s�1, approx-

imately 100-fold slower than what is known for SOD, but within the range of sev-

eral biologically effective, metal-containing SOD mimetics. To determine whether

16 is capable of acting as a SOD mimetic in vivo, the authors tested its efficacy in

Sod2þ=� mice, which lack expression of mitochondrial manganese SOD (MnSOD)

and found that treatment with this compound increased the lifespan of mice by

300%. These data, coupled with the evidence that 16 localizes to mitochondria

[34], suggested that the C3 isomer functionally replaces MnSOD, acting as a bio-

logically effective SOD mimetic.

11.4.4

Enzyme Inhibition and Antiviral Activity

The inhibition of enzymes by fullerene derivatives became one of the most impor-

tant fields of biological application of fullerene since the publication of milestone

works in 1993 [44, 121]. Tokuyama and coworkers reported the inhibition of pa-

pain, cathepsin, trypsin, plasmin and trombine by derivative 3, while Wudl’s group

described the inhibition of HIV protease (HIV-P) by compound 19.
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The HIV-P is one of the key enzymes in HIV replication. This protease bears a

hydrophobic cavity, whose diameter is about 10 Å, in which two catalytic aspartic

acid residues are present. Considering the dimensions of C60, this fullerene is a

perfect match for the cavity size of HIV-P. Furthermore, the presence of C60 might

prevent interactions between the catalytic portions of HIV-P and any virus sub-

strates. The inhibition constant (Ki) of compound 19 is 5.3 mM in vitro, but full-
erene derivatives with positive charges, able to interact with the aspartic negative

residues, are expected to raise the binding constant up to 1000 times and conse-

quently dramatically decrease the Ki [121].

Although current therapy against HIV infection utilizes HIV-P inhibitors active

at nanomolar and subnanomolar concentrations, the potential use of fullerene de-

rivatives can be taken into account considering the common problem of resistance

versus the used drugs – a phenomenon partially caused by the tendency of the

virus to present frequent genetic mutation.

A selection of fullerene derivatives was studied by Schuster and coworkers as po-

tential inhibitors of HIV on human peripheral blood mononuclear cells infected

with HIV-1 and three of these compounds presented an EC50 in the range of 0.9–

2.9 mM [122]. In the same way, a peptidic fullerene bearing the C-terminal se-

quence of peptide T, which is able to activate chemotaxis of human monocytes

through CD4/T4 antigen and to inhibit HIV-P activity, was prepared by Toniolo

and coworkers [123].

Better results were achieved with compound 1 [124] and the trans-2 isomer of 20

[125]. In both cases the EC50 was 0.2 mM. Is it interesting to note that, in the cases

of bis-adducts, the regioisomers are not equally active, with the trans-2 regioisomers

presenting the highest activity among the studied compounds [125, 126].

Recently, the same salts (20) have been used, together with fulleropyrrolidine 21,

to study the inhibition of HIV reverse transcriptase – yet another enzyme that plays

a determinant role in the HIV replication. The results obtained are outstanding. In

fact, the IC50 of derivative 21, bearing three carboxylic functions, is 100 times lower

than nevirapine. Interesting results have also been obtained on hepatitis C virus

RNA-dependent RNA polymerase when assaying the same derivative [127].
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Other important biological enzymatic targets blocked by fullerene derivatives are

glutathione-S-transferase, P450-cytochrome-dependent monooxygenases, plasmatic

reticulum enzymes of hepatic cells and mitochondrial ATPase in the process of ox-

idative phosphorylation [128, 129].

The inhibition of all the three forms of nitric oxide synthase (NOS), i.e. neuro-

nal, epithelial and inducible, has been found by trimalonic tris-adducts of C60,

mainly C3 (16) and D3 (17) [96]. The same compounds have been reported as po-

tential inhibitors of b-lactamase [130].

11.4.5

Antibacterial Activity

One of the first experiments developed to study the effect of fullerene derivatives

on bacteria was performed in 1996 [16]. Derivative 22 was tested on Candida albi-
cans (eukaryote), Bacillus subtilis (Gram-positive bacterium), E. coli (Gram-negative

enteric bacterium) and a clinical isolate strain 261/6 of Mycobacterium avium (acid-

fast, emerging pathogen resistant to most antimicrobial drugs) with promising re-

sults. No particular reaction mechanism was demonstrated for this action, but the

disruption of the cell wall was hypothesized.

Further studies on the antibacterial activity of fulleropyrrolidinium salts have

been reported [118]. Lately, however, attention has been re-focused on bis-adduct

mixtures (Fig. 11.3), which demonstrate bacteriostatic effects on E. coli and the in-

hibition of oxygen uptake. In this context, blocking the energy metabolism seems

to be the mechanism of action [107]. Additional studies on antimicrobial PDT have
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been performed, testing the same mixture of cationic bis-adducts, cationic fuller-

ene and a combination of tris-adducts/parent mono-adduct (Fig. 11.3). In this par-

ticular case a very interesting selectivity for microbes (Staphylococcus aureus and E.
coli) over mammalian cells was demonstrated [131]. At present, the question re-

mains if the reaction mechanism involves the formation of singlet oxygen or the

generation of hydroxyl and superoxide radicals.

The trans-2 and trans-4 N,N-dimethyl-bisfulleropyrrolidinium salts exhibit their

antibacterial action by inhibition of the respiratory chain, with a biphasic effect on

oxygen uptake [132]. A fullerene derivative concentration up to 5 mM decreases the

oxygen uptake, while at higher concentrations of C60 salts, an increase of oxygen

uptake is found and oxygen is converted to H2O2 correspondingly. Fascinatingly,

irradiation with light did not affect the results at all. In terms of mechanistic as-

pects this observation indicates that the electron transfer from the respiratory

chain to C60 is independent of light.

Another water-soluble derivative, i.e. one that bears six sulfo-butyl chains, inhib-

its environmental bacteria. In contrast to the preceding studies, the noted effects

have been ascribed to singlet oxygen – produced by photoexcitation. Apparently,

in this case, the multifunctionalization does not seem to alter the yield of singlet

oxygen formation with respect to comparable mono-adducts. Its incorporation

into coated polymers and their subsequent irradiation with fluorescent visible light

leads to germicidal effects on E. coli [133].
Very recently, the utilization of C60 water suspension, also called nano-C60, was

reported in studies on cell association and toxicity versus E. coli and B. subtilis [2].
For the first bacterium, the minimum inhibitory concentration (MIC) was 0.5–1

mg L�1, while for the bacillus it is slightly higher (1.5–3.0 mg L�1). The presence

of this nano-C60 inhibits bacterial growth independent of the presence of light,

both in aerobic and anaerobic conditions [134]. Notably, higher concentrations of

fullerenes were detrimental to the antimicrobial action because of aggregating

nanoparticles, followed by subsequent precipitation that consequently causes the

reduction or loss of activity [2].

A different group of fullerene derivatives with good potential antibacterial activ-

ity is represented by fulleropeptides. Amino acid C60 derivative 23 has been utilized

in solid-phase synthesis for the preparation of derivative 24. It was tested on S.
aureus and E. coli, with MICs of 8 and 64 mM, respectively [135, 136].

Figure 11.3. Mono-, bis- and tris-N,N-dimethylfulleropyrrolidinium salts.
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11.4.6

Fullerenes as Nanodevices in Monoclonal Immunology

Recent studies with antibodies of the IgG isotype focused specifically on C60 deriv-

atives conjugated to bovine thyroglobulin [137–139]. Such work pointed towards

the potential of fullerenes in the development of nanodevices applicable in mono-

clonal immunology. However, only a limited number of reports on the use of full-

erenes in this field have appeared so far.

To produce an antibody with specificity to fullerenes, Chen and coworkers [137]

successfully linked water-soluble fullerene derivatives to large foreign proteins –

including bovine thyroglobulin, and bovine and rabbit serum albumin. Immuniza-

tion of mice with these C60–protein conjugates produced a polyclonal immune

response comprised of IgG antibodies specific for C60 fullerene and a subpopula-

tion that crossreacted with a C70 derivative. This study showed for the first time

that the immune system could recognize and process fullerenes as protein conju-

gates, and display the processed peptides for recognition by T cells to yield IgG

antibodies. Later [138], the sequences of light and heavy chains of this IgG anti-

body were determined. Using X-ray crystallography of its Fab 0 fragment, it was

found that the binding cavity was formed by the clustering of hydrophobic amino

acids, several of which participate in stacking interactions with the fullerene core.

Alternatively, weak hydrogen bond interactions between the fullerenes and the

antibodies are considered to contribute to the C60–antibody complex stability. Mo-

lecular dynamics simulation studies revealed that the fullerene molecule in the cor-

responding C60–antibody complex is readily accommodated in the suggested bind-

ing site of the antibody [139]. In particular, an eminent trend towards predominant

surroundings by hydrophobic amino acid side-chains, which are involved in p-

stacking interactions with the fullerene molecule, evolves. Moreover, fullerenes in-

side the binding site undergo a small relative translational motion and a much

larger rotation motion. However, no favored axis of rotation was found to exist.

About 17% of the surface is exposed to the solvent that might potentially be used

for functional derivatization.
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The discovery that the mouse immune repertoire is diverse enough to recognize

and produce antibodies specific for fullerenes has allowed the indirect determina-

tion of the distribution of fullerenes within a cellular environment. For the first

time, Foley and coworkers reported that the water-soluble fullerene derivative

C61(CO2H)2 is able to cross the cell membrane and to bind preferentially to the

mitochondria [34]. The finding that fullerenes locate close to this organelle indi-

cates the protective effects of fullerenes, in general, with respect to ROS [35].

Furthermore, the selective binding of proteins to carbon nanostructures has

been extended from fullerenes to CNTs [140–142]. For example, particular anti-

gens have been attached to the CNT walls, while retaining their conformation and

thereby inducing an antibody response with the right specificity [143].

Erlanger, Chen and coworkers have shown that the monoclonal IgG C60-specific

antibody recognizes and specifically binds to aqueous suspensions of single-wall

CNT (SWNT) bundles [144]. The authors considered these findings to have prac-

tical application. For example, the antibody-coated SWNTs can be used as probes

of cell or membrane function. The antifullerene antibody on the surfaces of CNTs

can be covalently decorated with probes of cell function, e.g. redox or luminescent

probes, and after insertion, the probe molecule can be optically excited or electri-

cally addressed via the conducting SWNT wire.

Using a polymer coating that is receptive to selected proteins, while rejecting

others, is an elegant way to render nanotubes capable of interacting selectively

with biomolecules. A variety of polymer coatings and self-assembled monolayers

(SAMs) have been used to prevent nonspecific binding of proteins on surfaces for

biosensor and biomedical device applications [145]. Among the coating materials,

PEG is one of the most effective and widely used polymer materials that irrevers-

ibly adsorbs onto SWNTs. In this context, it has been shown that the protein strep-

tavidin adsorbs spontaneously onto multiwalled CNTs (MWNTs) via hydrophobic

interactions and thereby forms close packs. On the contrary, in the case of SWNTs

that are coated with a surfactant and PEG, the protein nonspecific binding is pre-

vented. A feasible way to circumvent this problem and to achieve selective binding

involves the co-functionalization of SWNTs with PEG and biotin [146]. Surfactants,

such as Triton X-100 or Triton X-405, that are prior adsorbed onto the surface of

SWNTs as a wetting layer, significantly enhance the PEG adsorption and, thus,

lead to high resistance of CNTs to the nonspecific binding of streptavidin. In the

final step biotin was added through the covalently linkage of amine-terminated

PEG chains and amine-reactive biotin reagents – biotinamidocaproic acid 3-sulfo-

N-hydroxysuccinimde ester. For CNTs that are coated with Triton/PEG–biotin, se-

lective binding of streptavidin was revealed by the high density of adsorbed pro-

teins along the CNTs after exposure to a streptavidin solution. No appreciable

adsorption was seen when CNTs functionalized in the same manner were exposed

to streptavidin plugged with four equivalents of free biotin. These results demon-

strate that functionalization of CNTs is one way to achieve specific protein recogni-

tion, while eliminating or minimizing nonspecific protein binding, and, thus, this

has important implications for the biocompatibility of CNTs and specifically for the

development of potential bioelectronic devices that integrate CNTs [147].
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The design of selective piezoelectric crystal immunosensors that assist in the de-

tection of IgG and hemoglobin in aqueous media utilizing water-soluble immobi-

lized C60-antibodies as coating material has recently been demonstrated success-

fully [148]. The piezoelectric biosensors were prepared by coating C60 fullerene

from a toluene solution of poly(vinyl chloride) and C60, using spin coating at 10

cycles s�1 (Hz) and subsequent adsorption of the antibodies.

The prepared biosensors exhibited linear frequency responses to the concentra-

tion of human IgG and hemoglobin with sensitivities of 1:25� 102 and 1:56� 104

Hz (mg mL)�1 and reveal detection limits of 10�4 mg mL�1. The optimal condi-

tions for the IgG sensor were found at pH 6.7 and 30 �C. Important implications

from the findings are that species such as urea, uric acid, cysteine, tyrosine and

ascorbic acid imposed no interference on the biosensor activities. This corroborates

the high selectivity.

11.4.7

Fullerenes as Radiotracers

Encapsulating metal atoms inside the fullerene interior bears promising prospects

for biomedical applications that might lead ultimately to nanodevices for diagnos-

tic and therapeutic nuclear medicine. The rigid structure of the fullerene cage pro-

tects the encapsulated metal ion from external chemical attack and toxic metal ion

release in vivo. Wilson and coworkers have, for example, demonstrated the feasi-

bility of metallofullerenes as in vivo radiotracers [149]. Biodistribution studies of
166Hox@C82(OH)y in mice over a 48-h period showed selective localization of the

tracer in the liver, but with continued slow excretion as well as retainment in the

bone.

The same group has explored the concept of utilizing the nontoxic scaffold of

C60 for the development of new X-ray contrast agents [150, 151]. Like other con-

temporary contrast agents (25), the C60-based agents use iodine active X-ray attenu-

ating vehicles. However, these compounds take advantage of the unique structure

of fullerene. For instance, in contrast to the disk-like shape of contemporary con-

trast agents, the inherited globular shape of the fullerene-based contrast agent re-

duces viscosity in clinical formulations, which allows rapid intravenous injection of

the agent. The fullerene core may also block one side of the tri-iodinated phenyl

rings in 26 and 27 from having hydrophobic interactions with blood plasma pro-

teins, and, thus, would lead to decreased protein binding and increased in vivo tol-
erability. Additionally, the existence of more than three iodine atoms will allow

lower concentrations of contrast agents to be used.

Gadolinium-containing metallofullerenes have recently emerged as a new gener-

ation of magnetic resonance imaging (MRI) contrast agents. This development is

driven, largely, by the high proton relaxivities of these metallofullerenes and the

complete lack of Gd3þ release under metabolic conditions. The most extensive

study on the potential of gadofullerenes has been carried out by Wilson’s group.

Recently, they reported the synthesis and in vivo biodistribution study of the first

water-soluble Gd@C60 derivative [152–154]. The respective malonate derivative
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Gd@C60.[C(COOH)2]10 was found to possess a relaxivity (4.6 mM�1 s�1 at 20

MHz and 40 �C comparable to that of commercially available Gd(III) chelate-

based MRI agents. Moreover, an in vivo MRI biodistribution study revealed that

Gd@C60[C(COOH)2]10 is the first-water soluble endohedral metallofullerene with

decreased uptake by the reticuloendothelial system (RES) and facile excretion via

the urinary tract, consistent with its lack of intermolecular aggregation in solution.

Other polyhydroxyl derivatives of gadolinium-containing metallofullerenes and

endohedral fullerenes with a series of lanthanide metal ions for M@C82(OH)n
(M ¼ La, Ce, Dy, Er) [155] have also been proposed as potential MRI agents, with

Gd@C82(OH)2 being the most efficient relaxing agent [156, 157].

Studies by Dorn and coworkers are currently focusing on the development of tri-

metallic nitride templated endohedral metallofullerenes as a powerful, new gener-

ation of imaging contrast agents and radiotracers. These endohedral fullerenes are

designed at the nanoscale level with improved contrast features as well as multi-
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modal imaging potential (X-ray, MRI). Recent milestones in the development of tri-

metallic nitride templated endohedral metallofullerenes involve the synthesis of

a lutenium-based series of mixed metal species of gadolinium/lutenium and

holmium/lutenium Lu3�xAxN@C80 (x ¼ 0–2) endohedral metallofullerenes [158],

and the subsequent functionalization of both diamagnetic Sc3N@C80 and para-

magnetic Er3N@C80 [159].

11.4.8

Fullerenes as Vectors

Finally, biological use of fullerenes should be discussed that finds frequent men-

tion over the years, but has only been scarcely pursued, i.e. the application of C60

as a drug vector. In particular, the hydrophobic nature of fullerenes should expedite

membrane crossing. The paclitaxel fullerene derivative 28 has been prepared by

Wilson and coworkers, who design a C60-based slow release system of paclitaxel

for a liposome aerosol delivery system in lung cancer treatment [160].

This initial work shows the first attempts to use fullerenes in pro-drug design

and synthesis, while derivative 29 was the first compound – and up to now the

only one – utilized to transfect DNA materials into cells [161]. The presence of

four positive charges is particularly promising in light of facilitating DNA binding

through electrostatic interactions with the phosphate groups of the oligonucleotide,

but without specific recognition of the bases. The cells take up the complex

through phagocytosis, triggering the release of duplex DNA in the cells.
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. Tóth, R. D. Bolsklar, A. Borel, G.
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12

Nanotechnology for Biomedical Devices

Lars Montelius

12.1

Introduction

The pace of employment of advanced microfabrication technology for realizing bio-

medical devices has been accelerated with the development of a seemingly never-

ending increased packing density of functionalities in semiconductor chips [1] as

a consequence of the downscaling of device dimensions in such chips [2]. This

area of microelectronic development has been one of the major drivers in the de-

velopment of our modern, technological society. However, this success has not only

been brought to us by simple dimensional downscaling, but also by impressive

developments in the fields of material sciences that have led to several new basic

material discoveries [3–5]. Such inventions have, in turn, been brought into the

engineering sciences, realizing these devices into everyday life. One can especially

think about the invention of the concept of hetero-structures, making it possible

to fabricate semiconductor lasers and optical detectors – the key to modern fiber

optic-based communication [4–7]. In the area of biomedical devices, the develop-

ment in material sciences has brought diagnostic tools such as computer-based

imaging systems relying on the interplay between tissue and X-rays, magnetic

radiation and ultrasound, etc. [8–10]. We have also witnessed various electronic de-

vices being developed for enhancing impaired senses such as hearing aids, etc.

Several devices have made life easier for those suffering from glucose-related dis-

eases, for example [11, 12]. Handheld devices have been developed allowing indi-

viduals to monitor the sugar content of their blood in their own environment and,

hence, also permitting the use of insulin delivery when needed.

With the introduction of nanotechnology for fabrication of significantly down-

scaled materials, we are now facing another even more rapid development. These

materials do not only occupy an immensely small volume, but they also possess

certain functions being created just due to the reduction in size [4–7, 13–15]. A

conservative and often heard definition of nanodevices is that at least one of the

scalar dimensions is below 100 nm and that the functionality of the device itself

is changed due to its nanometer size.
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The development of microfabrication methods and technologies in the nano-

meter domain is considered by many people not only to be a simple evolution-

ary step, but also to have a more revolutionary aspect [13, 15]. Basically, this is

achieved through the downscaling that led not only to an added packing density

of functions, which means higher modality, but also to objects with certain unique

properties. Such evolution has not yet been experienced by mankind on any large

scale and right now we are in the middle of it. Although we have developed a lot of

new tools for fabrication, characterization, imaging and manipulation of matter at

the nanoscale [15–25], we must still consider ourselves to be in a time rather sim-

ilar to the ‘‘hammer and sledge’’ stage in the stone-age. Nevertheless, we have al-

ready experienced an enormous impact in many of today’s consumer products, e.g.

recently a new cellular phone was announced having silver particles on its surface,

killing bacteria and germs [26]. During the 5 last years we have also seen the intro-

duction of various kinds of garments making the fabric more or less impossible

to stain [27]. Recently, nanotechnology-based methods have been implemented

to spin fibers, creating possibilities for enhanced fabrics having built-in intelligent

functions [28]. Today we can buy self-cleaning windows that use a catalytic process

to break down inorganic dirt that will eventually be washed off the window during

next rain fall [29]. We can tailor-make surfaces with certain hydrophilic properties

so that they can serve either as a surface that a liquid just wets or that a liquid will

form droplets on. Such droplets may encapsulate drugs or reagents for future flu-

idic ‘‘factory-on-a-chip’’ applications, and can be manipulated by their surface ten-

sion [28] and/or by electro-wetting, making it possible to move droplets of liquids

at will on a two-dimensional (2-D) surface [30]. In the area of biomedical devices,

there are many devices that rely on absolute modern microfabrication standards;

however, when talking about real nanotechnology-based devices (in the concept of

the definition given above), such devises are much less numerous.

In this chapter, I introduce the reader to various forms of nanotechnologies and

try to explain why some of these methods are more likely, and more suitable, than

others to be employed in the biomedical field. I try to describe how modern nano-

technology may impact the fields of biomedical engineering by giving some exam-

ples of nanotechnologies applied in the domain of life sciences. Of course, it is im-

possible to cover fully the fields of nanobiological and nanomedical research and

development, and there are various journals and other publications that cover these

areas of nanotechnology. What I present here is solely an attempt to give some rep-

resentative and, hopefully, interesting examples that may bring the interest and ex-

citement in this field to the reader.

I have divided this chapter into various main parts, each part being divided

in subsections. In the first part, I describe various forms of nanotechnologies and

nanotools, mainly coming from the field of inorganic nanotechnology. After an

overall introductory discussion, some technologies are described in more detail in

various subsections. In the second part, I give an overview of various forms of

applications having a relation to biomedical devices and technology. In further

subsections, I describe a couple of such applications in more depth. The final part

presents a discussion and a short speculation of what the future may bring.
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12.2

Nanotechnologies

12.2.1

Overview of Nanotechnologies and Nanotools

In order to create nanostructures, one is bound to follow two approaches – either

top-down or bottom-up. The former is considered to be the driving force for nano-

technology development, while the latter can often be described as a molecular

nanotechnology approach [13]. However, these two approaches are more and more

blending together, and one is often obliged to make use of both methods in order

to fabricate functional devices. Hence, both technologies are just as important for

the development of the field. In the top-down approach, one usually relies on a

lithographic technology where one can pattern a surface into a relief structure by

using some kind of a polymer layer that is put on top of a hard material, e.g. a

piece of silicon. The lithographic tools necessary for making nanostructures

are based on either electromagnetic [31–37] interactions with the polymer chains

or mechanical deformation of it [20, 38–41]. Table 12.1 presents a summarized

compilation showing some of the important characteristics. For the electromag-

netic lithographies, one often uses optical illumination [31–34]. This is the method

used by most semiconductor companies. However, the smallest dimensions using

these methods are around 50 nm and if one needs smaller size definition, one is

bound to utilize other technologies. Here, electron beam lithography (EBL) domi-

nates [34–36], either using a vectorial or a circular exposure strategy depending on

the application [42]. In all cases, the energized electrons either break or make mo-

lecular junctions in the polymer layer, making it either harder or softer for the sub-

sequent solvent to develop the latent pattern, i.e. one can obtain both a positive and

negative contrast [34–36]. With this method, one can obtain resolutions down to a

few nanometers. After the exposure and development of the resist, one usually em-

ploys an etching method to induce a surface relief in the underlying substrate ma-

terial [34]. One can also utilize lift-off methods [43] in order to make a metal pat-

tern on the surface or a combination of both, possibly repeated time after time,

thereby creating a complex pattern on a surface. Alternate technologies, also based

on radiation, rely on the use of X-rays [35]. Most often the X-rays are produced as a

consequence of Brehmsstrahlung in synchrotron rings [44] or due to laser-induced

emission [45].

Another more recent approach is to employ various forms of mechanical defor-

mations of the polymer layer, e.g. nanoimprint lithography (NIL). This technology

was pioneered by Chou, presently at Princeton [19, 37–41]. The method resembles,

in some sense, the way compact discs (CDs and DVDs) are fabricated. The differ-

ence is that for CDs one uses an embossing tool to make an all-plastic structure,

while in NIL (Fig. 12.1) one makes a mechanical indentation into a polymer layer,

having been spun onto a solid support, usually a silicon wafer [46]. It is also fair, in

this connection, to mention the close resemblance of NIL to microcontact printing

[41, 47–49]. Classically that denotes a technology that transfers a molecular layer
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by soft contacting of a stamp, made of a soft polymer inked with a layer of mole-

cules, to the substrate. Thereby transferring the inked layer from the protruding

features of the stamp. After this ‘‘fabrication’’ step, one may continue with etching

or metal deposition, or by building another molecular layer on top of the first layer,

sometimes utilizing covalent binding chemistry. It is also fair to mention the so-

called step and flash technology [39, 41, 50–53], being heavily pushed as a NIL, al-

though the process is a bit different. In this concept (Fig. 12.2) one utilizes a float-

ing resist and a stamp that deforms the floating resist so that a relief structure is

obtained (still in a liquid phase). By applying a UV exposure through the transpar-

ent mask/stamp, one can UV-harden the resist so that it is possible to remove the

stamp leaving a UV-cured, structured polymer on the surface. These different ‘‘me-

chanical deformation’’ technologies can be denoted as a family of technologies, but

one could also place the step and flash technology, for example, in the category of

Table 12.1. Compilation of top-down lithographies. In the table is shown some

key data of the major top-down lithographies. The numbers are not absolute but

more given as indicative numbers to define in which ‘‘ball-park’’ the various

lithographies presently belong. Interesting to note is that the various printing

technologies show an overall good performance making them to be the possible

preferred choices in a future perspective. For more discussions and references,

see text.

Technologies Generation

of pattern

Exposure

field per

‘‘exposure’’

Possible

feature

resolution

Type of

interaction

Throughput

10–12 inch

diameter

Wafer/hour

UV-lithographies Mask Chip (Dize) b50 nm Electro magnetic >50

X-ray Mask Chip b100 nm Electro magnetic A10–30

Focussed Ion beam

lithography

Serial Chip b50 nm Electro magnetic 1

E-beam lith Serial Chip b5 nm Electro magnetic 0.1

SPM lithography Serial Chip b10 nm Electro magnetic <0.1

SPM manipulation Serial Chip Individual

atoms

Mechanical <0.01

Micro-contact printing Stamp Wafers,A6 inch b20 nm Mechanical >20

Nanoimprint

lithographies

Stamp Wafer scale

A8–10

inch

b5 nm Mechanical >50

Injection moulding Stamp Wafer scale

130 mm

b50 nm Mechanical bseveral 100
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optical lithography. Nowadays, there is often a blending of technologies and one

has come up with a hybrid technology, based on ideas borrowed from both areas.

Here, one uses a hard stamp and spun on resist, but the actual hardening of the

resist is not by temperature as in classical NIL, but by illumination. This technol-

ogy, often denoted UV-NIL [41, 53–58], is maybe one of the most promising tech-

nologies for future high-volume manufacturing (HVM) of nanostructures. I will

continue a bit longer on nanoimprint-related methods, since they offer an opportu-

nity for fabrication of biomedical devices [59]. Using this technology, one can fab-

ricate many samples having nanostructures in a very economical way [60]. This

has previously been the limiting factor for not introducing nanotechnology in the

biomedical field. There is a need in biomedical research to be able to make many

structures in order to be able to build significance in the observations. This is in-

Figure 12.1. The process flow of NIL. (From Ref. [41].)

Figure 12.2. The process flow of step and flash NIL. (From Ref. [41].)

390 12 Nanotechnology for Biomedical Devices



deed different from in physics, where one observable ‘‘always’’ will behave in a

similar fashion from measurement to measurement. In biology, there is a natural

spread due to the biological variability between species, etc., which necessitates

that many samples need to be analyzed in order to obtain statistically significant

results. Due to the importance that NIL may have in the future [61–63], I spend

more time describing it in more depth in a separate subsection below.

The invention of scanning tunneling microscopy [64] and related atomic force

microscopy (AFM) [18] has brought tools to nanoscience with which it is possible

to image, characterize and manipulate individual atoms, molecules and structures

[16–19, 21–25]. It is even possible to image a few magnetic spins of a few atoms

below a sharp magnetic tip [66]. Also, as we see later, it has been instrumental for

another class of sensor structures [65] as well as inspiring some of the nanotech-

nologies described above. Hence, it is fair to conclude that this technology has

probably been the single most important one for the development of the nanotech-

nology field as we know it today. Scanning probe technology is discussed further in

a separate subsection.

Lately, there has been considerable interest for making and exploring nanowires,

e.g. carbon nanotubes (CNTs) and epitaxial wires [67–74], being made by a bottom-

up approach (Figs. 12.3 and 12.4). This is a new class of materials with large pos-

Figure 12.3. Epitaxial nanowires of, in this

case, InP as defined by a bottom-up approach.

The lateral position is governed by catalytic

metal particles (Au) deposited by a lift-off

procedure before growth has taken place. The

shape and length can be controlled in the

process, while the diameter is determined by

the size of the catalytic metal particle. The

wires can be branched by putting additional

metal particles on the sides, making an

additional growth run and thereby creating a

3-D network. (From Ref. [68].)
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sibilities for future applications in many different areas of science. They offer

extremely small sizes with extremely large aspect ratios. They are not made by

top-down lithography; hence, their electronic properties have not been damaged

or affected by the processing. Their smallness offers mechanical properties that

may be explored for various nanomechanical applications. Some of the foreseeable

biomedical applications of nanowires are described below in more detail. The

nanomechanics of small objects [74–77] also offer several opportunities for appli-

cations as sensors in the biomedical area. Coupled with the increased efforts in

nanotechnology is the possibility to utilize nanoparticles for various applications.

These particles can be solid, semipermeable, hollow or core–shell particles. They

have immediate medical applications, such as magnetic nanoparticles [78–79]

that may be used as mobile reporters in magnetic imaging, allowing 3-D capabil-

ities.

There are a lot of other research areas of great importance for handling molecu-

lar materials and cells at the nanoscale, e.g. the employment of biomimetic ideas,

which is a field on its own. Modifying surfaces using biomaterials can be very im-

portant for the development of methods allowing construction of model biological

structures for studies of various bio-reactions and for sensor applications, etc. For

instance, lipid bilayer membranes supported on surfaces can be very valuable since

they may offer possibilities to investigate membranes and membrane proteins in

an artificial environment [80–86].

Presently, there is an increased interest for using optical techniques based

on surface enhanced Raman scattering (SERS) and surface plasmon resonance

(SPR) as mediators for biomolecular interactions [87]. There is also an increased

interest in the use of light-emitting point sensors [88] as passive reporters for vari-

ous chemical and biological reactions/processes. However, due to space limita-

tions, these techniques will not be further explored in this chapter. The interested

reader is instead referred to other articles/reports (e.g. Ref. [88]).

Figure 12.4. Epitaxial nanowires patterned by using NIL

allowing exact control of the wire positions over a large surface

area. (From Ref. [70].)
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12.2.1.1 NIL

The process of NIL (Fig. 12.1) is essentially a rather simple process based on press-

ing a pre-patterned substrate into a layer of polymer spun onto a hard support, the

substrate, usually a silicon wafer. The stamp must be pre-processed containing the

relief structure that is going to be printed into the polymer layer. For stamp fabri-

cation, one usually employs EBL in combination with etching [89]. In order to be

able to press the tool into the polymer layer one usually heats up the sandwiched

tool–substrate to a process temperature, where the polymer layer has become fluid,

i.e. one heats everything above the glass transition temperature (Tg) of the poly-

mer. We have investigated several polymers [90] and found, as a rule of thumb,

that the process temperature should be slightly above the Tg [91]. After applying a

pressure high enough for the stamp to be pressed into the polymer layer, one cools

down the sandwich, whilst relieving the pressure. Then one can separate the stamp

and substrate from each other. This last separation is easier if one has put an anti-

sticking layer onto the stamp [92–95]. There are several problem areas associated

with such a process. If the stamp and substrate are made of different materials,

heating may cause large problems due to the different thermal expansion coeffi-

cients, making the materials move laterally with respect to each other. Hence, one

has been trying to come up with new polymers enabling patterning at lower tem-

peratures [96]. Also, for HVM, one considers possibilities such as keeping the pro-

cess temperature constant and pressing/removing at process temperature, thereby

also minimizing the problem of any lateral mismatch between expansions of the

stamp and substrate, respectively. An outstanding problem with NIL is the neces-

sity of being able to align subsequent stamps to previous structures on a substrate

[97]. A lot of activity is presently being pursued in order to solve this problem, [97–

100]. Nevertheless, this technology is promising and it can fabricate nanostruc-

tures on a wafer scale [40, 46, 101, 102], and the imprint time can be less than sec-

onds [103]. Hence, it is a very powerful technology for future nanoscale materials

that may be employed in a variety of application fields.

12.2.1.2 Other Lithography Techniques

Just as NIL is a very good alternative as one of the next-generation technologies

(NGL) [1, 13, 61, 62] of importance for the information technology sector, other

printing techniques, such as microcontact printing [41, 51–53, 104], offer similar

advantages. The method (to be more precise, the family of microcontact printing

technologies) offers additional benefits as compared to NIL, since the process

is simpler, it is a room temperature process, does not require a high pressure

(although that problem can be circumvented by using soft NIL [41, 55–57]),

has limited stamp–substrate sticking problems, etc. The major drawback is the

flexible stamp commonly used that limits the resolution to the order of 100 nm

and its use for wafer-scale single printing with high resolution. However, there is

presently a tremendous development in nanoimprinting, microcontact and other

printing technologies, so we will certainly soon experience an even larger variety

of such technologies [105]. For instance, a method based on ‘‘printing’’ was re-

ported recently by Yuand coworkers where they used DNA as a template in a repli-
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cation ‘‘printing’’ process, making it possible to replicate DNA assemblies in a

hybridization–contact–dehybridization process, which they denoted as ‘‘supramo-

lecular nanostamping’’ [106]. In a similar way, high-density metal lateral nano-

wires were reported to be transferred from a template to a silicon surface through

a contact mechanism. The authors employed ‘‘stamps’’, fabricated from a super-

lattice of III–V materials, combined with cleaving and selective etching and metal-

lization. Using such an approach, it is possible to make very high-density and or-

dered lines that would be very difficult to make using other top-down approaches

[107, 108].

A candidate for NGL has for many years been X-ray lithography [1, 35, 44, 45]

and with the continuous push from the microelectronic industry for using UV li-

thographies there has been a merge of the two into the concept of extreme (E)-UV

lithography where one utilizes light with wavelengths in the 10-nm regime (for a

compilation of papers on E-UV lithography, see Ref. [109]). Usually, such light is

generated from plasma sources [2, 45, 109]. The positive aspect of this technology

is that the main processing infrastructure technology is rather similar that already

employed in the big fabrication facilities. The drawback of E-UV, however, is the

enormous costs required in order to put it into a working technology. The costs

will not stop it, but it will effectively limit the number of facilities that can afford

the investment. Hence, its importance for the biomedical field as a technology for

making small series of chips is limited, since the initial cost for such a small series

will be high. Another type of lithography technology is based on scanning probe

microscopy (SPM) [110]. It will probably have a limited impact on wafer-scale pro-

cessing. However, it is still one of the most important since it will allow small se-

ries of samples to be made in a rather inexpensive way. The needed development,

which is making steady progress, is the increase of scanning speed, allowing both

imaging and lithography to be made fast enough. However, the limitation of the

method, even when it has gained real-time speeds of scanning, is the same as for

EBL, i.e. the serial nature of pixel-by-pixel exposure. However, in contrast to several

attempts made over the years for making an array of small electron-beam-based

exposure sources that could expose a wafer in parallel, the use of an array of scan-

ning probes might just overcome this problem (see also Sections 12.2.3 and 12.3.8).

Dip-pen lithography [111, 112] has also been introduced, presenting us with an-

other possibility to fabricate ‘‘molecular’’ lines or patterns without the need for go-

ing through the cumbersome pattern transferring method that is needed for other

lithographies. Here, one has a tool that makes it possible to write only on those

parts of a surface that one needs in a direct way, using the fountain pen principle.

It is, to some extent at least, principally a scanning probe lithography method,

based on the fact that there is always a water layer on a surface in air. If two sur-

faces are in contact with each other, the content of the water layer may, depending

on the respective hydrophobicity of the two surfaces in contact with each other, be

transferred from the tip to the surface and the water layer on the tip may not be

consumed if it is connected to a reservoir of liquid or if it is dipped (inked) into a

reservoir repeatedly. This is a method that naturally has a large potential for writ-
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ing various forms of important molecular patterns for use in protein chip applica-

tions, etc. Some examples are given in the next section. In a further extension of

the technique, one can fabricate a hollow cantilever tip with a small opening at its

end allowing molecules to be transferred from the hollow tips to surfaces [113].

Using concepts from the old days, when one used shadow mask evaporation

masks for making electrical (metal) contacts to semiconductors, one has refined

the shadow mask technology into stencil mask nanolithography, enabling us to

draw metal lines arbitrarily on surfaces in a vacuum [114, 115]. The technique al-

lows a fine pattern to be made by moving the stencil (the shadow mask) while

metal (or molecules or something else that can be evaporated) is flowing though

the apertures of the stencil. This is a nice method that may have its specific areas

application. It can easily be parallelized by having an array of such nanostencil

masks moving in unison, allowing large areas to be covered in a short time. The

drawback is the clogging of the nanoscale aperture that has to be overcome in or-

der to find a real industrial use for it. The posibilities to develop the tools being

described above have been enabled by the development of nanotechnologies in a

pull–push fashion. One nanofabrication method that has been instrumental in

this aspect, and actually is just in its initial phase of development at the moment,

is the use of focused ion beams [116], allowing extremely nice structures to be fab-

ricated in a true 3-D space. The method is often combined with scanning electron

microscopy (SEM), allowing observation of the structures being made (although it

is also possible to use the ions for scanning and imaging purposes). The principle

is to make local and directed deposition or etching of materials due to the energetic

ions impinging onto the surface. The method has the same limitations as EBL

systems – it is a serial method. Still, it is not at all a mature technology at this stage

and I guess that we will experience a tremendous development in other technolo-

gies, since it is such a generic technology.

12.2.1.3 Scanning Probes

Scanning probes offer many other possibilities in addition to imaging capabilities.

For instance they have been utilized to make a new kind of memory device, the

Millipede [117], which in principle is an array of cantilevers (Fig. 12.5) that can be

controlled individually, allowing the possibility to melt a plastic material and press

the tip into it, thereby cause cooling. Hence, it is possible to write information on

the nanoscale. Such information, consisting of local deformations, can easily be

read out with the cantilevers in imaging mode. Using the technology behind AFM

[65], basically a cantilever beam that can be moved in the xyz directions with a

sharp tip mounted at the end, one can make an analysis tool that will be able to

detect interactions on the cantilever surface being observed through induced bend-

ing as a function of, for example, heat, or stress as a function of molecular adhe-

sion to one of the surfaces, thereby creating a bimetal-like switching behavior [118]

(Fig. 12.6). Such cantilever-based sensing, transforming molecular recognition into

a mechanical displacement [119], has been used for many aspects, e.g. detection of

antigen–antibody reactions [118]. These results are discussed further below. AFM
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has been utilized for force detection, allowing a detailed understanding of binding

forces between molecules. One could denote this as ‘‘molecular fishing’’. It is based

on coating the tip with a certain type of molecule and having another molecule that

will bind to it on the substrate. When the tip is lowered into the molecules at the

surface, a mechanical bond may be formed and, by subsequent retraction of the

AFM tip from the surface, one can follow the sequence when breaking the chemi-

cal bonds. This provides valuable information about bond strengths and other mo-

lecular properties. This technology has been advanced to the level where it is pos-

sible to identify single molecular binding events [120]. Such detailed knowledge

will be of great value in the biological area, e.g. in order to increase the understand-

ing of cell signaling mechanisms and protein folding [121]. To fully use SPM for

enhancing our understanding in biology, we must continue the development of

probes so that they can obtain information from both time and space simultane-

ously, i.e. allow the possibility to capture images revealing important biological pro-

cesses in real-time.

Figure 12.5. The Millipede chip: optical micro-

graph of a 64� 64 cantilever array chip (A),

and SEM images of the center of the array (B),

one cantilever (C) and a tip apex (D). Data can

be written at extremely high densities (greater

than 1 TB in�1). The cantilevers have separate

heaters for reading and writing, and utilize

electrostatic actuation for the z-direction. The

cantilevers are around 70 mm long, with a

500–700 nm tip integrated directly above the

write heater. (Reprinted with permission from

IBM.)
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12.3

Applications

12.3.1

Introduction

Here, I explore various directions of nanotechnology in the life sciences sector pav-

ing its way into the biomedical sector. However, so far, very few examples of real

employment of nanotechnology in the biomedical sector can be found. Nanotech-

nology offers many chances for applications, but hitherto the development has

been mainly focused on being used as sensors. In the following section, I show

how passive and active nanostructures surfaces can be explored, how nanotechnol-

ogy can affect the area of proteomics, and how nanowires and nanomechanics may

be employed as sensors for molecular detection.

12.3.2

Biomedical Applications based on Nanostructured Passive Surfaces

For many life sciences applications, one might need to detect only a few substances

dispersed into a solution and blended with other substances. One needs to have a

functionality of the substances, giving them a kind of a handle. This can be solved

by utilizing different kinds of chemistry, often in conjunction with attaching cer-

Figure 12.6. Operating modes of cantilevers employed as

sensors: (A) static deflection mode, (B) dynamic resonance

mode and (C) bimetallic heat mode. (From Ref. [118].)

12.3 Applications 397



tain dyes in order to be able to detect various reactions. However, what one really

would like to have is a system providing identification without the use of a marker,

i.e. a label-free diagnostic method. The reason is 2-fold – a marker may change the

biological function of the substance and there is a probability that markers may not

attach with 100% fidelity. In order to find a species at low concentration, it would

be advantageous to increase the concentration. Many of these aspects can be dealt

with using nanotechnology and passive surfaces. By passive we mean a surface

that may or should have a function, but we cannot influence that function from

the outside during a measurement, observation or reaction.

12.3.2.1 Separation, Concentration and Enriching Structures

Separation can be achieved by employing nanotechnology in various ways. One

form is to use a system of nanoscaled posts (functioning as bumpers) in an array

format, together with time-alternating electric fields, making it possible to separate

various molecules according to the entropic force they experience in the confined

region, which in turn limits the natural conformation possibilities that they have

[122, 123] (Figs. 12.7 and 12.8). Since the entropy of a molecule depends on its

length, these confined space structures act as a sorter of molecules with various

lengths, e.g. lengths of sequences of DNA. Such a molecular sorter at the nano-

scale has been fabricated by EBL. Similar confinement-related devices, but instead

of posts, using nanochannels in an array format have been proposed and realized

utilizing NIL [41, 124, 125]. Here, NIL was employed (Figs. 12.9 and 12.10) creat-

ing ultra-narrow channels, forcing fluorescently labeled DNA to stretch out while

passing through the narrow channel [124]. The vision for these kinds of structures

is to be able to integrate light emitters along the channel and to determine the DNA

code down to individual bases by reading them as they pass the emitters using

near-field excitation/detection mechanisms. The first steps have been realized

(Fig. 12.11), allowing the detection of a marker attached to the DNA at a certain

position, using excitation through narrow slits positioned perpendicular to the

channels [125, 126].

Figure 12.7. A fluidic device consisting of an array of

nanopillars in between a roof and a floor. (From Ref. [122].)
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It is especially interesting to note the use of another polymer, Topaz, with impor-

tant benefits when it comes to biocompatibility and nanofluidicity in combination

with optical spectroscopy [127]. The properties are such that it is an ideal candidate

for integration of a waveguide directly in the polymer (Figs. 12.12 and 12.13). Fur-

thermore, it would be possible to insert dye molecules acting as local emitters for

locally addressing, for example, a DNA chain being swept in a channel close to the

emitter. The full utilization of these concepts has not yet been reported. Similar

kinds of nanofluidic structures have been employed to create a cell-based assay

Figure 12.8. (A) An optical micrograph of the fabricated

device. (B) A close-up showing the 35-nm pillars with a

center-to-center distance of 160 nm. (From Ref. [122].)

Figure 12.9. SEM images showing (a) the cross-section of the

NIL-fabricated nanochannels and (b) the top view displaying

the channels. (From Ref. [124].)
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[128], and in a recent paper a nanofluidic transistor (Fig. 12.14) was reported en-

abling control of ion and molecular flow in a channel [129].

12.3.2.2 Molecular Motors Transported in Nanometer Channels

Other kinds of nanoscaled channel structures have been reported in the field of

molecular motors (Figs. 12.15 and 12.16). This work, using nanoscaled structures,

has been pioneered in a collaborative effort by the author and Mansson at Kalmar

University [130–135]. Several other groups have reported micrometer-sized chan-

nels [136, 137], showing a performance similar to that obtained by us. However,

we have, in contrast to the others, a precision in the motor guidance at the nano-

meter level [132, 135]. We have further refined the concepts and have built a com-

Figure 12.10. CCD image showing DNA stretched out in the

nanochannels. Scale bar is 30 mm. (From Ref. [124].)

Figure 12.11. SEM image of a device with 100-nm wide slits

for optical detection of DNA molecules as they pass by in the

5-mm wide channel. At the outer ends are nanopillars for

stretching the DNA filaments before entry into the channel

region. (From Ref. [125].)
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plete toolbox system (Fig. 12.17) around this activity, where we can direct motion

by fabrication of rectifiers, roundabouts, injectors, etc. [135]. Basically, we have

combined nanolithography and surface functionalization (Figs. 12.18 and 12.19)

using silane procedures, resulting in a very robust structure permitting detailed

studies of the actomyosin system [134–136]. Such a system may be explored as a

‘‘lab-on-a-chip’’ system for use in drug development. For instance, one can imagine

using a circular pattern into which individual motors are directed and, by counting

the rotation speed of the motors in these circles as a function of the added drug,

for instance, one may be able to investigate the effect of various formulas or con-

centrations of added drugs. If so, maybe such a system can work favorable as a pre-

screening system for drug development.

12.3.2.3 Topographical Structures, Cells and Guidance of Neurons

Another class of passive structures is topographical patterns in conjunction with

cell survival, growth and adhesion, with important implications for medical im-

Figure 12.12. A photo of the microfluidic device made from

Topaz with incorporated laser resonator. (From Ref. [127].)

Figure 12.13. A SEM image showing the laser resonator

structure located in the flow region. (From Ref. [127].)
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plants and prosthetic devices. Several investigations have been performed showing

the positive effects of micrometer structures with respect to individual cell attach-

ments, but results employing real nanometer-sized structures are sparse [138]. For

the single-cell case and microstructures, grooved topography especially has been

found to interact [139] and cells have been reported to change their shape in order

to follow the grooves (and ridges) [140]. It has also been observed that cell regula-

tion and transcription may be affected [141]. For nanostructures, macrophages, en-

dothelial and fibroblast cells have been reported to interact in one way or another

way [142–144]. We have recently performed a pilot study in which we have utilized

nerve cells and studied the possibility of aligning nerve cells during growth [145].

Using NIL we made a large number of nanostructured surfaces containing grooves

in the commonly employed polymer poly(methyl methacrylate) (PMMA). We made

both positive and negative structures in 200 mm� 200 mm squares, containing

lines with dimensions varying between 100 and 400 nm, while the distance in be-

tween the lines varied from 200 to 1200 nm. Ganglia, both sympathetic and sen-

sory, were dissected from an adult female NMRI mouse and mounted on the chip

surfaces, about 1 mm from 17 nanostructured squares, as described above. After

5–7 days in culture media, we found that most axons had regenerated along all of

the lines with an apparent preference to grow along the line peripheries (Figs.

12.20–12.22) [145]. The aim of the study was to investigate if we could separate

Figure 12.14. A nanofluidic transistor. (A) Schematic

representation of the device. (B) Micrograph showing the 35

nanochannels running from left to right and the three electrode

lines perpendicular to the nanochannels. (From Ref. [129].)
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a large number of axons on a small area and, indeed, we showed that possibility.

Such spatial separation and the possibility to organize axons have important conse-

quences for the possible ability to make electronic connections to the nervous sys-

tem [146]. State-of-the-art implanted electronic devices found in practical use today

Figure 12.15. Schematic presentation of the

nanochannels defined by a lithographic method

followed by immobilization of myosin heads to

the patterned surface, and addition of fluores-

cently labeled actin filament and ATP. The actin

filaments will, with the proper choice of mate-

rial for the lines, be effectively transported

through the channels. (From Ref. [130].)

Figure 12.16. Similar nanochannels defined by NIL (a) and a

snapshot of fluorescently labeled actin filaments (white

colored) being transported in the lines (b). (From Ref. [131].)
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are the cortical implant BrainGate [147] and the very well-known cochlear implant.

These devices have only a hundred electrodes on a 1-mm2 area and such a density

is not sufficient for making a functional brain–machine interface (BMI). Our re-

sults above show that it may be possible, using NIL, to increase the spatial resolu-

tion considerably; we found hundreds of axons on an area of 0.4-mm2 [148]. Our

Figure 12.17. Three nanotools, rectifiers,

roundabouts and directional couplers,

put together to transport actin filaments

(fluorescently labeled) first in a rectified way

from left to right (green colored), and then in

a roundabout structure being forced to make

a 360� turn and go back into the same channel

as before, moving in the opposite direction

(red colored) and then halfway back it will

follow a route downwards (directional coupler)

and out to a reservoir. Note that the filament

cannot enter into this downward branch on its

move from left to right. (From Ref. [135].)

Figure 12.18. Cross-section of the double layer

of resists combined with selective silanization

of the channels employed to achieve the

nanometer control of the movement of actin

filaments. It consists of a LOR layer and on top

of a PMMA layer. By proper patterning and

processing, an undercut as shown in the cross-

section picture, can be obtained. As illustrated,

the slit along the wire (opening) serves an

important role – through this opening ATP can

be inferred and products such as ADP can be

removed. If we employed sealed nanochannels

we would eventually get clogging and we would

also be limited by diffusion of ATP, leading to

unstable conditions. The bottom layer is func-

tionalized through a vapor-phase silanization

procedure to enhance motility. (From Ref.

[132].)
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simple, nonoptimized study shows the possibility to concentrate and separate nerve

cells on a small area of a surface. Furthermore, the topographical structures are

highly stable and NIL, as a method, is scaleable, providing additional support for

possible future BMI applications based on nanostructured surfaces. Recently, we

have also employed epitaxial nanowires as a support surface showing excellent

guidance of neuronal outgrowth (Fig. 12.23). Further details are reported elsewhere

[149]. The review by Melechko and coworkers [69] showed various life sciences ap-

plications of carbon nanowires. Large sets of interconnected CNTs with cell mem-

branes were recently reported, showing that the biological properties of the mem-

brane were retained and that they could perform electrical measurements [150].

12.3.3

Biomedical Applications utilizing Active Nanostructured Surfaces

In contrast to the previous topics, active nanostructured surfaces can be activated

from the outside world in order to investigate the interaction of various forms of

Figure 12.19. A top view of the pattern

showing the loading zone to the left and

nanochannels going to the right in the picture.

An actin filament (fluorescently labeled) is

shown to have followed the edge of the loading

zone (under the undercut) until a suitable

nanochannel made the filament turn right and

follow the nanochannel. (From Ref. [132].)
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biomolecules that such activation may invoke. A paper by Hamad-Schifferly re-

ported remote inductive control of local DNA hybridization events by the use of a

nanocrystal serving as an antenna covalently linked to DNA [151]. Another such

class of structures that are made at the nanoscale is the so-called interdigitated ar-

ray (IDA) of electrodes (Fig. 12.24). Although several groups have been able to fab-

ricate such devices [152–155], few have been able to report any useful information

Figure 12.20. A number of NIL-patterned

squares (200 mm� 200 mm) containing

grooves oriented horizontally (the two at the

bottom) and vertically (the two top ones)

having different widths and pitches. As can be

seen, the axonal outgrowth (mouse cervical

ganglion) follows the orientation of the grooves

in the squares and changes growth direction

when the grooves turn 90�. (From Ref. [145].)
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having the IDA in the nanometer regime. One of the common obstacles is the

noisy environments for all kind of electrical measurements. However, in a set of

publications, we have been able to follow some results as a consequence of using

nanosized interdigitated electrodes. Choi and coworkers [155] report the possibility

to detect DNA binding events by monitoring the impedance (Figs. 12.25 and

12.26). In the paper they report, using NIL in combination with certain nanopro-

cessing steps, that an array of electrodes having nanogaps of the order of 50 nm

provided a way to make label-free detection of DNA hybridization events. Figure

12.25 shows a SEM image of the fabricated structure and the schematics for detec-

tion, and Fig. 12.26 displays the frequency-dependent capacitance. Clearly, the hy-

bridized structure of T–A base pairs is detected by the capacitance increase at lower

frequencies, in contrast to the nonconjugated base pair reference measurement.

The explanation given is that the single- and double-stranded DNAs have different

geometrical structures, and hence a different induced counterion profile. In an-

other report [156] using IDA, the authors have investigated the relative increase

in signal due to the nanoscale of various scaled IDAs (Fig. 12.27).

Figure 12.21. SEM images showing axons

growing on a positive pattern. The ridges are

400 nm on the (A) and (B), and 800 nm wide

on (C)e. The linewidths are 100, 400 and

400 nm, respectively (A–C). The ridges are all

100 nm high. Note especially that all axons

seem to grow on top of the ridges and not

in the grooves between the ridges. (From

Ref. [145].)
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Figure 12.22. Neurons supported on a surface consisting of

randomly located epitaxial GaP nanowires on GaP substrate,

revealing a healthy appearance. Note that some wires are bent

and in some cases wires are inserted into the neuronal cells

and processes. (From Ref. [149].)

Figure 12.23. Nanowires were placed in rows with varying

pitch and wire diameters. As can be seen, the neurons align to

the wires and follow them in a very nice way, allowing

governance of the growth direction to be engineered by the

sample morphology. (From Ref. [149].)
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12.3.4

Protein Chips

Protein-binding detection devices are an important class of devices that may have a

large impact on drug screening in conjunction with drug development. They may

Figure 12.24. An example of an IDA of nano-

lines as defined by NIL, metallization and lift-

off. SEM micrographs from the 2-in. wafer with

several IDA electrodes after NIL processing

and gold lift-off. (a) One single 3.5� 3.5 mm2

transducer chip, (b) overview of the central

part of the transducer chip, (c) area of a

100-nm IDA and (d) part of a 200-nm IDA

electrode. Note the contact areas with holes

making it possible to print both nanometer

lines and micrometer-sized regions in one

printing step. (From Ref. [153].)
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also have a potential to be developed into small and portable handheld devices

for point-of-care analysis or even as home-doctor kits. For this, the main direction

is to utilize antibody–antigen detection [157, 158]. Hence, what it boils down to is

an ability to detect whether molecular binding between an antibody and an antigen

has taken place. Of course, one usually makes measurements of large arrays of

antibodies distributed on a surface using some kind of spotting procedure. Then,

by spotting a liquid containing an unknown blend of antigens, one will detect

which reactions take place and hence a fingerprint will be obtained. By comparing

this individual fingerprint with a set of control fingerprints, it is possible by using

various decision mechanisms to tell which antigens were present in the liquid and

what disease that set of antigens is a representation of. In order to fully understand

the various expressions as a consequence of a certain disease, one would like to

make the antibody library extensive [159]. Present-day arrays contain hundreds of

Figure 12.25. (a) The process flow for the creation of the nano-

gaps and a SEM image. (b) A schematic cross-section showing

the measurement principle. The nanogap can be controlled by

the deposited oxide film thickness. (From Ref. [155].)
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antibodies, but using nanotechnology it is foreseeable that one could make arrays

containing millions of antibodies, if one could confine (pattern) the antibodies

onto a small surface spot [159–161]. In a prototype study we have fabricated such

structures using EBL [162]. They are fabricated by making nanocontainers in the

Figure 12.26. Measured capacitance versus input frequency

after immobilization and hybridization. Capacitance increases

as the frequency decreases for the conjugated pairs, whereas

there is no significant effect of the capacitance for the

nonconjugated base pairs. (From Ref. [155].)

Figure 12.27. Normalized signal strength for redox current as

a function of nanogap width showing the increased signal as

the gap size is reduced. The increase of current is an effect of

more effective redox cycling when the electrodes are closer to

each other. (From Ref. [156].)
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form of small holes (down to 50 nm in diameter) in a PMMA layer on top of a

solid substrate with a waveguide as a surface layer. This means that antibodies

can be immobilized inside the nanowells and by excitation through the evanescent

field created by establishing a standing wave in the waveguide, one will excite only

those molecules situated at the bottom of the well directly on top of the waveguide

layer. The other molecules found on top of the polymer around the nanowells

will not be excited due to the fast decaying electromagnetic field as a result of the

near-field excitation mechanism. This approach has allowed us to study specific

antibody–antigen interactions of biological interest [162]. Similar ideas using

nanotechnology have been published, but they did not confine the antibodies to

the surface effectively, leading to a larger analyzing droplet, or alternatively they

employed larger nanowells [160, 161].

12.3.5

Protein Interactions

The field of protein patterning is not only limited to protein chip applications, but

also used in other kinds of applications. The reason is that proteins are essential for

so many life functions – force production in molecular motors, intra- and extracel-

lular transport, mechanical stability, sensing and signaling, etc. What they all have

in common is the procedure to make a surface functionalized in one way or an-

other. Usually, functionalization is based on (covalent) coupling of the primary

molecule to a certain surface structure. An example of a popular covalent coupling

is thiol coupling to gold surfaces. If the surface is a silicon wafer, then one can uti-

lize the large variety of well-established silanization procedures commonly found

in conjunction with separation columns based on silica particles.

An often employed silanization procedure is to covalently bond chlorosilanes to

a hydroxylated SiO2 surface layer, expelling HCl as a result of the binding [163].

The chlorosilanes can then have functional amine, carboxyl or hydroxyl (or fluorine

if one likes to have a repelling surface, compare this with NIL stamp fabrication

[92–95]) groups at the other end. These functional groups may interact with a

second molecular group that one intends to attach to the surface, e.g. enzymes.

Hence, many approaches to make patterns in various silane layers on the nano-

scale can be found [41, 164–166]. After patterning, one must retain the function

of the functional groups and nanoprocessing, in general, is rather harsh to many

of these molecular layers. Other approaches found in the literature are results

obtained by nanoscale patterning of protein layers (compare also the functional

protein layers in the tracks for the motor proteins as described above and in

Refs. [130–135]). Several such reports have been made, usually employing some

kind of model protein–protein reaction as the probe of success. Most often one

employs streptavidin–biotin reactions to show proof of the patterning. In

the report by Falconnet and coworkers [166], they combined standard NIL with a

lift-off procedure of a biotin functionalized poly(ethylene glycol)–poly(l-lysine)

(PEG–PLL) copolymer (Fig. 12.28). After lift-off, a backfilled layer of a non-biotin-
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Figure 12.28. The NIL and protein patterning

process. (I) Spin coating the PMMA layer and

pre-bake. (II) Imprinting of the PMMA layer

with the quartz stamp. (III) De-molding of

stamp from substrate. (IV) Etching of the

residual layer of PMMA opening the niobium

oxide surface. (V) Dipping into solution of

biotinylated PEG–PLL-mixture. (VI) Lift-off of

the remaining PMMA layer leaving a patterned

layer of biotinylated PEG–PLL on the surface.

(VII) Filling of the background with non-

biotinylated PEG–PLL. (VIII) Selective binding

of streptavidin to the biotinylated layer.

(From Ref. [166].)

Figure 12.29. Scanning near-field micrograph of 100-nm wide

biotinylated PEG–PLL lines with Alexa-conjugated streptavidin

in a background of nonbiotinylated PEG–PLL showing the

successful selective lateral patterning of active protein binding

lines. (From Ref. [166].)
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functionalized PEG–PLL copolymer was established. In this way, they managed to

produce patterned biotin-functionalized lines surrounded by PEG. They then suc-

cessfully managed to selectively bind streptavidin to the 100-nm wide biotin lines

(Fig. 12.29), showing that the biotin properties remained after a common nanopro-

cessing lift-off procedure. They also discuss the versatility of the process since the

PEG copolymer can be functionalized in many different ways. In previous reports

by Hoff and coworkers [167] and Gou [41], successful NIL-based protein pattern-

ing was displayed. Hoff and coworkers performed NIL and fluorine passivation of

the naked silicon surface after reactive ion etching (RIE) exposure, but before re-

moval of the unpatterned resist. A covalent immobilization step of an aminosilane

monolayer was performed in combination with a series of subsequent covalent

binding events of biotin, streptavidin and, finally, a biotinylated fluorescently la-

beled protein layer, respectively (Fig. 12.30), creating a sandwich structure. Using

epifluorescence, the resulting structures were observed, proving the success of a

very uniform sub-100 nm patterning and biofunctional NIL-based process (Figs.

12.31 and 12.32).

Figure 12.30. Process flow diagram of

substrate-selective lateral patterning and sub-

sequent protein immobilization. Spin-coated

PMMA polymer is patterned by NIL. Exposed

SiO2 regions are etched and passivated by

a RIE-deposited CF-based monolayer. The

remaining PMMA is lifted off and an

aminosilane is covalently attached to the

exposed SiO2 through a gas-phase deposition

procedure. A layer of biotin is covalently linked

to the amino layer followed by streptavidin

attachment and then, finally, a biotinylated

protein is linked to the streptavidin. (From

Ref. [167].)
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12.3.6

Biomedical Applications using Nanowires

Nanowires having diameters of the order of tens of nanometers have been em-

ployed as extremely sensitive charge sensors. This is based on the fact that if one

employs contacts at the two ends of the wire, there will be a possibility (depending

on the wire conductivity) for the formation of a narrow 1-D current path along (in-

side) the wire. If a charge is exposed to the outer surface, this path will be quenched

(or opened) (Fig. 12.33) in a way very similar to how a modern CMOS gate func-

tions. By proper functionalization of the wire surface, one may use it as a sensor

able to detect specific binding to the wire surface. Wang and coworkers have re-

Figure 12.31. Proteins patterned onto sub-

100 nm patterns. (A) SEM image showing the

nanolines after NIL, oxidation and passivation.

The inset shows that the linewidth is less than

100 nm. (B) Fluorescence micrograph of the

lines after linking rhodamine-labeled strepta-

vidin to the biotin-modified aminosilane-

functionalized lines. (From Ref. [167].)

Figure 12.32. Epifluorescence image showing bioactivity on

NIL-patterned surfaces. The contrast arises from rhodamine-

labeled catalase bound to the antibody anticatalase patterned

in 2-mm dots using the process described in Fig. 12.31. (From

Ref. [167].)
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ported label-free detection of molecular binding to silicon nanowires [168], and

Chen and coworkers [169] discussed non-covalent functionalization of such CNTs

and biosensor applications. Other reports have been made dealing with virus detec-

tion [170]. Hahm and coworkers [171] showed label-free DNA detection by first at-

taching streptavidin, then biotin with a linker to peptide nucleic acid, which in

turn contained a specific sequence of base pairs that enabled specific binding to

DNA. They reported a 2-fold increase of wire conductance attributed to increased

negative charge on the nanowires. In the near future, such structures may become

very important as direct label-free detectors for clinical use. In a paper by Zhao

[172], nanowires consisting of nanotube–metal clusters are discussed, providing

proof-of-principle for a novel high-specificity molecular sensor utilizing the possi-

bility to bind various kinds of molecular receptors to metal clusters. Further uses

of nanowires are exploited in recent reviews [69, 173].

12.3.7

Biomedical Applications using Nanoparticles

Nanoparticles are excellent transducing components with the ability to report on

interactions of biomedical relevance in various ways. The reporting mechanisms

are often based on the fact that the magnetic, electronic, mechanical, chemical and

optical properties of small objects differ from bulk materials, and small changes in

size and shape can often be more easily monitored, since the effects are large. One

such class of small objects is the ‘‘semiconducting quantum dot’’ that may change

its luminescence (or fluorescence) properties as a function of surface coverage

[174–176]. Generally speaking, also for this class of devices, one needs a hand-

shaking procedure in order to utilize them as sensors, for example. This means

that different surface functionalization procedures are also highly relevant for

these kinds of structures. For instance, a magnetic particle having a certain mole-

cule chemically linked to it can be manipulated using magnetic fields. In a paper

by Nam and coworkers [177], such a use was discussed for the detection of pro-

teins; specifically, they showed detection of prostate-specific antigen with a sensitiv-

ity 6 orders of magnitude higher than standard clinical assays.

The preparation and use of magnetic particles is a whole scientific field on

its own, and interested readers are referred to additional publications [172–181].

Other classes of nanoparticles of great relevance for the biomedical community

are soft core–shell nanoparticles and capsules [182–184] with a pharmaceutical

content. For example, the core is envisaged to be able to locate a tumor and then

by an enzymatic process the core is opened, allowing directed drug delivery to the

tumor. Here, readers are also referred to other publications [182–184].

12.3.8

Biomedical Applications using SPM Technology

Here we can distinguish between investigations performed in microscopy mode,

chemical force detection and as a sensor structure giving a multitude of possibilities.
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12.3.8.1 Imaging of Biomolecules using SPM

AFM is often employed for high-resolution microscopy aiming at molecular

resolution of soft material, such as tissues, etc. AFM, in contrast to many of

the other relatives in the large family of scanning probes, can be used in a liquid

environment without losing much of its resolving power [185, 186]. To image soft

and delicate materials it is mainly used in one of the noncontact modes or the

intermittent-contact mode equipped with super-sharp tips. For this purpose, nano-

wires have been integrated in various ways with the usually pre-formed tip on the

cantilever in order to serve as the sharp tip. A review in this subject area has been

published by Hansma [187]. Recently, AFM has been taken to new dimensions,

and a publication by Imer and coworkers describes how a minute AFM may be

placed inside the body [188] in order to be able to report to an external source

about how a knee joint surface develops after a surgical procedure.

12.3.8.2 Force Detection of Single Molecular Events

In force detection mode, using a chemically modified tip that will bind to a single

molecule on a surface when lowered towards the surface, it is possible to study

conformation changes and the mechanics of individual molecules. Such investiga-

tions have led to detailed knowledge about DNA recoiling, forces involved in

antigen–antibody binding and receptor–ligand interactions, as well as cell–cell

adhesion due to discrete adhesion proteins [118–121, 189]. An excellent review of

this field is given by Gimzewski and Joachim [190] and many details can be found

in the papers by Gaub, who is one of the key drivers in Europe in this field [120,

191]. Gaub’s group have, for instance, recently published measurements revealing

single base pair mismatches [192].

12.3.8.3 Cantilever-based Detection of Molecular Events

The remaining class of scanning probe activities with biomedical relevance utilize

the mechanical movement or properties of a cantilever when a chemical interac-

tion has taken place on the cantilever arm [118, 119, 193]. Here, one can distin-

guish between two classes – a static displacement of the cantilever or a shift of

the dynamic motion of the cantilever, e.g. a shift in resonance frequency. For these

investigations one can utilize an AFM set-up and a standard AFM cantilever with a

tip, but the tip in itself does not play any role since the instrument per se is not go-

H————————————————————————————————————————

Figure 12.33. Nanowire FET sensor. (A)

Schematic view of a normal p-type FET device

where a positive (negative) voltage applied to

the gate (G) led to depletion (or enhancement)

of the current path between the source (S) and

drain (D) contacts. (B) Transmission electron

microscopy image and diffraction pattern of a

4.5-nm diameter silicon single-crystal nanowire

and typical electrical characteristics for a p-type

nanowire. (C) Schematics of a p-type nanowire

employed as a sensor with antibodies and

positively charged protein that upon binding

quench the conductance of the wire (similar

to the positive bias situation in A). (D)

Schematics of the nanowire sensor con-

figuration and SEM image showing the nano-

wire between the two contacts and a photo of

the complete biochip with integrated fluidic

sample delivery. (From Ref. [172].)
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ing to give any images. There is usually no need to have a scanner able to sweep

the cantilever in the lateral directions. In order to achieve a static deflection, one

often employs a scheme like a bimetal switch, i.e. when one side of the cantilever

is influenced by chemical interactions, such that a strain or compression is experi-

enced, the cantilever will bend. Typical levels of stress are of the order of 10�3

N m�1, causing deflections to be around 10 nm or so; the bending will of course

depend on the cantilever employed. Therefore, one usually coats one side of the

cantilever with a metal that interacts with the molecules of interest, possibly by

having a coating on the metal surface permitting only one kind of molecule to

bind onto that surface (Fig. 12.34 and 12.35). Using this principle, it has been pos-

sible to follow chemical interaction and DNA hybridization, detect explosives, de-

termine pH, detect of bacteria, detect of various vapors, etc. [118]. For dynamic de-

tection, instead of monitoring surface strain or stress, one actually measures the

mass being adsorbed on the cantilever surfaces [194]. The basic equation for a can-

tilever in resonance (df =dm@ f =m) involves the mass, and hence a measurement

of the change of the resonance frequency directly measures the added mass (or re-

moved mass if one performs such an experiment). This method resembles quartz

crystal mass (QCM) technology, although the QCM crystal is macroscopically large.

Nevertheless, the use of QCM, and especially the dissipative mode of QCM, is fre-

quently used for studying various biological processes and reactions to surfaces

[195, 196]. The drawback of QCM is the sensitive surface area, which cannot be

Figure 12.34. Schematic of a cantilever array-

based hybridization sensor. (A) Each cantilever

is functionalized with different self-assembled

monolayers (SAMs) of thiolated oligonucleo-

tides. (B) Upon injection of complimentary

sequences to the oligonucleotides on the

various cantilevers, recognition and binding

occurs to one of the cantilevers, and the

cantilever bends down due to the stress.

(C) After rinsing, the cantilevers are ready to

detect again. (From Ref. [118].)
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miniaturized in order to study processes happening on a small lateral scale. In or-

der to detect very small masses, interest in the cantilever detection community is,

at this stage, directed towards the development of small cantilevers. This is due to

the increased mass detection ability that follows if the eigenmass is low and the

unloaded resonance frequency is high. However, most of the cantilevers reported

in this field have micrometer dimensions. The reason being that there are plenty

of opportunities for good research and technology development using these more

conventional cantilevers [197–199]. In particular, the coating of functionalized

layers with the resulting exclusive binding is still not yet at a fully mature level.

There is a necessity to make real systems with arrays of cantilevers (Fig. 12.36) hav-

Figure 12.35. (A) Deflection traces of two differently

oligonucleotide-functionalized cantilevers upon injection of the

complement entity to one of the cantilevers. (B) Differential

signal between the two deflection curves. Buffer ¼ rinsing.

(From Ref. [118].)

Figure 12.36. Schematic view of the array format used together

with cantilever sensors. Each cantilever has a different coating.

(From Ref. [118].)
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ing different kinds of coatings in order to detect and discriminate various contents

in, for example, an unknown liquid [118, 200]. (Compare with Sections 12.3.4 and

12.3.5.) However, a few papers have recently reported [201, 202] cantilevers in the

true nanometer regime, with thicknesses well below 100 nm (Fig. 12.37). In these

papers, the nanomechanical properties of solid metal cantilevers were investigated

as a function of length and thickness. It was found that the properties of thin canti-

levers shift as compared to bulk material, making the cantilevers increasingly

softer than expected as they get thinner. The cantilever-based nanomechanical con-

cept is nice, since it allows investigations to be performed in a liquid, e.g. in body

fluid or whole blood (serum). For static measurements, this is rather straightfor-

ward [203–205], although care has to be exercised when making a flow system, al-

lowing the actual detection to work. For the dynamic case, the situation is more

tricky – the main reason being the drastic decrease of the Q-value of such dynamic

systems when operated in liquid. During the many years of investigations, very few

papers have yet been published. Just recently, two such papers have appeared, one

from Professors Gerber’s group in Basel and one from the author’s group [206,

207]. In the paper by Braun and coworkers they have, in a model experiment, in-

vestigated binding of streptavidin-coated latex beads onto biotinylated cantilevers,

while in the paper by Nilsson and coworkers [207] they have addressed the chal-

lenge to combine detection of adsorption of lipid vesicles onto cantilevers (Fig.

12.38). In that report, it was shown that the lipid vesicles formed a close-packed

layer keeping their spherical shape and the mass resolution obtained was of the or-

der of 3 fg Hz�1. This low value is promising when compared with similar mea-

surements of mass performed in vacuum [208], where a mass sensitivity of 0.2

fg Hz�1 was reported. Using an oscillating cantilever of poly-silicon, 1 mm long,

Figure 12.37. Cantilever cross-section view of

a true nanosized metal cantilever having a

width of 200 nm and a thickness of 50 nm.

When the mechanical properties were investi-

gated on this and similar metal cantilevers, it

was found that they appear to be softer than

one could predict from classical mechanics.

(From Ref. [201].)
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500 nm wide and 150 nm thick with an integrated 1-mm2 paddle, functionalized

with antigen, specific virus detection has been reported with a detection sensitivity

of single viruses [209]. The detection of ultra-low masses leads us into another

important class of nanotechnologies – nanomechanical systems. Using nanome-

chanics, it has been possible to make wonderful devices that can elucidate mechan-

ical motion close to the quantum limits. A recent review on this subject can be

found in Physics Today [210] and in Ref. [211]. Here, the authors, in a fascinating

way, describe the development of the nanoelectromechanical systems (NEMS) field

and how it interacts with quantum physics. This development leads the way to

Figure 12.38. (A) The cantilever resonance spectra before and

after being immersed in NaCl buffer liquid. (B) The shift of

frequency due to immobilization of phospholipid vesicles onto

the cantilever. The nonoptimized mass detection sensitivity was

found to be 3 fg Hz�1. (From Ref. [207].)

422 12 Nanotechnology for Biomedical Devices



be able to construct measurement apparatus that may be able to discriminate and

analyze individual macromolecules with atomic-level detection in 3-D. Recently,

Roukes and coworkers have shown exceptional weighing measurements down to

a few molecules, the sensitivity reported to be 7 zg [212]. The sensitivity of MEMS

and NEMS devices, as already mentioned in the Introduction, has also enabled

measurements of single electron spins [66] and individual nuclear spins may soon

be distinguished.

12.4

Discussion and Outlook

In this chapter, we have seen how modern nanotechnology is increasingly accepted

and employed in the biomedical field, and especially in the field of sensors, ge-

nomics and proteomics [213–214]. Most of the issues dealt with here and in other

similar overviews [215] are of great importance for the development of nanobio re-

search, i.e. controlled surface functionalization, high-resolution imaging, fluidic

governance, sensor principles, nanomechanics, etc. In order for nanotechnology

to increase its impact on the biomedical field, we have to continue to develop basic

technologies, as well as trying to utilize them in the biomedical area in a ‘‘play and

see’’ fashion; by doing so one may find uses of the technologies in fields and areas

of sciences that one could not otherwise envisage. The Nobel Laureate Herbert

Kroemer has formulated a lemma [63] stating that any sufficiently new and inno-

vative technology will find its own principal application created by that technology.

As is obvious from this chapter, most nanotechnologies so far have been em-

ployed for sensor purposes or as passive surfaces for molecular interactions. The

main reason for this is that nanotechnology offers several orders of magnitude

higher sensitivity than present technology. The step for nanoscientists, most often

coming from the hard inorganic (top-down) nanotechnology scientific field, is

smaller to take, as they can apply well-known concepts in order to study some bio-

logical processes, together with the fact that most nanotechnology efforts are pres-

ently driven from that field into the medical or biological field, in contrast to the

reverse mechanisms. The day when scientists from very different fields start to col-

laborate in a more mutual way may also witness fundamentally new uses of nano-

technology in the biomedical sector. In this context, it is foreseeable that new nano-

science educational programs that presently are starting all over the world will be

instrumental for this interdisciplinary development.

The area of using nanomechanics for biomedical applications and for probing

cellular, intracellular as well as intercellular, events and interactions will probably

entertain us in the coming years. Surely the class of epitaxial nanowires will be of

specific instrumental importance, providing functional tools that, for example, may

give full 3-D information when employed as large arrays of point detectors. An-

other area that will have a large influence on our understanding of biology and

biological processes is the development of techniques for achieving fast imaging,
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using SPM. Such possibilities to gather both nanometer-scale space and millisec-

ond time information will open new avenues for life sciences research. The further

development and utilization of printing-like methods, based on nanoimprint and

nanoprinting methods, and similar printing nanotechnologies, to create large ar-

rays of nanostructured surfaces of one or another kind will surely be of great fu-

ture importance, both for high- and low-volume applications. Such printing meth-

ods are already able to create small series of nanostructured surfaces economically

enough to be used in research applications in the life sciences domain. The devel-

opment of mega-dense protein chips and DNA sensors may, in combination with

hand-held devices, provide us with efficient point-of-care analysis or home-doctor

kits that will fundamentally change our way of living. Within the next 10 years

the mortality rate in the USA from various cancer forms is predicted to be close

to zero due to increased early detection principles with significantly higher sensi-

tivities than at present [215]. We will probably also witness the use of nanotechnol-

ogy for various forms of prosthetic devices giving freedom back to impaired per-

sons. In this context, however, stem cell research may be of even larger future

importance, providing natural means to connect new functional nerve cells to the

impaired nervous system, maybe in combination with nanotechnology. Increased

abilities in the form of enhanced functions, such as IR vision for use during dark-

ness when driving, may soon be within reach. Research and development activities

for increased abilities for learning, enhanced memory and cognitive functions,

as well as personalized medical treatments, etc., are presently also being pursued,

often under the term ‘‘converging technologies’’ [216].

Most importantly, we should not forget that the tools being developed to handle

nanomaterials are still very young, actually being in their caring or nursing stage;

typical development time scales are of the order of 10–15 years before a real impact

can be judged.

It is my hope that this overview will have inspired the reader to engage in this

vigorous research field with so many possibilities open for exploration, where

maybe the only limitations are governed by the individuals own ingenuities.
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Tågerud, P. Omling, L. Montelius,
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K. Glasmästar, C. Fredriksson,

P. Dahlqvst, B. Kasemo, The dis-

sipative QCM D-technique: interfacial

phenomena and sensor applications

for proteins, biomembranes, living

cells and polymers, Proc. IEEE, 966,
1999.

196 E. Reimhult, C. Larsson, B. Kasemo,
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13

Nanodevices in Nature

Alexander G. Volkov and Courtney L. Brown

13.1

Introduction

Living organisms are intricately designed with systems of ‘‘checks and balances’’

which regulate biological processes and minimize malfunctions. Biological nano-

devices are largely responsible for the nearly flawless function of various organ-

isms. The use of biological organisms as model systems for the engineering of

new technologies is a form of applied case-based reasoning. The wealth of informa-

tion generated from the study of biological systems creates a database that can be

utilized to find solutions to various problems.

In this chapter, we discuss the role of various nanodevices in a wide variety of

biological processes. Furthermore, we focus specifically on nanoreactors in multi-

electron reactions, the biological function of cytochrome oxidase, nanodevices in

photosynthesis and phototropism, membrane transport, molecular motors, and

electroreceptors. There are many publications that focus on isolated nanodevices

within very specific model systems; however, this approach allows us to analyze

the role and significance of nanodevices in a variety of life forms, including plants,

animals and bacteria. The study of nanodevices has limitless applications in bio-

electronics, biology, chemistry, genetics, biophysics, bioengineering, technology

and other fields of scientific study.

Nanodevices are molecules or molecular complexes that have clear and specific

functions, and are a few nanometers in size. Millions of nanodevices exist in na-

ture and in this chapter we discuss a few examples. Natural nanodevices include

photochemical, electrochemical and synthetic nanoreactors. Photosystem (PS) I

and PS II, enzymes, enzymatic systems in the citric acid cycle, and carbon fixation

in the reductive carboxylic acid cycle are also common nanodevices in nature. Mo-

lecular motors such as ATP synthase, myosin, kinesin, DNA helicases, DNA topoi-

somerase, DNA helixase, RNA polymerase and bacterial rotary motors are vital

nanodevices that serve to regulate biological processes. Molecules in electron trans-

fer chains act as nanorectifiers and nanoswitches. Biological applications for nano-

devices include information transfer, molecular computing, mechanosensors, elec-
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troreceptors, magnetoreceptors, magnetosomes, neuronal networks, light sensors

and ion channels.

13.2

Multielectron Processes in Bioelectrochemical Nanoreactors

Vectorial charge transfer and molecular recognition at the interface between two

dielectric media are important stages in many bioelectrochemical processes such

as those mediated by energy-transducing membranes [1–5]. Many biochemical

redox reactions take place at aqueous medium/membrane interfaces and some of

these reactions are multielectron processes. About 90% of the oxygen consumed

on Earth is reduced in a four-electron reaction catalyzed by cytochrome c oxidase.
Multielectron reactions take place during photosynthesis, which is one of the most

important processes on Earth.

Synchronous multielectron reactions may proceed without the formation of in-

termediate radicals. These radicals are highly reactive, and can readily enter a

side-reaction of hydroxylation and destruction of the catalytic complex. Since multi-

electron reactions do not pollute the environment with toxic intermediates and are

ecologically safe, they are used by nature for biochemical energy conversion during

respiration and photosynthesis. In the multielectron reaction that takes place in a

series of consecutive single-electron stages, the Gibbs energy necessary for single-

electron transfer cannot be completely and uniformly distributed over the stages.

The energy demand for various stages is varied and the excess energy in the sim-

pler stages is converted into heat. In a synchronous multielectron reaction, the en-

ergy is used very economically [6–9].

An important parameter in the quantum theory of charge transfer in polar me-

dia is the medium reorganization energy, Es, that determines activation energy.

The energy of medium reorganization in systems with complicated charge distri-

bution was calculated by Kharkats [10]. Reagents and products can be represented

by a set of N spherical centers arbitrarily distributed in a polar medium. The

charges of each of the reaction centers in the initial and final state are z i and z f

respectively. Taking Rk to represent coordinates of the centers and ei for dielectric

constants of the reagents, it follows that:

Es ¼ 0:8
1
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� 1

est
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�
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where ðdzkÞ ¼ zk f � zk i, Rpk ¼ Rp � Rk, and zk f and zk i are charge numbers of

particle k in the initial and final states, respectively. The term ap is the radius of
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particle p, Rk is the coordinate of k-particle center and ei is the dielectric constant

of reactant. Reactions with synchronous transfer of several charges present a par-

ticular case of Eq. (1).

It follows from Eq. (1) that Es is proportional to the square of the number of

charges transferred. Homogeneous multielectron processes are unlikely, due to

the high activation energy resulting from a distinct rise in the energy of solvent re-

organization. For multielectron reactions, the exchange currents of n-electron pro-

cesses are small compared to those of single-electron multistep processes, which

makes the stage-by-stage reaction mechanism more advantageous. Therefore, mul-

tielectron processes can proceed only if the formation of an intermediate is ener-

getically disadvantageous. However, conditions can be chosen which reduce Es dur-

ing transfer of several charges to the level of the reorganization energy of ordinary

single-electron reactions. These conditions require systems with a low dielectric

constant and large reagent radii. Furthermore, the substrate must be included in

the coordination sphere of the charge acceptor with several charge donors or ac-

ceptors bound into a multicenter complex. Recent papers have presented theo-

retical studies on the kinetics of heterogeneous multielectron reactions at water/

oil interfaces, which proved to be capable of catalyzing multielectron reactions

and sharply reducing the activation energy.

The most effective coupling of ion and electron transport can be obtained if the

activation energy of the coupled process is lower than that of the charge transfer in

the electron transport chain. It is obvious from Eq. (1) that this requires a simulta-

neous transfer of opposite charges, so that the second and the third terms of Eq.

(1) are negative. An optimal geometry between the centers of charges of donors

and acceptors must also be chosen.

To illustrate this point, we can consider two instances of multielectron reactions:

simultaneous transfer of n charges from one donor to an acceptor and simulta-

neous transfer of several charges (one from each of the centers) to m acceptors

ðma nÞ. In the former case, Es is proportional to n2, while in the latter it may be

significantly lower (depending on the sign of the charge being transferred and the

reciprocal positions of reagents). The concerted multicenter mechanism of multi-

electron reactions markedly reduces Es and, hence the activation energy, compared

to a two-center multielectron process. With the appropriate arrangement of the re-

actants, the activation energy associated with electron transfer in a heterogeneous

multielectron reaction may be lower than the energy of reorganization of the

media.

13.3

Cytochrome Oxidase: A Nanodevice for Respiration

The function of the enzymes of the mitochondrial respiratory chain is to transform

the energy of redox reactions into an electrochemical proton gradient across the

hydrophobic barrier of a coupling membrane.

Cytochrome oxidase (EC 1.9.3.1, PDB 2OCC) is the terminal electron acceptor of
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the mitochondrial respiratory chain. Its main function is to catalyze the reaction of

oxygen reduction to water using electrons from ferrocytochrome c:

4Hþ þ O2 þ 4e� Ð
respiration

photosynthesis
2H2O ð2Þ

Reaction (2) is exothermic and this energy can be used to transport protons across

the mitochondrial membrane (Fig. 13.1). Mitochondrial cytochrome c oxidase is a

dimer; each monomer is composed of 13 subunits. The enzyme contains cyto-

chromes a and a3, one binuclear copper complex Cua, one mononuclear copper

site Cub, and one bound Mg2þ per monomer. It has a molecular weight ranging

from 180 000 to 200 000 kDa for the most active form [11–13]. Cytochrome oxi-

dases can transport a maximum of eight protons across the membrane per oxygen

molecule reduction [14, 15]. Four of the protons bind to the reaction complex dur-

ing the reduction of oxygen to water and up to four other protons are transported

across the membrane. The resulting chemiosmotic proton gradient is used in ATP

synthesis.

There are two types of respiration in photosynthetic organisms – dark respira-

tion and photorespiration. Dark respiration includes O2 reduction and the oxida-

tion of NADH and FADH2 in mitochondrial membranes, glycolysis, the Krebs

cycle, and the oxidative pentose phosphate pathway. Respiration is commonly sub-

divided into two functional components – growth respiration and maintenance res-

piration. Growth respiration supplies energy for the production of new biomass;

however, maintenance respiration provides the energy needed to maintain the in-

tegrity of existing structures and their turnover.

The respiratory chain of mitochondria is an integral part of the inner mitochon-

drial membrane. It is composed of four electron-transporting protein complexes

(NADH dehydrogenase complex I, succinate dehydrogenase complex II, cyto-

chrome reductase complex III and cytochrome c oxidase complex IV), ATP syn-

thase (complex V), and mobile electron carriers ubiquinone and cytochrome c.

Figure 13.1. Scheme of the structural organization of

cytochrome c and cytochrome c oxidase monomer in the inner

mitochondrial membrane.
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Plant mitochondria have additional enzymes not found in mitochondria of animals

– the cyanide-insensitive alternative oxidase, an internal rotenone-insensitive

NADPH dehydrogenase and an externally located NADPH dehydrogenase, which

does not conserve energy. The alternative oxidase catalyzes the oxidation of ubiqui-

nol to ubiquinone and the reduction of oxygen to water. It is inhibited by salicylhy-

droxamic acid.

Kharkats and Volkov were the first to present proof that cytochrome c oxidase

reduces molecular oxygen by synchronous multielectron mechanism without the

formation of an O2
� intermediate [7–9, 14, 15]. The calculations predicted that

the first step in oxygen reduction by cytochrome c oxidase should be a concerted

multielectron process. As the field progresses, it became clear that the first step of

oxygen reduction is a two-electron concerted process. The possible concerted mo-

lecular 2:1:1-electron and 2:2 proton pump mechanism of cytochrome c oxidase

function is discussed in this chapter.

The 1:1:1:1-electron mechanisms of oxygen reduction by cytochrome oxidase

were most frequently discussed in biochemistry. The reaction implies that the

Gibbs free energy of the first electron transfer from cytochrome oxidase to O2 is

positive (Fig. 13.2). As a result, this route should be abandoned or the reaction

rate should be extremely low. Since the Gibbs free energy of O2 binding in the cat-

alytic site of cytochrome oxidase is �21 kJ mol�1 [16], cytochrome c redox potential
is 0.25 V. The Gibbs free energy of the first electron donation to oxygen at pH 7 is

þ33 kJ mol�1. The Gibbs free energy of the reaction

O2 þ e� ! O2
� ð3Þ

in a cytochrome oxidase catalytic site is equal to þ79 kJ mol�1. Activation energy

for O2 reduction by fully reduced cytochrome oxidase is equal to 16 kJ mol�1 [17].

Figure 13.2. Energy diagrams for possible routes of the

reaction O2 þ 4Hþ $ 2H2O. Gm is the reaction midpoint

Gibbs free energy at pH 7.
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Since the Gibbs free energy of the endothermic reaction (3) is 5 times the mea-

sured activation energy for O2 reduction by cytochrome oxidase, the single-electron

mechanisms 1:1:1:1, 1:2:1, 1:1:2 and 1:3 at room temperature are unlikely. These

reaction mechanisms are favorable when the binding energy of the single-electron

intermediate is less than �52 kJ mol�1 in magnitude. The significant covalent

bonding energy allows this intermediate to be experimentally detected. However,

it has not been detected thus far.

The fact that the first electron addition to O2 is endothermic accounts for the rel-

ative chemical inertness of oxygen in nature and it permits the existence of life on

Earth.

A possible mechanism of oxygen reduction by cytochrome c oxidase is outlined

in Fig. 13.3, and is be considered in detail after the discussion of the thermody-

namic and kinetic aspects of the problem.

13.3.1

Nanodevice Architectonics

Equation (1) sets the conditions for the structure of cytochrome c oxidase catalytic

site necessary for oxygen reduction to occur by the concerted n-electron mecha-

Figure 13.3. Scheme of the 2:1:1-electron

reduction mechanism at the cytochrome c oxi-

dase active site and its coupling to proton

pumping. Starting from the oxidized form (O),

the one-electron reduced form (E) and the

doubly reduced form (R) are generated. Upon

binding, compound (A) is observed. Next the

peroxy-intermediate (P) is formed. The

oxoferryl state (F) and a hydroxyl state (H) are

formed after protonation of the iron-bound

oxygen atom. After water formation and

release, the O state is regenerated.
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nism. In order to reduce the reorganization energy of the medium, and thus the

activation energy, several conditions must be met.

� The dielectric constant of the medium where oxygen reduction takes place

should be low. Simply stated, the catalytic site should be immersed in a hydro-

phobic phase of the membrane (protein).
� There should be n spatially separated electron donors. For the proposed mecha-

nism, heme and protein–copper complexes satisfy this condition.
� Cation, preferably a proton, transport should accompany electron transport via

cytochrome c oxidase. Based on Eq. (1), when opposing charges are simultane-

ously transferred in close directions, the reorganization energy of the medium

may be reduced due to a dependence on the third and fourth terms in Eq. (1). It

implies that the coupling of the electron and proton pumps in cytochrome oxi-

dase can be attained if the simultaneous transfer of opposing charges in close

directions neutralizes medium reorganization. If electron transfer via cyto-

chrome oxidase is coupled with proton transport across the mitochondrial mem-

brane, then the energy liberated in the second reaction is consumed as opposed

to being converted to heat.
� The radii of electron donors should be sufficiently large. This condition is

achieved by utilizing the metal ion components of organic complexes (e.g. hemes

and cysteines), the systems of conjugated bonds and ligands capable of undergo-

ing redox reactions.

13.3.2

Activation Energy and Mechanism of Oxygen Reduction

The dependence of oxygen reduction rate on temperature reveals that cytochrome

oxidase exists in two conformations – ‘‘hot’’ (h) and ‘‘cold’’ (c). The respective acti-

vation energies Ea
h and Ea

c are 16 kJ mol�1 (at 23–35 �C) and 60 kJ mol�1 (below

20 �C) [18]. A phase transition accompanied by conformational changes and ab-

sorption spectrum takes place between 18 and 23 �C. The temperature T c depends

on the surrounding lipid composition. The low Ea
h value suggests that the single-

electron mechanisms 1:1:1:1, 1:2:1, 1:3 and 1:1:2 are unlikely at temperatures

above T c since the enthalpy for the transfer of first electron from the reduced cyto-

chrome oxidase to oxygen is 5 times more than the measured activation energy.

For the multielectron reaction 2:1:1, according to Eq. (1), Es for two-electron re-

actions between O2, a3 and Cub strongly depend on geometry and distances in a

catalytic site. Only the 2:1:1 mechanism of oxygen reduction by cytochrome oxidase

can be realized in vivo in both ‘‘hot’’ and ‘‘cold’’ conformations.

Consider the molecular mechanism of oxygen reduction outlined in Fig. 13.3 in

more detail [9, 14, 15].

The oxidized catalytic site of cytochrome oxidase is composed of cytochrome a3
and Cub. It is reduced via the bridge mechanism by two electrons supplied from

the electron reservoir of the respiratory chain. This reduced complex then binds

an oxygen molecule. The reaction center is oxidized to the initial state in a double-
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electron reaction with the formation of a peroxide bridge between a3 and Cub. The

partially reduced (to peroxide) oxygen molecule must be bound in the reaction cen-

ter since cytochrome oxidase is known to reduce oxygen to water without the re-

lease of any intermediates from the membrane. Next, the catalytic complex accepts

two electrons from the electron reservoir Fe(c) ! a3. In the next step, the peroxide

bridge undergoes 1:1-electron reduction and protonation to water.

13.3.3

Proton Pump

Water molecules released in the course of oxygen reduction are transferred from

the hydrophobic catalytic site to the aqueous phase. The continuous movement of

the product away from the reaction center causes the equilibrium of the second re-

action to shift to the right. Energy liberated in the exothermic reaction (2) is suffi-

cient for transporting 8 Hþ ions across the membrane. Four of the Hþ ions couple

with O2 to form two H2O molecules. The remaining Hþ ions can be transported

across the hydrophobic zone of the membrane and used for ATP synthesis in

ATP synthase complex. As follows from thermodynamics (Fig. 13.2), the energy

needed for the function of the Hþ pump is liberated only at the last steps of water

formation on the addition of third and fourth electrons independently of the reac-

tion route [9, 14]. The functioning of protons pump after formation of ferryl inter-

mediate is possible only if the difference between Gibbs energy of ferryl and peroxy

intermediates binding is less than �35 kJ mol�1.

The binding energy of the ferryl intermediate is negative. This energy supports

the proton pump function not only during the addition of the fourth electron, but

also after the formation of the three-electron oxygen intermediate. The stoichiome-

try of proton pumping by cytochrome oxidase can be 0:2:2 [14].

As it follows from Eq. (1), media reorganization energy corresponding to simul-

taneous electron and proton transfer is minimized when the transfer directions are

close.

Alternative cytochrome oxidase in green plants can reduce O2 without concomi-

tant proton transfer. In such a case, the enzymes work like machines converting

the energy of electron transfer to heat.

13.4

Photosynthetic Electrochemical Nanoreactors, Nanorectifiers, Nanoswitches

and Biologically Closed Electrically Circuits

Life on Earth has been supported by the continuous flow of solar energy over bil-

lions of years. The power of this flux is extremely high: 4:14� 1015 kWh day�1 or

1:5� 1018 kWh year�1. These values are extremely vast and difficult to imagine.

According to Einstein’s equation E ¼ mc2, the energy equivalent of 1 kg of mass

is approximately 2:5� 1010 kWh. The net daily energy flux incident upon Earth

can thus be expressed as 165 tons and the thus net annual flux is 60 000 tons. By
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comparison, the annual production of electric energy in United States corresponds

to an equivalent mass of about 100 kg and the total use of all kinds of energy cor-

responds to about 800 kg. At present, the annual consumption of energy by man-

kind is 4� 1017 kJ, rising rapidly and doubling every 20 years. The known reserves

of fossil fuels are limited to an estimated energy equivalent of 5� 1019 kJ, so new

sources of energy are of fundamental importance. One obvious possibility is solar

energy. The amount of solar energy incident on the Earth is about 5� 1021 kJ

year�1, of which 3� 1018 kJ is converted into chemical energy by photosynthesis

in plants and microorganisms [5].

The vast majority of the pigments in a photosynthetic organism is not chemi-

cally active, but functions primarily as an antenna. The photosynthetic antenna

system is a nanodevice that collects and delivers the excited state energy by means

of excitation transfer to the reaction center complexes where photochemistry takes

place. The antenna system increases the effective cross-section of photon absorp-

tion by increasing the number of pigments associated with each photochemical

complex. The intensity of sunlight is sufficiently dilute so that any given chloro-

phyll molecule only absorbs at most a few photons per second.

By incorporating many pigments into a single unit, the reaction centers and elec-

tron transport chain can be used to maximum efficiency. A remarkable variety of

antenna complexes have been identified from various classes of photosynthetic or-

ganisms. Excitation transfer must be fast enough to deliver excitations to the pho-

tochemical reaction center and have them trapped in a short amount of time com-

pared to the excited state lifetime in the absence of trapping. Excited state lifetimes

of isolated antenna complexes, where the reaction centers have been removed, are

typically in the range of 1–5 ns. Observed excited state lifetimes of systems where

antennas are connected to reaction centers are generally on the order of a few tens

of picoseconds, which is sufficiently fast so that under physiological conditions al-

most all the energy is trapped by photochemistry.

In water-oxidizing photosynthesis two membrane-integrated protein complexes

PS II and PS I are operating in series (Fig. 13.4). The electron transfer starts in

both photosystems vectorially across the membrane. Light energy is harvested by

photosynthetic pigment systems in which the electronic structure of excited-state

chlorophyll donates an electron to a primary acceptor pheophytin, the first compo-

nent of an electron transport chain. The electron is fortified with it the energy of

the original photon of light it absorbed. In the process of electron transport, the

energy is captured in two ways. The first involves the coupling a proton pump

mechanism to the sequential redox reactions in the electron transport chain, so

that a proton gradient is established across the thylakoid membrane. The electro-

chemical energy of the proton gradient is then used to drive ATP synthesis by the

ATP synthase enzymes embedded in the membrane. The second energy capture

occurs when an acceptor molecule such as NADPþ is reduced to NADPH, which

in turn is used to reduce carbon dioxide in the Calvin cycle. Systems modeling

photosynthesis should have the capability of carrying out relatively simple versions

of these fundamental reactions.

The redox map of photosynthesis in green plants can be described in terms of
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the well-known Z-scheme proposed by Hill and Bendall [19]. The molecular orga-

nization of a thylakoid membrane is shown in Fig. 13.5. The spectral characteris-

tics of PS II indicate that the primary electron donor is the dimer of chlorophyll

P680 with absorption maxima near 680 and 430 nm. Water can be oxidized by an

oxygen-evolving center (OEC) composed of several chlorophyll molecules, two mol-

ecules of pheophytin, plastoquinol, several plastoquinone (PQ) molecules and a

manganese–protein complex containing four manganese ions. The OEC is a

highly ordered structure in which a number of polypeptides interact to provide

the appropriate environment for cofactors such as manganese, chloride and cal-

cium, as well as for electron transfer within the complex. Figure 13.6 shows the

electronic equivalent circuit of PS I and PS II.

Manganese-binding centers were first revealed in thylakoid membranes by elec-

tron paramagnetic resonance (EPR) methods and it is now understood that four

manganese ions are necessary for oxygen evolution during water photooxidation.

PQ acts as a transmembrane carrier of electrons and protons between reaction cen-

ters of two photosystems in the case of noncyclic electron transfer. It may also

serve as a molecular ‘‘tumbler’’ that switches between one- and two-electron reac-

tions. Pheophytin is an intermediate acceptor in PS II. Direct formation of P680

Figure 13.4. Scheme of electron transfer in

photosynthesis in higher plants. Em
o on the

abscissa stands for midpoint redox potential at

pH 7.0. Light quanta (hn) are absorbed in two

sets of antenna chlorophyll molecules, the

excitation energy is transferred to the reaction

center chlorophyll a molecules of PS II (P680)

and PS I (P700) forming (P680)* and (P700)*,

and the latter two initiate electron transport.

(Reproduced from Ref. [21] with permission

from Elsevier Science.)
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pheophytin ion radical pairs was revealed by experiments on magnetic interactions

between pheophytin and PQ as reflected in the EPR spectra.

The photocatalytic oxidation of two molecules of water to oxygen cannot be a

single-quantum process since the total energy expenditure of a catalytic cycle can-

not be less than 476 kJ mol�1. However, there is no fundamental reason why one

quantum process should not induce the transfer of several electrons. For instance,

a two-quantum process would require light with a wavelength less then 504 nm,

while a four-quantum process would involve a sequential mechanism in which

each light quantum is used to transfer one electron from photocatalyst to an elec-

tron acceptor. The threshold wavelength for the oxidation of water in this case is

1008 nm. The eight-quantum scheme which is actually used in photosynthesis

can be explained by the need to compensate for energy losses in a long electron-

transfer chain of redox reactions.

Water oxidation to molecular oxygen is a multielectron process that proceeds with

surprisingly high quantum efficiency. The water oxidation reaction can proceed

upon illumination at 680 nm – a wavelength of light that excludes one-electron

mechanisms using hydroxyl and oxygen radicals. For a three-electron reaction an

oxidant stronger than the cation-radical P680þ is needed. A synchronous two-by-

two electron pathway of the reaction is thermodynamically possible if the standard

Figure 13.5. A stylized model of the electron transport chain

with most of the light-harvesting pigment–protein complexes

omitted. (Reproduced from Ref. [21] with permission from

Elsevier Science.)
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free energy of binding of the two-electron intermediate is about �40 kJ mol�1.

This value corresponds to the energy of formation for two hydrogen bonds be-

tween H2O2 and the catalytic center. For this case a molecular mechanism was pro-

posed [20, 21] and is discussed below (Fig. 13.7).

Membrane-bound P680 enters an excited state upon illumination. In dimers and

other aggregated forms of chlorophyll, the quantum efficiency of triplet states is

Figure 13.6. The equivalent electrical circuit of thylakoid

membrane. C, capacity; R, resistance; cF1, coupling factor;

cyt, cytochrome.

Figure 13.7. Possible 2:2-electron mechanism of water

photooxidation by a manganese nanodevice in PS II.
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low. It is the singlet excited state that undergoes photochemical transformations.

In several picoseconds, an electron is first transferred to pheophytin, then to PQA,

and from PQA to polypeptide-bound PQB in thylakoid membranes (Fig. 13.4), re-

sulting in an oxidized pigment and a reduced acceptor. The cation radical P680þ

successively oxidizes four manganese ions, which in turn drives the production of

molecular oxygen. Formation of a cation radical of chlorophyll or oxidation of man-

ganese ions is accompanied by dissociation of water bound to the reaction center

and ejection of protons. A synchronous multielectron process that describes all

four oxidizing states of the OEC was proposed earlier. The transfer of electrons in

a 1:1:1:1 series from a manganese cluster to the electron transport chain is accom-

panied by the ejection of 1:0:1:2 protons and the evolution of molecular oxygen [20,

21].

13.5

Phototropic Nanodevices in Green Plants: Sensing the Direction of Light

Plants continually gather information about their environment. Environmental

changes elicit various biological responses. The cells, tissues and organs of plants

possess the ability to become excited under the influence of environmental factors,

referred to as irritants [22–25].

Nerve cells in animals and phloem cells in plants share one fundamental

property – they possess excitable membranes through which electrical excitations,

in the form of action potentials, can propagate. Plants generate bioelectrochemical

signals that resemble nerve impulses and these are present in plants at all evolu-

tionary levels [26].

The conduction of bioelectrochemical excitation is a rapid method of long-

distance signal transmission between plant tissues and organs. Plants quickly re-

spond to changes in luminous intensity, osmotic pressure, temperature, cutting,

mechanical stimulation, water availability, wounding, and chemical compounds

such as herbicides, plant growth stimulants, salts and water [27–30]. Once initi-

ated, electrical impulses can propagate to adjacent excitable cells. The change in

transmembrane potential creates a wave of depolarization or action potential,

which affects the adjoining resting membrane.

The phloem is a sophisticated tissue in the vascular system of higher plants.

Representing a continuum of plasma membranes, the phloem is a potential path-

way for transmission of electrical signals. It consists of two types of conducting

cells – the characteristic sieve-tube elements and the companion cells. Sieve-tube

elements are elongated cells that have end walls perforated by numerous minute

pores through which dissolved materials can pass. Sieve-tube elements are con-

nected in a vertical series known as sieve tubes. Sieve-tube elements are alive at

maturity; however, before the element begins its conductive function, their nuclei

dissipate. The smaller companion cells have nuclei at maturity and are living. They

are adjacent to the sieve-tube elements. It is hypothesized that they control the pro-

cess of conduction in the sieve tubes. Thus, when the phloem is stimulated at any
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point, the action potential is propagated over the entire length of the cell mem-

brane and along the phloem with a constant voltage.

Electrical potentials have been measured at the tissue and whole-plant level. At

the cellular level, electrical potentials exist across membranes, and thus between

cellular and specific compartments. Electrolytic species such as Kþ, Ca2þ, Hþ and

Cl� are actively involved in the establishment and modulation of electrical poten-

tials [31–35]. The highly selective ion channels serve as natural nanodevices [25].

Voltage-gated ion channels, as nanopotentiostats, regulate the flow of electrolytic

species and determine the membrane potential [25].

Light is an essential source of energy on which many of the biological functions

of plants depend. The sun’s radiant energy optimizes germination, photosynthesis,

flowering and other processes needed to maintain homeostasis. Plants contain spe-

cific photoreceptors that perceive light ranging from UV to far-red light. Natural

radiation concurrently excites multiple photoreceptors in higher plants. Specific

receptors initiate distinct signaling pathways leading to wavelength-specific light

responses. Photoreceptors, phototropins, cryptochromes and phytochromes have

been identified at the molecular level [36–42].

Phototropins, such as PHOT1 and PHOT2, are the flavoprotein photoreceptor

that responds to light with a wavelength of 360–500 nm (blue light). It regulates

phototropism and intracellular chloroplast movements. PHOT1 contains two 12-

kDa flavin mononucleotide (FMN)-binding domains. LOV1 (light, oxygen and volt-

age) and LOV2 are located within its N-terminal region and a C-terminal serine/

threonine protein kinase domain. Phototropin, when activated by light, undergoes

a conformational change. PHOT1 and PHOT2 bind FMN, and undergo light-

dependent autophosphorylation. PHOT2 is localized in the plasma membrane.

Cryptochromes and phototropin have different transduction pathways, but similar

traits.

Phototropism is one of the best-known plant tropic responses. A positive photo-

tropic response is characterized by a bending or turning toward the source of light.

When plants bend or turn away from the source of light, the phototropic response

is considered negative. A phototropic response is a sequence of the four following

processes: reception of the directional light signal, signal transduction, transforma-

tion of the signal to a physiological response and the production of directional

growth response.

After 1–2 min of irradiation, a change in the direction of irradiation generates

action potentials in soybean (Fig. 13.8) depending on the wavelength of light irra-

diation. Irradiation at wavelengths 400–500 nm induces fast action potentials in

soybean with duration time of about 0.5 ms; conversely, the irradiation of soybean

at wavelengths between 500 and 600 nm fails to generate action potentials. Irradi-

ation between 500 and 600 nm does not induce phototropism. Irradiation of soy-

bean by blue light induces positive phototropism.

The sensitive membranes in phloem cells facilitate the passage of electrical exci-

tations in the form of action potentials. The action potential has a stereotyped form

and an essentially fixed amplitude – an ‘‘all or none’’ response to a stimulus. Each

impulse is followed by the absolute refractory period [43, 44]. The fiber cannot
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transmit a second impulse during the refractory period. The integral organism of a

plant can be maintained and developed in a continuously varying environment

only if all cells, tissues and organs function in concordance.

These propagating excitations are theoretically modeled as traveling wave

solutions of certain parameter-dependant nonlinear reaction–diffusion equations

coupled with some nonlinear ordinary differential equations. These traveling wave

solutions can be classified as single- and multiple-loop pulses, fronts and backs

waves or periodic waves of different wave speed. This classification is matched by

the classification of the electrochemical responses observed in plants. The experi-

mental observations also show that under the influence of various pathogens, the

shapes and speeds of the electrochemical responses undergo changes. From the

theoretical perspective, the changes in the shapes and wave speeds of the traveling

waves can be accounted by appropriate changes in parameters in the correspond-

ing nonlinear differential equations.

Hodgkin and Huxley’s membrane model [45] accounts for Kþ, Naþ and ion leak-

age channels in squid giant axons (Fig. 13.9A). The membrane resting potential for

each ion species is treated like a battery and a variable resistor models the degree to

which the channel is open. In an axon there is the Kþ and Naþ transmembrane

transport; conversely, in phloem cells the Kþ, Caþ and, more than likely, Hþ chan-

nels are involved in this process (Fig. 13.9B).

Some voltage-gated ion channels work as plasma membrane nanopotentiostats.

Blockers of ion channels such as tetraethylammonium chloride and ZnCl2 stopped

the propagation of action potentials in soybean plants induced by blue light and

inhibited phototropism. Voltage-gated ionic channels control the plasma mem-

brane potential and the movement of ions across membranes, thereby regulating

various biological functions. These biological nanodevices play vital roles in signal

transduction in higher plants.

All processes of life have been found to generate electric fields in every organism

that has been examined with suitable and sufficiently sensitive measuring tech-

Figure 13.8. Action potentials in soybean

induced by irradiation at 450 nm 2 min after

changing the direction of irradiation. Irradiance

was 10 mE (m2s)�1. Distance between

electrodes was 5 cm. The soil was preliminary

treated by water every day. Volume of soil was

0.5 L. Frequency of scanning was 50 000

samples s�1.

450 13 Nanodevices in Nature



niques. The conduction of electrochemical excitation is regarded as one of the

most universal properties of living organisms. It arose in connection with a need

for the transmission of a signal in response to an external influence from one

part of a biological system to another. The nature of regulatory relations of the

plant organism with the environment is a basic bioelectrochemical problem, one

that has a direct bearing on tasks of controlling the growth and development of

plants.

13.6

Membrane Transport and Ion Channels

Membrane transport is vital to cell survival. Two major mechanisms used to trans-

port ions and solutes across biological membranes are ion pumps and ion chan-

nels [1, 5, 46–48]. Ion transport is essential to the generation of membrane poten-

tials, signal transduction and other biological processes. A membrane potential is a

difference in electrical potential between intercellular and extracellular aqueous

solutions. The membrane potential is influenced by the unequal distribution of

electrolytic species inside and outside of the cell. Many intercellular proteins are

negatively charged and remain inside the cell. The leakage of Kþ and Hþ ions is

largely responsible for the generation of membrane potentials. The open Kþ ion

channel facilitates the outward diffusion of Kþ ions without hydrolyzing ATP.

Ion channels are integral proteins that quickly facilitate the movement of specific

ions across a biological membrane down their electrochemical gradient. Ion chan-

nels can facilitate the movement of approximately 106–108 ions s�1 [49]. These

channels are classified as mechanically gated, non-gated, voltage gated or ligand

gated. Non-gated channels remain permeable to specific ions. Voltage-gated chan-

Figure 13.9. The Hodgkin–Huxley (HH) equivalent circuit for

an axon (A) and the modified HH circuit for sieve tubes in

phloem (B).
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nels become permeable when the membrane voltage is modulated above its thresh-

old. Ligand-gated channels become permeable when the bound ligand is removed.

Ion pumps employ a different mechanism. Ion pumps undergo conformational

changes and they require energy to move specific ions against the electrochemical

gradient. Ion pumps can facilitate the movement of approximately 10–100 ions

s�1. Ion channels are highly specific filters, allowing only desired ions through

the cell membrane. Ion channels are devices in the engineering sense – they have

signal inputs, power supplies and signal outputs. They use their complex structure

to convert input signals to output signals [50, 51].

Voltage-gated channels open or close depending on the transmembrane poten-

tial. Examples include the sodium and potassium voltage-gated channels of nerve

and muscle cells that are involved in the propagation of action potentials, and

voltage-gated calcium channels that control neurotransmitter release in presynap-

tic endings. Voltage-gated channels are found in neurons, muscle cells and plant

cells. Voltage-gated ion channels are membrane proteins that conduct ions at high

rates regulated by the membrane potential [52–54]. Voltage-gated channels consist

of three major parts – the gate, the voltage sensor and the ion-selective conducting

channel (Fig. 13.10). The voltage sensor is a region of protein-bearing charged

amino acids that relocate upon changes in the membrane potential. The move-

ment of the sensor initiates a conformational change in the gate of the conductive

pathway thus controlling the flow of ions. The voltage-gated Kþ, Naþ and Ca2þ

channels have a common domain of six helical transmembrane segments S1–S6.

The fourth segment, S4, is the voltage sensor of the channel and has a symmetrical

arrangement of charged residues, with each third residue being arginine or lysine.

A voltage-sensing domain consists of membrane segments S1–S4 and controls the

conformation of gates located in the pore domain S5–S6.

Ligand-gated channels open in response to a specific ligand molecule on the ex-

ternal face of the membrane in which the channel resides. Examples include the

Figure 13.10. General architecture of the voltage-gated inward rectifying Kþ channel AKT1.
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‘‘nicotinic’’ acetylcholine receptor, AMPA receptor and other neurotransmitter-

gated channels. Cyclic nucleotide-gated channels, Calcium-activated channels and

others open in response to internal solutes, and they mediate cellular responses to

second messengers. Stretch-activated channels open or close in response to me-

chanical forces that arise from local stretching or compression of the membrane

around them. Such channels are believed to underlie touch sensation and the

transduction of acoustic vibrations into the sensation of sound. G-protein-gated

channels open in response to G-protein activation via its receptor. Inward-rectifier

K channels allow potassium to flow into the cell in an inwardly rectifying manner,

e.g. potassium flows into the cell, but not out of the cell. They are involved in im-

portant physiological processes such as the pacemaker activity in the heart, insulin

release, and potassium uptake in glial cells. Light-gated channels like channelrho-

dopsin 1 and channelrhodopsin 2 are directly opened by the action of light [55].

Resting channels remain open at all times.

13.7

Molecular Motors

A molecular motor is a protein that uses energy from ATP hydrolysis or the gradi-

ent of electrochemical potentials of protons or cations to generate directed move-

ment along filamentous track, or rotation [56–59]. There are three different classes

of motor proteins that move along either actin or microtubule tracks – myosin

moves along actin filaments; the kinesins and dyneins move along microtubules.

Protein motors are used in nature for force generation and motion. Motor proteins

convert chemical energy into mechanical force via conformational changes. One

important difference between molecular motors and macroscopic motors is that

molecular motors operate in an environment where thermal noise is significant

relative to the motor’s energy consumption.

Myosins contain common motor domains that are responsible for muscle con-

traction. Myosin, like other molecular motors, uses energy obtained from ATP to

travel along the action filament. Normally, myosin is bound to ADP. In the process

of muscle contraction, the ADP molecule is freed when the myosin head binds to

actin. An ATP molecule replaces ADP and induces a conformational change. Once

changed into a ready state, the ATP is hydrolyzed. This process influences the pro-

tein to migrate from the negative end to the positive end. This migration, in addi-

tion to other processes, compels the muscle fibers to contract.

Dynein is another type of motor protein that also transforms energy from ATP

hydrolysis into a form of energy that may be used to do mechanical work. This mo-

tor protein complex is composed of multiple heavy chains, intermediate chains and

light chains. The heavy chain weighs approximately 530 kDa, and has four ATP-

binding sites and a microtubule-binding site. The intermediate chains range from

53 to 79 kDa. The larger of the intermediate chains binds the protein to the cargo

site. This binding equips the dynein with the ability to move the cargo to the neg-

ative end of a microtubule. Additional motor proteins known as kinesins move the

cargo in the opposite direction to the positive end.
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DNA helicases are classified as nanodevices, because are molecular motors. One

of the functions is to detach conjoined strands of DNA during genetic processes.

Another function of DNA helicases is to transform the chemical energy produced

from ATP into a form that may be used to perform mechanical work. A hexamer is

a common type of helicase found in many organisms. Traditionally, this motor pro-

tein utilizes its multimeric structure to provide numerous DNA-binding sites.

Rotary motor proteins present in flagella are another class of motor proteins and,

thus, nanodevices. The electrochemical energy is provided from the Hþ or Naþ

transmembrane gradient (Fig. 13.11). Escherichia coli and other bacterium employ

rotary proteins in conjunction with the flagella to propel them in aqueous solu-

tions. This small, yet powerful, protein complex has the capacity to rotate at a

speed of approximately 20 000 r.p.m. and it is extremely energy efficient. These

Figure 13.11. The bacterium flagellar motor is

a rotary motor that sits in the cell envelope of

bacteria. It is driven by the flow of ions (Hþ or

Naþ) across the cytoplasmic membrane, and

its purpose is to rotate long helical filaments

that protrude from the cell and propel

swimming bacteria. The diagram depicts a

Gram-negative envelope. Torque is generated

by the flow of ions across the inner membrane

via ion channels MotA–MotB and by interac-

tions between MotA (stator) and FliG (rotor).
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proteins reverse their rotation patterns by inducing conformational changes in

the filament and the uncoupling of the associated flagellar complex, to influence

the traveling direction of the bacteria. E. coli flagellar motors have the ability to os-

cillate between counterclockwise and clockwise motions, while bacteria like Rhodo-
bacter sphaeroides employ clockwise motions and then pause.

13.8

Nanodevices for Electroreception and Electric Organ Discharges

Living organisms have the ability to gather, translate and respond to information

regarding their environment. Electroreceptors are also classified as nanodevices;

they play a crucial role in the sensory systems of various categories of animals.

Sensory systems that rely on electroreception mechanisms are sophisticated in cer-

tain families of fish [60–63]. However, this sensory system is significantly more

primitive in small families of amphibians and mammals. In its passive form, the

electroreceptors are used to filter and map electric fields present in their surround-

ings. This mechanism aids in an organism’s awareness of other organisms and ob-

jects within close proximity. The more active form of electroreceptor-based sensory

involves the production of currents that work in harmony with sensory organs to

distinguish the organism’s electric field from that of any objects in the surrounding

area. Once the perceived electric fields are distinguished, they are analyzed with re-

spect to spatial and temporal structure.

Species such as the Torpedo, commonly referred to as the electric ray, and Electro-
phorus, also known as the electric eel, have well-developed electric organs which aid

in the visualization of their present venue. The electric sensory organs dedicated to

the production of high and low currents arise from altered muscle cells and nerve

endings; yet the primary mechanism for the sustained electromotive force is the

ion pump – a well-known nanodevice.

An electric discharge is generated when one side of the electromotor cell is

stimulated, causing a potential difference to develop across the faces of the cell.

The continuum of charged membranes within the electric organ is able to dis-

charge an electric current into it the environment.

The arrangements of the nerve endings in the electric organ determine the dis-

charge patterns. In the case of the electric eel, the stimulated face discharges while

the other face is at rest. Shortly following the discharge, the resting face is stimu-

lated and then discharges. This alternating sequence allows for a series of currents

to be released. Other aquatic organisms send low and irregular currents. Species

employing this tactic are referred to as ‘‘pulse fish’’. However, some fish expel cur-

rents at regular time intervals and are known as ‘‘wave fish.’’ This sensory mecha-

nism allows for a continuous exchange of information between the organism and

the environment in real-time. Lateral line nerves innervate the electric organ. Am-

pullary receptors are unable to perceive stimuli above 20 Hz. Conversely, tuberous

receptors are unable to perceive stimuli below 30 Hz. Various species increase the

rate of impulses or shorten their response times.
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13.9

Neurons

The human body is made up of approximately 1013 cells and roughly 1011 of them

are neurons [64]. The brain is the major component of the central nervous system;

it is a highly sophisticated network of neurons. There are three standard classes of

neurons – afferent, efferent and interneurons. Afferent networks channel informa-

tion from the surroundings to the central nervous system and efferent networks

channel information away from the central nervous system to the peripheral ner-

vous system.

Neurons are classified as microdevices, which include many nanodevices such as

ion channels, enzymatic systems and different proteins. The average neuronal cell

has a body, axon and dendrites (Fig. 13.12). Often referred to as the soma, the body

houses the nucleus and is not extremely active in the conduction of impulses. The

axons are slender projections of the soma that allow signals to travel away from

the soma. In most neurons, the axon is protected by a myelin sheath. Glial cells

are the main components of the sheath. Not only does the sheath serve as a protec-

tive covering, it also facilitates the rapid propagation of action potentials. The den-

drites are small branches at the ends of the neuron. They are intricately connected

to other dendrites forming a plexus or dendritic tree. Primarily, dendrites are re-

sponsible for receiving information. Gaps between dendrites are known as synaptic

gaps and they serve as avenues for neurotransmitters to travel.

Neurons have the capability to become excited in response to various internal

and external stimuli. The excitations induced are characterized as action potentials.

These characteristic responses can be induced by stimuli such as applied pressure,

chemical substances, thermal stimuli, electrical stimuli and mechanical stimuli.
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Preface

It is my pleasure to welcome the readers back to Nanotechnologies for the Life
Sciences with the first volume published in 2006. I am presenting to you, on behalf

of yet another dedicated team of contributors and supporters, the fifth volume,

Nanomaterials – Toxicity, Health and Environmental Issues, of the ten volume series.

We are bringing the fifth volume while the fourth is still in print for a number of

reasons. The most important being the fact that a potential $1 trillion nanotechnol-

ogy market hinges on understanding the toxic effects of nanomaterials on our

health and environment. With continuous world-wide increase in both government

and private funding in nanoscience and nanotechnology touching close to $35 bil-

lion, the stakes are even higher. With increase in stakes, there is a worldwide awak-

ening to understand the toxic effect of nanomaterials and the scholarly chapters

presented in this book are testimony to the efforts of several research groups to

understand these effects. While the current knowledge base is small compared to

what needs to be understood, it certainly provides a scaffold for this knowledge

base to take definite shape.

Some of the critical risk assessment issues that are currently being investigated

by the health & environmental nano researchers are toxicology, exposure assess-

ment, environmental and biological fate, transport, persistence, transformation,

recyclables and overall sustainability of manufactured nanomaterials. I am aware

that the scientific data generated so far is very scanty and requires more worldwide

concerted effort in this direction. Nevertheless, the amount of information pre-

sented by the authors covers almost everything of what is currently available in

the literature. The book is divided into three distinct sections in an attempt to em-

phasize the three major issues related to nanomaterials, which are toxicology,

health and environment. The boundaries are only artificial and have been created

for the sake of clarity. I am aware that the three issues are interrelated, yet unique

in their own way. I am also aware the field is very nascent and hence there could be

some amount of overlap in terms of information that is presented in the chapters.

However, the USP of the book is that all the chapters provide very unique and in-

tellectually stimulating perspectives on the most important topics in the field of

nanoscience and nanotechnology.

The first section of the book deals, in general, with issues around the toxicity of

nanomaterials and begins with a scholarly report on the toxic effects of metal oxide
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nanoparticles which are by far, commercially, the most significant materials as they

find applications in cosmetics, sunscreens, fillers in dental materials, water filtra-

tion processes, catalysis, glare-reducing coating for glasses, and so on. Amanda

M. Fond and Gerald J. Meyer from the Department of Chemistry, Johns Hopkins

University, USA have reviewed the literature, in addition to capturing their own

findings, on biotoxicity of metal oxide nanoparticles keeping the emphasis more

on in vitro rather than in vivo studies. In this chapter entitled, Biotoxicity of Metal
Oxide Nanoparticles, their critical analysis provides to the reader possible mecha-

nisms by which the metal oxide nanoparticles enter the environment and the

body, and the potential health impacts that might be expected. Eva Oberdörster

from Southern Methodist University, Patricia McClellan-Green from NC State Uni-

versity and Mary Haasch from University of Mississippi have collaborated to pre-

sent their critical evaluation in the second chapter, Ecotoxicity of Engineered Nano-
materials, impact of nanomaterials on the environment, and more specifically on

air, water and soil. In addition, readers will find very useful the authors’ insight

into how the activity of nanomaterials is effected by extraneous factors such as

abiotic factors, microbial degradation/activation and identification of biomarkers

associated with nanoparticle exposure.

In the second section of the book, illuminating perspectives on the effect of

nanomaterials on health are presented. Relative to the increased use of nanomate-

rials in a variety of industrial applications, the amount of information regarding

their health effects is limited. Peter Hoet from Katholieke Universiteit Leuven, Bel-

gium, Irene Brüske-Hohlfeld from GSF-Forschungszentrum für Umwelt und Ge-

sundheit, Germany, and Oleg V. Salata from Sir William Dunn School of Pathol-

ogy, University of Oxford, UK, teamed up in order to review the epidemiological

studies of the technogenic nanoparticles and to highlight the apparent health ef-

fects associated with the inhalation of ultrafine particulate matter. The third chap-

ter by them, aptly entitled Possible Health Impact of Nanomaterials, provides infor-

mation on likely pathways for nanoparticulates in general and nanofibers in

particular inside the body, the effects associated with their interactions on the cel-

lular level, and analysis of the origins of bioactivity of nanomaterials. Continuing

on the same theme, chapter number four, Dosimetry, Epidemiology and Toxicology
of Nanoparticles, describes the dosimetry, epidemiology and toxicology of nanopar-

ticles with reference to generally well established principles and paradigms. The

chapter is contributed by Wolfgang G. Kreyling, Manuela Semmler and Winfried

Möller from GSF-National Research Centre for Environment & Health, Institute

for Inhalation Biology, Focus-Network Aerosols and Health, and Clinical Research

Group ‘Inflammatory Lung Diseases’ respectively, from Germany. The highlight of

the chapter, in my view, is described best by the authors themselves: ‘‘extrapolating

findings and principles observed in particle inhalation toxicology into recommen-

dations for an integrated concept of risk assessment of nanoparticles for a broad

range of use in science, technology and medicine.’’ Focusing more specifically on

ceramic and metallic nanoparticles, the team lead by Kirsten Peters from Institute

of Pathology, Johannes Gutenberg University, Germany, discusses in chapter five

their effects on primary human endothelial cells which are highly relevant for
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nanoparticle transmigration from the blood into tissues. The chapter, Impact of
Ceramic and Metallic Nano-Scaled Particles on Endothelial Cell Functions in vitro,
clearly helps readers to understand, with an example of pro-inflammatory stimula-

tion of endothelial cells by nanoparticles, that even though it is clear that the nano-

particles exert effects that are relevant in vitro, these cannot be easily interpreted

and may not be of relevance in vivo. The sixth chapter, Toxicity of Carbon Nanotubes
and its Implications for Occupational and Environmental Health, written by the team

lead by Chiu-Wing Lam from the Division of Space Life Sciences, NASA Johnson

Space Center, and Wyle Laboratories, Houston, USA, is a comprehensive review

on the toxicological risk of carbon nanotubes (CNT) and the impurities present in

them due to inhalation exposures using both rodent and in vitro cell culture stud-

ies. In addition, the authors discuss the mechanisms of CNT pathogenesis in the

lung and other toxicological manifestations. In view of the growing expectations

that CNTs will find extraordinary applications in the field of not only life sciences

but also in electronics, computer, and aerospace industries, the chapter is timely

and will be a single source of information for the readers. The final chapter in

this section is the seventh chapter, wherein the authors review the latest results

from various studies on the biological effects of nanoparticles that may be the basis

for adverse effects, especially in humans. The chapter, Toxicity of Nanomaterials –
New Carbon Conformations and Metal Oxides, provides a comparative study on two

most important classes of nanomaterials, viz carbon and metal oxide based nano-

materials, with respect to their cellular uptake and possible influence on important

cellular mechanisms in vitro. The chapter is a testimony to the intensive analysis

on the topic carried out by the authors Harald F. Krug, Katrin Kern, Jörg M. Wörle-

Knirsch, and Silvia Diabate from the Institute of Toxicology and Genetics at For-

schungszentrum Karlsruhe, Germany.

The final section and the most important one, in my view, is dedicated to the in-

vestigations related to impact of nanomaterials on environment. While the chap-

ters 1–7 in the previous sections dealt with possible negative effects of nanomate-

rials, this sections portrays the positive aspects of nanomaterials. The first chapter

in this section (8th in the book) is contributed by Glen E. Fryxell and Shas V. Mat-

tigod of Materials Chemistry and Surface Research Group, Pacific Northwest

National Laboratory, USA. In this chapter, Nanomaterials for Environmental Reme-
diation, the authors address one of the key global political and economic issues of

the 21st century – how does one ensure that the majority of the world population

has clean environment in general and air & water in particular in future? An anal-

ysis of nanoparticle-based remediation technologies for air and water treatment

including field tests on actual waste streams is presented. Moving into the ninth

chapter, readers will find more specific information regarding the variety of ap-

proaches being utilized for treatment of water with nanomaterials. In this chapter,

entitled Nanomaterials for Water Treatment, Peter Majewski of Ian Wark Research

Institute, University of South Australia, Australia, is upbeat about various technol-

ogies currently under development and more specifically about the approach using

magnetic iron exchange resin (MIEX) which is already commercially applied in

water treatment. It is heartening to read the next chapter, chapter ten, wherein
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Heather Coleman from the Centre for Particle and Catalyst Technologies of the

University of New South Wales, Sydney, Australia, elaborates on how nanotechnol-

ogies are proving to be playing a major role in alleviating the concerns about the

release into the aquatic environment of natural and synthetic oestrogens and com-

pounds that have the ability to mimic oestrogens. In this chapter, Nanoparticles for
the Photocatalytic Removal of Endocrine Disrupting Chemicals in Water, the author de-
scribes nanoscale titanium dioxide photocatalysis for the degradation of the natural

and synthetic oestrogens in water. Chapter eleven by Wan Y. Shih and Wei-Heng

Shih, Department of Materials Science and Engineering, Drexel University, Phila-

delphia, USA, is very unique in the sense that the authors describe their own in-

vestigations into the development of piezoelectric microcantilever sensors of differ-

ent sizes and types that can perform rapid, in-situ, in-water pathogen detection

with sensitivities well above that of the current techniques. The chapter describes

both theoretical and experimental studies that were carried out to characterize

the sensors. While the information provided in the chapter, Nanosensors for Envi-
ronmental Applications, clearly demonstrates that we have a long way to go before

realizing the dream of fabricating truly nanosize sensors, it is hoped that the chap-

ter will form a strong basis for readers in designing their own nanosensors for

environmental applications. The final chapter, Toxicology of Nanoparticles in Envi-
ronmental Air Pollution by Ken Donaldson and his collaborators, puts forward the

evidence that nano-sized air pollutants play adverse role on our health. I confess

that this chapter could have been included in the previous section. However, since

the chapter describes nanosized partriculate matter present in the natural environ-

ment, I have decided to include it in this section. As a final chapter, I also wanted

the reader to take home the message that while certainly nanomaterials can be

utilized to clean up our environment and treat variety of diseases, one needs to be

aware of the deleterious effects of nano-sized particulate matter in the environ-

ment.

In the end, I would like to state that I am indeed very grateful to all the authors

for their contribution of quality manuscripts on time. I am thankful to my em-

ployer, family, friends and Wiley-VCH publishers for making this book a reality. I

am always indebted to you, the reader, who is an integral part of this journey into

brining nanotechnologies to life sciences and life sciences into nanotechnologies. I

am eagerly waiting to receive your comments, suggestions and constructive criti-

cism to make this journey even more enjoyable and a learning experience for all.

March 2006, Baton Rouge Challa S. S. R. Kumar
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Biotoxicity of Metal Oxide Nanoparticles

Amanda M. Fond and Gerald J. Meyer

1.1

Introduction

Nanotechnology is a relatively new and evolving field. Although the uses and tech-

nological advances in nanotechnology are endless, very little is known about its

future consequences or impacts. This leaves some a little skeptical about current

research and advances. Concerns range from the health and economic impacts

that the once popular material asbestos had on society [1] to nanotechnology ca-

reening out of control [2]. However, even though nanotechnology is a fairly new

field, nanomaterials are not. Some nanomaterials stem back to the 10th century,

such as nanometer-diameter particles of gold and silver, which were used in

stained glass and ceramics to generate different hues [3]. In addition, Egyptians

were thought to have consumed colloidal gold, believing that it would raise vitality

[4]. Nowadays, nanoparticles are frequently found in such commercial products as

cosmetics and sunscreens (TiO2, Fe2O3, and ZnO), fillers in dental fillings (SiO2),

water filtration processes, catalysis, and glare-reducing coating for glasses. In addi-

tion, they are currently being used in the development of stain and wrinkle-free

fabrics and to make longer-lasting tennis balls [5].

Metal oxide nanoparticles have a rich history with applications in food, materials,

and chemical and biological studies. The thermodynamically stable form of most

metals are their oxides. In many cases metal oxides, e.g., SiO2, TiO2, ZnO, have

been approved by the Food and Drug Administration for decades [6]. It is, there-

fore, tempting to assume that metal oxide nanoparticles will also be non-toxic.

However, as this chapter demonstrates, and asbestos toxicity has taught us, the

shape, size and morphology can also play a significant role in biotoxicity [5].

For such a rapidly growing field, surprisingly little is known about either nano-

toxicology or the toxicity of nanoparticles. Funding for nanotoxicology is necessary

because nanomaterials often behave differently than their bulk counterparts. At the

nanoscale, the surface area of particles greatly increases and can result in a higher

reactivity of the material, since the surface atoms now dominate the particle’s

physical and chemical properties. The material’s electrical, optical and thermal

properties change and quantum effects become significant [1]. For example, gold

Nanotechnologies for the Life Sciences Vol. 5
Nanomaterials – Toxicity, Health and Environmental Issues. Edited by Challa S. S. R. Kumar
Copyright 8 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31385-0

3



particles are inert when in bulk material; however, gold nanoparticles are highly

reactive and are used in catalysis.

Donaldson et al. concluded that ultrafine particles cause more inflammation than

larger respirable particles of the same material when delivered at the same mass

dose. Although the exact role of ultrafine particle toxicity remains unknown, exper-

imental evidence showed that ultrafine particles inhibit phagocytosis more than

fine particles of the same mass. In addition, even when composed of low toxicity

materials, ultrafine particles caused inflammation in the lungs. Many believe it is

because of the large surface area of ultrafine nanoparticles [7, 8].

Both in vivo and in vitro studies are currently underway around the world to eval-

uate the biotoxicity of metal oxide nanoparticles. However, difficulty arises in mar-

rying these two sets of experiments. Hart states that the main reason in vivo and in
vitro studies are not complementary is due to biopersistence, which relies on parti-

cle dissolution rate and the capability of the particles to be translocated out of the

lung [9]. In addition, in vitro studies are used to measure more short-term toxicity

effects and fail to look at how a specific cell type will interact when incorporated

with other cell types within an animal. However, in vivo studies can prove to be

very time consuming and costly.

This chapter will only review in vitro biotoxicity literature reports with metal ox-

ide nanoparticles, and broadly overviews mechanisms by which they enter mam-

malian systems. In vitro studies help in the understanding of toxicity mechanisms

at a molecular level, information that is difficult if not impossible to gain from in
vivo studies. In addition, in vitro studies make it possible to determine a relation-

ship between toxicity and particle characteristics [9]. Therefore, this chapter will

cover literature studies of metal oxide nanoparticles with cells, bacteria and bio-

polymers, and will not cover the vast breadth of animal studies found in the litera-

ture. Additionally, studies on sulfides, selenides, noble metals or organic coatings

are not included. However, notably, these particles may prove to have biotoxic ef-

fects as well.

First, it is worth defining ‘‘nanomaterial’’ as descriptions in the literature often

vary. The National Nanotechnology Initiative defines nanotechnology as: (1) Re-

search and technology development involving structures with at least one dimen-

sion on the 1–100 nm range. (2) Creating/using structures, devices, systems that

have novel properties and functions because of their nanometer scale dimensions.

(3) The ability to control or manipulate on the atomic scale [5]. Here, we have

adopted a broader definition and have included all studies of metal oxide materials

with length scales less than 1000 nm, as a result of the size relationships of ultra-

fine particles and cellular structures described by Donaldson (Fig. 1.1) [8].

In the remainder of this chapter we discuss the mechanisms by which nanopar-

ticles enter the environment and the body, and the potential health impacts that

might be expected. We then review literature including biotoxicity studies of cells

with metal oxide nanoparticles. The literature in this area is conveniently divided

into areas based on materials: (a) iron oxide; (b) titanium dioxide; and (c) other ox-

ides. In addition to reviewing the published literature, some background on the

materials is also included.
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1.2

Nanoparticles in the Environment

According to the U.S. Department of Labor, in the U.S. alone, 2 million people

work with nanometer-diameter particles regularly in development, production, and

use of nanomaterials and products [10]. The National Institute for Occupational

Safety and Health (NIOSH) claimed that between 1997 and 2005 the U.S. govern-

ment investment went from $432 million to $1240 million per year [5], and by

2015 global investment is expected to be $1 trillion [11]. If growth continues as ex-

pected, an additional 2 million workers will be required worldwide [5].

Nature has also utilized ‘‘nanotechnology.’’ Nanoparticles are found everywhere

in the environment. Natural materials such as proteins and colloids, like milk, are

composed of nanoparticles. Indeed, most subcellular structures are ‘‘nanomateri-

als.’’ The left-hand side of Fig. 1.2 shows additional examples [12]. Man-made par-

ticles produced as a by-product of industry are also a source of nanoparticles in the

environment (Fig. 1.2) [12]. However, the lack of information on the environmen-

tal impact of nanoparticles has society concerned. Some of these concerns have

been brought to the attention of the Department of Health and Human Services.

As a result, the National Toxicology Program is assessing the health effects associ-

ated with nanoscale materials, such as size and composition dependent biological

Fig. 1.1. Left-hand side: relationship between ultrafine

particles and cellular structures of the lung. Right-hand side:

same three particles relative to cilia. (Figure taken from

Donaldson [8] with permission from the BMJ Publishing

Group.)
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disposition of fluorescent semiconductor nanomaterials and the phototoxicity of

metal oxide nanoparticles [13].

1.3

How Nanoparticles are Introduced into Mammalian Systems

Currently, there is a vague understanding of a nanoparticles’ path of entry into

one’s system, cell uptake, distribution, and health effects. Three main routes of

nanoparticle exposure are penetration through the skin, ingestion, and exposure

by inhalation – from which the particles may then be able to translocate from the

respiratory system to other organs [14].

There can be two routes of entry into the skin, transepidermal intercellular or

penetration via pores and hair follicles (Fig. 1.3). Bennat et al. believe that TiO2

nanoparticles penetrate the skin through the lipids of hair follicles. They found

that the more hair follicles in the skin, the deeper the TiO2 nanoparticle penetra-

tion. Furthermore, TiO2 particles from an oily dispersion penetrated deeper than

those from an aqueous solution, possibly because the palmitic acid component of

the skin lipids was acting as a penetration enhancer [15]. In contrast, a separate

study using pig skin samples showed that the stratum corneum layer of the skin

effectively prevented dermal uptake of an oil-in-water emulsion of TiO2 particles

(20–50 nm) [16]. Animal studies, quantified by autoradiography, in which emitted

radiation is measured from a tissue specimen that has been treated with a radio-

actively labeled isotope, have indicated that ZnO nanoparticles pass through rat

and rabbit skin [17–19]. Therefore, some reports raise the idea that it may be pos-

sible for ZnO and TiO2 nanoparticles to pass through human skin. For example,

particles of 10–50 nm in diameter would be able to penetrate skin because the in-

tracellular space in the stratum corneum is around 100 nm [20, 21], and the gap in

Fig. 1.3. Penetration routes of nanoparticles into human skin.

Path 1 shows an intercellular route and path 2 a route through

a hair follicle. (Figure taken from Bennat [15] with permission

from Blackwell Publishing.)
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the lamellar bilayer is 0.5–1 nm. When filled with topically applied materials, the

gap has the ability to enlarge [21–23]. Currently, human skin models, such as

Skin2 TM, are being used for in vitro penetration studies of UV-irradiated particles

[24].

Once inhaled, particles enter the deep lung region where they are engulfed by

macrophages and removed before damage to the epithelium occurs. However, with

nanoparticles, the burden becomes too large for the macrophages to remove all of

the particles. The particles can then interact with the epithelium and cause inflam-

matory effects, enter the interstitium where they promote chronic effects on cells,

or transfer to lymph nodes (Fig. 1.4) [25].

1.4

Health Threats

Some believe that human exposure to most nanoparticles is not large enough to

cause significant health effects in healthy individuals [1, 8]. TiO2 is reported to be

harmless when swallowed by man [26]. However, occupational health risks may

be significant due to exposure of nanoparticles at levels higher than ambient con-

ditions. In addition, man-made nanomaterials may have novel sizes, and physical

and chemical properties, which can lead to biocompatibility problems when intro-

Fig. 1.4. Potential pathways for nanoparticles once they enter

the lung; see text for additional details. (Figure taken from

Donaldson [25] with permission from Elsevier.)
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duced into one’s system [1, 5, 11, 12]. NIOSH concluded, on the basis of thousands

of studies, that it was the shape of the asbestos fibers that caused its high toxicity,

not its elemental composition. Indeed, asbestos is a general term used to describe

a broad class of alumina silicate minerals (Fig. 1.5). For example, the long, thin

dimensions of asbestos fibers enable them to reach the gas-exchanging part of

lung when inhaled; however, they are not easily removed by macrophages in the

lung, thus leading to inflammation and scarring [1]. Long-term exposure may

even lead to cancer. Additional health effects of particulate materials include in-

creased attacks of asthma in asthma patients, silicosis, asbestosis, and ‘‘black

lung’’ [1, 8, 27].

1.5

Nanomaterials and Biotoxicity

1.5.1

Iron Oxide

Iron oxide nanoparticles have been used extensively for biological applications and

as pigments [28, 29]. The common oxidation states of iron found in the environ-

ment are þ2 (ferrous) and þ3 (ferric). Nanoparticles with a wide degree of mor-

phologies and crystal structures exist. According to Schwertmann, there are fifteen

known polymorphs of ferric oxide [28, 29]. Ferric oxide nanoparticles are in fact

one of the few classes of nanomaterials approved by the FDA for parenatal (IV) ad-

ministration to humans [30, 31].

The magnetic properties of mixed valent Fe(ii), Fe(iii) oxides are finding in-

creased applications for imaging, drug delivery, and separations [32, 33]. The toxic-

ity of these mixed valent materials is far less clear. The ability of many microorgan-

Fig. 1.5. Asbestos fiber surrounded by macrophages in the

lung. (Figure taken from www.cdc.gov [5].)
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isms (i.e., magnetosomes), fish and mammals to produce and/or utilize magnetite,

Fe3O4, demonstrates that they are not toxic under all conditions. Figure 1.6 shows

a transmission electron micrograph of Fe3O4 particles synthesized by a micro-

organism [34]. Magnetic nanoparticles are also thought to be exploited by more ad-

vanced organisms such as trout, migrating birds, and whales. Conversely, the well-

known Fenton reaction of Fe(ii) yields hydroxyl radicals that damage DNA and can

oxidize a wide variety of organic and biological reagents [35].

Below we review recent cellular studies of magnetic iron oxide nanoparticles.

The vast majority of these studies are focused on superparamagnetic Fe3O4 par-

ticles that respond rapidly to magnetic fields but retain no residual magnetism

when the field is removed. Such materials have long been commercially available

as micron-sized magnetic beads, in which the superparamagnetic particles are

encapsulated within an organic sphere [36]. The use of nanometer-sized materials

presents new opportunities for separations and imaging technologies, where possi-

ble biotoxicity is a critical concern.

Goetze et al. prepared biocompatible superparamagnetic nanoparticles of 2–30

nm diameter. The particles were coated with citric acid or carboxymethyl dextran

(CMD) [37]. Lacava et al. had previously studied the biological effects of ionic and

Fig. 1.6. Electron micrographs of magnetosomes found in

magnetotatic bacteria. Scale bar: 100 nm. (Figure taken with

permission from Safarik [34].)
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citrate based magnetic fluids composed of MnFe2O4 on mice. The citrate and ionic

nanoparticles caused diarrhea and ultimately animal death. While citrate alone did

not cause toxicity, it was not clear whether the manganese or the iron were respon-

sible for death [38].

Mikhaylova et al. have studied the effects of biocompatible coating layers

on superparamagnetic iron nanoparticles. Bovine serum albumin (BSA),

poly(l,l-lactic acid), or poly(e-caprolactone) were coated on 8 nm particles. FTIR

spectroscopy was used to characterize the nanoparticles and confirm the presence

of the coatings. For uncoated or gold-coated nanoparticles, superparamagnetic be-

havior was observed. However, Mössbauer and magnetic susceptibility studies indi-

cated significant cluster formation in the case of BSA modified particles, and

chain-like structures for the lactic acid and caprolactone modified nanoparticles

[39].

Gupta and Gupta reported a cytotoxicity decrease and internalization increase

for pullulan-coated superparamagnetic nanoparticles with human fibroblasts. Un-

coated, 20 nm iron oxide particles were toxic to human dermal fibroblasts. Inter-

nalization of these particles resulted in disruption of the cell cytoskeleton. Pullulan

coated particles were non-toxic and had a different effect on the cytoskeleton. TEM

data indicated that the internalization mechanisms were different for the two

particles – behavior that was attributed to the hydrophilic nature of the pullulan

coating [40].

Petri-Fink et al. studied the effects of surface-coated superparamagnetic iron

oxide nanoparticles with human cancer cells. Nine-nm iron oxide nanoparticles

were coated with poly(vinyl alcohol) (PVA) or PVA with carboxylate, amine or thiol

functional groups. The PVA and the carboxyl and thiol functionalized PVA nano-

particles were non-toxic to the melanoma cells. Some cytotoxicity was observed

for the amine functionalized PVA nanoparticles, particularly when the polymer

concentrations were high. The amine groups increased cellular uptake of the nano-

particles [41].

Stroh et al. reported on studies of rat macrophages incubated with citrate coated

iron oxide nanoparticles (9 nm). Atomic absorption and NMR studies showed a

large uptake of the nanoparticles that could be easily visualized by confocal micros-

copy (Fig. 1.7). Rhodamine green-labeled iron oxide nanoparticles were incubated

with the cells for 90 min at 37 �C. The cells were then centrifuged, washed with

PBS buffer, resuspended in medium, and seeded in six-well plates. The next day

the adherent cells were incubated with the lipophilic fluorescent dye ANEPPS,

which is a common stain for outer and intracellular membrane structures includ-

ing vesicles. After 45 min incubation, the cells were washed and studied by confo-

cal microscopy. With 488 nm laser excitation, both the rhodamine green emission

and the ANEPPS red emission were simultaneously monitored. Control experi-

ments without the iron oxide nanoparticles are also shown [42].

The confocal results clearly indicate that the iron oxide nanoparticles were taken

up by the cells. Even though some cell autofluorescence was seen in the control

data, it was much weaker in intensity. The high fluorescence intensity from

1.5 Nanomaterials and Biotoxicity 11



ANEPPS in the same region as the nanoparticles led the authors to suggest that

the iron oxide nanoparticles form intracellular aggregates in membrane coated

vesicles [42].

The cells were lysed at various times after nanoparticle exposure and the levels of

malonydialdehyde (MDA) and protein carbonyls were measured. At short incuba-

tion times, a significant increase in protein oxidation and MDA was observed. In-

terestingly, the yields diminished with time and by 24 h there was no evidence

for oxidative stress. Therefore, the oxidative stress was transient and the cells re-

mained viable and useful for magnetic imaging applications. Iron chelators and

spin traps caused a reduction in the concentrations of MDA and oxidized proteins,

leading the authors to conclude that free iron present during the incubation proce-

dure caused the transient oxidative stress [42].

Fig. 1.7. Cell internalization quantified by confocal

microscopy; see text for details. (Figure taken from Stroh [42]

with permission from Elsevier.)
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1.5.2

Titanium Dioxide

Titanium dioxide is commonly found in three crystalline forms: rutile, anatase and

brookite [43]. In all three crystalline forms, Ti(iv) is in an octahedral coordination

environment.

For bulk TiO2, rutile is the thermodynamically stable form, while for nanopar-

ticles (<14 nm) the anatase form is most stable [44–46]. Therefore, most synthetic

routes for the preparation of TiO2 nanoparticles yield anatase, and rutile is far less

common [47–49]. Some preparations yield a mixture of the three phases. The com-

mercially available DeGussa P25 consists of@25 nm particles of about 80% anatase

and 20% rutile. Because of the large effective mass of electrons in TiO2, quantum

size effects, which are well known for other semiconductors, are not observed until

the particle size is less than 1 nm [50]. While spherical particles are by far the most

common, it is possible to synthesize high-aspect ratio particles like those shown in

Fig. 1.8.

Titanium dioxide is classified as a wide band-gap semiconductor, the anatase

form having a band gap of 3.2 eV (Fig. 1.9) [43]. Much of the biotoxicity of TiO2 is

attributed to photoeffects wherein the material is illuminated with ultraviolet light.

Band gap illumination produces an electron–hole pair excited state that is a much

stronger oxidant and reductant than is the ground state. Under standard condi-

tions the excited electron has a reduction potential of about 0.0 V vs. NHE while

the hole has an oxidizing power of about þ3.2 V [51].

Under many conditions, the initially formed electron–hole pairs trap at specific

sites to yield radicals. The nature of these radicals has been the subject of many

investigations, particularly because of their possible relevance in splitting water

into hydrogen and dioxygen [52]. It is now widely accepted that the electrons trap

at localized Ti(iv) sites. Titanium(iii) is a reductant that reduces dioxygen to form

superoxide ions [53]. Superoxide has long been thought to abstract hydrogen

atoms from various biological substrates [53].

Fig. 1.8. Optical image of a high-aspect ratio TiO2 nanoparticle or nanowire.
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The fate of the photogenerated hole in TiO2 is less certain. Electron pair repul-

sion spectroscopic measurements indicate that the hole is initially trapped at an

oxygen bridged between two Ti(iv) sites [54]. This ‘‘hole’’ is very reactive and is

thought to ultimately yield a hydroxyl radical under ambient aqueous conditions.

Much of the environmental photocatalysis of TiO2 is best understood by invoking

the presence of hydroxyl radicals. Hydroxyl radicals are highly reactive and gener-

ally react with the first substrate they encounter [53].

Titanium dioxide nanoparticles are of considerable industrial interest. The

high refractive index (2.7) makes it an ideal material for light scattering and it

has historically been used in paints, polymers, enamels, and coatings. It is also

an ingredient in some suntan lotions and used as a colorant in foods. Growing

applications in solar energy conversion and environmental remediation have been

envisioned.

The body of literature for TiO2 nanoparticle biotoxicity was by far the largest. We

have organized the literature descriptions based on whether the nanoparticles were

illuminated or kept in the dark.

1.5.2.1 Dark Studies

Donaldson et al. have examined the cytotoxic effects of TiO2 by measuring the

DNA strand breakage on a supercoiled DNA band caused by free radical activity.

A DNA plasmid (290 ng j X174 RF) was incubated with either TiO2 (0.5 mm) or

ultrafine TiO2 (0.02 mm) particles. The plasmid was separated into the three possi-

ble forms, super-coiled, relaxed coil or linear by electrophoresis and quantified by

scanning laser densitometry. Findings showed that TiO2 particles had little effect

on DNA strand breakage, whereas the ultrafine particles caused complete destruc-

Fig. 1.9. Simplified band structure for anatase

TiO2. Band gap light excitation produces an

electron in the conduction band and a hole in

the valence band. The electron reduces

dioxygen to superoxide, a reactive oxygen

species that can abstract hydrogen atoms from

organic biomolecules. The valence band hole

can oxidize water to dioxygen, and can also

produce hydroxyl radicals – potent reactive

oxygen species that oxidize most organic

compounds. Not shown is the trapping of the

photogenerated carriers. See text for additional

details.
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tion of the super-coiled DNA plasmid at concentrations greater than 50 mg mL�1

(Fig. 1.10). In addition, crocidolite and amosite asbestos caused supercoiled DNA

depletion. At lower ultrafine TiO2 concentrations (5 mg mL�1) and in both asbestos

samples the amount of DNA damage was improved by the addition of a radical

scavenger, such as mannitol, indicating the role of free radical activity at the sur-

face of the particles. The researchers also suggested that the surface of the particles

can react with reductants generated by inflammatory cells and physiological chela-

tors to generate more free radicals to assist in the destruction of DNA [55].

Tan et al. studied human subjects whom applied sunscreen to skin for 2–6

weeks until up to 2 days before excision of the skin lesion. Studies were performed

by removing the stratum corneum by using cyanoacrylate ester and elastic plaster

and a tissue sample was obtained. The samples were digested by microwave extrac-

tion and analyzed using mass spectrometry. The results showed that the levels of

TiO2 in the dermis were higher, yet not statistically different from, the control sam-

ples (post mortem cadavers). However, if the outlier in the control samples was ex-

cluded, the TiO2 concentrations were significantly higher than the control. No

correlation was found between the concentration of TiO2 in the samples and the

duration of application. A small test group, and concentrations of TiO2 close to

the detection limits, made it difficult to compare the concentrations of TiO2 in the

dermis samples with the control [21].

In a study by Hart et al., CHO-K1 cells were incubated for 2–5 days with dusts:

chrysotile (1:4� 0:1 mm), crocidolite (1:8� 0:2 mm), and TiO2 (0.6 mm). Viability

was determined by an esterase activity viability assay, where cells are treated with

5(6)-carboxyfluorescein diacetate, which is a non-fluorescing ester conjugate. When

internalized by cells, carboxyfluorescein is cleaved by cytoplasmic esterases and be-

comes polar and fluorescent. If the cell is not viable, the ester conjugate would not

be retained by the cell. In all samples the loss of cell viability was not significant.

Fig. 1.10. Relationship between TiO2 (NTiO2) and ultrafine

TiO2 (UFTiO2) particles and DNA strand breakage. (Figure

taken from Donaldson [55] with permission from Elsevier.)
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However, micronuclei and polynuclei tests with acridine orange staining expressed

nuclear abnormalities. Chrysotile was the most cytotoxic sample, while TiO2 was

the least, indicating a particle size dependence on toxicity. Since viability remained

high and only nuclear abnormalities resulted from particle interactions, the pro-

posed mechanism of toxicity involved the interference of the internalized particles

with mitosis, which causes a distortion in nuclear morphology and cytostasis, ces-

sation of cell division [9].

In another study by Hart et al., Chinese hamster ovary (CHO) cells were exposed

to particles for 3 days and then counted using a Coulter counter. For all fibers

tested, ranging from glass, ceramics, and slag wool to asbestos, similar toxic effects

were observed. Cultures showed little loss in viability (@90%); however, cell prolif-

eration was almost completely inhibited and a concentration-dependent increase in

morphological changes was observed. Unexposed samples retained a viability of

99% and showed a 20-fold increase in cell population [56].

Size comparisons indicated that thinner fibers were more toxic than thicker ones

of similar lengths when concentration was a function of fiber mass per unit area.

However, when concentration was expressed as a function of number of fibers per

unit area, the difference in effects was non-existent [56].

The researchers concluded that cytotoxicity and genotoxicity correlate with fiber

length and the mechanism of toxicity was by cytostasis, or the disruption of cell

division. Possible explanations include longer fibers being more easily entangled

in migrating chromosomes or spindle apparatus, which leads to the formation of

micronuclei [56, 57]. In addition, long fibers are more biocompatible because they

support cell growth in vitro by providing a substratum for attachment and prolifer-

ation of fibroblast cell lines [56, 58, 59].

Peters et al. have analyzed the effects of TiO2 (14 nm) and SiO2 (70 nm) particles

on human dermal microvascular endothelial cells. Viability tests along with Ki67, a

protein expressed in the nucleus of proliferating cells, and the cytokine interleukin-

8 (IL-8) measurements were performed to determine the cytotoxic effects of the

metal oxide particles on cells [60]. The CellTiter AQueous non-radioactive assay was

used to determine cell viability by measuring the conversion of an enzymatic tetra-

zolium salt (MTS) via mitochondrial dehydrogenase [61]. Results showed no sig-

nificant difference in cell viability; however, an increase in IL-8 production for both

the SiO2 and TiO2 particle (50 mg mL�1) treated samples was taken as evidence for

pro-inflammatory effects (Fig. 1.11) [60]. The only sample that induced a decrease

in Ki67 expression was SiO2 (50 mg mL�1), indicating a decrease in the number

of cells participating in the active part of the cell cycle. Since biocompatible TiO2

showed some inflammatory effects, the authors concluded that particles can pos-

sess different features when in the nano versus bulk scale [60].

Shanbhag et al. have studied the effects of TiO2 particles on P388D1 macro-

phages. Viability was measured as a function of 3H-thymidine (3H-TdR). Cells

were incubated with particles for 8 h followed by the addition of 3H-TdR for 16 h.
3H-TdR suppresses DNA synthesis and is used as a way to measure DNA fragmen-

tation. The results showed that TiO2 decreased
3H-TdR levels in macrophages in a

size- and concentration-dependent manner [62].
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Stearns et al. have investigated the effects of TiO2 particles (50 nm) on a human

epithelium cell line (A549). In as little as 1–2 h, minimal internalization of the par-

ticles was observed by energy-filter TEM. Short exposure times to TiO2 yielded par-

ticles found in the vacuoles; however, longer incubation times showed TiO2 in the

lamellar bodies. Addition of the inhibitor cytochalasin D (cyto D), which is known

to affect actin polymerization and particle internalization, to cells before they were

introduced to TiO2 neither inhibited phagocytosis of the nanoparticles nor de-

creased cell viability. However, a change in cell morphology was observed in the

presence of cyto D and more particles were internalized in membrane-bound vac-

uoles rather than the lamellar bodies [63].

Westmoreland et al. have used TiO2 as a reference compound because it is

known as a ‘‘nuisance dust.’’ In the study, TiO2 particles were introduced into an

epithelial cell line (16HBE14o-) for 24 h [64]. However, after 24 h, there was no tox-

icity induced as measured by the MTT reduction assay [65], neutral red uptake as-

say or transepithelial resistance.

Kilgour et al. have modeled inhalation exposure in vitro by exposing olfactory

and respiratory turbinates of rats to TiO2 (<1 mm) for short and long durations.

They found that TiO2 exposure had no effect on adenosine triphosphate (ATP)

or potassium concentrations in olfactory epithelium for any of the times studied.

Conversely, when exposed to respiratory epithelium, a minimal decrease in ATP

and potassium concentration was observed for the 4 h particle incubation and

20 h fresh media incubation. An observed decrease in potassium concentration at

the 24 h exposure time was attributed to mechanical damage arising from TiO2

particle precipitation. These studies concluded that TiO2 is not acutely toxic to the

nasal cavity [66].

Miller et al. found TiO2 to have no effect on CHO cells with or without metabolic

activation, which is potentially a result of TiO2 nanoparticle insolubility. The effect

Fig. 1.11. A human dermal microvascular endothelial cell

exposed to (a) no particles and (b) TiO2 particles. (Figure

adapted from Peters [60] with kind permission of Springer

Science and Business Media.)
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of the particles was analyzed by micronucleus testing of cells that were incubated

with TiO2 particles for 48 h [67].

The Scientific Committee on Cosmetics and Non Food Products intended for

consumers (SCCNFP) has evaluated the acute toxicity, mucous membrane irrita-

tion, phototoxicity, genotoxicity, carcinogenicity and percutaneous absorption of

TiO2 and deduced that TiO2 is safe to use at maximum concentration of 25% w/w

in cosmetics. Furthermore, this includes crystalline TiO2 particles irrespective of

particle size and requires no further restrictions or conditions for use in cosmetic

products [68].

1.5.2.2 UV Irradiation Studies

In addition to the dark studies mentioned above, it is notable that in the following

reports of UV-irradiated nanoparticles, the control groups, often consisting of

nanoparticles reacted with cells in the absence of UV light, also showed no evi-

dence of cytotoxicity. Dunford et al. set out to determine the potential ill effects

that metal oxide nanoparticles (TiO2 and ZnO) found in over-the-counter sun-

screens can have on DNA. Titanium dioxide (2%w/v – 0.02 mg mL�1) and zinc oxide

(0.4% w/v) nanoparticles (20–50 nm) were extracted from sunscreens and added to

plasmid DNA (50:50 – 25 mL). The samples were then irradiated with UVA (365

nm) light from a 1000-W Hg/Xe lamp for 0–60 min increments. Strand breaks in

the DNA were assayed on agarose gels by the transformation of a supercoiled plas-

mid into the relaxed or linear form. The damage of the photoactive nanoparticles

was independent of crystal type, with the most active sample containing as much

as 1.95% ZnO. DNA damage was suppressed by hydroxyl radical quenchers, di-

methyl sulfoxide (DMSO) and mannitol, and proteins, catalase and bovine serum

albumin, but not superoxide dismutase, which provided evidence that the hydroxyl

radical rather than superoxide was the source of DNA damage [19].

Uchino et al. probed the effect of TiO2 crystal form and size on cytotoxicity

as well as the relationship between the amount of radicals produced from UV-

irradiated TiO2 particles and cytotoxicity. The effect of the irradiated particles on

cell viability was determined by the addition of varying concentrations of Degussa

P-25 TiO2 particles in cultures of a Chinese hamster ovary (CHO) cell line. After

incubation for 48 h with TiO2 particles, the samples were irradiated with UV light

for 24 h [69]. Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) assay. Upon reduction by living

cells, MTT is converted into a purple formazan. The amount of MTT formazan

produced can be quantified by using a microplate reader to measure absorbancies

at a test and a reference wavelength [65]. The viability of CHO cells with internal-

ized TiO2 particles decreased significantly after UV irradiation. Although the inten-

sity of the UV light did not influence cytotoxicity, the anatase fraction in the TiO2

particles had a significant effect on cytotoxicity. In addition, cell viability was pro-

portional to the DMPO-OH radical adduct formed. This was accomplished by elec-

tron spin resonance (ESR). The compound 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) was used to spin trap the OH

.
radical. The ESR results confirmed the

presence of a DMPO-OH radical adduct, consistent with the formation of an OH
.
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radical. The optimum crystal size for OH
.
radical formation was 30 nm for anatase

and 90 nm for rutile. The results also demonstrated a dependence of cytotoxicity

on hydroxyl radical formation and crystal form and size; however, these variables

were independent of each other. For example, hydroxyl radical formation differed

with crystal form and size. Most anatase samples produced more hydroxyl radicals

than rutile or amorphous TiO2. The percentage of anatase in these samples had no

effect on the amount of radical generated; however, the viability of the cells was de-

pendent on the amount of DMPO-OH radical formed. This indicated that when

anatase forms of TiO2 are irradiated with UV light, hydroxyl radicals form that

have cytotoxic effects. This was not the case for rutile and amorphous samples, in-

dicating the need for further investigation of a different mechanism for radical for-

mation. In addition, ESR data showed no relation between the formation of a

DMPO-OH radical adduct and UV absorbance; therefore, radical formation is due

to another factor besides UV absorbance [69].

Zhang et al. found that Ls-174-t cells, a human colon carcinoma cell line, had

over 90% viability when reacted with TiO2 nanoparticles alone. However, when

the TiO2–cell samples were irradiated with UV light, viability fell to a meager 20%

when TiO2 concentration was >200 mg mL�1 (Fig. 1.12). The effects of TiO2 con-

centration on cell viability were investigated using the MTT assay. Cell viability de-

creased as the concentration of UV-irradiated TiO2 nanoparticles internalized in

the cells increased. Furthermore, the cell morphology changed with increasing

nanoparticle concentration, giving rise to shrinkage and fragmentation of the cell.

These observations led the researchers to believe that the mechanism of cell death

by photoexcited TiO2 nanoparticles was through reactive oxygen species. The

means by which the nanoparticles damage the cells was theorized to occur in two

stages. The first stage being oxidative damage by the photoexcited TiO2 nanopar-

ticle surface as it comes in contact with the cell membrane. This resulted in perme-

abilization of the cell membrane and did not produce a significant decrease in cell

Fig. 1.12. Effects of UV irradiation and TiO2 particles on Ls-

174-t cells. (a) TiO2 particles in the dark, (b) UV irradiation

with no TiO2, (c) TiO2 and UV irradiation. (Figure taken from

Zhang [70] with permission from Elsevier.)
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viability. The decrease in cell viability, and eventually cell death, occurred as a result

of intracellular components leaking out of the permeable membrane and addi-

tional TiO2 nanoparticles trafficking into the damaged cells and directly attacking

the nucleus and other intracellular components [70].

Cai et al. observed that HeLa cells incubated with TiO2 particles without UV irra-

diation had 90% survival, as did cells irradiated with UV light for less than 19 min.

However, cultures exposed to both TiO2 particles and UV light showed a dramatic

fall in survival rate that decreased with increasing TiO2 concentration. Irradiation

of HeLa–TiO2 adducts with visible light did not cause any photodynamic effects,

and simply raised the temperature of the culture to around 36 �C. Since this is

less than the culture temperature of the cells, thermal death is not very likely and

the observed behavior with UV light was attributed to photochemistry, not thermal

effects. Irradiation with wavelengths greater than 440 nm produced cell survival of

90%, but when the sample was irradiated with a slightly lower wavelength (300–

400 nm), for an equal amount of time, all cells in the culture were killed. This

same irradiation wavelength range on cells without TiO2 yielded an 85% survival

rate [71].

Cell death was proposed to take place by two possible mechanisms. In the first,

cells were oxidized by photogenerated holes in the valence band. In the second, the

holes reacted with water to produce OH
.
radicals that can attack the cell membrane

and intracellular components [71]. Cai et al. and Sakai et al. deduced that the via-

bility of T-24 cells decreased with both variations in UV irradiation intensity and

TiO2 particle concentration [72, 73].

Saito et al. have investigated the polycatalytic bactericidal effects of TiO2 particles

(21 nm) on three strains of bacteria (Streptococcus mutans, S. rattus, and S. cricetus).
TiO2 particles were introduced to the specimen, irradiated with UV light and incu-

bated for two days. The bactericidal action of TiO2 increased with TiO2 particle con-

centration. In addition, potassium leakage, measured by flame photometry, paral-

leled the loss of cell viability. In bacteria, a cell wall of peptidoglycan is formed

around the cell membrane. When observed by TEM, the TiO2 particles took over

30 min to reach the cell membrane of the bacteria, yet leakage of intracellular pro-

tein and cell death occurred in less than 1 min. Cell death was rapid and the cell

wall was not destroyed until after 60–120 min; therefore, the TiO2 particles could

not have been able to attach to the cell membrane directly to cause any damage.

Rather, cell death was assumed to result from membrane damage caused by the

superoxide and perhydroxy radicals produced from TiO2 photocatalysis [26].

Nakagawa et al. studied the effects of four sizes of UV irradiated TiO2 particles

on a mouse lymphoma cell line. DNA tail length was measured by means of a SCG

assay. The results showed that UV-irradiated Degussa P-25 (anatase, 21 nm), TP-3

(rutile, 420 nm) and WA (anatase, 255 nm) samples all elicited increased DNA

damage and a decrease in cell survival (Fig. 1.13) [74, 75, 76].

Warmer et al. determined whether nucleic acids were targets for photoxidative

damage caused by UV-irradiated TiO2 by investigating the effects of UV-irradiated

TiO2 on calf thymus DNA and human skin fibroblasts. A suspension of TiO2 par-

ticles was added to samples of calf thymus DNA and fibroblasts and exposed to
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UVA light for 1 h. The calf thymus DNA and cellular DNA samples were then en-

zymatically hydrolyzed and analyzed using reversed-phase high-performance liquid

chromatography (HPLC). HPLC was used to measure the hydroxylation of guanine

bases (forms 8-oxodG) and indicated whether any nucleic acids were oxidatively

damaged [75].

Results with calf thymus DNA showed that levels of 8-oxodG increased directly

with the addition of TiO2 and fluence of UV irradiation, when they were both pres-

ent in calf thymus DNA experiment. Furthermore, the fibroblast samples showed

that both TiO2 particulates and UV light must be present to induce oxidative dam-

age, in which case cytotoxicity was 85%. The phototoxicity was UV fluence depen-

dent. Although oxidative damage did not occur in cellular DNA, there was a 3-fold

increase in 8-oxoG in the presence of TiO2 and UV irradiation, indicating the oxi-

dative damage of the guanine bases in cellular RNA. This gave evidence that oxida-

tive stress caused by irradiated TiO2 particles was occurring in the cytoplasmic and

nuclear compartments of the cell. The photocytotoxicity of TiO2 is a result of intra-

cellular damage induced by reactive oxygen species. However, the relative impor-

tance of the reactive oxygen species formed by photoexcited TiO2 is still unknown.

Fig. 1.13. Effects of TiO2 on DNA tail length and cell survival.

Abbreviations: p-25, anatase 21 nm; WA, anatase 255 nm; WR,

rutile 255 nm; TP-3, rutile 420 nm. (Figure taken from

Nakagawa [74] with permission from Elsevier.)
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ESR studies to measure the formation of a DMPO-OH radical adduct were also

performed. The formation of adduct increased with time and then leveled off [77].

Since there is evidence of reactive oxygen species, the hydrolysis of guanine in calf

thymus DNA can be due to any of the following: hydroxyl radical formation, de-

composition of hydrogen peroxide from UV irradiation, or the Fenton reaction

[78–80].

Kubota et al. incubated T-24 human bladder cancer cells with TiO2 particles, cul-

tured them for 24 h and observed the effects. The TiO2 particles were contained

mainly in the cytoplasm and cell membrane of the T-24 cells, as found by transmis-

sion electron microscopy (TEM). There was a 90% survival rate amongst cells in-

troduced with up to 300 mg mL�1 of TiO2. However, when exposed to UV light for

as little as 5 min there was as much as a 20% decrease in the survival rate even

with TiO2 concentrations as low as 10 mg mL�1. They also found that cell killing

was more effective in phosphate buffered saline (PBS) than in F-12 media. This is

possibly due to either the absorptive abilities of F-12 or the fact that it contains rad-

ical scavengers such as mannitol and tryptophan. These researchers also investi-

gated the role that radical scavengers play in irradiated TiO2 cytotoxicity. Molecular

scavengers of both hydrogen peroxide and hydroxyl radicals, catalase and l-

cysteine, respectively, effectively diminished cell death when added to the cell sam-

ples. This provided evidence of the role of hydroxyl radicals and hydrogen peroxide

in cell death [81].

In addition, they investigated the mechanism of photoexcited TiO2 biotoxicity

by depositing TiO2 nanoparticles onto conductive tin oxide glass. The cells were

subsequently cultured on the conductive glass. In the dark, when a potential was

applied to the TiO2 electrode, the cells remained viable. However, in the presence

of UV light, cells were killed when the electrode potential was more positive than

�0.5 V. The percent of cells surviving was proportional to the photoinduced cur-

rent. Due to the strong photocurrent, at anodic potentials, the researchers con-

cluded that photogenerated TiO2 holes were responsible for cell death [81].

An in vitro experiment using T-24 cells was also carried out by the same group.

TiO2 particles (0.03–10 nm) were added to cell cultures and irradiated with a 500-

W Hg lamp. The cells were cultured for another 10 days before fixing and staining

with Giemsa in order to count. With either TiO2 or UV light alone, survival was

>90%, indicating no cytotoxic effects. However, in the presence of both TiO2 and

UV light a cytotoxic effect was observed that increased with increasing TiO2 con-

centrations. Scavenger experiments were conducted to determine the mechanism

of cell death. In the presence of the hydrogen peroxide scavenger, catalase, and hy-

droxyl radical quencher, l-cysteine, cell death of the photoexcited TiO2 samples de-

creased, pointing to the participation of H2O2 and OH
.
radical in cell death [81].

Cai et al. set out to determine the mechanism behind the photodamaging of cells

with TiO2. To investigate the mechanism by which TiO2 can photokill HeLa cells,

superoxide dismutase (SOD), which converts the superoxide anion (O2
�) into

H2O2, was added to a TiO2 infused cell culture. The TiO2 nanoparticles were incu-

bated in cultured HeLa cells for 24 h, while SOD was added to the cell culture for

the final hours of incubation. After a short irradiation with UV light, the cells were
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counted to determine viability. Cell survival in the absence of SOD was a meager

55%, which indicated that cell death may be due to H2O2 and OH
.
radical formed

by the irradiation of TiO2. The addition of SOD caused a decrease in survival rate,

which increased with SOD concentration when irradiated for the same amount of

time. Controls showed that samples containing SOD in the absence of TiO2 had

no effect on survival rate, therefore indicating that the decrease in cell survival

was due to the conversion of O2
� into H2O2 by SOD [82]. Further evidence of

the production of H2O2 was given by the addition of the fluorophore scopoletin

(6-methoxy-7-hydroxy-1,2-benzopyrone), whose fluorescence is quenched by H2O2

[83]. A much higher concentration of H2O2 was produced in irradiated HeLa–

TiO2 samples that contained SOD than in samples without SOD. With the addition

of catalase (EC 1.11.1.6), which converts hydrogen peroxide into water and molec-

ular oxygen, to the TiO2–SOD sample, the surviving fraction of cells increased,

further confirming the production of H2O2. In addition, the presence of catalase

increased survival even in the absence of SOD, indicating that H2O2 can be pro-

duced by another method:

O2
� þHþ ! HO2

HO2 þ e� ! HO2
�

HO2
� þHþ ! H2O2

However, O2
� must also be converted into some other reactive oxygen species be-

cause cell death still occurred in the presence of catalase and the absence of SOD

[82].

Jang et al. have studied bacterial death by photocatalyzed TiO2. The TiO2 was

added to cultures of either Escherichia coli (E. coli) or Pseudomonas areruginosa and

were then irradiated with UV light. Smaller particles of TiO2 had a larger effect on

the degree of decomposition of the bacteria, while increased anatase mass fraction

caused an increase in decomposition (Fig. 1.14) [84].

Sakai et al. have investigated the cytotoxicity of TiO2 particles (30 nm) on a T-24

human malignant cell line. Cells were incubated with TiO2 particles for 24 h and

irradiated with UV light. Cell viability was determined by a colony forming assay,

and the change in Ca2þ concentration was monitored by ethidium bromide stain-

ing [73]. The Ca2þ ions play a role in differentiation, intracellular transport, secre-

tion and metabolism [73, 85]. A change in Ca2þ concentration is linked to cytotox-

icity [73, 86–91]. The addition of TiO2 particles to T24 cells yielded a 90% survival

rate of the cells. Conversely, when the samples were irradiated with UV light,

the Ca2þ concentration increased as determined by ratiometric imaging. With

increased TiO2 concentration, less irradiation is required to cause an increase in

Ca2þ concentration. However, since the stepwise increase in Ca2þ concentration

remained constant it was concluded that there is a minimum amount of reactive

oxygen species needed to trigger their uptake.

The processes for Ca2þ mobilization include influx through the plasma mem-

brane and release from Ca2þ storage in the endoplasmic reticulum. The change
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in Ca2þ distribution was monitored to determine the mechanism taking place.

When the concentration of Ca2þ was monitored with UV and TiO2 present in cell

culture, the concentration was greatest near the cell membrane. However, without

the addition of TiO2 particles, the concentration was low and evenly distributed.

The increase was attributed to an increase in cell membrane permeability, but no

loss in cell viability, and the Ca2þ was from the buffer. However, in later stages the

cell dies. Ca2þ cannot directly be responsible for cell death because in buffer with-

out Ca2þ there is still loss in cell viability. There is a simply an increase in Ca2þ

caused by a change in permeability associated with cell death. Instead, the hydroxyl

radical and hydrogen peroxide promote cell death [73].

Cai et al. showed that HeLa cells were effectively killed in the presence of photo-

excited TiO2 particles. The cytotoxic effects were suppressed in the presence of

l-tryptophan and catalase, which quench hydroxyl radicals and scavenge hydrogen

peroxide, respectively. This suggests that cell death resulted from the production

of reactive oxygen species on the particle surface [72].

Linnainmaa et al. found no effect upon the addition to rat liver epithelial cells of

three particle types, uncoated anatase, rutile coated with aluminum hydroxide and

stearic acid, and P25 Degussa TiO2. The inhibition of cell growth was measured by

the multinuclei assay, in which the addition of cytochalasin B prevents cell division

but not division of the nucleus. Cytotoxicity was measured by the increase in the

amount of cells that contained only one nucleus after treatment. The micronucleus

test assessed the chromosomal damage of cells caused by the addition of TiO2.

After 1 h incubation with TiO2 particles, the cells were irradiated with UV light

for 5 min. The results indicated no inhibition of cell growth or cytotoxic effects

with any of the TiO2 samples. Small cytotoxic effects were seen in the irradiated

samples, but they were not of statistical significance [92].

Fig. 1.14. Escherichia coli in (a) absence and (b) presence of TiO2

nanoparticles. (Figure taken with permission from Jang [82].)
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Donaldson et al. have stated that TiO2 particles are cleared from the lung by

phagocytosis of alveolar macrophages. They studied the impact of ultrafine (20

nm) versus fine (200 nm) particles of TiO2 and carbon black on a macrophage cell

line. Fluorescent latex beads were then added to the cell line to indicate phagocytic

uptake. The results indicated that the ultrafine particles inhibited phagocytosis

by the macrophages when compared to the fine particles, which may lend one pos-

sible explanation for their adverse effects. The mechanism is a result of the in-

creased surface area and increased number of ultrafine particles present, due to in-

hibited phagocytosis, that interact with the epithelium and lead to oxidative stress

and thus inflammation [8].

Wilson et al. have stated that the surface of particles may be a source of reactive

oxygen species. Ultrafine and fine particles were incubated with a compound that

undergoes activation to a fluorescent state when oxidized. Fluorescence intensity

measurements revealed that ultrafine particles yielded a dose-dependent increase

in fluorescence, whereas fine particles did not. This result is likely a consequence

of the high surface area of the particles yielding more reactive oxygen species [93].

Maness et al. set out to determine the mechanism by which photocatalytic TiO2

kills bacteria. They studied the effects of Degussa P25 TiO2 particles (surface area

50 m2 g�1) on a strain of E. coli in the presence of UV light. Membrane damage

was determined by measuring the production of malondialdehyde (MDA), a prod-

uct of lipid peroxidation, by the colored adduct it forms with thiobarbituric acid.

More MDA is produced when TiO2 was present than without. Reactive oxygen spe-

cies are proposed to play a role because they attack the polyunsaturated phospholi-

pids in E. coli, causing deterioration of the cell membrane and loss of functions

within the cell [94].

1.5.3

Other Metal Oxides

Our literature searches revealed a handful of biotoxicity studies with other metal

oxide nanomaterials. These studies are described below.

Yamamoto et al. have looked at the cytotoxic effects of metal oxide particles on

murine fibroblasts and murine monocyte macrophages. The particles were added

to cells and the relative plating efficiency was obtained after 6–8 days, depending

on the cell type. The results showed that the cytotoxicity of Al2O3 and ZrO2 par-

ticles (d ¼ 500–700 nm) were enhanced relative to TiO2 particles (d ¼ 130–180

nm). TiO2 particles and Al2O3-coated TiO2 particles both demonstrated similar cy-

totoxic effects, and showed larger particles to be more toxic than the smaller ones.

Shape-dependent cytotoxicity was also determined, and dendritic TiO2 proved to

have the highest cytotoxicity when calculated as a function of number, volume

and surface area. When cytotoxicity was determined as a function of volume, the

particles ranked as dendritic > spindle > spheric. But when particle toxicity was

ranked as a function of surface area the cytotoxic effects changed: dendritic >

spheric > spindle. The overall conclusion on cytotoxicity ranked the dendritic par-

ticles as the most cytotoxic, followed by spindle and spheric particles. The number
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of particle edges is important when determining cytotoxicity – the more edges the

more of a cytotoxic effect [95]. Cytotoxicity was then compared to that of the parent

metal ions. It was concluded that toxicity results because of two processes: chemi-

cal toxicity of released metal ions or other soluble components [95–97] or mechan-

ical stimulation caused by sizes and shapes [95].

Cytotoxicity of metal ions and other chemicals differs among cell lines. Larger

particles (only if phagocytosed) tended to have higher cytotoxicity than smaller

particles. For example, larger TiO2 particles caused a higher inhibition of 3H-

thymidine incorporation of human monocyte macrophages. However, if the parti-

cle is too large to be phagocytosed by the cells, then there is no cytotoxic effect. The

authors concluded that the cytotoxicity of insoluble particles does not depend on

chemical composition. In addition, cytotoxicity was not dependent on chemical

species but on particle size and phagocytic properties [95].

Hanawa et al. have studied the toxicity of metal oxide nanoparticles ranging

from 500 to 3000 nm in diameter. The particles were incubated in human fibro-

blasts for 24 h and stained with haematotoxylin and eosin to determine the magni-

tude of toxicity. With this assay, cells that adhered to the coverglass would stain,

while dead cells would detach from the glass during staining. A digitizer was used

to assess the area that was stained. The area stained was considered to be propor-

tional to the magnitude of cytotoxicity of the metal oxide particles. Cells incubated

with Al2O3, TiO2, Fe2O3, Fe3O4, Co2O3, NiO, Ga2O3, SnO, SnO2, HgO showed no

cytotoxic effects. A difference in formal oxidation state of some of these metals

yielded different effects, e.g., CoO, Co3O4, and Ni2O3 appeared to be toxic. In addi-

tion, Cr2O3, Cu2O, CuO, ZnO, and Ag2O proved to be cytotoxic. A potential prob-

lem would be that the study was based on particles dissolving into elements/ions,

which have a cytotoxic response. Therefore, larger areas of affected cells indicated a

more cytotoxic effect, which does not necessarily correlate with the components of

the particles being more effective at killing cells. Larger cytotoxic effects could have

been a result of a higher particle concentration in the medium [98].

Lison et al. have studied the surface area effects of MnO2 particles (Fig. 1.15).

Mouse peritoneal macrophages were incubated with MnO2 particles of varying sur-

Fig. 1.15. Scanning electron micrograph of MnO2 particles.

(Figure taken from Lison [99] with kind permission of Springer

Science and Business Media.)
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face areas (0.5, 17, and 62 m2 g�1) for 6 h. Lactate dehydrogenase (LDH) release

was measured to indicate the degree of membrane damage. At the same particle

concentrations, the particle with the highest surface induced the greatest amount

of cytotoxic activity. However, freshly ground particles (5 m2 g�1) from the 0.5

m2 g�1 sample showed the highest toxicity of all. The researchers concluded that

the toxicity of MnO2 particles is surface dependent, indicating the possible effect of

surface chemistry on cytotoxicity [99]. Lehnert et al. have claimed that cytotoxic ef-

fects are a result of intracellular dissolution of the nanoparticles in the phagolyso-

somes [100]. Therefore, since dissolution is a function of specific surface area, tox-

icity should increase with increasing surface area, which is consistent with the

results of Lison. The increased toxicity of the freshly ground particle is attributed

to additional reactive sites present on the surface [99].

Keceli et al. have studied the cytotoxicity of various metal oxides. Titanium, tan-

talum, and niobium are biocompatible due to the native oxide layer formed on the

surface. Toxicity studies with these particles were preformed with African green

monkey kidney cells (Vero fibroblasts). Glass plates were spin-coated with a metal

oxide layer (>100 nm) from a sol–gel solution. Cells were then cultured on the

metal oxide for 7 days before they were counted. At the end of 7 days, no visible

morphology change or apoptosis was observed, indicating that the samples were

not cytotoxic. However, there was an effect on cell proliferation, which indicated

an effect on biocompatibility. Al2O3 and Nb2O5 showed a 30% decrease in cell pro-

liferation, while Ta2O5 and ZrO2 showed a 45% and 58% decrease, respectively.

The TiO2 sample did not differ from the control. The observed decrease in prolifer-

ation was consistent with the dielectric constants of the metal oxides, showing that

metal oxides with a higher dielectric constant have more isolating effects and, as a

result, are more biocompatible [101].

Chiu et al. have treated CHO cells with GeO2 particles of varying concentrations

for 12 h to determine their impact on cytotoxicity. Cytochalasin B, a proliferation

inhibitor, was then added and an additional 24 h incubation applied. The cells

were stained with Giemsa solution and counted to determine the number of binu-

clear cells. The number of binuclear cells decreased with the addition of GeO2 par-

ticles, indicating that the particles induce G2/M block [102]. G2/M block is indica-

tive of the cells not entering the mitosis stage of the cell cycle (Fig. 1.16). The G2,

or Gap 2, phase is an intermittent stage that occurs after the synthesis of DNA, but

before nuclear and cytoplasmic division of the cell. Prolonged periods in the G2

phase inhibit cell proliferation (M phase) without inhibiting the formation of

daughter cells (S phase), thus yielding binuclear cells [103].

Viability was determined by the sulforhodamine B viability assay [31] in which

cells are fixed and stained with sulforhodamine B followed by dye extraction and

analysis with an ELISA plate reader at 540 nm. Cell survival decreased with an in-

crease in GeO2 particle concentration. However, with the clonogenic survival assay,

in which cells were cultured for an additional 7 days after treatment with the GeO2

particles before they were assayed, survival rates were above 80%. This discrepancy

is possibly due to delayed cell growth after treatment. Studies were also conducted

to determine the phase of the cell cycle that the cells were in after treatment with

GeO2 particles. Treated samples showed a dose-dependent increase in the number
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of cells in the G2/M phase of the cell cycle. Therefore, GeO2 particles slow cell pro-

liferation, but do not play a major role in cytotoxicity [102].

Gaudenzi et al. have demonstrated the effects of CdO on a lymphocyte cell line

(Jurkat cells). Cells were treated with CdO particles and a survival index, the ratio

of the average number of viable cells in the treated and control samples, was calcu-

lated. The CdO particles induced a decrease in the survival index of Jurkat cells

over time until 24 h when a zero factor was obtained. The mechanism of cell death

was probed by FT-IR studies, which showed a decrease in intensity of the amide

bands, suggesting a decrease in H-bonding energy and protein degradation. In ad-

dition, evidence of additional carbonyl groups was present, which is indicative of

protein oxidation [104].

Pigott et al. have found that amorphous SiO2 (100 nm) has a biphasic response

when exposed to Chinese hamster lung cells. At a dosage of less than 30 mg mL�1,

there were little or no cytotoxic effects, based on cloning efficiency; however, there

was a progressive increase in cytotoxicity at higher concentrations [105]. Amor-

phous SiO2 was also found to be cytotoxic in other studies, and disrupts cell mem-

brane functions when studied in cell culture [106–108]. However, this should not

be of great concern for exposure of airborne amounts of SiO2 by inhalation.

1.6

Conclusions

Currently, the National Institute of Occupational Safety and Health (NIOSH) is try-

ing to answer the questions: In what ways might employees be exposed to nano-

materials in manufacture and use? How do nanoparticles enter the body? Once in

the body, where would they travel? How would they interact physiologically and

chemically with the body’s systems [5]? The cellular and subcellular studies de-

scribed herein provide some clues that address these questions.

In general, the reviewed studies showed that ferric oxide and titanium dioxide

nanomaterials are not biotoxic in the dark and that TiO2 illuminated with ultravio-

let light has a high cytotoxicity to both bacteria and mammalian cells. The toxicity

Fig. 1.16. Cell cycle; see text for details. (Figure taken from Ref. [101].)
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of ferric oxides under illumination has not been previously studied to our knowl-

edge. There is an environmental photochemistry of ferric oxides with environmen-

tal pollutants [28], the products of which often include ferrous ions that could

undergo Fenton-like chemistry and produce reactive hydroxyl radicals. Additional

studies are warranted in this area.

However, there exist some important exceptions to the generalized statement

above. For example, Linnainmaa et al. found no cytotoxicity with illuminated TiO2

toward rat liver epithelial cells. Since the experimental conditions of light source,

TiO2 materials, and cell lines were different, it is difficult to pinpoint why this

study differs. Likewise, Donaldson reported conditions where 20 nm TiO2 particles

linearized plasmid DNA, while 50 nm particles did not. These exceptions under-

score some of the difficulties associated with answering NIOSH’s questions. When

‘‘the body’’ is replaced by ‘‘a single mammalian cell,’’ the answers remain un-

known, even for a well-studied nanomaterial like TiO2. Additional studies are re-

quired before biotoxicity relationships can be understood in more complex human

systems at the molecular level.

Acknowledgment

The authors acknowledge equipment support from the NSF MRSEC Grant num-

ber DMR00-80031. The authors also acknowledge support from DARPA/AFOSR

Grant F49620-02-1-0307 and from the David and Lucille Packard Foundation Grant

#2001-17715. We thank the National Science Foundation (CRAEMS) for support of

the environmental chemistry aspects of this work.

References

1 Dowling, A., Development of

nanotechnologies. Nanotoday. 2004,
30–35.

2 Joy, B., Why the future doesn’t need

us. Wired. 2000, 8.04, 37.
3 Erhardt, D., Materials conservation:

Not-so-new technology. Nat. Mater.
2003, 2, 509–510.

4 www.visionminerals.com.

5 www.cdc.gov.

6 www.fda.gov.

7 Donaldson, K., Stone, V., Current

hypothesis on the mechanisms of

toxicity of ultrafine particles. Ann.
1stSuper Sanita. 2003, 39, 405–410.

8 Donaldson, K., Stone, V., Clouter,

A., Renwick, L., MacNee, W.,

Ultrafine particles. Occup. Environ.
Med. 2001, 58, 211–218.

9 Hart, G., Hesterberg, T., In vitro

toxicity of respirable-size particles of

diatomaceous earth and crystalline

silica compared with asbestos and

titanium dioxide. J. Occup. Environ.
Med. 1998, 40, 29–42.

10 U.S. Department of Labor, Bureau of

Labor Statistics www.bls.gov.

11 Roco, M., Broader societal issues of

nanotechnology. J. Nanopart. Res.
2003, 5, 181–189.

12 www.nano.gov.

13 Federal Resister, 2003, 68, 42 068–
42 071.

14 Slivka, S., Landeen, L., Zeigler, F.,

Zimber, M., Bartel, R., Charac-

terization, barrier function, and

drug metabolism of an in vitro skin

model. J. Invest. Dermatol. 1993, 100,
40–46.

15 Bennat, C., Müller-Goymann, C.,

Skin penetration and stabilization of

formulations containing microfine

References 29



titanium dioxide as physical UV filter.

Inter. J. Cos. Sci. 2000, 22, 271–283.
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2

Ecotoxicity of Engineered Nanomaterials

Eva Oberdörster, Patricia McClellan-Green, and Mary Haasch

2.1

Introduction

To date there has only been one thorough review of the nanotoxicology literature

from a biological viewpoint [1], and that review through necessity was based on re-

lated work done primarily on the toxicology of ultrafine particulate matter in mam-

malian models. In this chapter we will not repeat the previous report, but will in-

stead focus on new investigations of engineered nanomaterials in environmentally

relevant species and models. Initial ‘‘eco-nano’’ considerations were focused on us-

ing nanomaterials in the environment for remediation, in the development of more

accurate and sensitive biosensors, and for green energy production, for example

(Table 2.1). With these initial efforts there was little concern for engineered nano-

materials functioning as toxicants themselves, and the focus was on technology de-

velopment. Only since 2004 has the issues of nano-ecotoxicology of highly reactive,

lipophilic engineered nanomaterials come to the front. The numerous benefits to

society from the development of NP should not be minimized. Decreasing our de-

pendence on highly toxic fossil fuels, remediating superfund sites, creating new

and better drug delivery systems and green manufacturing are all processes whose

benefits portend great promise. We should not approach these technologies wear-

ing blinders, but rather be cognizant of the big picture. In other words: Be aware of

the benefits and the costs.

One issue that immediately confronts any scientist in the area of nanoparticle

toxicology is terminology. Standardized terminology is not yet in use, although

efforts are underway by Rice University’s CBEN to move forward on this front.

In this chapter, we will use engineered nanoparticles (NP) to designate any man-

made nanomaterial (one dimension < 100 nm) with specific chemical, size, and

shape characteristics, including materials such as fullerenes (C60, C70), single-

walled carbon nanotubes (SWNT), quantum dots, nano-wires-films, -textiles, and

so forth. The more general term, nanosized particle (NSP), will include both the

NP and naturally occurring particles that are less than 100 nm in one dimension,

such as the ultrafine particles (UFP) in air pollution, and small bacteria and vi-

ruses. This chapter will focus on engineered nanoparticles (NP).

Nanotechnologies for the Life Sciences Vol. 5
Nanomaterials – Toxicity, Health and Environmental Issues. Edited by Challa S. S. R. Kumar
Copyright 8 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Tab. 2.1. Some recent funding by the US EPA to develop

applications of NP for use in the environment [38].

Type of NP used Potential use Lead PIs and Institutions

Remediation

NanoTiO2 Photocatalysis of organic

contaminants

D.D. Dionysiou

Miami University-Oxford,

OH; University of

Cincinnatti, OH

Carbon nanostructures Sorption of organics M.B. Tomson

Rice University

Nano-metal oxides Control NOx production S. Senkan

UCLA

Nano-iron Degradation of PAH-based

contaminants

G.V. Lowry, S.A. Majetich,

K. Matyjaszewski, R.D.

Tilton

Carnegie Mellon University

Nano-biopolymers Control of heavy metals W. Chen, M. Matsumoto, A.

Mulchandani

UC Riverside

Bi-metallic nano-Fe/Pd Remediation of inorganics

and organics

W.X. Zhang

Lehigh University

Nano-crystalline zeolite NOx , photocatalytic

oxidation of organics

S.C. Larsen, V.H. Grassian

University of Iowa

Nano-magnetite Groundwater contamination M. Hull

Luna Innovations, Inc.

Filtration

Ferromagnetic particles Using nanocomposites to

monitor and filter (smart

particles)

W.M. Sigmund, D. Mazyck,

C.Y. Wu

University of Florida

Nano-crystalline catalysts Disinfection by-product

control in drinking water

S.J. Masten, M.J. Baumann

Michigan State University

Nanostructured electrodes Perchlorate from drinking

water

S.M. Jaffe

Material Methods LLC

Sensors

Carbon nanoparticle based

microchip

Analytical chemistry of

environmentally relevant

endpoints

J. Wang

New Mexico State University
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When ‘‘nano’’ first became the hot new technology, immediate environmen-

tal applications were sought using these reactive materials. Numerous funding

agencies encouraged development of NP use in the environment (applications,

Table 2.1) and initially very little consideration was given to the unintended conse-

quences or implications of nanomaterial production or use in the environment.

The new technologies developed include a wide array of materials designed for re-

mediation activities (some of which are in commercial use), the development of

biosensors for chemicals or biological agents, the development of environmental

filtration processes, and green manufacturing. Although one could argue that

both applications and implications are important areas of research, the implica-

Tab. 2.1 (continued)

Type of NP used Potential use Lead PIs and Institutions

Nanocrystalline metallic

conductors

Gas sensor V. Subramanian

UC Berkeley

Colloidal-metal nanoparticles Monitoring heavy metals O. Sadik, J. Wang

New Mexico State University

Polystyrene beads coated with

peptides

Detection of aquatic toxins R.E. Gawley

University of Miami

Fullerene Tracers for water pollution J.B. Callegary

University of Arizona

Green energy/manufacturing

Nano-clay Substitute petroleum-based

products for nano-

composites

L.T. Drzal, M. Misra,

A.K. Mohanty

Michigan Sate University

Nano-micelles Replacing VOCs with nano-

structured microemulsions

D.A. Sabatini, J.H. Harwell

University of Oklahoma

Nano-plastic fibrils and crystals Alternative to petroleum-

based composites

W.T. Winter

SUNY College of

Environmental Science and

Forestry

Nano-TiO2 Photocatalyst for solar cells G. Chumanov

Clemson University

Semi-conducting nanoparticles Catalyst fuel cells N.Y. Dolney

University of Michigan-Ann

Arbor
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tions research of NPs has lagged behind. In this chapter, we focus on some of the

recent environmental implications of NPs as toxicants, and will discuss issues that

need to be addressed through future research.

The complexity of NP in ecotoxicology can be seen in Fig. 2.1. Particle move-

ment through water, air and soils has been poorly studied, and biological uptake

and food chain transport have not been considered. Biotransformation and chemi-

cal and UV breakdown have been given scant consideration and in-depth chemical

analysis or other characterizations, including electron microscopic imaging of NP

before and after environmental ageing, have not been conducted. In the following

sections, we review these issues along with suggested areas of future research.

2.2

Water

Many NP are poorly soluble in water (e.g., SWNT, C60). However, if coated with

an appropriate molecule, such as peptides or proteins [2, 3], poly(ethylene glycol)

(PEG), or other surfactants, even non-water-soluble NP can be rendered miscible

with water, including water-containing humic acids and salts [4]. Another effective

method to render lipophilic NP (such as C60) water-soluble is to allow the particle

powders (clumps of NP) to stir in water for a few days or up to several weeks

(longer agitation times equal more dissolution). This slow procedure is a more en-

vironmentally relevant method of introducing NP into solution. Recent data shows

that using organic solvents as an intermediary to render NP water-soluble leaves

Fig. 2.1. Model of NP movement through the environment.

Dotted lines indicate pathways not yet verified, while solid

arrows indicate verified pathways. (From Oberd€oorster et al. [1].)
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traces of the organic solvent in centers of fullerene clusters. For example, Andriev-

sky et al. [5], Brant et al. [6], and Fortner et al. [4] have demonstrated that using

tetrahydrofuran (THF), a common organic solvent, to solubilize C60 in water re-

sulted in formation of nC60 aggregates that contained residual amounts of THF.

This residual THF is of biological concern and toxicologically relevant. In daphnia

we have found that the 48-hour LC50 is orders of magnitude different between

THF-solubilized nC60 (0.8 ppm) and stirred nC60 (>30 ppm, which was the highest

concentration tested). (For a review of solubility levels of NP in various solvents

please refer to Nakamura and Isobe [7].) Thus, when performing ecotoxicity tests,

it is crucial to determine not only a valid range of concentrations for testing (will

we really see ppm levels?), but also to use realistic methods of water-solubilization

of NP.

There are several target areas of concern when discussing ecotoxicology of NP.

Engineered NP will tend to agglomerate to each other or to larger particles in the

environment, and will tend to sorb onto or associate with sediments. These sedi-

ments can then be ingested by benthos, creating a food-chain through which these

NP can move (Fig. 2.1). In preliminary studies with the suspension-feeding worm

C. elegans, we have shown that FITC-labeled SWNT (which can be easily tracked

through the exposure dishes and inside the worms) move through the digestive

tract (DG) and are not absorbed into the animal (unpublished data, laboratory of

Eva Oberdörster in collaboration with Jim Waddell, Southern Methodist University

and Ya-Ping Sun, Clemson University). This type of tracking has not been done for

other NP, but is a crucial step in determining uptake into biota. Even if NP remain

solely in the DG tract and do not bioaccumulate, they are still likely to move up the

food chain as worms and other organisms are consumed by benthivores (Fig. 2.1).

This scenario seems even more likely with a detritivore benthic organism like Hy-
alella azteca in which the nC60 LC50 is greater than 7 ppm. In fact, no toxic effects

are observed in Hyalella even when the nC60 is mixed in the food [8].

In contrast to the C. elegans study, we have shown that filter-feeding crustaceans

(Daphnia magna) can accumulate NP when exposed via the water column (Figs. 2.2

and 2.3). Nano-iron used in remediation is ingested by daphnia and can coat their

carapace, including filtering apparatus and appendages (Fig. 2.3). Even though the

daphnids were coated with nano-iron, they were able to survive in the laboratory

test and were able to feed and reproduce. The toxicity of nano-iron was the same

as that for bulk iron, approximately 55 ppm (Fig. 2.3). The daphnids containing

nano-iron in the gut and on the carapace are much darker in coloration than daph-

nids without the nano-iron. Since many daphnid predators (fish) are visual feeders,

it would be interesting to determine whether the darker daphnids are more likely

to be preyed upon than lighter daphnids, similar to what has been shown with

melanized (darker) vs. lighter-colored daphnids [9].

Daphnids are generalist filter feeders specializing in larger-sized phytoplankton

[9]. However, numerous species are specialized filter feeders, including many roti-

fers that specialize in nanosized prey, such as Archaea and other small bacteria.

The differential impact of NP on filter feeders that are generalists vs. specialists

still needs to be determined. A study by Conova [10] has shown that some filter-
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feeders select their prey by surface chemistry, not necessarily size. Therefore, coat-

ing NP to make them more ‘‘biocompatible’’ may make them easier for certain

species to selectively filter. In addition, many aquatic and marine organisms, espe-

cially crustaceans, carry out their feeding and reproductive behaviors through the

use of chemosensory organs. Adherence of NP to the surface of the chemosensory

structures such as seen in Fig. 2.3 could disrupt their growth, development or re-

production by interfering both physically or physiologically with these structures.

These are not minor considerations given that zooplankton is the basis of aquatic

food chains. Specific impacts on zooplankton can significantly alter predator/prey

balance and lead to shifts in ecosystem health.

Vertebrates would be exposed not only via the food chain (either by ingesting

sediments directly or by ingesting NP-contaminated prey) but also through gill

and skin. Observations by Tjälve [11, 12] and Oberdörster [13] have shown that

translocation of toxicants, including NP, via the olfactory neuron into the brain is

likely in several species of fish. Although most NP will tend to sorb to sediments

or onto phytoplankton, NP will likely move up the food chain due to benthos and

filter-feeding invertebrates. These types of studies – systematic bioaccumulation/

biodistribution – have not been done to date. Considering the current restrictions

on fish consumption for humans due to PCBs and methyl mercury [14], it is not

only an ecosystem health issue, but also a human-health issue.

Although movement of NP through the food chain is likely, recent studies by Le-

coanet [15] have shown that NP are of very low mobility in aquifers. Even though

NP are currently injected into aquifers and ground-water for remediation, it has

been hypothesized that they will not move far from the injection point. However,

the rate of movement of NP in real-life applications has not been tested. The size,

Fig. 2.2. Uptake of nC60 into Daphnia magna.

Approximately 15 daphnids were collected at

each time point, and were rinsed 5� with

reconstituted hard water during 1 h. Water was

removed by blotting, and a wet-weight was

taken. The nC60 was oxidized, using 1 mL

bleach, and extracted overnight into toluene.

Absorbance was read at 332 nm and compared

to a standard curve.
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Fig. 2.3. Daphnia magna exposed to various

concentrations of nano-iron used in remedia-

tion. A ¼ control; B ¼ 3; C ¼ 7.5; D ¼ 15;

E ¼ 30; F ¼ 125 mg L�1 (dead daphnid). All

daphnids shown are 21-days-old and eggs are

visible in their brood pouches (green circles).

Note the darkening of the digestive tract from

A (normal greenish color) to D with increased

ingestion of nano-iron particles (black arrows).

Antennae become clogged with nano-iron in E

and F (blue arrows). The 24 and 48 h mortality

curves are also shown.
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shape and surface chemistry of NPs that make them so attractive in various tech-

nologies will also influence their behavior in the environment. Pharmaceutical

NPs that have been coated to make them more soluble or to improve the solubility

of attached drugs or compounds will surely enter the waste-water stream, similar

to what has been observed with other drugs and medicines [16]. Once there, NP

will be transported, broken down or accumulated based on their physicochemical

properties. For example, polyhydroxylated C60 (fullernols) or surfactant modified

nanotubes are specifically engineered to increase their solubility in water, and

could therefore remain in the aqueous phase. But these modifications also increase

NP movement through porous media [17]. Movement of specific NPs in environ-

mental media has not been thoroughly investigated, although researchers at Rice

University are beginning to address this issue.

2.3

Air

Most research on airborne NSP has been on ultrafine particles (UFP) of various

chemical and size compositions, and of NP in the workplace [1]. NSP can either

agglomerate to each other or to other particles in the air, depending on particle

number density and time. Particle sizes of less than 5 nm in diameter will behave

more like gases, while larger sized NSP behave more like bulk particles; for a re-

view see Ref. [1]. NSP are produced from combustion by-products, and can deposit

as dust particles, and can also be re-suspended by wind (Fig. 2.1). Global move-

ment of NSP through atmospheric deposition and re-suspension is likely, similar

to what has been found in other gaseous and particle pollutants, such as CFCs.

Biswas and Wu have recently reviewed the NP/NSP literature [18]; please refer to

that reference and to Chapters 4 and 7 of this text for more details on airborne NSP

effects, especially as they relate to workplace exposure.

2.4

Soils

Soils are a complex mixture of organic and inorganic compounds, and microbial

and other living organisms. Soils are so complex that standard ‘‘soils’’ are used in

ecotoxicology testing. To date, no studies have been performed using these stan-

dard soil protocols, but one recent study shows that at relatively high doses (ppm)

microbial growth (E. coli and B. subtilis) was reduced with nano-TiO2 and nC60 [4].

Since these are relatively high levels of nanomaterials, modeling exercises are

needed to determine relevant doses before being able to decide whether there are

risks involved in release of NP into soils.

Another source of NP in the environment (especially soils and sediments) are

NP-containing matrices that function as slow-release agents for various biocides

[19]. These matrices can be applied to various surfaces to inhibit biological growth
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(e.g., of fungi), but as the matrices weather or wear off, NP will be released into the

environment. What happens to these matrices (how fast do they break down? are

NP released from them as they break down?) is unknown.

Toxic NSP can be inadvertently created in soils, as bacteria absorb toxicants, cre-

ating ‘‘biological’’ toxic NSP. Pollmann et al. [20] have demonstrated that the outer

layer of some bacterial species function as selective matrices for the binding of tox-

ic metals. They demonstrated the S-layer of Bacillus sphaericus JG-A12, through its

hydrophobic construction and the presence of phosphorylated proteins, possesses

an extremely high and reversible binding capacity for toxic metals such as uranium

and palladium. This binding creates NSP that can be removed from the environ-

ment. But what happens to the inadvertently created NSP? Where do they go?

And how does sorption of toxicants, including NP, affect microbial communities?

In addition to effects on microbial communities, it is likely that plants can take-

up and bioaccumulate NP. Some interesting solar-cell applications have been de-

veloped using synthetic chlorophyll and fullerene [21], but it has not yet been de-

termined whether fullerene can interfere with or enhance natural photosynthesis

by bypassing the usual electron transport chain. Given that solar-power research

is focused on using nanomaterials, it is critical to determine whether natural

solar-power (i.e., photosynthesis) can be disrupted or enhanced by NP. Preliminary

studies in our laboratory indicate that nC60 may influence (enhance) the growth

rates of blue-green algae (Anabaena sp.) (unpublished observation, B. Craig and P.

McClellan-Green). The mechanism behind the change in growth is unknown. The

nC60 might act as a nutrient source, facilitate uptake of media nutrients, or possi-

bly interact with photosynthesis to accelerate the process. Although it is difficult to

predict the types of challenges that could arise due to NP in soils, another area of

concern is that these NP could interfere with cell signaling, such as with root nod-

ulation of nitrogen-fixing bacteria. Such interference has been shown with pesti-

cides [22], and could lead to unintended agricultural consequences.

Movement of NP through soil food chains is likely. Owing to the tendency to

sorb to particles, NP will likely be ingested or absorbed by soil organisms (bacteria,

worms, insects, plants, fungi, etc.) and could move up the food chain (Fig. 2.1). No

studies have been performed on soil-food chain transport, but this will likely be an

important future area of research given the human manipulation of environmental

NP and NSP, and cycling between air deposition and re-suspension in air and

water by dust and debris (Fig. 2.1).

2.5

Weathering

Currently, studies on NP and ecologically-relevant endpoints have been carried out

under laboratory conditions without allowing for action by abiotic factors, such as

UV, other chemicals, and dissolved oxygen levels/anoxia. Few studies have been

carried out on UV interactions with NP that are either coated or covalently linked

to molecules that render the NP less toxic. These studies have shown that even a
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short exposure to UV light can un-coat and/or cleave the covalent linkage to pro-

duce the more toxic parent NP [23, 24]. Therefore, studies using standard labora-

tory procedures are an important first step; however, environmentally realistic ex-

posures need to include UV exposures. This is similar to what has been shown

with PAHs, where UV light exposure photoactivates and increases the toxicity of

PAHs. In addition to UV, chemical activation of NP must be considered. Molecules

such as fullerenes, which are redox active due to their chemistry, may interact with

toxicants present or entering the environment. The question of whether other re-

dox active toxicants will enhance or suppress fullerene toxicity has not been ad-

dressed. Can fullerenes donate or accept electrons from environmental compounds

in such a manner that will create more or less toxic elements? In addition, the level

of anoxia, which can increase the oxidative stress response in affected organisms

may or may not influence fullerene toxicity. These types of questions, i.e., mixtures

studies, studies including UV as co-factors, and varying levels of oxygenation have

not been addressed as yet but will be valuable in determining realistic environmen-

tal hazards.

Aside from the abiotic factors, microbial degradation/activation may also affect

the activity of NPs in the environment. Several studies have shown that bacterial

and microsomal P450s can metabolize NP [25–28]. Microbes could, possibly,

weather both covalent modifications and coatings from NP, altering their toxicity.

Model P450s produce oxidation products of fullerene, including sequential epoxi-

dation products [25]. The introduction of hydroxy groups (as is common with

P450 metabolism) makes at least some NP less toxic [4, 29], and therefore micro-

bial weathering may help reduce the environmental impact of NP. Fortner et al. [4]

recently found a hormetic effect in B. subtilis bacteria exposed to hydroxylated-

fullerene – the highly hydroxylated fullerene (C60(OH)24) enhanced microbial

growth as compared to control and non-hydroxylated nC60. Could upregulation of

key enzymes (e.g., cytochrome P450s) be responsible for this hormetic effect? It is

too early to make such determinations, but research is being conducted in this area

to develop a database from which to draw better mechanistic conclusions.

2.6

Biomarkers

Given that microbial P450s metabolize NP in vitro [25–28, 30], it is possible

that this class of enzymes may be useful as biomarkers of NP exposure. Previ-

ously, Ueng et al. [27] demonstrated that exposure of mice to fullerenol-1

decreased monooxygenase activities towards the compounds benzo[a]pyrene, 7-
ethoxycoumarin, aniline and erythromycin. They also demonstrated an inhibition

of ADP-induced uncoupling and mitochondrial Mg2þ ATPase activity. In our labo-

ratory, we have found that the CYP2 family of enzymes are upregulated in two spe-

cies of fish following exposure to SWNT at both the protein and mRNA levels (Fig.

2.4) [31, 32]. Although preliminary, it would be interesting if specific biomarkers of

exposure could be developed for NP. To this end, an effort is currently underway in
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conjunction with the Woodrow Wilson Center for International Scholars, inter-

ested NP-producing Industries, and academia to create a ‘‘nano-chip’’ (microarray)

that could serve as a basis for both laboratory screening and field-testing to deter-

mine exposures to NP [33]. Endpoints of interest would not only include the P450-

family of enzymes, but also enzymes related to oxidative stress management, and

proteins involved in the inflammatory response. Several studies have shown that

NP can cause oxidative stress both in vivo and in vitro [13, 23, 24, 29, 34–37], and

that NP can also cause inflammation; for a review see Ref. [1].

To develop a systematic approach to detecting and validating biomarkers of expo-

sure, it is necessary to adapt current standard toxicity tests for NP. The biggest

challenge will be to use uniform NP, both chemically uniform and using a stand-

ardized preparation method. Fortner et al. [4] have shown that the preparation

method can alter the ultimate end-product of NP, and anecdotal evidence suggests

differences between stirring vs. bath sonication vs. probe sonication. As mentioned

earlier, we have shown that, in daphnia, the 48-hour LC50 is orders of magnitude

different between THF-solubilized nC60 (0.8 ppm) and stirred nC60 (>30 ppm). In

addition, the many compounds that are attached to NPs will influence their bio-

accumulation, breakdown and toxicity, especially if the attached compounds are re-

moved within different compartments in the environment.

As well as standardized testing, environmentally relevant doses need to be used.

Using only high concentrations and looking only for mortality does not give in-

Fig. 2.4. Upregulation of cytochrome P450

isozymes in male fathead minnow exposed for

48 h to 0.2 ppm synthetic nano-1 peptide, 0.2

ppm SWNT or 1 ppm water-soluble fullerene

(nC60) (Oberd€oorster et al. [31]). It appears that

both nC60 and the synthetic peptide used to

make SWNT biocompatible induce CYP2-family

proteins.
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sights into mechanisms of action. For example, in daphnia we have found that

sub-LC50 doses of nC60 can inhibit reproduction by delaying brood production and

brood size (Fig. 2.5). Gene chips can also give insights into sub-lethal effects and

mechanisms of action. Clearly, a combination of population-level data (such as re-

productive output) and protein and gene expression can give a clearer picture of

environmental risks posed by NP. To date this information is not available, al-

though several researchers are addressing these issues.

2.7

Conclusions

NP are already in the environment, used either for remediation, or from normal

use and wear of products containing NP (tires, clothing, sporting equipment, cos-

metics, etc.). As there is almost no data on the toxicity of NP to environmentally

relevant species, it is difficult to predict ecosystem risks. Although steps are being

taken to remedy this lack of knowledge, several key research areas will need to be

addressed. These include, but are not limited to:

1. How far can NP move through air, water and soil? How do size, shape, surface

chemistry and agglomeration state affect this movement?

Fig. 2.5. Exposure of Daphnia magna to sub-

lethal levels of nC60 delays reproduction (A),

results in one fewer brood (no fifth brood) over

21 days (B), slows molting (C), and reduces

the number of offspring in the first brood (D);

* p < 0:05, ** p < 0:01. Therefore, sub-lethal

endpoints need to be investigated when

studying NP effects in environmentally relevant

species. nC60 used in this study was prepared

by stirring. No organic solvents were used to

solubilize the nC60.
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2. What are the most likely routes of exposure for environmentally relevant species

(ingestion, dermal, inhalation, root uptake)?

3. Can NP interfere with photosynthesis, with microbial communities, or with

inter-species communication (such as root nodulation)?

4. Can NP bioaccumulate?

5. Can NP be metabolized to more or less toxic forms?

6. What biomarkers are relevant for measuring NP exposure levels?

7. What end-points are significant for determining risk of NP?

8. What are the mechanisms of toxicity of NP in environmentally relevant

systems?

9. Does the presence of NP in the environment affect the toxicity of other com-

pounds and vice versa?

Many of these questions are currently being addressed by scientists around the

world. We may well be able to come to a better consensus on eco-risks of NP once

these basic questions are answered. Until then, the numerous benefits of NP

should not be underestimated! Decreasing our dependence on highly toxic fossil

fuels, remediating superfund sites, creating new and better drug delivery systems

and green manufacturing are all processes whose benefits need to be considered

alongside any toxic effects of NP.
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Possible Health Impact of Nanomaterials

Peter H. M. Hoet, Irene Brüske-Hohlfeld, and Oleg V. Salata

3.1

Introduction

Nanotechnology is often portrayed as a force that will help to materialize ultimate

solutions to today’s technological problems. Nanomaterials are the first nanotech-

nological products hitting the markets. Widespread use of nanomaterials in the

consumer and industrial products is also causing some health concerns [1, 2]. Pro-

ponents of nanotechnology [3] as well as its opponents find it hard to argue their

case due to the limited information available.

How much do we know? To try to answer this question, we start this chapter

by looking at the scale and current sources of nanomaterials engineered by men.

Next, we use the relative wealth of research data available from the epidemiological

studies of the technogenic nanoparticles to highlight the apparent health effects

associated with the inhalation of ultrafine particulate matter. The inhalation of ul-

trafine particles is a well established entry route; hence we discuss the potential en-

try points of nanoparticles into the human body via airways, and also alternative

paths through the skin and gastrointestinal tract. Then, we explore their likely

pathways inside the body, the effects associated with nanoparticle interactions on

the cellular level, and analyze the origins of the bioactivity of nanomaterials. Nano-

fibers, a special case of nanomaterials that are known to be hazardous in the mi-

cron domain because of their shape, are given some thought. In addition, recent

observations on nanoparticle penetration through the blood–brain barrier are eval-

uated. Finally, the implications of our findings for the field of nanotechnology are

discussed. This chapter is one of the very first attempts to overview a rapidly devel-

oping field of nanotoxicology, and to sum up and reflect upon recent experimental

findings in this field.

3.2

Sources of Nanoparticles

Nanoparticles can be classified into three groups: natural, anthropogenic and man-

made (or artificial). The natural kind is produced, for example, during forest fires
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Nanomaterials – Toxicity, Health and Environmental Issues. Edited by Challa S. S. R. Kumar
Copyright 8 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31385-0

53



or volcanic eruptions; anthropogenic particles are quite often a by-product of in-

dustrial activities like welding or polishing. Diesel exhaust particles are also placed

in this group. The last group includes engineered nanomaterials deliberately pro-

duced because of their technologically beneficial properties caused by the reduction

in particle size. These novel properties of common materials observable only at

nano-scale dimensions already have commercial applications [4]. For example,

nanomaterials can be found in sunscreens, toothpastes, sanitary ware coatings and

even food. The production volumes of man-made nanoparticles range from the

multi-ton for carbon black and fumed silica used in plastic fillers and car tires to

the microgram quantities of fluorescent quantum dots used as markers in biologi-

cal imaging.

Following massive investments [5, 6], efforts to exploit the unique properties of

everyday materials at the sub-micrometer scale are truly world-wide [7, 8] and con-

sumer products relying on nanotechnology will experience a steady growth [9].

3.3

Epidemiological Evidence

Man-made nanoparticles are a relatively recent phenomena. As no data are avail-

able yet to evaluate the long-term risks of engineered nanoparticles, the epidemio-

logical evidence on adverse health effects of ultrafine particles will be overviewed as

a surrogate source of information.

Environmental air pollution consists of a complex mixture of compounds in gas-

eous, liquid and solid phases, the latter usually referred to as particulate matter

(PM). In general, ambient levels of particulate matter are characterized as total sus-

pended matter (TSP), and particulate matter with an effective aerodynamic diame-

ter of less than 10 mm (PM10) or 2.5 mm (PM2:5). Particles in the sub-micrometer

ranges, particularly in the range < 100 nm, are labeled as ultrafine particles in epi-

demiological studies. Ultrafine particles in ambient air vary in chemical composi-

tion and size, as do technically produced nanoparticles. The number concentration

of these small particles exceeds by far that of larger ones in urban area, but their

contribution to the total mass concentration is relatively low. Therefore, it is stan-

dard to measure PM10 and PM2:5 in mass concentration (mg m�3). For ultrafine

particles, the number concentration (cm�3) or surface area concentration (m2 m�3)

or particle length concentration (mm cm�3) is more relevant. Particles in ambient

air are generated by numerous sources: motor vehicles, power plants, wind blown

dust, photochemical processes, cigarette smoking, nearby quarry operation, etc.

Some particles are introduced from the source into the air in solid or liquid form,

while others are formed in the air by gas into particle conversion.

In the United States, the Environmental Protection Agency set National Ambi-

ent Air Quality Standards for particulate matter. According to the 1987 standard

of PM10, the maximal allowable 24-hour concentration was set at 150 mg m�3 and

the maximal annual mean was set at 50 mg m�3. From 1988 to 1993, the averages

of the annual mean PM10 concentrations at 799 sites monitored by the US EPA
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declined by 20%. Despite these improvements in air quality, Samet and coworkers

[10] reported associations between particle concentrations and the number of

deaths per day in 20 of the largest cities and metropolitan areas in the United

States from 1987 to 1994 with mean 24-hour PM10 concentrations well below the

standard. Analysis of the daily number of deaths occurring within an urban region

has shown that 10 mg m�3 PM10 were associated with an increase of 0.2%. The

result is based on a recent reevaluation of the National Mortality Morbidity Air Pol-

lution Study (NMMAPS) that included 90 urban areas of United States in these

analyses [11]. In 29 European cities, an increase of 0.6% in daily mortality was ob-

served in association with an increase of 10 mg m�3 in the study by the Air Pollu-

tion and Health Effect Association (APHEA) [12]. Studies on particles mass con-

centration indicate that there is a linear relationship between PM10 and PM2:5 and

various health indicators (like cough, symptom exacerbation, bronchodilator use,

hospital admissions and mortality [13]) for concentration levels between 0 and

200 mg m�3, and no threshold in particle concentrations below which health would

not be jeopardized.

Within most established monitoring networks, ambient particulate matter is

measured as either PM10 or PM2:5. The epidemiological research has therefore

focused on the links between these mass characteristics of ambient particles and

adverse health effects. However, with reductions in particulate emissions from in-

dustry and power stations, the relevance of the number concentrations of ultrafine

particles increased (mainly from traffic emissions). Not much was known about

their impact on health. Panel morbidity studies with asthmatic subjects indicated

that both fine and ultrafine particles were negatively associated with the respiratory

health of the exposed population [14]. A decrease of respiratory functions, e.g.,

peak expiratory flow [15], and an increase in symptoms and medication use [16],

was associated with elevated particle concentrations of ultrafine particles, inde-

pendently from fine particles. Inflammatory events in the lungs took several days

to develop. It was considered as likely that a lag time existed between exposure to

ultrafine particles and the acute respiratory health effects of the exposed popula-

tion. Cumulative effects over 5 days seemed to be stronger than same-day effects.

There was an indication that the acute effects of the number of ultrafine particles

on respiratory health were stronger than those of the mass of the fine particles [17,

18].

To improve our knowledge on human exposure to particulate matter of different

sizes and of different chemical composition in Europe, and to develop standards

for air quality in Europe, the ULTRA project was initiated. Specifically, the project

aimed to improve exposure assessment to fine particles by assessing the size distri-

butions, including ultrafine particles, and elemental compositions of fine particles

in ambient air in three European cities with different sources of particulate air pol-

lution. Three panel studies were carried out, in Amsterdam, the Netherlands, Er-

furt, Germany, and Helsinki, Finland, during winter and spring 1998–1999 [19–

21]. In all three cities, about 50 elderly persons with coronary heart disease were

followed up for six months with bi-weekly intensive examinations, which included

measurements of the function of the heart and lungs, blood pressure and of bio-

3.3 Epidemiological Evidence 55



markers for lung damage from urine. The subjects also kept daily symptom dia-

ries. These studies were limited to the investigation of the acute health effects of

short-term exposure by evaluating the impact of day-to-day variation in ambient

pollution on health through correlating mortality and morbidity with daily pollu-

tion levels. There is an association between exposure to ultrafine particles and car-

diovascular morbidity in the population with chronic heart diseases. In Helsinki

[22] independent associations between both fine and ultrafine particles and the

risk of ST-segment depression in their ECG were observed among subjects with

coronary heart disease. ST-segment depression is regarded as an indicator of myo-

cardial ischemia. The study reported increased odds ratios for 45 subjects, rang-

ing from 1.03 to 3.29, with 95% confidence intervals ranging from 0.54 to 6.32.

Several plausible mechanistic pathways have been described, including enhanced

coagulation/thrombosis, a propensity for arrhythmias, acute arterial vasoconstric-

tion, systemic inflammatory responses, and the chronic promotion of atherosclero-

sis [23].

A study conducted in Erfurt, Germany, on daily mortality showed comparable

and independent increases in mortality in association with fine and ultrafine par-

ticles [24]. All particles had a strong seasonal dependency, with maximal concentra-

tions in winter. The concentrations of ultrafine particles showed a pronounced day

of the week effect with concentrations during the weekend 40% lower than during

the week. This and a clear increase of the ultrafine particles concentrations during

the rush hours suggest that the main source for ultrafine particles was automobile

traffic. Associations between health effects and particle number and particle mass

concentrations have been observed in different size classes, and both immediate

effects (lags 0 or 1 days) and delayed effects (lags 4 or 5 days) were found. The ef-

fects could be found for total mortality and also for respiratory and cardiovascular

causes. There was a tendency for more immediate effects on respiratory causes and

more delayed effects for cardiovascular causes. Mortality increased in association

with ambient particles after adjustment for season, influenza epidemics, day of

week and meteorology, and sensitivity analyses showed the results to be stable.

In summary, both fine and ultrafine particles are associated with respiratory and

cardiovascular morbidity and mortality and appear to be so independently of each

other. There is also epidemiological evidence of similar responses to fine and ultra-

fine particles, although the size of the effects is often larger for ultrafine than for

fine particles (at least on a per mass basis). One can expect that similar effects can

be induced due to the presence of man-made nanoparticles.

3.4

Entry Routes into the Human Body

The above-mentioned health effects result from the inhalation of ultrafine par-

ticles. In general, compounds or materials can enter the body via three ‘‘natural’’

portals: skin, intestinal tract and respiratory tract (nose, airways and alveoli), or

via intentional delivery through injection, intravenous (i.v.), intraperitoneal (i.p.) or
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intramuscular (i.m.). Although our knowledge in this field is partly built on studies

concerning drug delivery (pharmaceutical research) and toxicology (xenobiotics) of

an intentional dose, in this chapter we will mainly concentrate on the health effects

of nanomaterials entering the body via one of the natural portals.

The skin acts as a strict barrier between the body and the environment; no essen-

tial elements are taken up through the skin (except solar radiation necessary to

build up vitamin D).

The respiratory tract and the intestinal tract allow transport (passive and/or

active) of various substances like water, nutrients and gasses. The lungs exchange

oxygen and carbon dioxide with the environment, and some water escapes with the

warm exhaled air. The intestinal tract is in close contact with all the materials taken

up orally; here all nutrients (except gasses) are exchanged between the body and

the environment. The anatomy and histology of the three organs in contact with

the environment differ significantly.

The skin of an adult human is roughly 1.5 m2 in area, and is at most places cov-

ered with a relatively thick first barrier (10 mm) built of strongly keratinized dead

cells. This first barrier is difficult to pass for ionic compounds as well as water-

soluble molecules.

The respiratory tract consists of three different parts: nose, airways (transporting

the air in and out the lungs) and alveoli (gas exchange areas). The nose and the

airways are a relatively robust barrier, built of an active epithelium protected with

a viscous layer of mucus. In the gas exchange area, the barrier between the alveolar

wall and the capillaries is very thin. The air in the lumen of the alveoli is only

0.5 mm (500 nm) away from the blood flow. The large surface area of the alveoli,

140 m2 in adults, and the intense air–blood contact in this region make the alveoli

less well protected than the airways against environmental damage.

The intestinal tract is a more complex barrier – exchange side, it is the portal

for macromolecules to enter the body. From the stomach, only small molecules

can diffuse through the epithelium. The epithelium of the small and large intes-

tines, in close contact with ingested material, allows and controls the uptake of nu-

trients such as disaccharides, peptides, fatty acids, and monoglycerides generated

by digestion. The overall surface available to exchange nutrients is about 200 m2

in adults.

In the following sub-sections, interactions of the three portals with nanomateri-

als are briefly discussed. Two critical aspects, from the health effect point of view,

will be discussed for each. First, how can nanomaterials have a local effect in each

of these organs and, second, can nanomaterials move from the portal into the body.

3.4.1

Lung

3.4.1.1 Inhalation, Deposition and Pulmonary Clearing of Insoluble Solids

Inhalation and Deposition The deposition of solid material in the respiratory tract

depends on the physical characteristics of the material, such as particle size and
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shape, relative weight, and on the anatomy of the respiratory tract, such as diame-

ter of the airways, air speed, branching angle etc. [25–27].

Spherical solid material can be inhaled when its aerodynamic diameter is less

than 10 mm. The smaller the particulates the deeper they can travel into the lung

– particles < 2.5 mm will even reach the alveoli. Ultrafine particles (nanoparticles

with an aerodynamic diameter of less than 100 nm) are deposited mainly in the

alveolar region, largely by diffusion (Brownian movement). Models have shown

that the deposition efficiency at the three pulmonary regions is not linear with

size: particles of between 5 and 50 nm are deposited mainly in the alveoli, smaller

and larger ones are more efficiently deposited in the higher regions [25, 28].

Fibers are defined, in pulmonary sciences, as solid materials with a length-to-

diameter ratio of at least 3:1. Their aerodynamic diameter can be used to judge

their penetration into the lungs. Fibers with a small diameter will penetrate deeper

into the lungs, while very long fibers (g20 mm) are easily stuck in the higher air-

ways, although some long fibers can enter the alveolar space [29–34].

Clearance The removal of solid material from the lungs is carried out by two dis-

tinct mechanisms. The mucociliary escalator dominates the clearance from the air-

ways and the nose; in the alveolar region the clearance takes predominantly place

by macrophage phagocytosis.

The mucociliary escalator, driven by the cilia of airway epithelium, is an efficient

transport system, pushing the mucus, which covers the airways, together with the

trapped solid materials towards the mouth.

The phagocytosis of particles and fibers results in activation of macrophages and

induces the release of chemokines, cytokines, reactive oxygen species, and other

mediators; this can lead to sustained inflammation and eventually fibrotic changes

[35, 36]. The phagocytosis efficiency can be affected by the (physical-chemical)

characteristics of the solid material [37] (see below); moreover, fibers too long to

be phagocytized (fibers longer than the diameter of the alveolar macrophage, de-

pending on the species studied) will not (or very slowly) be cleared [32, 38–40].

Laboratory exposure studies have shown that if the inhaled concentrations are

low, such that the deposition rate of the inhaled particles is less than the clearance

rate, then the retention half-time is about 70 days. For fine and nanoparticulates,

the alveolar macrophage-mediated clearance is the limiting factor. If the deposition

rate of the inhaled particles exceeds this clearance rate, the retention half-time is

significantly increased, reflecting an impaired or prolonged alveolar macrophage-

mediated clearance function with continued accumulation of lung burden (over-

load) [41–43].

Clearance from the lung depends not only on the total mass of particles inhaled

but also on the particle size and, by implication, on particle surface, as shown in

the following studies. A sub-chronic 3 months inhalation exposure of rats to ultra-

fine (@20 nm) and fine (@200 nm) titanium dioxide (TiO2) particles demonstrated

that the ultrafine particles cleared significantly slower and showed more transloca-

tion to interstitial sites and to regional lymph nodes than the fine TiO2 particles

[25].
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To summarize, most nanosized spherical solid materials are likely to enter the

lungs and reach the alveoli. These particles can be cleared from the lungs, as long

as the clearance mechanisms are not affected by the particles themselves or by any

other cause. Nanosized particles are more likely to hamper the clearance, resulting

in a higher burden [44], possibly amplifying any related chronic effects caused by

these particles. Notably, specific particle surface area is probably a better indication

for maximum tolerated exposure level than total mass [28, 45], suggesting that the

biological effects are linked to surface reactivity.

3.4.1.2 Biopersistence of Inhaled Solid Material

The main determinants of biopersistence are species-specific physiological clear-

ance and material specific bio-durability (physical-chemical processes).

In the alveoli, the rate at which fibers are cleared depends on the ability of alveo-

lar macrophages to phagocytose them. Macrophages containing fibers longer than

their own diameter (in humans longer than 20 mm) may not be mobile and will be

unable to clear the fibers from the lung [39].

The bio-durability of a fiber depends on its dissolution and leaching as well as

mechanical breaking and splitting [46, 47]. Biopersistent fibers such as amosite

asbestos (brown asbestos) [39, 48], where breakage occurs longitudinally, result

in more fibers of the same length but smaller diameter. Other types of fibers (e.g.,

amorphous) break perpendicular to their long axis, resulting in fibers that can be

engulfed by the macrophages [49].

Self-evidently, the slower the fibers are cleared (high biopersistence), the higher

is the tissue burden and the longer the fibers reside in a tissue the higher is the

probability of an adverse response [29]. Despite the crucial role played by the

length of the fibers (Stanton hypothesis) [50], it does not strictly indicate that all

fibers longer than the lower threshold are equally active or that shorter fibers are

not. Although fibers less than 5 mm long did not appear to contribute to lung can-

cer risk in exposed rats [39], fibers more than 40 mm long impose the highest risk

(recent review by Schins [38]).

Inhaled fibers, which are persistent in the alveoli, can further interact with the

pulmonary epithelial cells or even penetrate the alveolar wall and enter the lung

tissue. These fibers are often described as being in the ‘‘interstitial’’ because they

may lie between or within the cells making up the alveolar walls. Biopersistent

solid materials, certainly those containing mutagenic potency and which remain

for years in the lungs, increase the risk of developing cancer [32, 33].

Not much is known on the long-term health effects of fibrous purpose-made

nanomaterials. There are no indications that the bio-durability of fibers with a di-

ameter < 100 nm will differ from larger inhalable fibers. Therefore, great caution

must be taken in the case of contact with nanofibers; bio-durability tests must be

performed before releasing any products containing them.

Technologically, carbon nanotubes are an important group of nanofibers. Re-

cently, they have been reported to show signs of toxicity in the lung of laboratory

animals [51]. This is confirmed in two independent publications, by Warheit et al.

[52] and Lam et al. [53], which demonstrated the pulmonary effects of single-
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walled carbon nanotubes in vivo after intratracheal instillation, in both rats and

mice. Both groups reported granuloma formation, and some interstitial inflamma-

tion. Warheit et al. [52] concluded that these findings (multifocal granulomas) may

not have physiological relevance, and may be related to the instillation of a bolus of

agglomerated nanotubes. The other group [53] suggested that if carbon nanotubes

reach the lungs they are much more toxic than carbon black and can be more toxic

than quartz. These studies have to be read with some caution because a study by

the National Institute for Occupational Safety and Health (NIOSH) showed that

none or only a small fraction of the nanotubes present in the air can be inhaled

[54] (see short review of Donaldson and Tran [55]).

As noted above, at similar lung burdens, spherical TiO2 ultrafine particles cleared

significantly more slowly from the alveoli and showed more translocation to inter-

stitial sites and to regional lymph nodes than did fine particles. Thus, besides the

greater biological effects (see below) of ultrafine particles, the difference in toxico-

kinetics in the lung results in a higher burden [44].

3.4.1.3 Systemic Translocation of Inhaled Particles

The impact of inhaled particles on other organs has been reported in several epide-

miological studies. Most research has concentrated on the possible consequences

of particle related malfunction of the cardiovascular system, such as arrhythmia,

coagulation [56] etc. However, the autonomic nervous system [57, 58] as well as

the olfactory nerves may be a target for inhaled particulates [28].

Until recently, the possible passage of xenobiotic particles has not attracted much

attention, although the concept is now gaining acceptance in pharmacology for the

administration of macromolecular drugs by inhalation [59].

In evaluating the health effects of inhaled nanoparticles, translocation to the

systemic circulation is an important issue. Several para- and trans-cellular mecha-

nisms have been described in the pulmonary epithelium, but it is unclear which

one allows the translocation of nanoparticulates. Conhaim and coworkers [60]

found that the lung epithelial barrier was best fitted by a three-pore-sized model,

including a small number (2%) of large-sized pores (pore radius 400 nm), an inter-

mediate number (30%) of medium-sized pores (40-nm pore radius), and a very

large number (68%) of small-sized pores (1.3-nm pore radius). The exact anatomi-

cal location of this structure, however, remains to be established (see the review by

Hermans and Bernard [61]). Possible endocytic pathways have been reviewed by

Rejman et al. [62]. Of all endocytic pathways caveolae seem (the most) important

portals for large molecules to enter cells or to cross the epithelial border [63–65].

Caveolae allow internalization of particles as large as 500 nm in diameter, though

it depends on the surface coating.

In humans, translocation of inhaled ultrafine technetium (99mTc) labeled carbon

particles into the blood circulation has been studied independently by Nemmar

et al. [66] and Kawakami et al. [67]. However, the translocation mechanism is still

unclear. Nemmar et al. demonstrated that technetium (99mTc) labeled carbon par-

ticles, which are very similar to the ultrafine fraction of actual pollutant particles,

diffused rapidly – within 5 min – into the systemic circulation [66]. The authors
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concluded, therefore, that it was unlikely that phagocytosis by macrophages and/or

endocytosis by epithelial and endothelial cells are solely responsible for particle

translocation to the blood, but that a paracellular mechanism probably also plays a

role. More recently, Kato et al. [68] showed, morphologically, that inhaled polysty-

rene particles are transported into the pulmonary capillary space, presumably by

transcytosis.

Aerosolized insulin gives a rapid therapeutic effect [69], although the pathways

for this translocation are still unclear [70]. In addition to human studies, extra-

pulmonary translocation of ultrafine particles after intratracheal instillation or in-

halation has been reported in experimental animal studies [66, 71–73]. However,

the amount of ultrafine particles that translocate into blood and extra-pulmonary

organs was different. Following intranasal delivery, polystyrene microparticles

(1.1 mm) can translocate to tissues in the systemic compartment [74].

Oberdörster et al. have explored another alley of translocation from the respira-

tory tract towards other organs [31]. In inhalation experiments with rats, using
13C-labeled particles, they found that nanosized particles (25 nm) were present in

several organs 24 hours after exposure. The most extraordinary finding was the dis-

covery of particles in the central nervous system (CNS). The authors examined this

phenomenon further and found that particles, after being taken up by the nerve

cells, can be transported via nerves (in this experiment via the olfactory nerves) at

2.5 mm h�1 [72].

Passage of solid material from the pulmonary epithelium to the circulation

seems not to be restricted to nanoparticles, as shown by Kato et al. [68], and de-

pends on the surface characteristics of the material. The issue of particle transloca-

tion still needs to be clarified: both the trans-epithelial transport in the alveoli and

the transport via nerve cells. Thus, the role of factors governing particle transloca-

tion, such as the way of exposure, dose, size, surface chemistry and time course,

should be investigated. For instance, it would be very important to know how and

to what extent the extra-pulmonary translocation of particles is modulated by the

lung inflammation.

3.4.2

Intestinal Tract

3.4.2.1 Deposition and Translocation

Already in 1926, Kumagai recognized that particles could translocate from the lu-

men of the intestinal tract via aggregations of intestinal lymphatic tissue (PP) con-

taining M-cells (specialized phagocytic enterocytes). Particulate uptake happens not

only via the M-cells in the PP and the isolated follicles of the gut-associated lym-

phoid tissue but also via the normal intestinal enterocytes. There have been several

excellent reviews on the intestinal uptake of particles [75, 76]. Uptake of inert par-

ticles occurs trans-cellulary through normal enterocytes and in PP via M-cells, and,

to a lesser extent, across paracellular pathways [77]. Initially it was assumed that

the PP did not discriminate strongly in the type and size of the absorbed particles.

Subsequently, it has been shown that modifying characteristics, such as particle
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size [78] the surface charge of particles [79, 80], attachment of ligands [81, 82] or

coating with surfactants [83], offers possibilities of site-specific targeting to differ-

ent regions of the gastrointestinal tract (GIT), including the PP [84].

The kinetics of particle translocation in the intestine depends on diffusion and

accessibility through mucus, initial contact with enterocyte or M-cell, cellular traf-

ficking, and post-translocation events. Charged particles, such as carboxylated poly-

styrene nanoparticles [80] or those composed of positively charged polymers, ex-

hibit poor oral bioavailability [85].

Specific studies on nanomaterials are rather scarce; in general, they show that

most of them simply pass through the GIT and are rapidly eliminated. In one

study [79], the body distribution after translocation of polystyrene particles was ex-

amined in some detail. Polystyrene spheres (ranging from 50 nm to 3 mm) were

fed by gavage to female Sprague–Dawley rats daily for 10 days at a dose of 1.25

mg kg�1. As much as 34% and 26% of the 50 and 100 nm particles, respectively,

were absorbed. Those larger than 300 nm were absent from blood. No particles

were detected in heart or lung tissue. In another study, the oral uptake of radio-

labeled functionalized C60 fullerenes (water solubilized using albumin and PEG)

in rats resulted in a 98% clearance (faeces) within 48 h, and the rest was elimi-

nated via the urine, which is an indication for systemic uptake [86]. Kreyling et al.

[71], using ultrafine 192Ir, did not find any significant nanoparticle uptake in the

GI tract.

3.4.2.2 Intestinal Translocation and Disease

Crohn’s disease is characterized by transmural inflammation of the gastrointesti-

nal tract. It is of unknown aetiology, but it is suggested that a combination of ge-

netic predisposition and environmental factors play a role. Particles (0.1–1.0 mm)

are associated with the disease [87] and indicated as potent adjuvants in model

antigen-mediated immune responses. A double-blind randomized study showed

that a diet low in calcium and exogenous microparticles alleviates the symptoms

of Crohn’s disease [88].

Other studies found that material uptake (endocytosis) capacity of M cells is in-

duced under various immunological conditions, e.g., a greater uptake of particles

(0.1, 1 and 10 mm diameter) has been demonstrated in the inflamed colonic mu-

cosa of rats compared to non-ulcerated tissue [89, 90] and inflamed esophagus [91].

Clearly, from the literature cited above, engineered nanoparticles can be taken up

via the intestinal tract. In general, the intestinal uptake of particles is better under-

stood and studied in more detail than pulmonary and skin uptake. Because of this

advantage, it may be possible, with caution, to predict the behavior of some par-

ticles in the intestines.

3.4.3

Skin

3.4.3.1 Deposition and Penetration through the Skin

Skin is an important barrier, protecting against insult from the environment. The

skin is structured in three layers: the epidermis, the dermis and the subcutaneous
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layer. The outer layer of the epidermis, the stratum corneum (SC), covers the entire

outside of the body. In the SC we find only dead cells, which are strongly kera-

tinized. For most chemicals, the SC is the rate-limiting barrier to percutaneous ab-

sorption (penetration). The skin of most mammalian species is covered with hair

on most parts of the body.

At the sites where hair follicles grow, the barrier capacity of the skin differs

slightly from the ‘‘normal’’ stratified squamous epidermis [92]. Most studies con-

cerning penetration of materials into the skin have focused on whether drugs pen-

etrate through the skin using different formulations containing chemicals and/or

particulate materials as a vehicle [93]. The main types of particulate materials com-

monly used are liposomes, solid poorly soluble materials such as TiO2, polymer

particulates, and submicron emulsion particles, such as solid lipid nanoparticles.

The penetration of these particulate carriers has not been studied in detail.

TiO2 particles are often used in sunscreens to absorb UV light and therefore

to protect skin against sunburn or genetic damage. Lademann et al. have reported

[94] that micrometer-sized particles of TiO2 get through the human stratum cor-

neum and even into some hair follicles, including their deeper parts.

Tinkle et al. have demonstrated that 0.5 and 1.0 mm particles, in conjunction

with motion, penetrate the stratum corneum of human skin and reach the epider-

mis and, occasionally, the dermis [95]. It has been hypothesized that the lipid

layers within the cells of the stratum corneum form a pathway by which the par-

ticles can move [96] into the skin and be phagocytized by the Langerhan’s cells.

In this study, the penetration of particles was limited to a particle diameter of

1 mm or less. Nevertheless, other studies reported penetration through the skin to

the dermis using particles with diameters of 3–8 mm [92, 94, 97] but only limited

penetration was found, often clustered at the hair follicle (see above). This can lead

to an interaction with the immune system [93].

Penetration of non-metallic solid materials such as biodegradable poly(d,l-

lactic-co-glycolic acid) (PLGA) microparticles, 1 to 10 mm with a mean diameter of

4.61G 0.8 mm, has been studied after application on porcine skin. The number of

microparticles in the skin decreased with depth (measured from the airside to-

wards the subcutaneous layer). At 120 mm depth (where viable dermis is present)

a relatively high number of particles was found, at 400 mm (dermis) some micro-

particles were still seen. At a depth of 500 mm no microparticles were found [98].

In the skin of individuals who had an impaired lymphatic drainage of the lower

legs, soil microparticles, frequently 0.4–0.5 mm, were found, and particles as large

as 25 mm in diameter were seen in the dermis of the foot of a patient with endemic

elephantiasis. The particles are seen to be in the phagosomes of macrophages or in

the cytoplasm of other cells. The failure to conduct lymph to the node produces a

permanent deposit of silica in the dermal tissues (a parallel is drawn with similar

deposits in the lung in pneumoconiosis). This indicates that soil particles penetrate

through (damaged) skin, most probably in every individual, and normally are re-

moved via the lymphatic system [99, 100].

According to Hostynek [101] the uptake of metals through the skin is complex.

Both exogenous (e.g., dose, vehicle, protein reactivity, and valence) and endoge-

nous factors (e.g., age of skin, anatomical site, and homeostatic control) are in-
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volved. Attempts to define rules governing skin penetration to give predictive quan-

titative structure–diffusion relationships for metallic elements for risk assessment

purposes have been unsuccessful, and penetration of the skin still needs to be de-

termined separately for each metal species, either by in vitro or in vivo assays.
From the limited literature on nanoparticles penetrating the skin some conclu-

sions can be drawn. Firstly, penetration of the skin barrier is size dependent –

nanosized particles are more likely to enter more deeply into the skin than larger

ones. Secondly, different types of particles are found in the deeper layers of the

skin and, at present, it is impossible to predict the behavior of a particle in the

skin. Thirdly, materials that can dissolve or leach from a particle (e.g., metals) can

possibly enter the systemic circulation.

3.4.3.2 Irritation of Skin

Glass fibers and Rockwool fibers are widely used man-made mineral fibers, mainly

as thermal insulation materials, which have become important as a replacement

for asbestos fibers. While in contact with the skin, these fibers can induce dermati-

tis simply resulting from mechanical irritation. Why these fibers are such a strong

irritant has not been examined in detail. In occlusion irritant patch tests in hu-

mans, Rockwool fibers with a diameter of 4.20G 1.96 mm were found to be more

irritating than those with a mean diameter of 3.20G 1.50 mm [102].

Some recent experimental work that exposed human epidermal keratinocytes

(HEK) to carbon nanotubes (CNT) indicates that caution should be taken in han-

dling these materials [103, 104]. Single-wall (SW) CNT induce apoptosis and de-

crease cellular adhesion ability, in a dose and time dependent manner [104].

Multi-wall (MW) CNT are taken up by the HEK, in vacuoles present within the cy-

toplasm, but no CNT were found in the nuclei of the cells [103]. In the same study

the release, into the culture medium, of IL-8, a marker of irritation in human skin,

was found to be dose dependent.

3.5

What Makes Nanoparticles Dangerous?

Several mechanisms have been proposed to explain the adverse health effects of

nanomaterials. In ‘‘nanotoxicology’’, probably two distinct characteristics would

play a role: on the one hand, the material-specific and intrinsic toxicity and, on the

other hand, more general but specific nanoparticle-induced responses [1, 45].

Material-specific responses can often be understood and/or explained by

material-specific toxic responses, local stimulation of irritant receptors, covalent

modification of key enzyme receptors, etc. More general nanoparticle dependent

responses, certainly in lung and liver, can often be categorized as inflammatory

responses concurrent with cytokine and chemokine release, production of white

blood cells, free-radical production, etc. [28, 40]. Certainly, it would be incorrect to

separate these two responses too much as, most often, after exposure to a nano-

material multiple responses can be observed that can influence each other.
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Another aspect, which has not been studied in any detail in respect to nanoma-

terials, is the deposition of nanomaterials at any specific sink in the body [71, 72].

In kidney toxicity, the precipitation of chemicals and formation of crystals, cer-

tainly in chronic exposure, can lead to tissue damage [105].

The next section discusses some material characteristics and toxic mechanisms

important in the adverse health effects of nanomaterials.

3.5.1

Particle Size – Surface and Body Distribution

Reports on the surface properties of nanoparticles, both physical and chemical,

stress that nanoparticles differ from bulk materials. The biological effects do not

just depend on the intrinsic toxicity of the material itself but on the size and sur-

face area the nanoparticles made out of this material. Nanoparticles are not merely

small crystals but an intermediate state of matter placed between bulk and molec-

ular material. Independently of the particle size, two other parameters play domi-

nant roles: the charges carried by the particle in contact with the cell membranes

and the chemical reactivity of the particle [28, 45, 106–108].

3.5.1.1 Effect of Size

Two samples of carbon black, which can be considered as a relatively inert mate-

rial, of similar size and composition but with significantly different specific surface

areas (300 versus 37 m2 g�1) showed biological effects (inflammation, genotoxicity,

and histology) that depend on the specific surface area and not on particle mass.

Similar findings were reported in earlier studies on tumorigenic effects of inhaled

particles. In the lung, tumor incidence of chronically inhaled TiO2 of nanosized

particles (20 nm diameter) at low exposure (10 mg m�3) was significantly higher

than for high exposure (250 mg m�3) of 300 nm particles [109]. Tumor incidence

correlates better with specific surface area than with particle mass [25, 110]. In vivo
and in vitro, nanosized particles inhibit phagocytosis when compared to fine par-

ticles [111] and can change the chemotactic behavior of macrophages significantly

[112].

Size is also a critical parameter in the distribution of particles in the body.

Oral uptake (gavage) of polystyrene spheres of different sizes (50 nm to 3 mm) in

female Sprague–Dawley rats (for 10 days at a dose of 1.25 mg kg�1 day�1) resulted

in systemic distribution of the nanoparticles. About 7% (50 nm) and 4% (100 nm)

was found in the liver, spleen, blood and bone marrow. Particles larger than 100

nm did not reach the bone marrow and those larger than 300 nm were absent

from blood. No particles were detected in heart or lung tissue [80].

3.5.1.2 Effect of Surface Charges

Beside particle size, surface characteristics play a dominant role in the distribution

of material in the body.

Coating poly(methyl methacrylate) nanoparticles with different types and con-

centrations of surfactants significantly changes their body distribution [113]. Coat-
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ing these nanoparticles with b0.1% poloxamine 908, a non-ionic surfactant, re-

duces their liver concentration significantly (from 75% to 13% of total amount of

particles administrated) 30 min after i.v. injection. Another surfactant, polysorbate

80, was effective above 0.5%. A different report showed that modification of the

nanoparticle surface with a cationic compound, didodecyldimethylammonium bro-

mide (DMAB), facilitates the arterial uptake 7–10-fold [114]. The authors noted

that the DMAB surface-modified nanoparticles had a mean zeta potential of

þ22.1 mV, which is significantly different from the original �27.8G 0.5 mV

(meanG sem, n ¼ 5). The mechanism for the altered biological behavior is un-

clear, but surface modifications have possible applications for intra-arterial drug

delivery.

Polycationic macromolecules show a strong interaction with cell membranes in
vitro. The Acramin F textile paint system is a good example. Three polycationic

paint components exhibited considerable cytotoxicity (LC50 generally below 100

mg mL�1 for an incubation of 20–24 h) in diverse cell cultures, such as primary

cultures of rat and human type II pneumocytes, and alveolar macrophages and hu-

man erythrocytes. The multiple positive charges play, speculatively, an important

role in the toxic mechanism [115, 116].

A study of the biocompatibility (cytotoxicity) of polycationic materials [117] as a

function of molecular weight found that with increasing molecular weight some

macromolecules, such as DEAE-dextran and poly-l-lysine (PLL) [118, 119], den-

drimers [120] and polyethylenimine (PEI) [121], become more toxic. The toxic

mechanism is not fully understood but membrane integrity plays a role.

Dekie et al. [122] concluded that a primary amine group on poly(l-glutamic

acid) derivatives has a significant toxic effect on red blood cells, causing them

to agglutinate. Not only the type of amino function but also the charge density

resulting from the number and special arrangement of the cationic residues is

important for cytotoxicity. Ryser [123] has suggested that a three-point attachment

is necessary to elicit a biological response on cell membranes, and speculated that

the activity of a polymer will decrease when the space between reactive amine

groups is increased. The arrangement of cationic charges depends on the three-

dimensional structure and flexibility of the macromolecules and determines the ac-

cessibility of their charges to the cell surface.

Branched molecules are more efficient in neutralizing the cell surface charge

than polymers with linear or globular structure; the latter are more rigid and so

have more difficulty attaching to the membranes [124]. Therefore, high cationic

charge densities and highly flexible polymers should cause higher cytotoxic effects

than those with low cationic charge densities. Globular polycationic polymer struc-

tures [catonised Human Serum Albumin (cHSA), ethylenediamine-core poly(ami-

doamine) dendrimers (PAMAM)] exhibit good biocompatibility (low cytotoxicity)

whereas polymers with a more linear or branched and flexible structure [poly(dial-

lyldimethylammonium chloride) (DADMAC), PLL, PEI] showed higher cell-

damaging effects.

The serum half-life and body distribution of CdSe quantum dots with different

surface characteristics, coatings with short-chain or long-chain PEG, have been
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studied by Ballou et al. [125]. The mPEG-750 coated quantum dots were, 24 h after

dosage, found in lymph nodes and the spleen. The long-chain (PEG-5000) coated

quantum dots were less apparent in lymph nodes but more in the liver, spleen, and

bone marrow. This type of coating allowed a slow clearance from the body and the

particles were still observed after 133 days.

Regardless of uptake route, the body distribution of particles is most dependent

on the surface characteristics and size of the particles. This is important in drug

design in order to help to deliver medication to the right target.

3.5.2

Nanoparticles, Thrombosis and Lung Inflammation

3.5.2.1 Prothrombotic Effect

Epidemiological studies have reported a close association between particulate air

pollution and cardiovascular adverse effects [126] such as myocardial infarction

[127]. The latter results from rupture of an atherosclerotic plaque in the coronary

artery, followed by rapid thrombus growth caused by exposure of highly reactive

sub-endothelial structures to circulating blood, thus leading to additional or com-

plete obstruction of the blood vessel [127].

Nemmar et al. have studied the possible effects of particles on haemostasis, fo-

cusing on thrombus formation as a relevant endpoint [128–130]. Polystyrene par-

ticles 60 nm in diameter (surface modifications: neutral, negatively or positively

charged) had a direct effect on haemostasis after intravenous injection. Positively

charged amine-particles led to a marked increase in prothrombotic tendency, re-

sulting from platelet activation. These observations have been confirmed recently

by Silva et al. [131] in a comparable model.

A similar effect could be obtained after the intratracheal administration of these

positively charged polystyrene particles, which also caused lung inflammation

[132]. Importantly, the pulmonary instillation of larger (400 nm) positive particles

caused a definite pulmonary inflammation (of similar intensity to 60 nm particles),

but they did not lead to a peripheral thrombosis within the first hour of exposure.

This lack of effect of the larger particles on thrombosis, despite their marked effect

on pulmonary inflammation, suggests that pulmonary inflammation by itself was

insufficient to influence peripheral thrombosis. Consequently, the effect found with

the smaller, ultrafine particles is most probably due, at least in part, to their sys-

temic translocation from the lung into the blood.

Using pollutant particles, namely diesel exhaust particles (DEP), it was shown

that, within an hour after their deposition in the lungs, DEP cause a marked pul-

monary inflammation. Moreover, intratracheal instillation of DEP promotes femo-

ral venous and arterial thrombosis in a dose-dependent manner, already starting at

a dose of 5 mg per hamster (ca. 50 mg kg�1). Subsequent experiments showed that

prothrombotic effects persisted at 6 and 24 h after instillation (50 mg per animal)

and confirmed that peripheral thrombosis and pulmonary inflammation are not al-

ways associated [129, 133].
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3.5.2.2 Oxidative Stress, Inflammation and Endotoxins

Particle-induced pulmonary inflammation can induce protective and adverse cellu-

lar responses in a dose-dependent manner. Li et al. have proposed a ‘‘hierarchical

oxidative stress model’’ in response to DEP exposure (Fig. 3.1) [134]. This model

suggests that at a lower oxidative stress level (tier 1) PM induces cytoprotective re-

sponses, e.g., through the activation of antioxidant response elements, inducing

the expression of several antioxidant and phase II drug metabolizing enzymes

(e.g., heme oxygenase 1 and glutathione-S-transferase). If this level of protection

fails, the oxidative stress (tier 2) will lead to mitogen-activated protein kinase/

nuclear factor kB activation and pro-inflammatory effects. Further escalation (tier

3), will trigger disturbance of the mitochondrial function, resulting in cellular

apoptosis or necrosis. A weakened antioxidant defense can increase the susceptibil-

ity toward PM-induced airway inflammation, to infection, and maybe to asthma; it

can explain the existence of susceptible human subsets. Xioa et al. showed that the

hierarchical oxidative stress model can be applied in a macrophage cell line [135].

The authors demonstrated that in the dose range 10–100 g mL�1 organic DEP ex-

tracts induce a progressive decline in the cellular GSH/GSSG ratio. In parallel, it

causes a linear increase in newly expressed proteins, including antioxidant en-

zymes (e.g., heme oxygenase-1 and catalase), pro-inflammatory components (e.g.,

38 MAPK and Rel A), and products of intermediary metabolism that are regulated

by oxidative stress.

In vivo in rats, Arimoto et al. showed that exposure to DEP and Lipopolysaccar-

ides (LPS) (intratracheal co-instillation) resulted in synergistic enhancement of free

radical generation in the lungs, paralleled by a synergistic increase in total protein

and by infiltration of neutrophils in the bronchoalveolar lavage fluid of the lungs

[136]. The free radicals result from activated macrophages; more specifically, be-

cause of enhanced xanthine xanthine-oxidase activity.

Fig. 3.1. Hierarchic oxidative stress model

(Bernstein et al. [137] and Li et al. [134]). At

low concentrations of PM a small change in

oxidative stress can be observed without the

induction of changes at cellular or tissue level.

At a higher level of exposure, anti-oxidant

defense mechanisms are triggered. With

increasing concentrations, an inflammatory

response is induced. Finally, at the highest

concentration, toxicity and cellular and/or

tissue damage can be observed.
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3.5.3

Nanoparticles and Cellular Uptake

Reviewing the literature, there are several reports on cellular uptake of micro- and

nanosized particles and CNT. Reports on particle uptake by endothelial cells [137,

138], pulmonary epithelium [68, 139, 140], intestinal epithelium [75, 91] alveolar

macrophages [41, 73, 111, 141–143], other macrophages [88, 99, 144, 145], nerve

cells [146, 147] and other cells [71, 148] are available. This is an expected phenom-

enon for phagocytic cells (macrophages) and cells that function as a barrier and/or

transport for (large) compounds. Except for macrophages, the health effects of cel-

lular uptake of nanoparticles have not been studied in depth.

In designing quantum dots specifically to enter cells, endocytosis is highly size-

dependent, and an optimal size of around 50 nm has been suggested [149]. Be-

sides the size, the surface plays a role: quantum dots with amine-modified coating

were more efficiently internalized into the various human cells examined [150].

3.5.4

Nanoparticles and the Blood–Brain Barrier

One of the promising avenues of nanotechnology is organ- or cell-specific drug

delivery mediated by nanoparticles [151–153]. Transport of nanoparticles across

the blood–brain barrier (BBB) is expected to be possible by either passive diffusion

or by carrier-mediated endocytosis. Coating of particles with polysorbates (e.g.,

polysorbate-80) results in anchoring of apolipoprotein E (apo E) or other blood

components. Surface-modified particles seem to mimic Low Density Lipoproteins

(LDL) particles and can interact with the LDL receptor, leading to uptake by endo-

thelial cells. Hereafter, the drug (which was loaded in the particle) may be released in

these cells and diffuse into the brain interior or the particles may be trans-cytosed.

Also, other processes such as tight junction modulation or P-glycoprotein (Pgp)

inhibition may occur [154]. The translocation of inhaled nanoparticles via the olfac-

tory nerves to the brain has been reported by Oberdörster et al. [72] and Fechter

et al. [155].

3.6

Summary and Discussion

In general, in the search for potential adverse effects of a new product, toxicologists

initially look into basic mechanisms such as acute toxicity (cytotoxicity), uptake and

distribution and excretion of the material in organisms (pharmaco- or toxicoki-

netics). In a somewhat later phase, the mode of action at the target organs, tissues,

and cells is studied.

Reviewing the knowledge collected concerning health effects of nanomaterials

we have to conclude that it is still premature to draw final conclusions, simply be-

cause too little has been investigated.
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A first important remark is that current knowledge is mainly based on epidemio-

logical and experimental work concerning environmental particle pollution, most

often referred to as coarse (10–2.5 mm), fine (2.5–0.1 mm) and ultrafine particulates

(UFP) (<0.1 mm). We can certainly learn from this research, but it has to be taken

into account that exposure to man-made nanomaterials differs from exposure to

environmental particles in several ways. UFP, often arising from combustion, have

a complex composition, have no uniform size and some compounds are soluble in

biological systems, while man-made nanoparticles often have a uniform (crystal-

line) structure and size, and are often not soluble. Beside these differences it has

to be remembered that some effects of particulate matter will be more generic,

not discriminating between the nature (chemical composition) of the materials,

e.g., activation (or inhibition) of phagocytosis, cellular uptake or other cellular in-

teractions. Also, with decreasing particle diameter their surface area increases sig-

nificantly, resulting in increased surface activity; health effects can often be better

correlated with the total surface area of the material in the exposure rather than

with its total mass.

In conclusion, some important observations are summarized below:

� Of the three exposure routes, inhalation of nanomaterials is easily the most trou-

blesome for two reasons: (1) the lung itself is a target organ because the inhaled

particulates can easily induce inflammation and oxidative stress locally, and the

particulates are not always efficiently cleared from the alveoli and (2) the lung

is, as far as investigated, a portal to enter the systemic circulation.
� Exposure to skin will not, as far as we know, lead to systemic uptake but penetra-

tion into the dermis can induce immunological effects.
� Oral exposure can result in systemic penetration – a feature that can be used in

medicine, but unintended penetration from the intestinal tract, given the current

state of knowledge, is not a worrying issue.
� Penetration, independent of portal, and the subsequent distribution are related to

the size and surface properties of the particles.

From previous studies, using environmental particles, we know that oxidative

mechanisms, local inflammation, thrombotic effects, and, only recently reported,

uptake into sensory nerves are the important issues. Some of the reported effects

will be specific for the complex DEP or Urban Particulate Matter (UPM), but new

previously unobserved effects can be expected for man-made nanomaterials, there-

fore research focused on novel effects due to the specific nanomaterials will cer-

tainly be required.

Besides the expected and predictable risks, nanomaterials can induce a biologic

response in a way we are not familiar with from previous studies of known com-

pounds. For example, it has recently been observed that green-light-emitting quan-

tum dots are more toxic in vitro than red-light-emitting dots, simply because of the

difference in DNA damage by the emitted light [156].

Moreover, nanomaterials are often defined as materials with a dimension smaller

than 100 nm. The definition proposed by the European Academy at Bad Neuenahr,
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Germany is probably more appropriate: ‘‘Nanotechnology is dealing with func-

tional systems based on the use of subunits with specific size-dependent properties

of the individual sub-units or of a system of those’’ [157]. This definition takes into

account size-dependent activity and/or effect rather than a certain size; following

this it is expected that for many materials the border between ‘‘bulk’’ and ‘‘nano’’

will be mainly situated at a size range smaller than 20 nm, thus defining the size

window more strictly.

Finally, although nanotoxicology will discover some new or specific toxicological

mechanisms, the general concepts describing the process from exposure to dis-

ease, shown in Fig. 3.2, will not change. This paradigm can be used for any com-

pound and it stresses the most important steps in exposure related diseases.

Without exposure, no health effects can develop, even not from very harmful

compounds. From the portal of exposure, the compound must have the capability

to enter the body, and then be distributed to the target tissue(s). In contact with the

target tissue the compound can induce malfunction, most often subtle at first, but

resulting in irreversible changes after chronic exposure.

This scheme can easily be adopted for nanomaterials; the challenge will be to

find those (few) nanomaterials out of the large pool of newly produced materials,

with specific sizes, composition and coating, that would induce significant health

effects.

3.7

What Can be Done?

Although few direct reports are available on the health implications of exposure to

man-made nanoparticles, the indirect evidence assembled here from epidemiolog-

ical sources, drug delivery studies, as well as some in vivo and in vitro results, sug-
gests that potential health risks can not be neglected. With growing volumes of

production and their incorporation into more and more products, the chances of

exposure of the general public to the engineered nanoparticles are likely to grow.

Seemingly safe bulk materials, when reduced to nanoparticles, can drastically

change their chemical, biological and catalytic activities, and become toxic. More-

over, their minute dimensions often help to overcome the existing biological bar-

riers and body defense mechanisms. The whole issue is complicated by the diffi-

culties associated with the detection and monitoring of nanoparticles.

On the bright side, most nanomaterials are currently used as additives or prop-

erty enhancers that are highly diluted in a matrix material. The nanomaterials are

Fig. 3.2. ‘‘From exposure to decease’’ flowchart.

3.7 What Can be Done? 71



bound to the matrix and unlikely to be released in serious quantities. In addition,

most material manufacturers prefer to use liquid dispersions of nanomaterials (as

opposed to dry powders) as these are much easier to handle. Unfortunately, some

nanomaterials can only be produced in either a dry atmosphere or under vacuum.

This raises a series of questions on their safe collection, handling, dispersion,

cleaning, disposal, recycling, and environmental protection. At the time of writing,

the issue of potential health risks that might be associated with nanomaterials is

getting both an adequate press coverage and reasonable attention from the regula-

tory bodies and governments.

University laboratories are often at the forefront of nanomaterial research. Their

laboratory procedures and practices should perhaps be critically re-evaluated in

light of the material presented in this chapter. Both small and big manufacturers

who state on the MSDS forms that nanomaterials are ‘‘safe because the bulk mate-

rial is considered safe’’ should, perhaps, reconsider and try to get some proof. Fi-

nally, the public should be learning about the benefits and risks of nanotechnology

not from scandal-driven tabloids but from the scientific community directly en-

gaged in nanotechnology.
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4

Dosimetry, Epidemiology and Toxicology

of Nanoparticles1

Wolfgang G. Kreyling, Manuela Semmler-Behnke, and Winfried Möller

4.1

Introduction

4.1.1

Overview

Nanoparticles are increasingly used in a wide range of applications in science,

technology and medicine. Since they are produced for specific purposes that can-

not be met by larger particles and bulk material they are likely to be highly reactive,

in particular with biological systems. However, a large body of know-how in envi-

ronmental sciences is available from toxicological effects of ultrafine particles after

inhalation. Since nanoparticles feature similar reactivity to ultrafine particles a

sustainable development of new emerging nanoparticles is required. This chapter

briefly reviews the dosimetry of nanoparticles, including deposition in the various

regions of the respiratory tract and systemic translocation and uptake in secondary

target organs, epidemiologic associations with health effects and toxicology of in-

haled nanoparticles. General principles and current paradigms to explain the spe-

cific behavior of nanoparticles in toxicology are discussed. Since the evidence for

health risks of ultrafine and nanoparticles after inhalation has been increasing

over the last decade, this chapter attempts to extrapolate these findings and princi-

ples observed in particle inhalation toxicology into recommendations for an in-

tegrated concept of risk assessment of nanoparticles for a broad range of use in

science, technology and medicine.

4.1.2

General Background

Definition: Since the term ‘‘nanoparticle’’ is used heterogeneously in current dis-

cussion we want to define that they are shorter than 100 nm at least in one dimen-
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sion, according to a recent suggested definition within the European Union [1]. In

addition, nanoparticles are so-called ‘‘intended’’ particles, intentionally produced

for specific use in science, technology, medicine, industries and many day-to-day

applications. Therefore, they have a well-defined composition and are structured

to fit the anticipated properties. As a result they differ from ultrafine particles

(UP), a term frequently used in environmental sciences for ambient or occupa-

tional particles that are less than 100 nm in size in each dimension and which

are unintended particles, originating often from combustion processes, of diverse

sources and gas–particle interactions in their environment. Therefore, ultrafine

ambient particles are often composed of a multitude of compounds, which may

be structured in a highly complex manner. This is an additional basic difference

between well-defined intended nanoparticles and unintended ultrafine particles.

Particles in the nanometer size range have two particular properties: (a) anything

smaller than about 50 nm is no longer subject to the laws of classical physics but

of quantum physics. This means that nanoparticles can exhibit optical, magnetic or

electrical capabilities that distinguish them clearly from larger particles or bulk ma-

terial; (b) with decreasing size the ratio between mass and surface area increases

rapidly, i.e., the ratio of atoms or molecules at the surface to the total number of

atoms or molecules rises steeply with decreasing particle size (Fig. 4.1). According

to their very large specific surface area (surface area per mass), nanoparticles exert

a stronger effect on their environment, i.e., with any adjacent materials. In other

words, nanoparticles can catalyze chemical reactions at the surface; a given mass

of material in nanoparticulate form will be much more reactive than the same

mass of material made up of larger particles. For instance, crystalline nanoparticles

have abundant atoms on their surface that are less strongly bonded than those in

the interior of the particle. Given their unstable situation in the curvature of the

surface, the atoms will try to change their binding: they are reactive towards their

Fig. 4.1. Dependence of the percentage of surface molecules,

relative to total number of molecules, of spherical nano-

particles on the diameter of the particles. Note: below 100 nm

this ratio increases steeply. (From Ref. [7].)
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environment. This may well be desirable and is usually the purpose of their gener-

ation; however, exposure to such particles, for instance by inhalation or ingestion,

may have harmful consequences [2–9].

Although the economic and societal health benefits of the introduction of nano-

materials have been welcomed, concerns have been expressed that properties that

are being exploited by researchers and industry might have negative health effects

and environmental impacts and, particularly, those might result in greater toxicity.

Hence, the rapid development of a multitude of nanoparticle applications needs to

be complemented by assessing possible implications, assuring a safe and sustain-

able handling of those nanoparticles. The challenge of an integrated application

development and implication assessment is pro-active collaboration at the earliest

stage to optimize functionality of the nanoparticle and to minimize its side effects

without losses in terms of costs and time because of one-sided mismanagement or

unfocussed or delayed initiation of risk assessment.

To understand the potential risks to humans from nanoparticles, it is necessary

to understand the dosimetry and to consider the body’s defenses against particles

in general and the properties that particles require to overcome these defenses, as

discussed in Chapter 4.2. Throughout much of their evolutionary history, humans

have been exposed to small particles, often in very high concentrations, and the

mechanisms evolved for defense against microorganisms are also used to defend

the body against such particles. Generally, access to the human body can occur

through the lungs, the skin or the gastrointestinal tract. Each organ presents a bar-

rier to penetration by microorganisms or particles.

Chapter 4.3 discusses toxicological data that show a specific toxicological re-

sponse of ultrafine particles, in vitro and in vivo, that is not found using fine par-

ticles of the same composition.

The general approach to assessing and controlling risk, as discussed in Chapter

4.4, involves identification of hazards (the potential of a nanoparticle or parts of it

to cause harm) and then a structured approach to determining the probability of

exposure to the hazard and the associated consequences. As in any new technol-

ogy, foresight of possible risks depends on a consideration of the entire life cycle

of a new nanoparticle being produced. This involves understanding the processes

and materials used in manufacture, the likely interactions between the product and

individuals or the environment during its manufacture and useful life, and the

methods used in its eventual disposal.

4.1.3

Epidemiological Evidence for Health Effect Associations

with Ambient Particulate Matter

Since safety issues are not yet very well developed in the field of science and tech-

nology of nanoparticles, this young rapidly developing interdisciplinary field may

make use of existing knowledge. In fact, for over a decade, environmental risk

assessment has continuously investigated potential health effects that may be asso-

ciated with exposure to ultrafine particles in the environment [10, 11]. The need

for those toxicological studies came from epidemiological investigations that had
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shown consistent associations between exposure to particulate air pollution in

urban areas and acute increases in morbidity and mortality rates, especially for

persons with obstructive lung and cardiovascular diseases [12]. The relative risk is

surprisingly similar in many of these studies although the studies have been per-

formed at very different global locations – predominantly in North America and

Western Europe. These data have recently been collected and summarized by the

US-EPA in a review of the Air Quality Criteria Document on Particulate Matter in

2004 [13].

Interestingly, epidemiological studies on health effects of ultrafine particles pro-

vided the first evidence that this particle fraction may induce adverse health effects

independent of those of larger fine particles (<2.5 mm aerodynamic diameter) and

other air toxics, as reviewed by Wichmann and Peters [10]. Furthermore, none of

these single compounds are present at sufficiently high concentrations in the envi-

ronmental aerosol that they may be considered toxicologically relevant based on

occupational hygiene. Therefore, it appeared reasonable to investigate the interac-

tions of complex mixtures of compounds with biological systems. Although the

risks from these mixtures of compounds may be low to an individual, the large

number of persons at risk can make these compounds an important public health

threat. Frequently, health effects are only manifested in specific risk groups, i.e.,

persons predisposed by genetic susceptibility, age, and/or disease. Translating

these insights to the use of nanoparticles, the more widespread the use by the

general population the fewer implications are allowed. In particular, particulate

nanomedicines specifically generated for treatment of patients – i.e., subjects pre-

disposed by their disease – require extremely high safety standards, taking the spe-

cific physicochemical properties of all components on the scale of nanoparticles

into account.

4.1.4

Toxicological Evidence for Ambient Particulate Matter Induced Adverse Health Effects

The adverse health effects shown in epidemiological studies have inspired scien-

tists to use various techniques to study the toxicological mechanisms that form

the biological background for adverse health effects associated with gaseous and

particulate pollutants. At the beginning of the last decade, classical attempts like

lung function tests, etc. were chosen in toxicological studies. This has changed

substantially in recent years. An early key study demonstrated that ultrafine TiO2

nanoparticles caused more inflammation in rat lungs than exposure to the same

airborne mass concentration of larger, so-called ‘‘fine’’ TiO2 [14]. Before this study,

TiO2 had been considered as a non-toxic dust and indeed had served as an innoxi-

ous control dust in many studies on the toxicology of particles. Therefore, this re-

port was highly influential in highlighting that a material with low toxicity in the

form of fine particles could be toxic in the form of ultrafine particles.

Although many questions are not yet fully answered, it is reasonable to apply

this acquired knowledge to nanoparticles. With ambitious expectations of the wide-

spread introduction, use and application of nanoparticles into nearly everything, it
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cannot be emphasized enough that accompanying safety measures must be de-

vised early enough in their development. A major accident or a development simi-

lar to that of, for example, asbestos fibers related to health effects may turn public

perception negative with the disastrous result that the promising potential of

nanosciences and nanotechnology may be jeopardized in part, or even largely, by

emotional arguments of the public that are not based on rational cost–benefit

calculations.

This chapter summarizes key issues of risk assessment based on studies on the

interaction of inhaled ultrafine particles found in urban atmospheres as well as on

some nanoparticles that had been considered innoxious since their larger counter-

parts had not shown any toxic effect. We outline current understanding of modes

of actions and underlying mechanisms involved in the pathogenesis of adverse

health effects that eventually lead to disease. Therefore, we only consider the use

of nanoparticles as long as they have access to the environment. There is no reason

to consider firmly fixed nanoparticles in macroscopic entities that are unlikely to

cause any harm. Inhalative exposure needs to distinguish between that of healthy

adult workers during their work shift at the workplace in science, technology and

industry and rather uncontrolled, eventually continuous, exposure of the entire

public, including susceptible individuals such as infants, children, and the elderly,

as well as diseased and genetically predisposed subjects.

4.2

Inhaled Nanoparticle Dosimetry

4.2.1

Particle Measures

In the past, particle mass concentration was by far the most common metric used.

Daily averages range nowadays from 20 to 50 mg m�3 in most cities of industri-

alized countries. Taking the size range of particulate matter (PM) over more than

four decades (1 nm–30 mm) into account, mass concentration overestimates large

PM in the coarse fraction and basically neglects ultrafine particles < 100 nm in

size. The limitation of this metric is illustrated by the fact that the water solubility

of ambient PM may vary from 20 to 80% of PM mass and yet the toxicity of soluble

compounds is unlikely to be similar to that of the insoluble fraction. With clearer

insights into particle–lung interactions, other measures such as the particle num-

ber concentration and/or surface area need to be taken into account, depending on

whether ultrafine or larger particles are to be considered. However, exposure mea-

sures may be inadequate, since it may be the number of deposited particles per unit

surface area of airways and bifurcations and of alveoli, or dose to a specific cell such

as macrophages or epithelial cells, that determines the response of specific regions.

Therefore, the use of a metric depends on specific questions posed, requiring spe-

cifically defined measures.
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4.2.2

Deposition of Ultrafine Particles in the Respiratory System

Particle deposition of ultrafine particles in the respiratory tract is determined

predominantly by diffusional motion (thermal motion of air molecules) distorting

particles from their stream lines of the inhaled and exhaled air towards the airway

walls, where they deposit once they have touched the walls. The diffusion mecha-

nism affects particle deposition through three important components of aerosol

properties and respiratory tract physiology during breathing: (a) particle dynamics,

including size and shape, and possible dynamic change during breathing; (b) ge-

ometry of the branching airways and the alveolar structures; and (c) breathing pat-

tern, which determines the airflow velocity and the residence time in the respira-

tory tract, and includes nose versus mouth breathing [15].

Regarding regional particle deposition in the respiratory tract, the tract can be

considered as a series of filters (Fig. 4.2), starting with the nose or mouth via the

various diameters of airways to the alveoli [16, 17]. Figure 4.2 displays the deposi-

tion probability of particles of different sizes in the larger and smaller airways, as

well as the alveolar region. This means that the toxicity of particles of different

sizes can have different effects in different parts of the lungs. This may be particu-

larly important in children with developing lungs or with asthma, which mainly

affects the larger airways, or with COPD, which affects both large and small air-

ways and alveoli. These diseases may also cause an up to several-fold increase in

deposition of PM in diseased parts of the lungs, which may deteriorate their func-

tions [18].

The ultrafine particle density per airway surface area may, notably, often exceed

that of the gas exchange region because the alveolar surface area (adult lungs@

Fig. 4.2. Regional deposition of particles in the human

respiratory tract during mouth-breathing at rest. (According to

Ref. [16].)
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140 m2) is 100-fold larger than that of airways. In general, ultrafine particles are

very capable of reaching the fragile structures of alveoli; their deposition in the al-

veoli increases with decreasing diameter until 20 nm. Particles < 20 nm deposit

less in alveoli since their high diffusivity leads to their deposition in the airways.

4.2.3

Fate of Particles in the Lungs

On the walls of the respiratory tract (epithelium) particles contact first the mucous

or serous lining fluid and its surfactant layer on top. Therefore, the fate of particle

compounds soluble in this lining fluid need to be distinguished from slowly dis-

solving or even insoluble compounds.

4.2.3.1 Soluble Particle Compounds

Soluble particle compounds may either be lipid soluble or water soluble. They will

be dissolved and rapidly diluted while spreading in the mucous layer or in the se-

rous lining fluid or in the cellular sol. According to their chemical properties sol-

utes and soluble components can undergo absorption and diffusion or binding to

proteins and membranous or subcellular structures. Solutes and their metabolic

products will eventually be transferred to the blood and lymphatic circulation, un-

dergoing further metabolization, with a potential to reach any organ and to pro-

duce toxic effects, far from their site of entry in the lungs [19, 20].

4.2.3.2 Slowly Dissolving and Insoluble Particles Deposited on the Airway Wall

Slowly dissolving and insoluble particles deposited on the airway wall will be mostly

moved by mucociliary transport or by cough within 1–2 days to the throat (larynx),

where they are swallowed and taken up by the gastrointestinal tract for further

metabolization or excretion. While this clearance mechanism removes basically all

particles larger than 5 mm, the fraction of long-term retained particles in the air-

ways increases with decreasing particle size such that the uncleared fraction of

ultrafine particles is@80% of those deposited in the airways [21].

4.2.3.3 Slowly Dissolving and Insoluble Particles Deposited in the Alveolar Region

Slowly dissolving and insoluble particles deposited in the alveolar region will be

taken up and digested by specialized defense cells in the alveoli called macro-

phages within a few hours after deposition – at least under physiological condi-

tions in healthy lungs. Therefore, alveolar macrophages will determine the fate of

these particles. While alveolar macrophages are well suited to recognize and phag-

ocytize particles > 200 nm within several hours after deposition, mechanisms of

recognition are increasingly less effective for ultrafine particles with decreasing

size [21].

Note, cells and solutes of body fluids, like proteins interacting with an insoluble

particle, will not recognize what is inside the particle but only react with the mole-

cules according to their structure at the particle surface. In other words, the vast

amount of a reactive molecular species attached to the surface of insoluble particles
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and of an insoluble particle core (remaining after dissolution of the soluble com-

ponents) may be the ultimate metric that determines adverse responses, although

this species may add only a small fraction to PM mass.

4.2.3.4 Macrophage-mediated Particle Transport

Macrophage-mediated particle transport: we list below the major pathways and

actions of macrophages from the human alveolar epithelium and indicate fractions

of deposited insoluble particles undergoing these pathways, as reviewed earlier

[21]. Particularly, the fractions differ consistently from those observed in rodents

as the most common experimental animal models. Macrophage-mediated particle

transport is directed:

1. Towards ciliated airways on the epithelium for further removal by ciliary action,

passage through the gut and excretion (about a third of deposited insoluble

particles).

2. To storage on the epithelium or uptake into the lining cells [together with (3)

more than half of deposited insoluble particles].

3. Across the epithelial lining cells towards the spaces between underlying cells.

4. Across the epithelial lining cells towards the lymphatic drainage system (1–10%

of deposited insoluble particles).

5. Into and across the epithelial lining cells and eventually into the blood vessels

towards secondary target organs. There is evidence for the uptake of ultrafine

particles into the blood circulation, depending on the physical structure and

chemical composition of their surface. Fractions and rates of uptake are currently

under debate. Identified secondary target organs are liver, spleen, kidneys, vascu-

lature and heart, the immune system and the central nervous system.

Ultrafine particles are less effectively taken up by macrophages but interact to a

greater extent with epithelial lining cells than large particles. Due to their vast

numbers, they provide a very large surface area, which is the interface by which

they interact with biological systems. Generally, depending on their molecular sur-

face composition, nanoparticles may have a greater capacity to induce or mediate

more adverse effects than larger particles.

4.2.4

Translocation of Ultrafine Particles into Systemic Circulation

While a growing number of reports confirms that there is translocation of ultrafine

particles into blood circulation and subsequent uptake in secondary target organs,

the size of the translocated fraction, the transport mechanisms and the rate-

determining parameters are under debate.

4.2.4.1 Studies of Systemic Particle Translocation in Humans

Conflicting translocation data are reported in human studies. Nemmar et al. [22]

have demonstrated a rapid 3–5% uptake of radiolabeled carbonaceous ultrafine
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particles into the bloodstream within minutes after exposure and subsequent up-

take in the liver. In this study, leaching of the radiolabel from the particles was

not considered. In contrast, also using radiolabeled carbonaceous ultrafine par-

ticles, Brown et al. [18] could not find any detectable particulates (<2% of inhaled

ultrafine particles, limit of detection) beyond the lungs when the data were cor-

rected for leaching of the radiolabel off the particles. In another study on healthy

subjects as well as mild asthmatics and smokers we found no significant clearance

from the lungs of 100 nm carbonaceous particles, for which we carefully controlled

radiolabel leaching off the particles to be <2% within 24 h [23]. Due to the limit of

detection used in this study systemic translocation and subsequent uptake in or-

gans like the liver was below 1% of the deposited particles.

4.2.4.2 Studies of Systemic Particle Translocation in Animals

Oberdörster and coworkers have observed rapid translocation towards the liver of

more than 50% of 13C labeled ultrafine carbonaceous particles (26 nm size) within

24 h in a rat model [24]. Takenaka et al. [25] showed about 5–10% ultrafine silver

particle translocation to the liver. Kreyling et al. [26], however, observed only min-

ute (<1%) translocation of iridium ultrafine particles (15–20 nm and 80 nm in

size) into the blood of rats. However, these test particles did not only accumulate

in the liver, but also in spleen, kidneys, brain and heart to similar fractions. Uptake

of the 15–20 nm particles in secondary target organs was about a factor of 2–3

higher than for 80 nm particles. In this study we challenged the question of parti-

cle dissolution and were able to show that these ultrafine particles dissolved to a

very small extent, for which the particle data were corrected. Interestingly, in a

long-term retention study Semmler et al. [27] have shown that ultrafine iridium

particle contents in each of these secondary target organs did not increase with

increasing retention time after a single 1-h exposure but peaked after one week at

about 0.5% in each secondary organ. Thereafter, fractions declined again and re-

mained detectable but below 0.1% of the initial deposit throughout the six-

months-period of observation, indicating clearance mechanisms in these organs.

However, even though the mass fractions of iridium particles were rather low in

secondary target organs the number of particles is impressively high. Data at one

week and six months after the single inhalation are shown for lungs and all sec-

ondary target organs – liver, spleen, heart, brain and kidneys – in Table 4.1 (data

taken from Refs. [26, 27]). More than one billion particles were found in each of

the secondary target organs one week after a single 1-h exposure; and more than

100 million particles were still determined six months after the inhalation.

Importantly, particle uptake in the brain was not via the neural pathway from the

olfactorial epithelium in the nose, since extrathoracic airways of the rats were by-

passed when ventilated through an endotracheal tube during exposure. Therefore,

two principal pathways from the lung epithelium towards the brain are possible:

(1) along neural axons and synapses [28–30], as reviewed by Oberdörster et al. [7]

or (2) via systemic circulation. While the second route, via blood circulation, intui-

tively seems likely by analogy to uptake in other secondary organs the neural route

should be kept in mind when designing the next generation of investigations. For
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instance, Hunter and Undem [31] have demonstrated the transport of fluorescent

40 nm polystyrene nanoparticles from the nerve endings in the tracheal epithelium

along their neurons to their cell body in the ganglion nodosum and jugular ganglia

in the neck of guinea pigs along neurons innervating the trachea. Furthermore,

translocation along olfactory nerves from the olfactory epithelium to the olfactory

bulb was first reported by Howe and Bodian [32] for 0.03-mm polio virus in mon-

keys, and was later described for nasally deposited colloidal 0.05-mm gold particles,

moving into the olfactory bulb of squirrel monkeys [29]. Carbonaceous ultrafine

particles were reported to translocate also along the same pathway to the central

nervous system (CNS), based on their presence in the olfactory bulb of rats after

inhalation [30, 33].

In addition, the surface area of the retained iridium particles was calculated

based on the BET specific surface area of 123 m2 g�1 or 1500 m�2 cm�3 per mass

or volume of particles [34]; (BET surface area was determined by nitrogen absorp-

tion measurements). Since there is now evidence that the iridium particles are cov-

ered with iridium oxide [35], the density of iridium oxide (11.7 g cm�3) and not

that of iridium (22.4 g cm�3) was used for calculations. One week after inhalation

the total surface area of the retained iridium particles is close to 1 cm2 and after six

months data are still a tenth of the one-week data. Compared to 1-mm-sized par-

ticles this retained surface area of the 15 nm particles in secondary target organs

is five orders of magnitude larger because of their very large specific surface area.

It remains to be investigated what impact that may have, and whether the large

number of retained particles and the accordingly large particle surface area may

Tab. 4.1. Retained mass fractions as well as the corresponding

numbers of insoluble iridium particles in the lungs and in

secondary target organs one week and six months after single 1

h inhalation of 15 nm-sized iridium particles by WKY rats [26,

27]. The corresponding surface area of the retained particles is

also calculated, based on the BET surface area of 123 m2 g�1

or 1500 m2 cm�3 (per mass or per volume of particles,

respectively).

Organs Retained mass fraction Retained particles number Particle surface area (cm2)

One week Six months One week Six months One week Six months

Lungs 0.6 0.06 7:00� 1011 7:00� 1010 1:26� 102 12.6

Liver 0.006 0.0005 7:00� 109 5:83� 108 1.26 0.105

Spleen 0.004 0.0003 4:66� 109 3:50� 108 0.842 6:32� 10�2

Heart 0.004 0.0005 4:66� 109 5:83� 108 0.842 0.105

Brain 0.003 0.0005 3:50� 109 5:83� 108 0.632 0.105

Kidney 0.006 0.0001 7:00� 109 1:17� 108 1.26 2:11� 10�2
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have any adverse effects on the surrounding biological microstructures, like pro-

teins, extracellular fluids, cells and their multiple functional and structural com-

partments as well as whole tissue of organs that usually are not considered to be

exposed to such foreign bodies.

Recent studies of Nemmar and coworkers have shed light on possible pro-

thrombotic effects in the systemic circulation as a result of activation of platelets

[36, 37]. In their hamster model of experimentally induced thrombus formation

they observed thrombotic clots in peripheral veins and arteries after intravenous

and intratracheal administration of positively charged 60 nm polystyrene nanopar-

ticles. They emphasized the importance of size and surface charge of test particles.

In fact, the induced thrombus formation was not detectable after administration of

negatively charged or neutral 60 nm as well as 400 nm sized positively charged

polystyrene test particles; astonishingly, they observed similar thrombus formation

after application of diesel exhaust particles via both routes [36]. These observations

were confirmed by another group using a slightly modified approach [38]. From

the fact that they observed peripheral thrombus formation even after intratracheal

nanoparticle instillation into the lungs they concluded particle translocation from

the lung epithelium to circulation. Whether particle translocation really occurred

or whether thrombus formation was indirectly triggered by mediators released in

the presence of the particles in the lungs needs to be proven in the next generation

of studies. Nevertheless, the presence of these ultrafine particles with specific prop-

erties obviously was able to trigger biological responses that may initiate adverse

health effects.

The fact that surface properties and possibly the particle matrix may play an im-

portant role in systemic translocation was demonstrated in a previous study [39,

40] in which ultrafine titanium dioxide (TiO2) particles were produced basically by

the same method as the iridium particles, yielding primary particles of about 5 nm,

very similar to those of iridium. Figure 4.3 shows the aggregation of both particle

agglomerates of about 20 nm size. TiO2 agglomerates were inhaled by endotra-

cheally intubated and ventilated WKY rats and the lungs were morphometrically

studied in great detail immediately after the 1-h inhalation and 24 h later to deter-

mine the location of the retained TiO2 particles within the various lung compart-

ments. Interestingly, a substantial fraction was already found at each time point

in the vascular compartment, including the endothelium and the vascular lumen,

indicating a rapid systemic translocation, which was obviously not the case after

the inhalation of iridium particles. There are hints that these TiO2 show a positive

zeta potential similar to commercially available TiO2 nanoparticles and as opposed

to the negative zeta potential of iridium particles.

In studies using radioactively labeled ultrafine particles, the observed translo-

cated fractions always appeared to be higher when less care was taken to minimize

particle dissolution and/or the leaching of the radiolabel from the particles. Like-

wise, analysis of the stable 13C isotope-label is hampered by the fact that natural
13C occurs in all biological tissues at the level of 1% of the other stable isotope
12C, and ultrafine particle deposition in the lungs of the exposed rats made up only

about a tenth of the natural 13C in the lungs; therefore, slight variability of the
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abundant natural 13C or uncertainties of the estimate of total carbon content in a

given organ or tissue may lead to erroneous estimates.

Although the first data on susceptible humans – asthmatics and adults – did not

alter the translocation pathway, a recent mechanistic study on excised blocks of

heart and lungs of rats indicated increased translocation rates when either or both

was compromised experimentally by induced epithelial inflammation or histamine

activated endothelium [41].

Recently, more attention has been paid to surface characteristics and charges

that could influence this process, as is well known in drug delivery [42]. Studies

of drug delivery across the blood–brain barrier further confirmed the importance

of surface properties, showing that particle surface components may bind to the

ApoE-receptor of endothelial cells, which mediates crossing of this otherwise very

tight barrier [43]. In addition, current discussion focuses on other transport path-

ways: clathrin-mediated endocytosis and non-clathrin-mediated endocytosis, the

latter including internalization via caveolae [44–46]. Vesicular caveolae migrate

from the luminal to the mucosal side of epithelial and endothelial cells [47]. After

internalization caveolae are involved in endocytosis, transcytosis, and pinocytosis.

In a recent study Rejman and coworkers showed that both pathways are clearly

size-dependent for ligand-devoid polystyrene particles [48]. Using non-phagocytic

cells, internalization of microspheres with a diameter < 200 nm involved clathrin-

coated pits. With increasing size, a shift to a mechanism that relied on caveolae-

Fig. 4.3. Agglomerates of primary titanium dioxide particles

(left) and iridium particles (right); primary particles are in the

size range of 5 nm.
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mediated internalization became apparent, which became the predominant path-

way of entry for particles of 500 nm in size. Under these conditions, delivery to

the lysosomes was no longer apparent. The data indicate that the size itself of (li-

gand devoid) particles can determine the pathway of entry. The clathrin-mediated

pathway of endocytosis shows an upper size limit for internalization of approx. 200

nm, and kinetic parameters may determine the almost exclusive internalization of

such particles along this pathway rather than via caveolae. These studies on non-

phagocytic melanoma cells B16 are supported by others using primary oral or

esophageal epithelial cells [49, 50]. Likewise, endothelial cells are known to have

bottleshape-like caveolaer invaginations of the plasma membrane [46]. Interest-

ingly, studies aiming for cell transfection and gene delivery are focusing on these

transport pathways [44–46].

Besides transcellular pathways para- or intercellular pathways are other routes by

which nanoparticles can penetrate membranous cell barriers. Recently, Heckel and

coworkers have shown in an inflammatory rabbit model induced by infused lipopo-

lysaccharide (LPS) that intravenously administered 8 nm gold particles coated with

autologous albumin were found on their way between endothelial as well as epithe-

lial cells of the alveolar air–blood barrier [51]. The control rabbits showed the same

pathway at a lower extent reflecting the transfer of albumin from the vascular to the

luminal side of the air–blood barrier also under physiological conditions. Besides

this paracellular pathway they also found albumin-coated gold particles in intra-

cellular caveolae vesicles, indicative of transcellular pathways in both the control

and the inflammatory model. At the same time it shows that nanoparticles coated

with the appropriate serum protein can rapidly be translocated across a membrane,

particularly when there is a protein gradient between the two sides of the barrier. It

remains open whether these albumin-modulated para- and transcellular pathways

are important in human lungs in the reverse direction, when an inhaled particle

deposited on the alveolar epithelium is translocated into blood circulation.

4.3

Toxicological Plausibility of Health Effects Caused by Nanoparticles

Toxicological experiments can be categorized into in vivo and in vitro experiments.

In vivo experiments investigate effects in living organisms such as experimental

animals or healthy subjects and patients in clinical studies, whereas in vitro experi-
ments are conducted in organs, tissues, cells or biomolecules isolated from the

living organism. In general, toxicology studies on air pollutants are shorter-term

experimental approaches that tend, for ethical reasons, not to study people but

experimental animals. They often analyze the early events rather than waiting for

final disease. In addition, in those studies high doses are required to detect signif-

icant effects; and they may use cells and biochemical systems rather than whole

animals. To compensate for such shortcomings, models of susceptibility are an im-

portant experimental approach in which the biological system is predisposed prior
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to treatment with air pollutants. Predisposition of the system acts already like

a change of the homeostatic balance; such systems may respond more vigorously

than the normal system. If, in addition, the predisposition reflects or resembles

human diseases or human predisposition, such a model may be a powerful analyt-

ical tool, providing insights on how air pollutants may change responses of the

susceptible system.

While human clinical studies provide closer insight in nanoparticle related

modes of action, they usually are limited in yielding firm dose-response-relation-

ships because of ethical reasons. Such relationships, however, can be provided by

toxicological studies on susceptible animal models as well as cell systems. Hence,

animal studies are supposed to provide biological explanations and plausibility and

create hypotheses that may then be proven in human clinical studies.

4.3.1

Pulmonary Inflammation Induced by Ultrafine Particles

Many of the effects that occur rapidly after ultrafine particles deposit on the respi-

ratory epithelium are not fully understood. Cells in contact with ultrafine particles

like macrophages, epithelial cells and neutrophilic granulocytes are activated and

may synthesize compounds referred to as reactive oxygen or nitrogen species (includ-
ing free radicals, hydrogen peroxide, and superoxide) that try to inactivate and

eliminate the invading foreign material [52]. Within hours, cytokines and chemo-

kines are synthesized and secreted into the affected area. These molecules are me-

diators that interact with specific receptors on the surfaces of many cell types and

thereby activate cells in the surrounding environment as well as in the blood and

other tissues. As a result, cells leave the bloodstream and enter the fluid filled in-

terstitial spaces, where they can attack the foreign material. Consequently, particle-

induced cell activation events in the airways frequently result in an inflammatory
response. This response includes both the activation of cells of the epithelium (in-

cluding the production of ‘‘pro-inflammatory’’ and reactive oxygen molecules de-

scribed above) and the activation and migration of cells (particularly, neutrophilic

granulocytes and eosinophilic granulocytes in the case of a specific immunological

response) from the blood into the airways. While the inflammatory response may

occur after interaction of both fine and ultrafine particles with respiratory tissues,

the enhanced surface area of ultrafine and nanoparticles compared to fine particles

(as the acting interface) suggests a more prominent reaction.

Airway nerve cells may also contribute to inflammation in the airways by synthe-

sizing neurotransmitters [53]. In this neurogenic inflammation, the neurotransmit-

ters can affect many types of white blood cells in the lung, as well as epithelial and

smooth muscle cells. Inflammatory cytokines synthesized by white blood cells may

also affect the nerve cells. The inflammatory response may damage the epithelial

cell layer at the surface of the tissue and other cells in the airway (such as macro-

phages), which results in the loss of integrity of the tissue’s defenses. One poten-

tial consequence may be increased exposure to and reduced capacity to defend

against microorganisms.
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Thus, particle deposition on the respiratory epithelium can trigger a cascade of

events in many different cells, potentially resulting in changes in tissues and or-

gans at sites progressively further from the initial stimulus. These defense mecha-

nisms are normal responses in healthy individuals, but they may lead to deleteri-

ous changes in the host. Such changes may be rapid and temporary and may

resolve quickly but, depending on the level and pattern of exposure and the agent

to which the host is exposed to, they may last longer. It is not clear whether or how

such modulations are relevant to the development of particle-induced adverse

health effects at low levels of exposure. Yet, these changes are thought to have a

greater impact on individuals whose respiratory, cardiac, or vascular tissues have

been previously altered or damaged.

One possible consequence of damage to the airways is that the individual may

become more susceptible to respiratory infections if exposed to viruses or bacteria,

as discussed in Ref. [54]. A second possible consequence is that it may further de-

crease respiratory function in a person whose airways are already damaged by dis-

eases such as bronchitis or asthma. As a result, symptoms of asthma, for example,

may be exacerbated [55].

4.3.2

Systemic Inflammation and other Responses

Recent studies have suggested that exposure to particles results in systemic inflam-

matory effects within hours [56]. Pathways are discussed as either via direct parti-

cle translocation into circulation or via mediators released in the respiratory tract.

In particular, the former pathway supports the concept of enhanced cardiovascular

responses after ultrafine or nanoparticles exposure due to the higher likelihood of

ultrafine particle translocation into circulation when compared with larger par-

ticles. Recently, a panel of cardiologists has reviewed the existing literature and

compiled a statement in which possible pathways of interference of particulate

matter are summarized [57]. They have developed a schematic (Fig. 4.4), which

has been adopted in this chapter.

The panel link particle exposure with cardiovascular disease via four major

routes: pulmonary inflammation, pulmonary reflexes and systemic translocation

to circulation and to the heart. It is currently unclear whether the systemic re-

sponse is a consequence of an inflammatory response in the respiratory tract, be-

cause some studies on systemic inflammation have detected little or no inflamma-

tory lung response after exposure to PM. As described above, there are studies that

indicate that either particles per se (ultrafine and nanoparticles in particular) or

components that may detach or dissolve from particles may move rapidly into the

circulation, triggering either oxidative stress or pro-thrombotic or acute-phase or

other responses of the cardiovascular system [22, 56, 58]. Therefore, a direct sys-

temic inflammatory response is possible via particle translocation into the cir-

culation. This pathway of systemic inflammation is thought to be capable of trig-

gering a cascade of responses, leading eventually to atherosclerotic plaque rupture

and/or thrombosis as precursors of myocardial infarction. The other two pathways
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of pulmonary reflexes and direct particle action on the heart are thought to inter-

fere with heart rate functions, leading to arrhythmia. Both myocardial infarctions

and arrhythmia are severe diseases with a substantial mortality rate.

4.3.3

Relevant Parameters in Nanoparticle Toxicology

Biologically, it appears unmeaningful to presume that low solubility ultrafine or

nanoparticles are hazards per se, since adverse reactions result from the interac-

tion between the ultrafine particle and biological tissues. Currently, certain param-

eters of ultrafine particles are considered to trigger or mediate a cascade of reac-

tions, starting with the formation of free radicals, which lead to oxidative stress in

extracellular matrix and cells with the subsequent onset of pro-inflammatory pro-

cesses (outlined in Fig. 4.5) [2, 11, 59]. These particle parameters are now dis-

cussed below.

4.3.3.1 Number Concentration and Surface Area

Considering health effects initiated by the exposure to ultrafine and nanoparticles

requires a change of the paradigm that effects are correlated with the mass of noxae

accumulated during exposure. In ambient air the mass concentration of ultrafine

particles is usually less than 10% of the mass concentration of PM2:5. However,

the number concentration of ultrafine particles dominates the number concentra-

Fig. 4.4. Mechanisms involved in the link between

cardiovascular disease and PM exposure. (After Ref. [57].)
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tion of fine particles by >90% [60]. Therefore, surface area and number concentra-

tion appear to be the more reasonable metrics of ultrafine and nanoparticle expo-

sure than mass concentration. Furthermore, exposure metrics may be inadequate

since it may be the number of deposited particles per unit surface area or dose to a

specific cell (e.g., alveolar macrophage) that determines response for specific re-

gions. Therefore, the use of a metric depends on specific questions posed, requir-

ing specifically defined metrics.

Oberdörster and co-workers have tested the relation between surface area of par-

ticles and inflammatory response [61]. Ultrafine TiO2 with an average particle size

of 20 nm and pigment grade (fine) TiO2 with an average particle size of about 250

nm were used. Doses ranging from 30 to 2000 mg of TiO2 were intratracheally in-

stilled into rats and mice. When the deposited TiO2 dose was expressed as particle

surface area, there was a unique relationship to the inflammatory responses of

these two different sizes of TiO2 particles. The importance of particle surface area

for eliciting inflammatory responses in the lung has been confirmed [62, 63]. This

concept of particle surface area as the appropriate dose metric has been recognized

as an important principle in particulate matter toxicology [11, 64, 65].

4.3.3.2 Particle Shape (Fibers and Nanotubes)

Newer materials or those under development, such as synthetic organic fibers and

carbon nanotubes, may have different toxicology paradigms [3]. The existing para-

digm for silicate fibers suggests that respirable fiber types vary in their ability to

cause lung disease and that this can be understood on the basis of the length of

the fibers and their biopersistence in the lungs. Because fibers are regulated on a

fiber number basis and the hazard is understood on the basis of the number of

Fig. 4.5. Parameters of ultrafine particles considered to be

involved in the initiation of oxidative stress and inflammatory

processes. (Adapted from [3].)
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long fibers, in fiber testing the dose should always be expressed as fiber number

(not mass), and the length and diameter distribution also need to be known. Car-

bon nanotubes are long thin structures that can have diameters of a few nano-

meters but be many thousands of nanometers long. These could have very unusual

toxicological properties, in that they share shape characteristics of both fibers and

nanoparticles; such limited toxicology as presently exists supports the contention

that these may be harmful to the lungs [3, 66]. Thus, the physiological relevance

of these findings needs ultimately be determined by conducting inhalation toxicity

studies.

4.3.3.3 Transition Metals

For more than 10 years transition metals have been suspected and proved to cause

health effects. Convincing evidence has been provided by a combination of epide-

miologic and subsequent toxicological studies. An epidemiological study showed

reduced effects of several morbidity endpoints as well as mortality in the popula-

tion of Utah Valley, Utah, during a one-year period when a steel mill had been

shut down, resulting in considerable reduction of transition metals in ambient

fine particles, while symptoms and metal-containing air pollution were high in the

year prior and after the closure of the steel mill [67–69]. Dust sampled from each

period was applied in a human clinical study [70] as well as in a mechanistic study

demonstrating pulmonary injury, neutrophilic inflammation and increased airway

responsiveness of the metal-rich samples using a sensitive animal model [71].

Hence, the clinical and toxicological animal study provided a better understanding

of the modes of actions of the ambient particles that had been found to be associ-

ated with adverse health effects within the population of Utah Valley.

Similar combined studies are being applied to air pollution in the city of Hett-

stedt, in former Eastern Germany, which has a history of several centuries of non-

ferrous metal mining and smelting in comparison with the city of Zerbst, serving

as a control in a nearby agricultural area. High PM2:5 levels were shown to be as-

sociated with significant decline of lung function and with significant increase of

prevalence for bronchitis, otitis media, frequent colds, and febrile infections in

three surveys on children over a decade in the 1990s. At the same time, high levels

of the transition metals zinc, lead, copper, and cadmium were associated with aller-

gic responses [55, 72, 73]. Dusts from Hettstedt and Zerbst were studied in an al-

lergic mouse model, showing increased allergic responses and increased allergic

sensitization [74]. This dust also had the capacity to form radical species [75] and

further clinical human studies demonstrated that dust obtained from Hettstedt in-

duced distinct airway inflammation in healthy subjects with a selective influx of

monocytes and increased generation of oxidant radicals [76].

Both series of combinatory ‘‘epi-tox’’ studies provide comprehensive evidence for

the association of adverse heath effects in susceptible population groups and modes

of actions of these ambient particles in either clinical and animal models studies or

in in vitro studies. Importantly, PM2:5 is the basic dose metric in these studies and

not ultrafine particle parameters. Note that in the second series of epidemiological

studies ultrafine particle number concentration was measured in addition and do-
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minated the number concentration of the fine particle fraction by 90% [77]. There-

fore, additional research is required to demonstrate whether the ultrafine particle

fraction plays a role in the observed effects and modes of actions and whether

they may even drive the effects because of the very peculiar properties of the ultra-

fine particle fraction.

4.3.3.4 Organic Compounds

Organic chemicals associated with ultrafine particles play a role in the pro-

inflammatory effects of diesel exhaust particles (DEP), as demonstrated in several

in vitro studies. For example, DEP caused modest stimulation of interleukin-8 (IL-

8), granulocyte macrophage colony-stimulating factor (GM-CSF) and RANTES pro-

duction by epithelial cells, and this activity was lost on extraction of the organic

matter [78]; the benzene extracts contained most of the stimulatory activity seen

in the whole DEP. Benzene extracts contained almost 90% of the benzo[a]pyrene,
B(a)P, content and the authors concluded that poly aromatic hydrocarbons (PAHs)

such as B(a)P were likely responsible for the stimulation of cytokine production

by the epithelial cells. Boland et al. have demonstrated that DEP stimulated

IL-8, GM-CSF, and IL-1b release from the bronchial epithelial cell-line 16HBE

[79]. Furthermore, they contended, this was related to the amount of adsorbed

organic compounds, because carbon black with virtually no adsorbed organic

matter did not cause cytokine release. In support of this, exhaust gas post-

treatments that diminished the adsorbed organic compounds also reduced the

DEP-induced increase in GM-CSF release. Further studies with the organic extracts

confirmed that most of the stimulating activity was in the organic fraction [80]. In

another study, PAH extracted from DEP induced expression of IL-8 and RANTES

in peripheral blood mononuclear cells [81], demonstrating that both macrophages

and epithelial cells could be important in the pro-inflammatory effect induced by

DEP in the lungs. Chin and coworkers [82] demonstrated that carbon-black treat-

ment of the RAW264.7 mouse macrophage cell line had no effect on TNFa release

but that the addition of B(a)P to the particles caused them to become stimulatory

for TNFa.

More recently, investigators started to find evidence that amongst the large vari-

ety of organic compounds, particularly in the particulate fraction of ambient air

originating from combustion processes, there are biologically highly reactive com-

pounds like redox cycling quinones – oxidized and nitrated polyaromatic hydrocar-

bons, which can catalyze release of reactive oxygen species (ROS), leading to the

induction of oxidative stress and inflammation. PM from the Los Angeles basin

as well as organic extracts obtained from DEP induce a stratified oxidative stress

response leading to Heme-oxygenase-1 expression, followed by activation of Jun

kinase and pro-inflammatory interleukin-8 production, and culminated in cellular

apoptosis in parallel with a sharp decline of antioxidant levels. These effects were

more prominent in the fine particle fraction than the coarse, and they were posi-

tively correlated with higher contents of organic carbon and polyaromatic hydrocar-

bons [83]. Admittedly, the ultrafine particle fraction was not analyzed explicitly;

however, the organic carbon load is highly associated with the ultrafine particle
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fraction since this fraction predominantly originates from combustion processes.

Pro-inflammatory effects in the respiratory tract are related to the particle content

of redox cycling chemicals and are involved in the adjuvant effect of DEP in atopic

sensitization [84]. Cytotoxicity in epithelial cells and macrophages is the result of

mitochondrial damage, which manifests as ultramicroscopic changes in organelle

morphology, a decrease in the mitochondrial membrane potential, superoxide pro-

duction, and ATP depletion.

4.3.3.5 Extrapolation of Health Effects Observed in Animals towards Human

Comparison between rodents and humans is rather difficult due to anatomical and

physiological differences, which can result in considerably lower concentrations to

sensitive regions of the respiratory tract of animals compared to similar regions in

humans.

Laboratory animals used in toxicological studies are genetically very similar

within specific strains, whereas human populations are heterogeneous. Thus, ex-

trapolating results from animals to humans must not only take strain and species

differences into account, but must also consider inter-individual variation among

humans.

With animal studies, the presumed susceptible part of the human population is

mimicked by inducing specific cardiopulmonary diseases or focusing on senescent

animals. For instance, animal research has been done in the laboratory using a

model of asthma, increased blood pressure in lung arteries, lung inflammation

and general high blood pressure. An advantage of these models is that hypotheses

on the mechanisms of action and biological plausibility can be examined. Using

DEP, residual oil fly ash or ambient particles, it has been demonstrated in models

for respiratory infection and allergy that symptoms can exacerbate. A drawback

with these disease models in animals is that they are not completely equivalent to

the human disease counterpart. Yet the development of susceptible animal models

is a prerequisite to the search for biological plausibility of the higher vulnerability

of susceptible and diseased individuals. A second issue is a certain degree of un-

certainty as to whether the laboratory animal used is representative of the reactions

of a human being, or whether the endpoints examined are sensitive enough and

representative for human endpoints. An additional consideration is whether the

timing of exposure and observation has been correctly chosen in the animal

studies. However, studies in animals continue to be the main methodology on

which to predict adverse health outcomes in humans and to clarify the relationship

between exposure dose and toxic effects.

Since the development of ambient particle related health effects is a multifacto-

rial process that may start with genetic predisposition and is propagated by life-

long exposure to air pollution and a history of diseases, acute effect studies in

animal models seem not to be likely to mimic this progression, which would re-

quire long-term exposure studies to carefully controlled fractions of air pollutants.

Whether long-term exposures to nanoparticles will occur and whether such precau-

tions are required will depend on the use of future nanoparticles.
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4.4

Integrated Concept of Risk Assessment of Nanoparticles

Nanoparticles are expected to be used in a wide range of new technologies. To

highlight the importance of sustainable risk assessment, let us consider the use of

nanoparticles in medicine: in this field nanoparticles are designed for therapeutic

drug delivery and/or imaging techniques in diagnostics to be administered directly

to the patient as multifunctional drug nanocarriers. This may require targeting

across several membranes while the drug is sufficiently bound to the nanocarrier,

and specific and controlled release of the drug at the target site, allowing for

increased efficiency of the drug in target organs or cells, while side effects are

minimized in sensitive but not-targeted organs and tissues [9]. This also includes

non-toxic effects of the carrier nanoparticles. Although these may be future visions,

nanomedicines are likely to represent the most challenging nanoparticles in terms

of their safe and sustained application since patients predisposed by their disease

are likely to be more susceptible to any such treatments, responding eventually

more sensitively than healthy subjects. Hence, the rapid development of a multi-

tude of nanoparticle applications needs to be complemented by assessing possible

implications, assuring safe and sustainable handling of those nanoparticles. The

challenge of an integrated application development and implication assessment is

pro-active collaboration at the earliest stage to optimize functionality of the nano-

particle and to minimize its side effects without losses in terms of costs and time

because of one-sided mismanagement or unfocussed or delayed initiation of risk

assessment. While most other nanoparticles are not aimed for specific administra-

tion in human subjects, possible exposure scenarios still need to be considered.

Hence we propose an integrated conception to estimate the health hazards of

newly generated nanoparticles during their development. For this risk analysis the

whole life-cycle of the newly developed nanoparticle has to be considered, includ-

ing its scientific or industrial generation, its storage and distribution, its antici-

pated application and possible abuse, and finally its disposal. That means potential

human incorporation may vary at different stages of the life cycle of nanoparticles

and different groups of the population may be exposed. During generation an oc-

cupational group of healthy adult workers may be exposed to nanoparticles, while

its anticipated application may possibly lead to exposure of the whole population,

including susceptible people, like infants, children, elderly and diseased individu-

als. The challenge is to produce a reasonable estimate that takes into account the

widespread use of mass-wise produced nanoparticles versus those produced in

small quantities.

As a result, possible incorporation pathways can be foreseen for the respective

usage of a given nanoparticle, which will include organs of uptake, organs involved

in the distribution and secondary target organs. In all these organs the nanopar-

ticles or their metabolic products eventually accumulate in different ways. Within

these organs, interaction of the nanoparticles will take place at the level of proteins

of body fluids and on the cell surface and within cells; this will eventually be the
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beginning of a cascade of reactions, mediating or initiating adverse health effects,

leading to disease, as outlined above. Therefore, only those proteins and cells need

to be examined that interact with the nanoparticle. Nevertheless, these may be

more than those within the organ of predominant uptake and anticipated target

organs or tissues.

To assess the interaction between nanoparticles and biological materials, a strate-

gic concept is necessary that (a) classifies nanoparticles according to their chemical

compounds, physical structure and, particularly, such properties at their surface;

(b) takes into account possible exposures in different phases of the nanoparticle’s

life cycle; (c) estimates delivered doses to the various biological systems; and (d)

stratifies toxicological assessment from simple high-throughput screening meth-

ods towards more complex in vivo studies only when required and based on pre-

vious findings at a lower level of analysis. Initially, simple acellular tests may

evaluate free radical formation, oxidative stress, antigen–antibody reactions, etc.

followed by genetic (regulation of cytokines and mediators, nucleus-signaling) and

proteomic (structural and functional modification of proteins) high-throughput

methods. Actually, these methods, which aim to understand the underlying mech-

anisms, will predominantly make use of modern nanotechnology, such as gene-

and protein-array chip technology specifically designed to screen nanoparticle–

gene and –protein interactions. This genetic and proteomic information will pro-

vide guidance to the next step of assessment. As a result a second series of biolog-

ically and toxicologically more relevant tests aimed toward specific reactions may

become necessary – first on cells, followed by multicell models and in vivo animal

models, which finally may require clinical phase trials in the case of medicinal

nanoparticles. Figure 4.6 shows a schematic of this integrated concept.

From this structured approach, life-cycle-specific recommendations for regula-

tion will be derived for each nanoparticle. Such an approach would even allow the

use of a nanoparticle that may have an elevated risk at some stage of its life as an

Fig. 4.6. Integrated concept for sustained toxicological risk

assessment in relation to newly developed ultrafine particles

and nanoparticles.
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overall risk–benefit analysis may still be in support of its use while including spe-

cific prevention measures when they become necessary – e.g., in the application of

nanoparticles in medicine. In fact, controlled application of new emerging nano-

particles will require knowledge-based development, production and application,

including sustainable risk assessment prior to their widespread use.

Public perception is an important factor for the future development of nano-

sciences and nanotechnologies. Efforts need to be undertaken to convince the pub-

lic of the beneficial potential of nanosciences and nanotechnologies. It would be a

tragedy if a major accident jeopardized in part, or even largely, the development of

this future technology with its splendid prognoses.
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5

Impact of Ceramic and Metallic Nano-scaled

Particles on Endothelial Cell Functions in Vitro

Kirsten Peters, Ronald E. Unger, Antonietta M. Gatti,

Enrico Sabbioni, Andrea Gambarelli, and C. James Kirkpatrick

5.1

Introduction

5.1.1

Origin of Particles in the Human Environment

The term ‘‘particles’’ is defined as ‘‘very small pieces of solid or liquid matter, light

enough to be suspended in the air’’. The human body is exposed to many types

of particles during its lifetime. These particles can be of natural origin or they can

develop as (by-)products of industrial processes, and technical or pharmaceutical

engineering. Thus, these particles vary largely in composition, size, shape, surface

property and habitat. Dependent on these characteristics, the internalization of

particles and their dissemination within the body is variable and may take place by

ingestion (by polluted food or food additives) [1], inhalation (smoking, diesel soot,

medical aerosols), via the skin (e.g., cosmetics, pharmaceutics), implantation (e.g.,

wear from implants), and also injection (e.g., drug delivery and cancer therapy) [2].

Particulate air pollution is associated with enhanced mortality from respiratory and

cardiovascular diseases [3]. The World Health Organisation (WHO) estimates that

inhalation of particulate matter is responsible for at least 500 000 deaths each year

worldwide [4].

Particles can be divided into those that are internalized accidentally (e.g., by air

or food pollution) and those that are administered intentionally (e.g., for drug

delivery, diagnostic agents). Among the naturally occurring particles in the air are

pollen grains and their fragments and other vegetable particles, such as starch

granules, which might, for example, carry mold spores with high allergenic poten-

tial. Furthermore, particles from volcanic eruptions occur naturally in the atmo-

sphere. Particles evolved by pollution are from industry, motor vehicles, and other

sources of thermodegradation. Furthermore, man-made/engineered particles have

become relevant in recent years, e.g., due to the enormous progress in industrial

use (e.g., in automotive, electronic, textile, household, and chemical industries)
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and in pharmaceutical development of nanometer-scaled particles for drug delivery

in asthma or cancer diagnosis and therapy [2, 5]. However, this rapid technical de-

velopment has led to concerns about unknown risks of engineered nanometer-

scaled materials [6].

5.1.1.1 Evidence for Size-dependent Toxicity of Particles

Among the most abundant air pollutants in urban areas is particulate matter with

a mean diameter ofa10 mm (also called PM10, defined as particulate matter 10 mm

in diameter and smaller, by environmental toxicologists). Over the years it has be-

come clear that particles with very low sizes (especially those below 100 nm) are

more noteworthy than larger particles since they induce more severe effects [7, 8].

There are different reasons for this phenomenon:

1. Particle size as a limiting factor of accessibility to the body’s organs and tissues.

For example, intact pollen grains, >10 mm in diameter, are too large to enter

the lower airways. They are eliminated by mucociliary clearance. However, the

naturally occurring break-up of pollen grains (e.g., by osmotic shock) produces

smaller pollen fragments that can reach the lower parts of the airways and exert

asthma-inducing effects in sensitized patients [9, 10].

2. Particle size as a limiting factor of accessibility to cells and cell compartments.

Recent studies indicate that particle size alone can strongly affect the effi-

ciency of cellular uptake [11].

3. The surface/size-ratio increases exponentially with decreasing particle sizes,

leading to increased surface reactivity. This increased surface reactivity might

lead to greater biological activity per given mass compared to larger particles,

which in turn might have effects on, for example, particle internalization into

tissues, cells and organelles, toxicity, or the induction of oxidative stress [2, 12].

This leads to the question: Are materials that are generally recognized as safe as

bulk materials by the accredited standard tests also safe as (nano-scaled) particles?

To date no standards exist for testing the safety of nanoparticles.

As mentioned above, particles with sizes below 100 nm are especially problem-

atic. By definition, particles smaller than 100 nm are called nanoparticles or ultra-

fine particles. Nanoparticles are at least 100-fold smaller than mammalian cells and

are mostly smaller than viruses. Since the diameter of DNA molecules is 2 nm and

atoms have diameters between 0.1 and 0.4 nm, concern about the interference of

small nanoparticles with cellular structures at the molecular level is legitimate.

5.1.1.2 Dissemination and Interferences of Nanoparticles within the Body

Owing to the minute size of nanoparticles, internalization into the body’s tissues

appears to be extremely easy. This has been shown by experiments in human vol-

unteers with radioactive-labeled carbon nanoparticles (i.e., ‘‘Technegas’’) that passed

rapidly into the systemic circulation after inhalation. Radioactivity could already be

detected in blood after 1 min of inhalation [13]. Furthermore, animal studies re-
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vealed that inhaled nanoparticles were translocated into the liver [14] and into the

brain [15]. Thus, nanoparticles seem to be able to circumvent the tight blood–brain

barrier; the movement of nanoparticles across the blood–placenta barrier has also

been discussed [16, 17].

The incidence of higher asthma frequency during severe air pollution episodes

has long been known [18]. Recent studies indicate that the ultrafine particles in

air pollution are especially important in the course of asthma and chronic obstruc-

tive pulmonary disease (COPD) [19, 20]. Furthermore, other tissues in addition to

the lung seem to be affected by nanoparticle exposure: In mice exposed to nano-

particles in ambient air the levels of pro-inflammatory cytokines were increased in

brain tissue so that a coherency between inhaled particulate matter and the devel-

opment of neurodegenerative diseases was suggested [21]. Moreover, nanoparticles

are suggested to be involved in thrombus formation in the blood [22, 23]. There is

evidence that fine and ultrafine particles are involved in the pathogenesis of

Crohn’s disease, a transmural inflammation of the gastrointestinal tract [24].

5.1.1.3 Endothelial Cells and Nanoparticle Exposure

As the sources of internalized nanoparticles (food, air, etc.) and the location of par-

ticle detection are generally far apart, a distribution via the blood stream must have

occurred. Thus, endothelial cells, which line the inner surface of blood vessels, will

have direct contact with the particles. Endothelial cells are important in inflamma-

tion and wound healing. Upon pro-inflammatory stimulation of the endothelium,

adhesion molecules are expressed on the cell surface, thus mediating leukocyte at-

tachment (e.g., E-selectin and intercellular adhesion molecule-1/ICAM-1). Further-

more, endothelial cells are able to release cytokines, such as interleukin-8 (IL-8, a

key factor in neutrophil chemotaxis). Thus, these features contribute to the pro-

inflammatory endothelial phenotype that permits the transmigration of leukocytes

from the blood into the perivascular space [25]. Activation of IL-8, E-selectin and

ICAM-1 is regulated by the same transcription factors, NF-kB (nuclear factor-kB)

and AP-1 (activator protein-1) [26–28].

5.1.1.4 Testing of Nanoparticle-induced Effects on Human Endothelial Cells In Vitro

Little is known about the effects of nanoparticles on endothelial cell functions.

Therefore, their effects on human endothelial cells have been studied in vitro and

are reported here. Ceramic nanoparticles of TiO2 and SiO2 and metallic nanopar-

ticles of Co and Ni were examined with respect to cellular internalization and their

influence on cell viability, proliferative activity, and the pro-inflammatory endothe-

lial phenotype. Moreover, due to the effects of the metallic nanoparticles they were

compared with metal ion treatment. Endothelial cells in vitro were able to inter-

nalize many particles and reacted differentially in response to the internalization,

dependent on the composition of the different nanoparticles. Furthermore, diver-

gent effects of metallic nanoparticles vs. metal ions were observed. The link be-

tween these results and the possible risk of nanoparticles to human health is also

discussed.
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5.2

Materials and Methods

All chemicals were obtained from Sigma if not otherwise indicated.

5.2.1

Cell Culture

Human dermal microvascular endothelial cells (HDMEC) were isolated from

juvenile foreskin as described before [29] and cultured in Endothelial Cell Basal

Medium MV (PromoCell) supplemented with 15% fetal calf serum (Invitrogen),

basic fibroblast growth factor (bFGF, 2.5 ng mL�1), sodium heparin (10 mg mL�1),

penicillin/streptomycin (10 000 units penicillin per mL, 10 000 mg streptomycin

sulfate per mL, Invitrogen), cultivated in a humidified atmosphere at 37 �C (5%

CO2) and used in passage 4.

5.2.2

Particles

SiO2 and TiO2 particles were produced by flame spray pyrolysis (TAL Materials

Inc.). The size spectrum of SiO2 particles was between 4 and 40 nm with 14 nm

mean particle size. The TiO2 particles were between 20 and 160 nm with 70 nm

mean particle size. The mean size of Co particles was 28 nm (Nanoamor) and the

Ni particles had a mean size of 62 nm (Nanoamor). Particles were added to the cell

culture medium and tested at three different concentrations (0.5, 5, and 50 mg per

mL of culture medium).

Particles were analyzed by means of an Environmental Scanning Electron Micro-

scope (ESEM-Quanta, FEI-Company). This instrument is called ‘‘Environmental’’

by the Manufacturer, as it can analyze samples in many different modes: at high

and medium vacuum, and also at environmental conditions. It can also accept wet

or oily samples, which is ideal for biological specimens.

5.2.3

Transmission Electron Microscopy (TEM)

Cells were seeded onto fibronectin-coated Thermanox coverslips (Nunc). Exposure

to particles was performed two days after seeding (50 mg particles per mL me-

dium). After 48 h incubation cells were fixed in cacodylate-buffered glutaraldehyde

(2.5%) and embedded in Agar100 (Plano). Ultrathin sections were made with an

Ultracut E microtome (Leica). TEM was performed with a Phillips 410 EM (Phillips).

5.2.4

Cytotoxicity Assay

To evaluate cytotoxicity the CellTiter 962 AQueous non-radioactive assay (Prom-

ega) was performed according to the manufacturer’s instructions. This assay gives
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a measure of the enzymatic conversion of a tetrazolium salt (MTS reagent) by mi-

tochondrial dehydrogenase and thus presents indirect evidence for cell viability.

5.2.5

Detection of Ki67 Expression

Cells were seeded onto fibronectin-coated 96-well microtiter plates (6500 cells per

well) and grown to subconfluence. Afterwards, cells were exposed to particles (0.5,

5, and 50 mg mL�1 culture medium) and cultivated for an additional 24 h. The cells

were fixed with methanol:ethanol (2:1, 15 min, room temperature) and permeabi-

lized with buffered 0.1% Triton X-100 (5 min, room temperature).

Ki67, a protein expressed in the nucleus of proliferating cells, was detected

with mouse-anti human Ki67-antibody (Dako). The secondary antibody was a

peroxidase-conjugated rabbit-anti mouse-antibody (Dako). The staining reaction

was performed by addition of the peroxidase substrate (o-phenylenediamine dihy-

drochloride) for 15 min at 37 �C. The staining reaction was stopped with 3 m HCl.

Light extinction was determined with a microtiter plate photometer (ThermoLab

Systems) at 492 nm.

5.2.6

Quantification of IL-8 Release in Cell Culture Supernatant

Cells were seeded onto fibronectin-coated microtiter plates (13 500 cells per well),

grown for 24 h and exposed to particles (0.5, 5, and 50 mg per mL of culture me-

dium for different samples) and TNFa (300 U mL�1; inflammatory control). Cell

culture supernatants were collected 24 h after substance or particle exposure. The

IL-8 content in supernatants was assayed using human IL-8 immunoassay/ELISA

(Hiss Diagnostics) according to the manufacturer’s instructions.

5.2.7

Quantification of E-selectin Cell Surface Protein Expression

This cell surface antigen is generally only expressed in inflammatory-stimulated

endothelial cells and can be detected by using an enzyme-linked immunoassay

based on a peroxidase staining reaction and subsequent dye quantification by a mi-

croplate reader. Therefore, cells were seeded onto fibronectin-coated 96-well micro-

titer plates (13 500 cells per well) and grown to confluence. Cells were then sub-

jected to specific cell culture conditions (different particles and TNFa as a positive

control, 300 U mL�1) and cultivated for an additional 4 h. The cells were fixed with

methanol:ethanol (2:1, 15 min, room temperature).

E-selectin was detected with mouse-anti human E-selectin-antibody (Bender

MedSystems). The secondary antibody was a biotinylated goat-anti mouse-antibody

(Amersham). Afterwards, the streptavidin–horseradish peroxidase conjugate was

added (Amersham). The staining reaction was performed by addition of the perox-
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idase substrate (o-phenylenediamine dihydrochloride) for 15 min at 37 �C. The

staining reaction was stopped with 3 m HCl. Light extinction was determined with

a microtiter plate spectrophotometer (ThermoLab Systems) at 492 nm.

5.2.8

Fluorescence Staining

HDMEC were seeded onto fibronectin-coated glass chamber-slides (Nunc). After

48 h, cells were exposed to particles (50 mg mL�1) or CoCl2 (0.7 mm), incubated

for an additional 24 h and fixed with buffered 3.7% paraformaldehyde (15 min,

room temperature). Staining for Hypoxia-inducible factor-1a (HIF-1a) was per-

formed with the HIF-1a-antibody (IgG1, BD Transduction Laboratories). Nuclear

staining was performed with Hoechst 33342. Fluorescence-labeled cells were

covered with GelMount (Biomeda/Natutec).

5.2.9

Statistical Analysis

All results are shown as meansG standard deviations (SD). Statistical analysis was

carried out with Microsoft Excel software. According to the results of variance ratio

analysis (F-test p < 0:05) an unpaired t-test for either homoscedastic or heterosce-

dastic variances was performed (p < 0:05 or p < 0:001 as indicated in the figures).

5.3

Results

Analysis of the different nanoparticles acquired by Environmental Scanning Elec-

tron Microscopy (ESEM) revealed a relative homogenous particle size for the ce-

ramic nanoparticles (TiO2, Fig. 5.1a; SiO2, Fig. 5.1b). According to the manufac-

turer’s specification the size spectrum of TiO2 particles was between 20 and 160

nm with 70 nm mean particle size and that of SiO2 particles between 4 and 40

nm with 14 nm mean particle size. In contrast, the metallic nanoparticles of Co

and Ni were more inhomogeneous (Co, Fig. 5.1c; Ni, Fig. 5.1d). Both particle types

possess nanoparticle character since the specified mean sizes of Co and Ni par-

ticles were 28 and 62 nm, respectively.

Ultrastructural studies (TEM) from perpendicular sections of endothelial cell

monolayers demonstrated a flattened cell phenotype. Cytoplasm of the untreated

control cells contained numerous organelles and vacuoles (Fig. 5.2a, arrowhead:

vacuole with autophagic function containing cellular debris). When HDMEC were

exposed to the different particles, internalization of the nanoparticles occurred that

was independent of particle composition. The particles were localized within cyto-

plasmic vacuoles, partially containing cellular debris. Both the TiO2 and SiO2 par-

ticles were partially detectable as large aggregations and partially as smaller partic-

ulate matter. However, striking ultrastructural changes were not observed (Fig.
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5.2b/c). The exposure to Co (Fig. 5.2d) and Ni (Fig. 5.2e) particles led to the

enlargement of vacuoles; simultaneously, the number of vacuoles appeared to

decrease. The Co- and Ni-particle-induced vacuoles partially filled the complete

height of the cells (Fig. 5.2d/e). Interestingly, Co-particle exposure induced some

annular-shaped, electron-dense material within the vacuoles (Fig. 5.2d, asterisk).

Beside this electron-dense material the vacuoles of the Co-particle exposed cells

contained a large amount of cellular debris.

Exposure of TiO2 particles to HDMEC did not induce an effect on cell number

within 24 h (Fig. 5.3a; detected by a DNA staining with crystal violet; 0.5, 5 and

50 mg mL�1 were each tested). Also, the staining for the proliferation marker Ki67

after 24 h (Fig. 5.3b) and metabolic activity after 72 h (shown by the MTS conver-

sion assay, Fig. 5.3c) did not show significant changes after exposure to TiO2 par-

ticles. High amounts of SiO2 particles (50 mg mL�1) induced a slight decrease in

cell number after 24 h (Fig. 5.3a). This SiO2-particle-induced decrease is also re-

flected by a slight decrease of Ki67 protein expression after 24 h (Fig. 5.3b). How-

ever, the MTS conversion assay showed no significant reduction after 72 h (Fig.

Fig. 5.1. ESEM images of the different nanoparticles used in

this study. (a) TiO2, (b) SiO2, (c) Co, (d) Ni (scale bar: 2 mm).
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Fig. 5.2. Perpendicular sections of HDMEC monolayers: (a)

Nontreated HDMEC (control) and HDMEC exposed to

particles of (b) TiO2, (c) SiO2, (d) Co and (e) Ni (TEM,

magnification 26 000�).
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5.3c). Co and Ni particles induced a significant, concentration-dependent decrease

in cell number after 24 h (Fig. 5.3a). Also, the reduction of Ki67 expression and

MTS conversion in Co-particle treated cells was significantly reduced after Co-

particle exposure (Fig. 5.3b/c). Interestingly, the Ni particles, which also induce a

concentration-dependent decrease in cell number, showed no significant deviations

in protein expression of Ki67 (Fig. 5.3b). Nickel particles led to a significant,

concentration-dependent reduction of MTS conversion after 72 h (Fig. 5.3c). Thus,

protein expression of the proliferation marker Ki67 was not reduced after Ni

particle exposure, although cell number and metabolic activity were decreased.

Four hours after exposure of the different particles the cells did not show

Fig. 5.3. Cytotoxicity of different

nanoparticles. Tests were for (a) cell number

after exposure of 24 h (crystal violet staining),

(b) proliferation after 24 h particle exposure

(Ki67 detection), and (c) metabolic activity

after 72 h (MTS conversion). Particle amounts

are in mg mL�1, untreated control set as 100%;

n ¼ 4, meansG SDs, significantly different

from normoxia: *p < 0:05, **p < 0:001.
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E-selectin protein expression except for high Co particle amounts, which induced

a significant increase in E-selectin protein expression (Fig. 5.4a, TNFa-stimulated

cells served as the positive control and were set as 100%). In addition, ICAM-1

cell surface protein expression after 24 h was induced by high Co-particle amounts

only; whereas all other particles did not induce an increase (data not shown). IL-8

release in the cell culture supernatant was stimulated by high amounts of SiO2, Co

and Ni particles. High amounts of TiO2 particles induced only a minor, non-signif-

icant increase (Fig. 5.4b).

An important protein in cell signaling is the hypoxia-inducible factor HIF-1a.

This protein is not detectable in normoxic cells (controls, Fig. 5.5a/b). Under oxy-

gen deficiency (hypoxia) the protein is stabilized within the cells by complex mech-

anisms and transported into the nuclei. In this context it was important that diva-

lent cobalt and nickel ions (Co2þ and Ni2þ) were able to stabilize and induce a

translocation of the protein into the nuclei comparable to hypoxia conditions (re-

sults for Co2þ-treatment shown in Fig. 5.5c/d). Comparable with the effects of

Co2þ, the exposure of Co particles induced the stabilization and translocation of

HIF-1a protein into the nuclei of endothelial cells in vitro (Fig. 5.5e/f ). These

HIF-1a effects also occurred upon exposure to Ni-ions and -particles (data not

shown).

Fig. 5.4. Detection of pro-inflammatory effects induced by

particle exposure. Detection of (a) E-selectin after 4 h and (b)

IL-8 after 24 h particle exposure; TNFa-stimulated cells serve as

positive control and set as 100%, n ¼ 4, meansG SDs,

significantly different from the untreated control: *p < 0:05.
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The major changes after particle exposure, induced by the metallic nanoparticles

and the Co2þ-induced comparable stabilization of HIF-1a induced after Co particle

exposure, suggested that these effects were triggered by the release of metal ions

from the particles. Therefore we compared the effects of the respective ions in con-

Fig. 5.5. Nuclear- and HIF-1a-staining in HDMEC. (a/b)

Control: (a) nuclear and (b) HIF-1a staining images the same

section; (c/d) Co2þ-treated HDMEC; 24 h, 0.7 mm, (c) nuclear

and (d) HIF-1a staining; (e/f ) Co-particle-treated HDMEC; 24

h, 50 mg mL�1, (e) nuclear and (f ) HIF-1a staining.
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centrations that were equivalent to the molarity of the utilized particles (e.g., 50 mg

Co-particles per mL corresponds to 0.85 mm cobalt, 25 mg mL�1 corresponds to

0.42 mm, and 10 mg mL�1 to 0.17 mm; the calculations depend on the assumption

that pure Co- and Ni-particles were present and are, therefore, only an approxima-

tion).

The cell number was concentration-dependently decreased by Co-/Ni-ions and

-particles after 24 h of exposure (Fig. 5.6a/b). Nickel showed more pronounced ef-

fects than cobalt (for both ions and particles). Interestingly, both types of particles

induced a stronger reduction of cell number than the ions, indicating a higher cy-

totoxicity of particles than the respective ions: 1 mm of CoCl2 induced a 20% de-

crease in cell number, whereas 50 mg mL�1 (@0.85 mm) of cobalt particles induced

a nearly 40% decrease (Fig. 5.6a), 1 mm of NiCl2 induced a nearly 50% reduction of

cell number whereas 50 mg mL�1 of Ni particles (also@0.85 mm) induced a 60%

reduction (Fig. 5.6b).

We also compared the pro-inflammatory capacity of the Co and Ni ions with the

respective particles. Cobalt ions and particles were effective in inducing the cell

surface protein expression of E-selectin (Fig. 5.7a, effect after 4 h). Interestingly,

only Ni ions showed a concentration-dependent increase in E-selectin expression,

whereas the Ni particles failed to induce E-selectin cell surface expression (Fig.

5.7b). The same effect was detectable in the expression of ICAM-1 after 24 h; again

Co-particles and -ions induced ICAM-1 protein expression on the cell surface,

whereas only Ni ions were able to induce ICAM-1 expression, with the Ni particles

eliciting no change (data not shown). Moreover, an increase in IL-8 release after 24

h was effectively induced by Co-ions and -particles (Fig. 5.7c). Nickel ions were also

able to induce IL-8 release. Contrary to the absence of pro-inflammatory stimula-

tion of Ni particles in the expression of the cell surface adhesion molecules E-

selectin and ICAM-1, release of the pro-inflammatory chemokine IL-8 was induced

by Ni particles (Fig. 5.7d).

Fig. 5.6. Analysis of HDMEC number after exposure to Co and

Ni ions and Co and Ni particles: (a) Co-ions and -particles, (b)

Ni-ions and -particles; untreated control set as 100%, n ¼ 4,

meansG SDs, significantly different from normoxia: *p < 0:01,

crystal violet staining after 24 h exposure.
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5.4

Discussion

The role of particulate matter of nano-scaled size has received increasing attention

in recent years. As mentioned before, this attention evolved due to the accidental

internalization of particles with (partially) described effects on human health and

also due to the intended administration of pharmaceutical, therapeutic, and diag-

nostic agents in nano-scaled sizes, which today is an important research field [30,

31]. Independent of the pathway of nanoparticle internalization, the distribution of

nanoparticles within the body must occur in large part via the blood stream. There-

fore, the endothelium will have contact with the nanoparticles during their passage

throughout the body. The endothelium is an important cell population in the devel-

opment of a multitude of diseases (e.g., tumor growth, atherosclerosis, and inflam-

matory diseases). Therefore, we focused on the effects of nanoparticles on viability

and inflammatory status in human endothelial cells in vitro.
Endothelial cells in vitro maintain several features that their originals in vivo ex-

press under physiological situations. Furthermore, endothelial cells in vitro can be

induced by pro-inflammatory compounds to synthesize and release factors that

play an important role in the development of diseases. Thus, endothelial cells in
vitro are a model system suitable for the examination of physiological and patho-

physiological situations. Due to the availability of different recombinant growth

factors and highly defined cell culture media several types of human endothelial

Fig. 5.7. Detection of pro-inflammatory

stimulation of HDMEC after exposure to Co

and Ni ions and Co and Ni particles: (a) E-

selectin protein expression after Co-ion and

-particle exposure (4 h), (b) E-selectin

expression after Ni-ion and -particle exposure

(4 h), (c) IL-8 release after Co-ion and -particle

exposure (24 h), and (d) IL-8 release after Ni-

ion and -particle exposure (24 h, TNFa-treated

cells serve as positive control and set as 100%,

n ¼ 4, meansG SDs, significantly different

from normoxia: *p < 0:01).
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cell types can be more or less easily propagated in vitro (e.g., macrovascular endo-

thelial cells from arteries or veins and microvascular cells derived from the capilla-

ries of different tissues) [32, 33].

5.4.1

Particle Internalization

Our study has shown that human endothelial cells possess a large capacity for the

internalization of nanoparticles. All nanoparticles tested were taken up by the en-

dothelial cells and to a major extent into vacuoles. Endothelial cells are able to in-

ternalize particles by different mechanisms. A large portion of the endothelial cell

population possesses a prominent vesicular system that is called the vesiculo-

vacuolar organelle (VVO) that other cells do not have with this specificity. The

VVO is, together with specific plasma membrane compartments, the caveolae (in-

vaginations of the plasma membrane), involved in the regulated transendothelial

cell passage of macromolecules and particles [34]. Since, primarily, endothelial

cells possess such a distinct vacuole system this way of particle internalization

might be specific for a part of the endothelial cell population. There is also evi-

dence for other means of particle internalization: In endothelial cells, particle in-

ternalization is also suggested to occur via specific receptors (e.g., low-density

lipoprotein/LDL-receptor, platelet-derived growth factor/PDGF-receptor, albumin-

receptor) since nanoparticles covered with LDL [35], PDGF [36], and bovine serum

albumin [37] were shown to be internalized via coated pits/vesicles. It is not yet

known if both pathways work independently in endothelial cells or if there is a

mechanistic link.

There is evidence that a particle’s size also affects the pathway of internalization,

e.g., beads of 200 nm diameter were internalized into murine melanoma cells (cell

line B16-F10) via clathrin-coated pits, whereas 500 nm beads enter the cells by a

clathrin-independent pathway [11]. Whether endothelial cells show these size-

dependent differences in internalization mechanisms is not yet known and a parti-

cle internalization pathway for the endothelial cells used in this study cannot be

defined.

Nanoparticles of the biodegradable compound d,l-lactide-co-glycolide with a

mean size of about 300 nm (larger than the particles used in this study, with mean

sizes between 14 and 120 nm) are rapidly internalized by endothelial cells in vitro
(as early as at 30 min) [38]. Moreover, in vivo experiments showed rapid particle

internalization by endothelial cells; carbon nanoparticles (@50 nm) injected intra-

venously into tumor-bearing guinea pigs were detected in vacuoles and in the sub-

endothelial space of tumor blood vessels 60 min after administration. However, the

endothelial cells of non-tumorous blood vessels did not show carbon particle inter-

nalization in this animal model [34].

In our in vitro model, particles were detectable within vacuoles. The occurrence

of vacuoles containing cellular debris together with the internalized particles was

partially detectable. This co-localization of cellular debris and particles indicates

an overlap between endocytosis and autophagocytosis [39, 40]. Interestingly, these
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‘‘mixed content’’ vacuoles (called amphisomes [41]) appeared very distinct in the

case of the Co and Ni particle treatment, whereas TiO2 and SiO2 particle filled va-

cuoles were mostly free of cellular debris. The vacuole enlargement after Co and

Ni particle treatment might be connected directly with the possible endocytotic/

autophagocytic overlap and may be regulated by different mechanisms depending

on the type of vacuole that evolves. The sizes of autophagic vacuoles can be regu-

lated by vacuole fusion or enlargement of the vacuole [42]. The regulation of am-

phisomal sizes is unknown. We have suggested a connection between the release

of divalent metal ions from metallic nanoparticles and the development of amphi-

somes in endothelial cells. This is supported by the fact that HIF-1a was stabilized

after Co- and Ni-particle exposure, as described for Co- and Ni-ion exposure [43,

44].

5.4.2

Particle Cytotoxicity

Whereas the ceramic particles of TiO2 and SiO2 showed no significant cytotoxic ef-

fects, the nanoparticles of Co and Ni induced a significant, concentration depen-

dent impairment of cellular viability. This impairment is obvious at different levels

of cellular function (i.e., decrease of cell number, protein expression of the prolifer-

ation marker Ki67, and the metabolic activity).

Due to the stabilization of HIF-1a (see above) it appeared that the observed metal

particle cytotoxicity was induced by the release of divalent metal ions from the par-

ticles. Therefore we compared the effects of the nanoparticles with those of the

metal ions Co2þ and Ni2þ (as chloride salts) in concentrations similar to the solid

matter utilized. The particles exerted a higher cytotoxicity than the corresponding

ions (e.g., 1 mm Co2þ and ca. 0.85 mm Co particles induced a reduction in cell

number after 24 h of ca. 20% and ca. 35%, respectively). These findings are in

agreement with the results of a study on the cytotoxicity of Co nanoparticles and

Co2þ ions in mouse fibroblast Balb/3T3 cells [45].

At this point we can only speculate about the higher cytotoxicity of transition

metal nanoparticles compared to the corresponding metal ions. The presence of

metal-ion-specific transporters is one possible explanation: Transition metal ions

like Co2þ and Ni2þ (which are essential trace elements and also toxic when present

in excess) are transported into cells against concentration gradients with ion selec-

tivity. Furthermore, mammalian cells have intracellular mechanisms to deliver the

metal ions to specialized proteins [46]. This specified delivery system is necessary

due to the toxicity of metal ions such as Co2þ and Ni2þ [47, 48]. The vacuolar sys-

tem of eukaryotic cells is important in metal ion homeostasis because it provides

several organelles for storage of metal ions and also provides the proper amounts

of transporters in the various cellular membranes through the secretory pathway.

Thus, the concentration of metal ions is regulated [46]. Therefore, it might be sug-

gested that an excess of metal ions can be regulated via specific transporters or that

an excess of metal ions is transferred into cellular organelles possessing mecha-

nisms to avoid damage of sensitive cellular compartments. This would, however,
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imply that metal nanoparticles are translocated to regions of the cell that are more

sensitive to the release of metal ions than the regions that are attained via the spe-

cific metal ion transporters.

Severe problems may not only be a result of ion release but also due to the devel-

opment of free radicals or reactive oxygen species (ROS) that occur from both tran-

sition metal ions [49, 50] and (nano-)particles [51–53]. Furthermore, it has been

shown that nanosized particulate matter together with transition metals induces

ROS production that exhibits a higher response than the single compounds (tested

were carbon black particles with a mean size of 14 nm plus exposure of different

iron and cupric salts). This increased ROS production suggested a synergistic ef-

fect of nanoparticles together with transition metals [54]. The metal particles used

in this study, which are made of transition metals, contained a combination of both

of these characteristics, i.e., nano-scaled particles and transition metals. Interest-

ingly, Co particles might produce ROS by mechanisms different from ROS produc-

tion by Co2þ ions [55, 56]. In addition, the binding of metal ions to extracellular

and intracellular proteins such as transferrin and albumin, which are also known

to bind Co2þ and Ni2þ efficiently [57–59], might influence the cytotoxicity of metal

ions. A recent in vitro biokinetic study on simultaneous exposure of mouse fibro-

blast Balb/3T3 cells to Co particles and Co2þ ions showed different abilities of the

two Co compounds to penetrate cells and cellular organelles. In addition, the study

confirmed that serum components, particularly albumin and histidine, play a cru-

cial role in determining the eventual toxic effects [60].

Interestingly, Ni particles did not show a reduction of Ki67 protein although the

cell number and the metabolic activity were significantly decreased. In contrast, Co

particles showed a very distinct down-regulation of Ki67 protein expression, in ac-

cordance with the reduced cell number and metabolic activity. Since we have previ-

ously shown that Co ions induced apoptosis whereas Ni ions induced cell death

that was most likely due to necrosis (no signs of apoptosis were detectable) [48],

we suggest that the absence of down-regulation of Ki67 expression after Ni particle

exposure indicates a missing regulation of proliferative activity in the course of cell

death. This is absent in necrotic cell death [61].

5.4.3

Pro-inflammatory Activation

A pro-inflammatory effect in HDMEC occurred after exposure to SiO2, Co,

and Ni particles and was apparent by an enhanced release of IL-8. Only higher

particle concentrations (25 and 50 mg mL�1) induced this increase in IL-8 release.

E-selectin protein expression was enhanced by high amounts of Co particles,

whereas Ni particles induced no protein expression of E-selectin. In contrast to the

particles, divalent Co and Ni ions induced the expression of all pro-inflammatory

markers tested (i.e., IL-8, E-selectin, ICAM-1).

The enhancement of IL-8 release in response to high amounts of SiO2 particles

indicated a pro-inflammatory state. Since SiO2 particles can cause chronic inflam-

matory lung disease by inhalation [62] a comparable effect might be present in
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nanoparticle-induced pro-inflammatory activation of endothelial cells in vitro. The
SiO2-induced inflammation is mediated by the activation of the transcription fac-

tors NF-kB and AP-1, which are both involved in the regulation of inflammation.

This transcription factor activation appears to be triggered by adverse biologic reac-

tions such as the generation of ROS [63]. Moreover, SiO2-induced AP-1 activation

plays an important role in neoplastic transformation and tumor promotion [64].

The observed pro-inflammatory activation after Co-particle exposure may be at-

tributed to a release of divalent Co-ions by the particles, since the exposure of

endothelial cells with these ions leads to impaired endothelial viability and pro-

inflammatory stimulation [65]. In addition, with Co-ions the concerted activation

of the above-mentioned transcription factors NF-kB and AP-1 has been demon-

strated [66, 67] and the Co particles used in this study induced pro-inflammatory

activation with Co-ion comparable dimensions.

This contrasts with the effects of the Ni particles. Here, the suggestion of a Ni

ion release by the particles, resulting in an induced pro-inflammatory stimulation,

is not congruent with the pro-inflammatory effects induced by the respective ions,

since Ni-ions induced both an increase in the release of IL-8 and the protein

expression of endothelial cell adhesion molecules (i.e., E-selectin and ICAM-1),

whereas Ni-particles induced only an increased IL-8 release and the expression of

adhesion molecules was not initiated. This indicates an activation mechanism for

the Ni particles that deviates from the Ni-ion-induced activation shown to occur via

a cooperation of the above-mentioned transcription factors NF-kB and AP-1 [66,

67]. Such differential activation of IL-8 and ICAM-1 was also shown by the treat-

ment of endothelial and epithelial cells with H2O2 [68, 69]: Whereas H2O2 induced

an IL-8 expression in epithelial cells lines without the expression of ICAM-1, endo-

thelial cells expressed ICAM-1 after H2O2 treatment without the expression of IL-8.

There is evidence that this cell-type-specific differential induction of IL-8 gene ex-

pression by H2O2 (and thus oxidative stress) is by a differential binding of NF-kB

and AP-1 to the IL-8 promoter [68]. Since oxidative stress is also a relevant aspect

in the mechanisms of (Ni-) particulate-matter-induced effects [52] this mechanism

of differential activation of pro-inflammatory gene promoters might play a role.

Thus, it can be suggested that Ni-ion release by the nanoparticles remains under

the critical limit for pro-inflammatory activation but further Ni-nanoparticle-

induced effects (possibly oxidative stress) are responsible for the enhanced IL-8 re-

lease. However, this hypothesis requires further examination and is the subject of a

separate study.

5.4.4

Conclusions and Consideration of the Risk of Nanoparticles to Human Health

This study has shown that nanoparticles exert effects that deviate from the effects

of bulk materials and also from possible corrosion products. The experiments were

performed with a cell type highly relevant for nanoparticle transmigration from the

blood into tissues, i.e., primary human endothelial cells. Whether the described ef-

fects shown in vitro are of relevance in vivo remains unanswered. However, nano-
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particles clearly exert effects that are not easily interpreted. If a pro-inflammatory

stimulation of endothelial cells by nanoparticles occurs in vivo, chronic inflamma-

tion (such as granulomatosis) could be a possible consequence.

Although much progress has been made in recent years to understand the ef-

fects of nano-scaled particulate matter, knowledge about its risk in humans is

clearly limited. This lack of knowledge is due to the complexity of the chemical

and physical characteristics of nanoparticles combined with the difficulty of pre-

dicting reactivity in biological systems. Furthermore, nanoparticles possess an im-

pressively high accessibility to different types of tissues and cells, which large-

scaled particulate matter usually does not have (reviewed in Ref. [2]). Thus, two dif-

ferent risk aspects are combined in nanoparticles: The ability of foreign materials

to enter biological compartments that are usually not easily accessible and the po-

tential for the exertion of effects on these locations, which are difficult to control.

The above-mentioned characteristic behavior of nanoparticles could be useful for

medical applications such as in diagnostic and therapeutic devices. The endothe-

lium is an important target for therapy due to its role in several physiological and

pathological conditions. Also, the penetration of physiological barriers with endo-

thelial participation such as, for example, the blood–brain barrier is of interest.

Therefore, several diagnostic and therapeutic approaches that involve nanoparticu-

late compounds are under consideration (reviewed in Refs. [5, 70]). However, the

utilization of nanoparticle-formulated drugs appears to be afflicted by a similar

complexity described above, e.g., the chemotherapeutic agent paclitaxel showed

different rates of clearance and different tissue distributions when formulated as

nanoparticles compared to the conventional formulation as emulsion [71]. Thus,

both accidental and intended exposure of humans to nanoparticles is connected to

a certain risk that could be influenced by the type of particle and the state of health

of the affected person. Therefore, detailed toxicological research should be carried

out to improve the scientific basis of the risk assessment at all stages of the life cy-

cle of nanotechnology [72].
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6

Toxicity of Carbon Nanotubes and its

Implications for Occupational and

Environmental Health

Chiu-wing Lam, John T. James, Richard McCluskey, Andrij Holian,

and Robert L. Hunter

6.1

Introduction

6.1.1

Overview

Manufactured carbon nanotubes (CNTs) exist in two forms, single-wall (SWCNTs)

and multiwall (MWCNTs). Structurally, a SWCNT is a rolled-up, single-layer gra-

phene sheet with a diameter of @1 nm and a length of several micrometers or

longer, whereas a MWCNT contains two or more concentric layers with various di-

ameters and lengths. CNTs are thermally generated from carbon atoms in carbon-

bearing sources by electrical arc, laser, or chemical vapor deposition processes; the

yield of SWCNTs is increased by the presence of catalytic metals. Because of their

unique electrical, mechanical, and thermal properties, manufactured CNTs could

have many applications in the electronics, computer, and aerospace industries.

These widespread applications would require CNTs to be produced on a large scale.

Unprocessed CNTs are very light, and if they entered the environment as sus-

pended particulates of respirable sizes, they would reach the lungs. Concerned

about the potential toxicity of these novel materials, several groups have conducted

rodent studies to assess pulmonary toxicity of SWCNTs or MWCNTs. The test ma-

terials were made by different methods and contained different types and amounts

of residual metals. Aqueous suspensions of test dusts were administered to the

lungs of animals by intratracheal instillation or by pharyngeal aspiration. The re-

sults of these studies collectively showed that CNTs themselves, no matter how

they were synthesized or what metals they contained, could produce inflammation,

granulomas, fibrosis, and biochemical toxicological changes in the lungs. Results of

comparative toxicity studies in animals given equal weights of CNTs, carbon black,

and quartz showed that if CNTs reach the lungs they are much more toxic than

carbon black. They can also be more toxic than quartz, which is considered a seri-

ous occupational health hazard if it is chronically inhaled. MWCNTs have been

identified in fine particulate matter (PM) collected from combustion streams of
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methane and natural-gas flames of typical kitchen ranges and from indoor and out-

door air. Exposure to fine PM has been shown to be associated with pollution-

induced cardiopulmonary diseases. Because manufactured CNTs produce deleteri-

ous effects in animals, it is speculated that combustion-generated MWCNTs may

play a significant role in pathogenesis of pollutant-induced diseases. Therefore,

CNTs from manufactured and combustion sources in the environment could have

adverse effects on human health.

6.1.2

General Background

The growing field of nanotechnology promises to bring a host of innovations that

will profoundly affect modern societies. CNTs have helped to lay the foundation of

this new technology. MWCNTs have recently been found to be generated in fuel

combustion processes and to be present in indoor and outdoor environments.

As nanotechnology finds new applications, manufactured CNTs will also become

widespread. Although combustion-generated CNTs have probably existed in the

Earth’s environment for thousands of years, little is known about their effects on

health. Several laboratories have studied the toxicity of manufactured CNTs, and

their results indicate that precautions should be taken to minimize inhalation ex-

posures to CNTs.

This chapter has five further sections. Section 6.2 describes the promotion of

nanotechnology and its expected economic impact. Section 6.3 describes manufac-

tured CNTs in three subsections: their discovery and synthesis, their properties,

and the scope of their possible applications. Section 6.4 reviews findings demon-

strating the current and past occurrence of CNTs in the environment. Section 6.5

describes methods used to assess the toxicity of respirable dust in the lung and

reviews several studies assessing pulmonary toxicity of manufactured CNTs in

guinea pigs, mice, and rats. Section 6.6, a discussion of health risk implications of

CNTs, summarizes the toxicity of CNTs and addresses the potential occupational

exposure risk for manufactured CNTs and the likely impact of manufactured and

combustion-generated CNTs on environmental health. This chapter contains more

emphasis on environmental implications of CNTs and less detail about the risk of

occupational exposures than does a recent toxicological review and risk assessment

of CNTs published in Critical Review in Toxicology [1].

6.2

Carbon Nanotubes and Nanotechnology

The discovery of C60 (Buckminsterfullerene) and CNTs has propelled nanotechnol-

ogy to the forefront of science and engineering research in the last decade. Several

government agencies, under the leadership of the National Science and Technol-

ogy Council, jointly established the Interagency Working Group on Nanotechnol-

ogy, shortly after the discovery of CNTs and the awarding of the Nobel Prize in
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1996 for the discovery of fullerene. In 2000, this federal effort was raised by Presi-

dent Clinton to the level of a federal initiative, which was known as the National

Nanotechnology Initiative (NNI) [2]. The NNI is promoting nanotechnology re-

search and development to lead the United States to the next industrial revolution

[3]. The National Science Foundation [4] predicted that nanotechnology will drive

prodigious nanoscience research and engineering development efforts in materials

science, physics, chemistry, biology, medicine, and biotechnology, and will gener-

ate, in 10 to 15 years’ time, an annual business and economic impact of close to

$1 trillion. One of the major objectives of the NNI is ‘‘developing materials that

are 10 times stronger than steel, but a fraction of the weight for making all kinds

of land, sea, air and space vehicles lighter and more fuel efficient.’’ The materials

implicated in the initiative are CNTs.

6.3

Manufactured Carbon Nanotubes: Their Synthesis, Properties,

and Potential Applications

6.3.1

Discovery and Synthesis

CNTs are the most important and most-studied nanomaterials. They are a new

allotropic form of carbon similar to fullerene (Fig. 6.1). Buckminsterfullerene was

first synthesized in 1985 by a laser ablation process developed by Richard Smalley,

a Nobel Prize laureate at Rice University (Houston, TX), and his colleagues [5].

CNTs were discovered in 1991 by Sumio Iijima during his investigation of full-

erene formation from atomized carbon dissociated from heated graphite in an

arc-discharge process [6, 7]. This Japanese electron microscopist observed CNTs,

predominately multiwalled (Fig. 6.1), and other nanoparticles deposited at the

graphite cathode. Ebbesen and Ajayan of Iijima’s laboratory showed that CNTs

could be produced in bulk quantities by varying the arc-evaporation conditions

[8]. Iijima found that the synthetic yield of single-wall carbon nanotubes (SWCNTs;

Fig. 6.1) could be increased by incorporating cobalt or other catalytic transition

metals with the graphite source in the arc vaporization process [9]. Smalley’s

group at Rice University also succeeded in synthesizing SWCNTs, by adapting the

laser ablation process used to make C60 [10, 11]. In the arc vaporization and laser

ablation processes, solid or powdered graphite is used as the carbon source, but in

the chemical vapor deposition method, carbon-bearing gaseous compounds such

as methane, acetylene, or other hydrocarbons are the source [12, 13]. Using carbon

monoxide as a feedstock, Nikolaev in Smalley’s laboratory developed a gas-phase

catalytic growth of SWCNTs from carbon atoms generated from a stream of

continuous-flow high-pressure carbon monoxide [14]. This patented synthesis

method is referred to by Smalley’s group as the HiPcoTM process.

All these synthetic processes involve formation of nanotubes from carbon atoms

thermally generated from the carbon-bearing sources. CNT synthesis is generally

carried out in an argon or other inert atmosphere at 600–1200 �C [15]. Typically,
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the carbon atoms are formed on the surface of the catalytic metal; they then dis-

solve in molten metal nanoparticles. From the molten metal, CNTs grow [15];

when they reach a certain length, they drop off from the metal particles. At the

temperature of synthesis, the metal(s) needs to be catalytically active and remain

in the molten state, allowing dissolution of carbon atoms in the metal(s); these re-

quirements limit the metals that can be used, of which cobalt, nickel, iron, and

molybdenum are the most common. All unprocessed SWCNT or MWCNT prod-

ucts contain residual metal(s). Generally metal(s) accounts for up to 30% of a raw

SWCNT product; the metal content in a MWCNT product is much less (Table 6.1

below). The metal impurities are undesirable; some products on the market are

sold in purified form after removal of metal. CNT products may contain other im-

purities that consist of non-nanotube carbon. Product purity depends on both man-

ufacturing processes and post-manufacturing treatments.

6.3.2

Physical and Chemical Properties

Structurally, a SWCNT is a rolled-up sheet of graphene or graphite with its carbon

atoms arranged in hexagonal and pentagonal patterns. It is about 1 nm in diame-

ter and several micrometers long. MWCNTs contain multiple concentric layers

Fig. 6.1. Drawings of a C60 fullerene, a single-wall carbon

nanotube (SWCNT), and a multiwall carbon nanotube

(MWCNT); also shown are scanning electron micrographs of

SWCNT ropes (A) and MWCNT ropes (B). ((B) is courtesy of

Jordi Rodriguez of University of Barcelona, Spain.)
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with various diameters and lengths. Immense efforts have been devoted to making

CNTs longer for practical uses. Because MWCNTs are more heterogeneous, charac-

terization of CNT physicochemical properties has been carried out predominately

on SWCNTs.

Theoretical calculations and experimental results have shown that SWCNTs have

highly desirable mechanical, thermal, photochemical, and electrical properties.

SWCNTs are both strong and stiff, yet flexible; in fact, they are the strongest of

all synthetic fibers [16]. According to Smalley, ‘‘. . . calculations show [they] should

be somewhere between 30 and 100 times stronger than steel.’’ [17, 18]. The van

der Waals force attraction of SWCNTs causes the tubes to bundle into microscopic

ropes, which in turn aggregate to form loose clumps. SWCNTs are among the best

electrical conductors and can conduct electricity twice as well as copper [19].

SWCNTs have unique electron-transport properties; they may be either metallic or

semiconducting, determined by the chiral vector of the tubes [20]. In a typical

batch of synthesized material, one-third of the SWCNTs are metal conductors and

two-thirds are semiconductors [21, 22]. MWCNTs are made up of concentrically

rolled-up graphene sheets. Each rolled-up sheet is like a SWCNT, and MWCNTs

probably have many physicochemical properties similar to those of SWCNTs.

6.3.3

Applications

Both SWCNTs and MWCNTs are very light; they are very strong and stiff and yet

flexible [16]. These very desirable mechanical properties make them ideal materi-

als, by themselves or in composites, for potential wide applications in engineering

structures. Even composite materials containing CNTs may be strong enough for

building such things as spacecraft structures, space elevators, artificial muscles,

combat jackets, and land and sea vehicles [23]. Commenting on the SWCNTs that

have metal-like properties, Smalley stated [24], ‘‘. . . they will conduct electricity bet-

ter than copper. Membranes made from arrays of these nanotubes are expected

to have a revolutionary impact on the technology of rechargeable batteries and

fuel cells, perhaps giving us all-electric vehicles within the next 10–20 years.’’

Smalley [24] further predicted that, several decades from now, CNT-based nano-

electronics having vastly greater performance and scope will supplant our current

silicon-based microelectronics. CNTs also have many other potential applications.

6.4

Occurrence of Carbon Nanotubes in the Environment

6.4.1

Potential Occupational Exposures and Environmental Impact of Manufactured

Carbon Nanotubes

Unprocessed CNTs are very light and can become airborne (Fig. 6.2), and if they

entered the environment as fine suspended particulates they could reach the lungs
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of exposed workers. If CNTs exist in nanosize fibers, they might penetrate un-

protected skin (Fig. 6.2). The CNT manufacturing industry is still in its infancy

and the products remain expensive. In an interview conducted in 2003 [25],

Smalley stated that the price of SWCNTs was hundreds of thousands of dollars

per pound. Currently (2005), raw SWCNTs and MWCNTs are sold by BuckyUSA

(Houston) at >$100 per gram (or >$50 000 lb�1) [26]. In 2003, Baron et al. [27].

of the aerosol group of the National Institute of Occupational Safety and Health

(NIOSH) visited CNT synthesis laboratories at Rice University and NASA’s John-

son Space Center and the CNTmanufacturing facility at Carbon Nanotechnologies

Incorporated (Houston) where SWCNT are produced by the HiPco and laser pro-

cesses. They observed the recovery of CNTs from synthetic ovens and reported

that handling of the collected samples was gentle, and losses of this expensive

material were minimized. Occupational exposure in the facilities that make these

expensive materials is expected to be minimal, with very little CNT industrial waste

contaminating the environment.

Smalley [28] predicted, however, that ‘‘. . . in time, millions of tonnes of nano-

tubes will be produced worldwide every year.’’ The Department of Energy’s 2010

target goal for the price of CNTs is $8 kg�1 (or <$20 lb�1). The extent of industrial

and commercial applications would depend on the price of CNT products. If mil-

lions of tons of CNTs could be produced annually and if the CNT industry achieves

the goal of ‘‘a couple dollars a pound,’’ [25] occupational exposures to airborne

dusts of these lightweight materials during synthesis, processing, and product

manufacturing would be very substantial. Because of the potential for rapid merg-

ing or incorporation of CNTs into fabrics, plastic, lubricants, composite materials,

and household commodities that are used worldwide, concerns have arisen about

the adverse impact of CNTs on human health and the environment (Fig. 6.3). If

Fig. 6.2. (A) SWCNT particles became airborne when the raw

material (HiPco CNTs) was poured between containers. (B)

Contaminated gloves showing SCWNT particles appearing like

black soot. (Courtesy of Dr. Andrew Maynard of NIOSH [27].)
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they are incorporated into materials such as plastic and composite structures, the

CNT materials will need to be pulverized; working with pulverized CNTs would

pose an inhalation exposure risk. In the U.S. we have also witnessed the use of as-

bestos in automotive brake shoes until it was found that asbestos particles gener-

ated from abrasion contribute to environmental pollution, leading the U.S. Envi-

ronmental Protection Agency to ban the use of this carcinogenic material in

automobiles [29]. CNTs are light and strong, and if the price of CNTs drops to a

few dollars a pound, a potential exists for finding this type of application for CNTs

and for them to contribute to environmental pollution. It is important that the

chronic toxicity of CNT dusts be known before CNTs become more widespread.

6.4.2

Combustion-generated Carbon Nanotubes in the Environment

The fact that thermal processes are used to synthesize fullerenes and MWCNTs

from atomized carbon generated from heated graphite [5, 9] and the finding that

carbon nanotubes can be produced by chemical vapor deposition methods involv-

Fig. 6.3. Potential environmental impact and health concern

when the production volume of carbon nanotubes becomes

very large.
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ing thermally dissociated methane, acetylene, and other hydrocarbons [30] have

triggered interest in looking for these carbon allotropes in the environment.

6.4.2.1 MWCNT Formation from Natural Gas Combustion Indoors

Samples of airborne particulate material (PM) collected from combustion streams

of methane, propane, or natural gas (containing 96% methane) of typical kitchen

gas-ranges were found to contain aggregates of MWCNTs and other carbonaceous

nanoforms [31–33]. The aggregates, which had aerodynamic diameters of about

0.4 to 2 mm, were essentially pure carbon or graphene. They contained several hun-

dred to several thousand individual MWCNTs and other carbon nanocrystals of

about 20 nm diameter; individual MWCNTs were ca. 3 to 30 nm in diameter [34].

The authors [34] concluded that CNTs and fullerene nanoparticles are ubiquitous

in homes with gas cooking ranges. Their findings suggest that MWCNTs and other

carbonaceous nanoparticles may also be produced by water heaters, furnaces, and

other appliances that use natural gas.

6.4.2.2 MWCNTs in Metropolitan Outdoor Air

Outdoor airborne PM collected in El Paso (TX) by Murr et al. and analyzed using a

transmission electron microscope showed the presence of MWCNTs aggregated

with other forms of carbon nanocrystals (shells, spheres, and other structures)

(Fig. 6.4a and b) [34]. The structure of these aggregates collected outdoors was sim-

ilar to that of MWCNTs collected indoors, except that the outdoor PM included ag-

glomerates of other mineral nanocrystals, such as silica, that are common in the

atmosphere [34]. The carbon nanocrystals, largely MWCNTs, accounted for 15%

of the weight of the dust. Diesel-related aggregates accounted for 5% of the dust

collected. According to Murr et al., their laboratory had collected hundreds of sam-

ples in El Paso over several years and had previously characterized dusts as silica

or other nanocrystals with carbonaceous materials [35]; reexamination of these

samples indicated that 90% of them contained MWCNTs and other carbon nano-

crystals [33]. Environmental samples collected recently from areas close to a

heavy-traffic road in Houston were also shown to contain complex aggregates of

MWCNTs and other carbon nanocrystals intermixed with silica nanocrystals (Fig.

6.4c and d) [34]. Murr et al. concluded that MWCNTs and carbonaceous nanopar-

ticles are ubiquitous in the environment, and they speculated that MWCNTs make

up a significant portion of airborne PM both indoors and outdoors [32].

6.4.2.3 MWCNTs in Ancient Ice

Nanoparticulates were found in an ice sample from a core drilled into a Greenland

ice cap to a depth of 1646 feet and dated at roughly 10 000 years old [36].

MWCNTs, fullerene-like nanocrystal forms, and silica nanoparticles were observed

in complex mixtures of nanoaggregates in this sample. The aggregates were less

than 1 mm in diameter. The authors reported that the particulate pattern was simi-

lar to that they observed in samples collected from metropolitan air. These findings

showed that MWCNTs and other carbonaceous nanoparticles were present in res-

pirable particles in the air in prehistoric times.
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6.4.2.4 Concern about Combustion-generated MWCNTs in the Environment

MWCNTs are components of airborne particulate aggregates smaller than 2.5 mm

in diameter (PM2:5) [32, 33]. Natural gas is considered an environmentally clean

fuel. Combustion of natural gas produces only 7 pounds of PM per billion BTU

compared with 84 pounds for oil and 2774 pounds for coal combustion [37]. The

numbers may be underestimated if nanosize particulates were not captured. Even

though natural gas produces a relatively small amount of PM, global fuel-gas con-

sumption is very large, making the contribution of MWCNTs to air pollution very

substantial. In 1999, 22 096 billion BTU of natural gas was consumed in the U.S.

[38]; this was 27% of the global consumption. The consumption of natural gas, es-

pecially in indoor activities, is expected to increase, and this can be expected to in-

crease the contribution of MWCNTs to air pollution.

Fig. 6.4. Transmission electron microscope

images of environmental particulate matter

collected from El Paso, TX (a, b) and from

Houston, TX (c, d), showing the presence of

multi-wall carbon nanotubes [33] (Courtesy of

Dr. L. Murr of University of Texas at El Paso,

TX, and with permission to print from Springer

Publishing Company, New York, NY.).
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Other well-established sources of PM2:5 include products of fuel combustion by

automobiles, power plants, wood burning, industrial processes, and diesel-powered

vehicles such as buses and trucks [39]. Combustion processes typically generate

very fine particles of from 0.01 to 2.5 mm [40]; combustion of fossil fuels is the ma-

jor contributor of fine particulates [41]. The PM contains elemental carbon, organic

carbon, trace elements, and common ions [42]. Commenting on CNTs and fuller-

enes, Richard Smalley stated [23, 43], ‘‘They’re also made in every candle flame

and in forest fires.’’ If CNTs are formed in such mundane places as candle flames

and forest fires, MWCNTs are likely to be produced by combustion of other fuels in

addition to natural gas. Because airborne MWCNTs are ubiquitous and are present

in substantial amounts in the environment, all people are exposed to this newly

identified environmental pollutant.

6.4.3

Comparison of Physical Structures of Manufactured and

Non-manufactured Carbon Nanotubes

Manufactured CNTs are produced in ovens that allow them to form bundles, ropes,

and clumps. Under optimal conditions, long fibers of high purity are preferably

produced for practical applications such as spinning into threads or ropes. Most

of the particles produced by CNTmanufacture (such as by the HiPco and laser pro-

cesses) are probably larger than respirable sizes [27]. In the environment outside

the laboratory, where fuels are heterogeneous, combustion conditions are various,

the reactions are not confined, and metal catalysts are generally not present,

combustion-generated CNTs, which are exclusively multi-walled, are expected to

be highly irregular in size and quality [34]. This probably decreases the effective-

ness of van der Waals forces; MWCNTs thus produced are less orderly, shorter in

length, and fewer in number than manufactured CNTs, and are intermingled with

other nanoparticles (Fig. 6.4). This may explain why manufactured CNTs generally

exist in larger dust aggregates whereas aggregates containing MWCNTs in the en-

vironment are often found in particles of respirable size [34].

6.5

Toxicological Studies and Toxicity of Manufactured CNTs

Toxicological studies on CNTs were conducted primarily to investigate the potential

toxicity of manufactured CNTs in the lungs for occupational risk assessment. The

first study of SWCNT toxicity, in which lung histopathology in exposed mice was

examined, was triggered by NASA’s concern that workers in occupational settings

could be exposed to the airborne dust of this light material of unknown toxicity

[44]. The study was also supported by the Center of Nanoscale Science and Tech-

nology of Rice University; both organizations have facilities that make SWCNTs.

Particle characterization of the HiPco and laser CNTs by NIOSH aerosol scientists

showed that respirable particles can be generated, albeit with difficulty, from bulk
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SWCNT materials [27]. Inhalation would be the primary route of occupational ex-

posure. Parallel to the NASA study [44], Warheit et al. [45] of Du Pont Company

(Wilmington, DE) conducted a toxicity study in rats of a SWCNT product made

by their company. Although the two studies yielded some similar histopathologi-

cal findings, the two groups reached different conclusions about the toxicity of

SWCNTs, which have been a subject of wide debate. Shvedova et al. [46] of NIOSH

conducted a very comprehensive study in mice ‘‘to resolve this conflict. . . .’’ The

toxicity of MWCNTs had drawn little attention until very recently a Belgian group

led by Muller et al. [47] published their study. All these toxicological studies are

outlined in Table 6.1 and are the subjects of this chapter.

The portion of dust that could reach the pulmonary region (where air exchange

takes place) of the respiratory system is termed the respirable fraction (or dust).

For humans, a dust particle of respirable size is generally 10 mm or less, depending

on its density and geometry; for rodents, the diameter of a respirable dust particle

is a few micrometers less. The extent (fraction) of deposition of respirable dust in

different locations in the respiratory system depends on the particle size, density,

and geometry. To assess the toxicity of a dust in the lung, the respirable fraction is

generally isolated or prepared from the bulk material.

The action of the van der Waals force causes CNTs to have a great tendency

to bundle to form ropes, each containing a few hundred parallel tubes [48]. These

secondary structures, in turn, aggregate into loose clumps. As shown by the

NIOSH aerosol scientists for the HiPco and laser products [27], it would be diffi-

cult to isolate and collect enough fine CNT particles or clumps of respirable sizes

from the bulk materials to use in an inhalation study, which would require a large

amount of fine dust of this expensive material. A controlled CNT concentration

would have to be generated in a chamber, and particle sizes and the actual expo-

sure level would have to be monitored. This is difficult even with more workable

dusts or powders of other compounds. Because it is technically difficult and costly

to conduct inhalation toxicity experiments, investigators often assess the effects of

dusts and aerosols in the lungs by intratracheal instillation (ITI) [49–51].

A dust is administered by the ITI route by injecting a suspension of a fine dust

into the trachea of a small animal and allowing the dust to be pulled deeper into

the lung during breathing. Dust administered by inhalation is inhaled continu-

ously; when dust is administered by ITI it is generally instilled into the trachea as

a bolus dose. Administration by the ITI route does not allow investigators to assess

the effects of a test dust in the upper respiratory tract, and the distribution of dust

in the lung is unnatural and less even than with administration by inhalation. In

an ITI study, dust aggregates suspended in an aqueous solution usually need to be

dissociated or broken down to respirable sizes by ultrasonication with or without

a non-toxic dispersion agent. A dose of dust particles administered by ITI can

swamp the respiratory system’s dust clearance mechanisms, and ITI results are

often exaggerated. However, an ITI study does allow investigators to determine

the relative toxicity of the test material by giving reference compounds of known

inhalation toxicities to control groups of animals [52, 53]. The ITI administration
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Tab. 6.1. Pulmonary toxicity studies of SWCNTs in animals

and characteristics of these materials.

Test materials

and

characteristics

Maker of test

materials

Synthetic

process

Metal

content

(%)[a]

Animal

species

Ref.

Soot containing

CNTs

Toyo Tanso Co.

Ltd., Japan

Electric arc Co/Ni

No info on %

Guinea pig Huczko et al.,

2001 [54]

SWCNTs Rice University,

Houston, TX

Laser[b] Ni: 10[c] Mouse Lam et al.,

2000

(unpublished

report)

SWCNTs Rice University,

Houston, TX

HiPco[b] Fe: 26.9

Mo: 0.95

Ni: 0.8

Mouse Lam et al.,

2004 [44]

SWCNTs,

purified

Rice University,

Houston, TX

HiPco[b] Fe: 2.1 Mouse Lam et al.,

2004 [44]

SWCNTs CarboLex Inc.,

Lexington, KY

Electric arc Ni: 26.0

Y: 5.0

Fe: 0.5

Mouse Lam et al.,

2004 [44]

SWCNTs DuPont Co.,

Wilmington,

DE

Laser[b] Ni: 5

Co: 5

Rat Warheit et al.,

2004 [45]

SWCNTs,

purified[d]
Carbon Nano-

Technologies,

Inc. Houston,

TX

HiPco[b] Fe: 0.23 Mouse Shvedova et

al., 2005 [46]

SWCNTs Facultés

Universitaires

Notre-Dame de

la Paix in

Namur,

Belgium

CVD Co: 0.95

Fe:@1

Rat Muller et al.,

2005 [47]

aPercent by weight in final products.
bProcess developed by Rice University or originally developed by Rice

University.
c Information provided by Smalley’s group at Rice University.
dPurified by NASA Johnson Space Center Nanotechnology Laboratory.
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route is acceptable for screening dusts for pulmonary toxicity, if the investigators or

risk assessors recognize the limitations of this technique [51].

6.5.1

Study of SWCNTs in Guinea Pigs by Huczko et al. of Warsaw University

Huczko et al. conducted the first animal study on the toxicity of CNTs [54]. They

intratracheally instilled two groups of five guinea pigs each with a bolus dose of

0 or 25 mg of CNT-containing soot in saline solution. They found no difference

between the two groups in tidal volume, breathing frequency, or pulmonary resis-

tance. Analysis of bronchoalveolar lavage fluid (BALF) obtained from the CNT-

treated and control animals indicated that treatment with CNTs had no effect on

cell differentials or total protein concentration. The authors concluded that ‘‘the

soot with a high content of CNTs does not induce any abnormalities of pulmonary

function or measurable inflammation in guinea pigs treated with carbon nano-

tubes.’’ However, examination of lung pathology, which is the most critical toxico-

logical endpoint of any pulmonary toxicity study with dust, was not included in the

study. Lung pathology was examined in the other studies reviewed in this section.

6.5.2

Study of SWCNTs in Mice by Lam et al. of NASA-JSC Toxicology Laboratory

Lam et al. conducted a pilot 7-day ITI study to determine pulmonary toxicity of an

early experimental SWCNT sample made at Rice University by the laser evapora-

tion process and containing nickel. The ITI method used was a modified version

of a method previously used in our laboratory [54]. Granulomas were observed in

mice (C57/BL/6J) treated with 1 mg SWCNT per mouse. Because the test sample

contained 10% (by weight) residual nickel, the lung lesions could not be attributed

to the effect of CNTs.

A ‘‘core’’ study was conducted to assess the intrinsic toxicity of CNTs and the in-

fluence of the residual metals in the toxicological manifestation of the test com-

pounds. The three types of CNTs we studied had been manufactured by different

processes and contained different types and/or amounts of residual metals (Table

6.1) [44]. These materials were (1) unprocessed iron-containing SWCNTs made by

the HiPco process, (2) a purified HiPco product that had been vigorously treated

with concentrated acid to remove metal residues [56], and (3) a CarboLex SWCNT

sample, made by an arc-discharge process, that contained nickel and yttrium. The

core study included two standard reference materials: carbon black (Printex 901,
a dust with relatively low toxicity) and quartz (Min-U-Sil 51, a fibrogenic dust).

Groups of B6C3F1 mice (4 mice per group for 7 d, 5 mice per group for 90 d)

were intratracheally instilled with a suspension of the test dust (0, 0.1, or 0.5 mg

50 mL�1 per mouse, equal to about 0, 3.3, or 16.5 mg kg�1, respectively). Mice

were euthanized 7 or 90 d after the single treatment, and their lungs were excised,

fixed, and stained for histopathological study [44].

Lung histopathology results showed that CNTs induced lesions, chiefly intersti-
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tial granulomas (Fig. 6.5), in the lungs of the 7-d and 90-d groups of mice [44].

These microscopic nodules, located beneath the bronchial epithelium, were pres-

ent throughout most of the microscopic fields of lung tissue. The lesions were sim-

ilar to the ones we saw in the pilot study. The granulomas contained macrophages

that had engulfed CNTs, but they contained very few inflammatory cells. The sever-

ity of lesions was dose-dependent. Prominent granulomas were found in the

lungs of all the mice that received 0.5 mg CNTs per mouse. Granulomas were

less prominent but were still observed in the mice each treated with 0.1 mg of HiPco-

synthesized CNTs. The lung lesions in the 90-d high-dose groups were generally

more pronounced than those in the 7-d high-dose groups. The lungs of some ani-

mals in the 90-d groups showed peribronchial and interstitial inflammation, fibro-

sis, and necrosis that had extended into the alveolar septa. Mice in the group

treated with carbon black had black particles in alveolar regions, but tissue reac-

tions were minimal (Fig. 6.5a). The lungs of mice treated with the high dose of

quartz had mild to moderate inflammation. The lesions induced by quartz were

considered much less severe than those produced by CNTs. Similar results were

obtained for all three types of SWCNTs. The lungs of mice in the serum control

groups were normal. Lam et al. concluded that SWCNTs are intrinsically toxic to

the lungs; these authors advise caution in allowing exposure to the dust and advo-

cate implementation of strategies to minimize human exposures [44].

6.5.3

Study of SWCNTs in Rats by Warheit et al. of DuPont Company

Warheit et al. also presented evidence that CNTs produce granulomas in the lungs

of treated animals [45]. These authors instilled a suspension containing a laser-

synthesized SWCNT product (containing nickel and cobalt) into the trachea of

Sprague–Dawley (Crl:CD(SD)IGS BR) rats. In addition to examining lung histopa-

thology, Warheit’s group assessed biomarkers of toxicity in bronchoalveolar lavage

fluid (BALF) obtained from the treated rats. The animals were given the CNTs

(suspended in saline containing 1% Tween 80) at 0, 1, or 5 mg kg�1 (0, 0.25, or

1.25 mg per rat) and were euthanized at 1, 7, 30, or 90 d after the single treatment.

The high dose in this rat study was comparable to the low dose in the NASA

mouse study. Histopathological results revealed multifocal granulomas, which be-

came evident 1 month after the treatment (Fig. 6.6). The authors found that

instillation of CNT dust produced granulomatous lesions in the lungs of treated

rats, and the lesions were non-dose-dependent, non-uniform, and non-progressive.

Quartz was given as a positive control, and was observed to produce cytotoxicity,

inflammation, and fibrosis in a dose-dependent manner. Study of the BALF

showed that SWCNTs induced only a transient increase in the concentration of lac-

tate dehydrogenase (LDH; marker of cytotoxicity) in the 1-d group. Quartz at a

high dose produced increases in LDH and protein concentrations at all time

points. Unable to find a dose-dependent and time-dependent granulomatous re-

sponse, or prolonged inflammation in the lungs, coupled with the observations
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Fig. 6.5. Lung tissues from mice

intratracheally instilled with 0.1 or 0.5 mg per

mouse of a test material and euthanized 7 or

90 days (d) after the single treatment. (A)

Carbon black, 0.5 mg, 90 d. Particles were

scattered in alveoli, and no tissue reaction was

observed. (B) Purified HiPco CNTs, 0.1 mg, 7

d. The figure shows a low-grade granuloma.

(C) CarboLex arc-produced CNTs, 0.5 mg, 7 d.

A well-defined granuloma is shown. (D)

Unprocessed HiPco CNTs, 0.5 mg, 90 d.

Granulomas, alveolar wall thickening, and

some fibrotic tissue are shown. Magnifications

40–200�.

Fig. 6.6. Granulomas in lung tissues from rats 1 month after

they were intratracheally instilled with 1 mg kg�1 of laser-

synthesized CNTs. (Courtesy of Dr. David Warheit.)
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that CNTs have a great tendency to aggregate, Warheit et al. concluded that the

granulomatous reaction was a nonspecific response to instilled aggregates of

SWCNTs and the results may not be relevant to human exposures [45]. Warheit

showed that some instilled CNTs stuck in the major airway and the mechanical

blockage suffocated 15% of the high-dose group. The proportion of the dose that

clogged the airway must have been substantial. The inability of the dose to reach

the alveolar region, where CNT-induced granulomas could occur, may partially ex-

plain why the results were both non-dose- and non-time-dependent.

6.5.4

Study of SWCNTs in Mice by Shvedova et al. of NIOSH

As pointed out above, to address the differences in conclusions about the potential

hazard of exposures to SWCNTs drawn by Lam et al. and Warheit et al., Shvedova

et al. [46] carried out a comprehensive pulmonary toxicity study in mice (C57CL/

6), testing a purified HiPco CNT product (>99% SWCNTs) that was exhaustively

subjected to purification to remove metals (final iron content 0.23% by weight).

The animals were given a single treatment of CNTs, carbon black, or quartz at a

dose of 0, 10, 20, or 40 mg per mouse (about 0, 0.5, 1, or 2 mg kg�1, respectively).

Aqueous suspensions of test dusts were aspirated at the pharyngeal area of mice,

allowing droplets to be pulled into the lung during inspiration. The mice were then

killed 1, 3, 7, 28, or 60 d after treatment. Histopathological examination of the

lungs showed an acute inflammation, early onset of formation of granulomas,

and progressive fibrosis. The histopathology was characterized by SWCNT-induced

granulomas mainly associated with hypertrophied epithelial cells surrounding the

dust aggregates, and diffusive interstitial fibrosis and alveolar wall thickening likely

associated with dispersed SWCNTs. The total mass of granulomas in the lungs of

mice in the 60-d group increased with an increase in the CNT dose. In general,

lung lesions were dose-dependent and progressive, like those reported by Lam

et al. [44]. Pulmonary function tests showed increases in functional respiratory de-

ficiencies with increased concentrations of CNTs, a finding consistent with fibrosis.

Compared with saline-treated controls, CNT-treated mice showed slower bacterial

clearance assessed 7 days after bacterial inoculation. The test doses of quartz and

carbon black did not induce granulomas or fibrosis.

Like Warheit et al., Shvedova et al. [46] examined the biomarkers of toxicity in

BALF from CNT-treated animals. The results showed increases in total protein

concentration, cell counts, concentration of transforming growth factor beta (TGF-

b), and LDH and g-glutamyltranspeptidase activities; these biomarkers of inflam-

mation or cytotoxicity in the lungs were dose-dependent. Shvedova et al. concluded

that crystalline silica caused less cytotoxicity than CNTs (compared on an equal-

weight basis) and recruited fewer polymorphonuclear leucocytes into the lungs.

These biomarker results from mice treated with quartz and SWCNTs differ from

those of a similar study in rats reported by Warheit et al. and discussed above

[45]. Like Lam et al. [44], Shvedova et al. demonstrated that CNTs were intrinsically
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toxic and cautioned that exposures of workers to high concentrations of respirable

SWCNT particles may pose a risk of developing some lung lesions.

6.5.5

Study of MWCNTs by Muller et al. of Belgium

MWCNTs have been shown to produce lung lesions similar to those observed in

studies with SWCNTs. Muller et al. tested two forms of MWCNTs, unprocessed

(unground) MWCNTs and MWCNTs that had been ground [47]. They reported

that 60 days after rats (Sprague–Dawley) were each given a single ITI dose of 0.5,

2, or 5 mg MWCNTs (sonicated and suspended in a normal saline solution con-

taining a dispersing agent, Tween 80) their lungs showed inflammation, granulo-

mas, and fibrosis. The unground CNTs remained in the bronchial lumen and pro-

duced collagen-rich granulomas. The bronchial lumen was partially or completely

blocked, as in the study by Warheit et al. [45]; very few CNT particles were seen in

the parenchymal (alveolar) region. The ground CNTs were ‘‘better dispersed’’ in

the parenchyma and in the interstitium induced granulomas consisting of macro-

phages laden with particles, multinuclear giant cells, and some inflammatory cells,

like those reported by Lam et al. [44]. Muller et al. [47] also showed that hydroxy-

proline and soluble collagen, two biomarkers of fibrosis, increased in the lung tis-

sues in a dose-dependent fashion. BALF obtained from rats 3 days after the CNT

treatment showed dose-dependent increases in LDH activity, total protein concen-

tration, and neutrophil number. Muller et al. also concluded that CNTs are poten-

tially toxic and advocated strict industrial hygiene [47].

6.6

Health Risk Implications

6.6.1

Toxicity Summary of CNTs and Occupational Exposure Risk

The results of four histopathology studies reported previously in the literature and

reviewed here collectively showed that SWCNTs and MWCNTs themselves were ca-

pable of inducing granulomas and other lesions in the lungs, regardless of the pro-

cess by which they were synthesized and the types and amounts of metals they

contained. The metal residues and other impurities played only a small role in

the formation of these pulmonary lesions (see Lam et al. [1] for detailed discus-

sion). Dust of respiratory size is difficult to separate from bulk materials because

CNT bundles or ropes tend to stick to each other. Moreover, all four studies were

conducted similarly by ITI to expose a rat or mouse to a fine-particle suspension of

a CNT dust ultrasonicated in an aqueous system containing a dispersing agent, or

by pharyngeal aspiration of a CNT suspension obtained by boiling and sonicating

CNTs. These instillation or aspiration studies, involving CNT particles mechani-

cally dispersed in an aqueous system containing a dispersion agent, are considered
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screening assays of CNTs for potential pulmonary toxicity [44, 45]. However, even

though these studies do not answer the important health risk question of whether

airborne CNT particles can reach the lungs, they do reveal the intrinsic toxicity of

CNTs. The findings convey the important message that if a CNTproduct contains a

substantial amount of respirable dust that reaches the lung at a high enough con-

centration it is likely to produce the types of serious lung lesions seen in rodents.

Certainly, it would be very important to conduct inhalation studies to confirm these

pathology findings; data from inhalation studies are also needed for setting occu-

pational exposure limits. Because it is difficult to conduct an inhalation study on

CNTs, inhalation toxicity data will not be available for some time.

Lam et al. [44] and Shvedova et al. [46], who used carbon black and quartz as

references in their comparative toxicity studies, concluded that if CNTs reach the

lungs, under the test conditions described here and on an equal-weight basis they

are much more toxic than carbon black and can be more toxic than quartz, chronic

inhalation of which is considered a serious occupational health hazard. Study with

MWCNTs led Muller et al. [47] to reach the same conclusion, i.e., that CNTs are

intrinsically toxic. Therefore, it is prudent to assume that if significant amounts of

airborne fine CNT particles were present in a workplace, occupational exposures to

CNTs could produce substantial injury in the lungs and potentially the upper respi-

ratory tract (see Lam et al. [1] for a detailed risk assessment of occupational expo-

sures). If CNT dust is present in a work environment, strategies to minimize hu-

man exposure to it should be implemented.

6.6.2

Impact of SWCNTs on Environmental Health

The manufacture of CNTs is still on a small scale and the products remain expen-

sive; the current impact of manufactured CNTs on environmental health is non-

existent or very minimal. However, if millions of tons of CNTs are produced annu-

ally some day, as predicted by Richard Smalley [28], and if the CNT industry

achieves the goal of charging ‘‘a couple dollars a pound’’ for CNTs [25], then CNTs

will likely be incorporated or formulated into fabric, plastic, composite materials,

and household commodities that will touch all aspects of human life. Then CNT-

containing industrial wastes and degraded CNT-containing materials will probably

appear in the environment (Fig. 6.2). Will CNTs bioaccumulate in the environ-

ment? Will ingested SWCNTs in the alimentary canal reach internal organs to pro-

duce toxicity? Studies will need to address these environmental health issues.

6.6.3

Toxicity of MWCNTs and Impact on Environmental Health

Murr and colleagues found MWCNTs in fine particulate matter generated from

combustion of natural gas in typical kitchen ranges [31–33]. Finding MWCNTs in

PM collected indoors and outdoors, they concluded [32] that MWCNTs and carbo-

naceous nanoparticles are ubiquitous in the environment. They further speculated
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that MWCNTs are a major component of indoor and outdoor airborne PM. Be-

cause MWCNTs are ubiquitously present in fine airborne particulate aggregates in

our environments [34], it is reasonable to postulate that all humans are exposed to

low levels of MWCNTs.

Dockery et al. found a positive correlation between fine particulate air pollution

and excess mortality in six U.S. cities [56]. In a large-scale epidemiological study

with 1.2 million adults, Pope et al. [57, 58] found that fine PM in ambient air is a

risk factor associated with cardiopulmonary mortality and cardiovascular and pul-

monary diseases. The underlying mechanisms by which exposure to fine PM might

play a role in the pathogenesis of cardiopulmonary diseases are not known [59].

Pollutants may produce oxidative lung damage and inflammation [60]. Seaton et

al. have proposed that fine particles deposited in the lung provoke alveolar inflam-

mation, which causes potentially harmful cytokines to be released [61].

The pulmonary toxicity of SWCNTs and MWCNTs are similar; collectively, CNTs

can produce lung lesions and biomarkers of toxicity, such as inflammation, fibro-

sis, granulomas, harmful cytokine release, and oxidative biochemical toxicological

changes. Shvedova et al. also showed that SWCNTs impaired pulmonary func-

tions and bacterial clearance. In a cell culture study, Monteiro-Riviere et al. have

found that MWCNTs caused release of the proinflammatory cytokine interleukin

8 [62].

Gauderman et al. have found that adverse effects on the growth of lung func-

tions in teenagers were associated with exposures to NO2, acid vapor, fine PM,

and elemental carbon, which had the highest correlation (p ¼ 0:007) [63]. Fine

PM, derived primarily from combustion, contains elemental carbon; MWCNTs,

which are also produced by combustion, were found in fine PM collected in out-

door air in El Paso and Houston. The results of the four studies reviewed here

showed that manufactured MWCNTs and SWCNTs were much toxic than ultrafine

carbon black (used as a negative control by Muller et al. [47] and Shvedova et al.

[46]) and graphite (used in the study by Warheit et al. [45]). It is probably true

that environmental MWCNTs are a minor component in fine PM, but the unique

toxicity of CNTs, which has not been seen with other elemental forms of carbon,

raises a concern about these combustion-generated fibrous MWCNTs. Very possi-

bly, they play a significant role in the pathogenesis of pollution-related cardio-

pulmonary diseases. Confirmation of this postulation requires results from toxicity

studies on this newly-identified environmental pollutant.
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7

Toxicity of Nanomaterials – New Carbon

Conformations and Metal Oxides

Harald F. Krug, Katrin Kern, Jörg M. Wörle-Knirsch,

and Silvia Diabaté

7.1

Introduction

Nanomaterials are on the same scale as most elements of living cells, including

proteins, nucleic acids, lipids and even cellular organelles. When considering

nanoparticles it must be asked how man-made nanostructures can interact with

or influence biological systems. On the one hand, nanosystems are specifically en-

gineered to interact with biological systems for particular medical or biological ap-

plications. On the other hand, the large-scale production of nanoparticles for either

non-medical applications or as side-product of combustion processes may affect a

wide range of organisms throughout the environment. Since the 1970s, an increas-

ing number of investigations concerning the use of nanoscale structures, e.g., lip-

osomes, for drug transport and comparable applications have been undertaken [1–

9]. In addition to liposomes, nanoparticles produced from other materials came

into the focus of physicians for various treatments of diseases [10–16]. This work

aims to design inert auxiliary accompanying materials and to use body-friendly and

biodegradable excipients. However, dependent on their target organ and function-

ality, not all of these materials are degradable and some stay in the body for long

periods. In light of this, side effects and foreign body reactions may be detectable

and a good local and systemic tolerance during and after medication should be a

condition sine qua non.
Nanostructured materials come into contact with biological systems not only

through their use in drug delivery systems or for gene transfer. They are also pro-

duced for food and cosmetic chemistry and many other technical applications (Tab.

7.1). The increasing production, particularly of metal oxide nanoparticles and new

carbon materials, will enhance the possible exposure at work places, packing sta-

tions and during application of the products [17]. In addition, waste treatment

and containment at the end of a products life cycle must be considered. For all

these reasons, it is of great interest to determine how these materials, when com-

ing in contact with living organisms, are taken up, transported in or through cell

layers, and affect biological functions. To cover these questions we review the latest
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results from various studies on the biological effects of nanoparticles that may be

the basis for adverse effects, especially in humans. Because metal oxides are the

most prominent produced variants of nanoparticles and new carbon modifications

are the most promising ones we focus on these two types with respect to their cel-

lular uptake and possible influence on important cellular mechanisms in vitro. The
effects of ambient particulate matter or particulate emissions from combustion de-

vices such as diesel engines or oil burners are not reviewed. These particles, pro-

duced unintentionally with a complex chemical composition, are released into the

environment and affect the general population. Although these particles stimu-

lated much concern over their health effects, this chapter concentrates on the ef-

fects of intentionally produced nanoparticles of low solubility with well-known

chemical composition, form and size to provide condensed information for a pos-

sible occupational exposure. Our short overview on biological hazards ends with a

more general aspect of the risks connected with the production and use of nano-

Tab. 7.1. Examples of metal oxides and carbon modifications

manufactured as nanomaterials of commercial interest.

Type Examples for use

Metal oxides
� Silica (SiO2)
� Titania (TiO2)
� Alumina (Al2O3)
� Iron oxide (Fe3O4, Fe2O3)
� Zirconia (ZrO2)
� Zinc dioxide (ZnO2)

� Additives for polymer composites
� UV-A protection
� Solar cells
� Pharmacy/medicine
� Additives for scratch resistance coatings

Carbon modifications
� Carbon black � Tires, printer, copier

Fullerenes
� Buckminsterfullerene (C60) � Mechanical and tribological applications/additives

to grease

Carbon nanotubes
� Single-wall carbon nanotubes
� Multi-wall carbon nanotubes

� Additives for polymer composites
� Electronic field emitters

Batteries

Fuel cells

Carbon nanofibers
� Various conformations � Mechanical and tribological applications

Carrier for catalysts

Additives for polymer composites

Elastic foams
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materials and, on the other hand, the opportunities that are an important compo-

nent in all long-term considerations.

7.1.1

Nanoscale Materials and Adverse Health Effects: Precautionary Measures

Although nanoparticles have been used in various products for several decades, the

expected increase of production and use of newly developed materials makes the

question of their safety to life and the environment increasingly important. How-

ever, classical risk regulation is not adequate because the risk can not be quanti-

fied. At this early stage, where most of the materials are under development and

produced only in small amounts for research laboratories, precautionary measures

can be taken to keep exposure below particular thresholds and avoid possible ad-

verse effects by employing the ‘‘as low as reasonably achievable – ALARA’’ princi-

ple. As soon as the conditions required for the risk management approach are

no longer fulfilled, controversies and ambivalent situations result. This is especially

the case if fundamental knowledge concerning the toxicity of these materials is

missing, controversial, or based on not sufficiently validated experimental models.

In past cases, severe adverse effects resulting from the implementation of new ma-

terials or technologies were not been detected at an early stage (e.g., asbestos) and

the resulting health, environmental, and economic damage has spurred calls for

stronger regulatory measures. These debates resulted in the implementation of

the precautionary principle in the European Union that reached wide international

agreement during the Earth Summit (United Nations Conference on Environment

and Development, UNCED) in Rio de Janeiro 1992 and became part of Agenda 21.

Based on this, several demands have to be made for nanotechnology and its

products:

1. Without knowledge of possible adverse effects, nanoparticle exposure should be

avoided at work places as well as in the population and the environment.

2. Multiple studies are necessary to clarify the biological effects of nanoparticles,

with the caveat that different materials, sizes and surface characteristics often

behave differently.

3. As with normal chemicals, extrapolation from in vitro system and/or animal ex-

periments with regards to a specific nanoparticle is reasonable for judging hu-

man exposure to the nanoparticle in question, but can not be the base for a fun-

damental evaluation or assessment of nanoparticles in general.

As past experience has illustrated, precautionary measures are needed for nano-

technological developments, new materials, and nanoparticles [18, 19]. However,

the call for a moratorium on nanotechnology is unrealistic because a moratorium

for the chemical, physical and pharmaceutical industries (new substances and new

techniques are possible new hazards and risks) would logically follow. From the

point of view of toxicologists, the database of biological effects of nanoparticles

must be increased by intensifying research on adverse health effects of these new
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materials. Most of the presented data in this chapter on nanosized metal oxides

and carbonaceous materials are either preliminary or poorly confirmed by other re-

search groups. So far, few nanomaterials have been investigated intensely. These

two nanomaterial categories are in production for commercial applications and,

therefore, several studies on their health effects have already been performed,

whereas information on the impact of nanomaterials on the environment is rare

and hence considered marginally.

7.1.2

Hazard Identification and Exposure Estimation

The health and safety issues related to metal oxides and carbon nanomaterials are

in a very early phase. Hence, it seems premature to draw far-ranging conclusions

regarding the potential hazards related to exposures to these materials. Since the

toxicology database for inhalation or dermal exposure to these nanomaterials is

rather sparse, efforts to obtain this information must be intensified. Most impor-

tant is the development of methodologies and protocols concomitant with the

implementation of hazard/toxicity studies, as well as workplace exposure assess-

Fig. 7.1. Sequence of events leading to risk assessment.

156 7 Toxicity of Nanomaterials – New Carbon Conformations and Metal Oxides



ments, to better ascertain the impact of nanomaterials on human health. For a

valid risk assessment both parts of the following equation must be taken into

account:

Risk ¼ Exposure�Hazard

Within the risk assessment procedure, hazard identification is the first step (Fig.

7.1). Because of the lack of knowledge, it is an open question as to whether estab-

lished mechanisms of risk analysis and risk regulation may be applied to nano-

technology. Regardless, both hazard characterization and exposure assessment are

fundamental pre-requisites, leading to risk characterization.

7.2

Production and Use of ‘‘New Carbon Modifications’’ and Metal Oxides

Nanoscaled insoluble metal oxides are used in applications in almost all fields of

technology and industry (Tab. 7.1). They are used as additives in sun screens and

textiles to block UV light (TiO2), to clear apple juice and beer (SiO2) as well as to

degrade toxic chemical waste very efficiently (MgO). While only poor data is avail-

able on the toxicity of most synthesized nanoparticles, most investigations on these

new materials have been done with titania and silica. At present the assessment of

nanoscaled metal oxide toxicity is focused on free and primary particles. As nano-

particles are sintered and agglomerated to larger structures, they lose most of the

vast toxic potential to human health that appears in primary particles.

Carbonaceous particles are generated by pyrolysis of gaseous or liquid hydrocar-

bons, or by spark generation between two graphite electrodes. The most common

product is carbon black, consisting of amorphous, variably sized colloidal particles

of elemental carbon (Fig. 7.2). In contrast to soot, which results from incom-

Fig. 7.2. Transmission electron micrograph of carbon black

(Printex 90), showing aggregates of primary particles with an

average diameter of 14 nm. (T. Detzel, ITG.)
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plete combustion of carbon-containing material, carbon black contains only low

amounts of solvent-extractable organic matter. The material is used as an additive

in the rubber of automobile tires, in inks, batteries and protective coatings.

Buckyballs (also known as fullerenes) are cage-like molecules, e.g. the spherical

buckminsterfullerene, which consists of 60 carbon atoms (C60) and was discovered

in the 1980s [20]. They can be generated in the arc between two graphite electrodes

in a helium atmosphere. The heat vaporizes the graphite, and fullerenes form as

the gaseous carbon cools.

Carbon fibers consisting of amorphous carbon with a diameter of 7–10 mm have

been produced by similar methods since the 1980s. The fibers are embedded in

resin or plastic to produce composite materials used in aerospace, automotive,

sports goods, and prosthetic industries. By modification of the production method,

long tube-like carbon nanotubes are formed [21]. Single-walled carbon nanotubes

(SWCNTs) have a diameter of 1–2 nm and are up to 100 mm long. Multi-walled car-

bon nanotubes (MWCNTs) consist of several layers of carbon cylinders, which in-

creases the diameter to 10–30 nm (Fig. 7.3). This new material has high potential

for new commercial products because it exhibits very interesting properties such as

great tensile strength, high conductivity, or unique electronic features. Therefore, it

is predicted that tons of carbon nanotubes will be produced worldwide every year

in the near future [22].

Recently, carbon fibers with nanometer dimensions have been synthesized [23].

The diameters range from 60 to 200 nm and, unlike carbon nanotubes, they do not

posses a helical carbon arrangement (Fig. 7.4). There is evidence that when carbon

nanofibers are used as an orthopedic or dental material some of the common prob-

lems associated with implant material such as insufficient cytocompatibility may

be avoided.

Fig. 7.3. Transmission electron micrograph of (a) single

SWCNT and (b) MWCNTs forming a bundle. (T. Detzel, ITG.)
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7.2.1

Health Aspects

It is of increasing concern to the public as well as toxicologists and occupational

physicians that nanotechnology may create contaminants whose tiny size makes

them ultra-hazardous. A further complication is that these very small materials

may bind or react with other contaminants in the air or water that are harmful

and facilitate their transport into living organisms, thus leading to additional ad-

verse effects.

Most knowledge of the adverse health effects of very small particles comes from

recent studies on ambient ultrafine particles (UFP) unintentionally released into

the atmosphere. Epidemiological studies have shown that increased levels of UFP

(<0.1 mm in aerodynamic diameter) are associated with increased respiratory and

cardiovascular mortality and morbidity as well as worsening of asthma. These ef-

fects were observed in particular in susceptible persons such as the very young

and old, and those with compromised respiratory and cardiovascular systems [24–

Fig. 7.4. Carbon nanofibers of different size

and properties. (a) Screws (CNF-SC) are 50 to

200 nm in diameter and 1 to 10 mm long

(upper left). (b) Platelets (CNF-PL) are

between 150 and 250 nm in diameter and 5–

50 mm long. (c) Herringbones (CNF-HB) are

the thickest and shortest fibers, with a

diameter of 200–600 nm and a length of 0.5 to

5 mm. These fibers are used as catalysts, part

of composite materials, different polymers etc.

(Reprinted with permission of FutureCarbon

GmbH, Bayreuth.)
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26]. The composition of ambient UFP includes organic and elemental carbon, met-

als, chloride, nitrate and sulfate. Since the core typically consists of elemental car-

bon [27], it was obvious to study the biological effects using ultrafine carbonaceous

particles as model particles.

7.2.2

Uptake and Possible Transport, Depots, and Accumulation in Living Organisms

Most studies on the uptake and transport of nanoparticles as well as the formation

of depots and their accumulation have been performed in vivo (Fig. 7.5). The labo-

ratory of Günter Oberdörster carried out fundamental studies during the last

decade that delivered basic data on distribution, uptake and retention of titanium

nanoparticles in lungs of rats or mice. It was demonstrated that after instillation

or inhalation in rats, equivalent masses of 20 nm TiO2 were deposited in the al-

veoli and accessed the pulmonary interstitium to a significantly larger extent than

250 nm TiO2 particles [28, 29]. This resulted in a prolonged retention of the

smaller particles in the lung. But these studies in rat also indicate that there is a

difference between inhalation and instillation of nanoscaled TiO2. As measured

by bronchovascular lavage parameters, animals receiving particles via inhalation

showed a decreased pulmonary response, in both severity and persistence, com-

pared with animals receiving particles via instillation [30].

Dose–response curves are incompatible when the instilled mass of ultrafine and

fine TiO2 particles are used as parameters for the measured neutrophil infiltration.

Alternatively, when using the particle surface area of the instilled dose, it became

obvious that the inflammatory response in the lung for both ultrafine and fine

TiO2 fitted the same dose–response curve [32]. These results strongly suggest that

for particles of the same surface material/chemistry, such as TiO2, particle surface

area is a more important dosimetric parameter than particle mass (or particle

number). The same authors demonstrated a perfect correlation of the inflamma-

Fig. 7.5. Scanning electron micrograph demonstrating

deposition of inhaled iron carbonyl particles at the alveolar

duct bifurcations in the distal lung of a rat. (Reprinted from

Ref. [31], with permission from Elsevier.)
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tory response in both experimental animals by fitting the particle surface dose with

the lung weights of mice and rats. This assumption to use surface area as a rele-

vant dosimetric parameter to express toxicity data is confirmed by several studies

but has to be validated in more detail (for further literature see Ref. [33]).

During the last decade several studies have shown that the response to instilla-

tion or inhalation of nanoscaled TiO2 in various species such as hamster, rat, or

mouse differs. Under conditions of equivalent lung burden with nanoscaled TiO2,

rats developed more severe inflammatory responses than mice, while the clearance

of particles from the lungs was markedly impaired in both species [34]. In con-

trast, the clearance rate of hamsters is totally unaffected at all applied particle con-

centrations. The difference in clearance rates seems to be caused by a translocation

of the particles into the lymph nodes of rats and mice. This was not seen in ham-

sters and thus the retention time in hamsters is shorter. Another variation within

the three species was described by histopathological methods. After instillation or

inhalation of nanoparticles an accumulation of particle-loaded macrophages sur-

rounded by normal alveolar structures has been observed in hamster, whereas in

rats the particle-loaded macrophages accumulate intra-alveolar. Moreover, intersti-

tial fibrosis and alveolar metaplasia of lining epithelium has been demonstrated

in rats and were not noted in either mice or hamsters. In contrast, no macrophage

accumulation could be detected in hamsters [35]. A further study showed that,

compared with mice or hamsters, rats were hypersensitive to a high lung burden

of insoluble dust [34].

For ultrafine cadmium oxide particles, in vivo studies in rats were performed and

showed that the inhaled particles cause an increasing cadmium content in lung,

liver, kidney and blood. However, systemic translocation of the particles only ap-

peared if the animals were exposed to high particle concentrations, which gener-

ated lung injury. J774 macrophages treated with CdO were swollen with poorly pre-

served cell membranes, cytoplasmic structures and nuclear morphology [36].

Few studies have been performed within in vitro systems dealing with the trans-

port and uptake of nanoparticular metal oxides and a direct comparison of these

studies is not feasible because different cell types and particles differing in size

and material were used. Fundamentally, metal oxide and carbonaceous nanopar-

ticles can be taken up by cells by very different mechanisms (Fig. 7.6). In several

human cell lines nanoscaled material, such as TiO2, SiO2 and ZrO2, was taken up

into the cells [37]. The incorporated particles were detected in autophagic vacuoles,

which also contained amorphous cellular material and membranes [38], as well as

within the cytoplasm (Fig. 7.7).

Nanoscaled TiO2 significantly impaired macrophage phagocytosis at a lower

dose than its fine counterpart [39]. Thus, the slower clearance of ultrafine particles

from the lung can be in part attributed to a particle-mediated impairment of mac-

rophage phagocytosis. Nanoscaled TiO2 caused cytoskeletal dysfunction as de-

creased phagosome transport and increased cytoskeletal stiffness could be observed

in concentrations of 100 mg mL�1 per 106 cells and above in macrophages [40].

A more recent study demonstrated that particle size and particle composition, re-

spectively, were responsible for the observed biological effects by using hematite
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(70 nm) and amorphous SiO2 between 40 and 300 nm in diameter. Furthermore,

co-culture systems of lung epithelial cells and macrophages showed an increased

sensitivity to particle exposure concerning the cytokine release in comparison to

the monocultures of each cell type [41].

Fig. 7.6. Possible cellular uptake pathways for particles of different sizes.

Fig. 7.7. Fluorescence micrographs of human

lung epithelial cells (A549). (a) Caveolin

detected with Cy3 coupled antibody,

demonstrating the overall appearance of

caveoli within these cells. (b) A549 cells after

exposure to ZrO2 (5 nm in diameter) coated

with Coumarin 307 (blue fluorescence). The

particles are equally distributed in the

cytoplasm of the cells whereas none could be

detected within the nuclei (counterstained with

ethidium bromide – red fluorescence).

Magnification: 630-fold. (K. Kern, ITG.)
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The deposition and fate of inhaled ultrafine carbon particles generated by spark

discharge (26 nm) was studied with the stable isotope 13C [42]. In the rat model,

more than 50% of the 13C particles was rapidly translocated to the liver within

24 h while no significant increase in 13C was detected in the other organs. In con-

trast, another study with insoluble ultrafine 192Ir particles (15–20 nm) detected

less than 1% translocation into the extracellular organs. The particles not only ac-

cumulated in the liver, but also in spleen, kidneys, brain and heart [43]. Interest-

ingly, in this study a much lesser fraction of ultrafine particles could be removed

by bronchoalveolar lavage compared with inhalation studies with larger particles.

It was suggested that the ultrafine particles penetrate the epithelium or the inter-

stitium where they are retained. A human study observed an uptake of 3–5% of

radiolabeled carbonaceous ultrafine particles into the blood and translocation into

the liver [44]. These results differ from those of Brown and colleagues [45] who

could not find any particles outside the lungs and the cleared fractions after inha-

lation of an ultrafine technetium-99m-labeled carbon aerosol in their human

study.

Newer studies indicate that inhaled ultrafine 13C particles translocate into the

brain of rats. The particles are suggested to deposit on the olfactory mucosa of the

nasopharyngeal region and translocate via the olfactory nerve to the brain [46]. De-

spite conflicting results, it can be summarized that inhaled ultrafine particles are

able to translocate to extrapulmonary organs via the blood; however, this fraction

is very low.

Fig. 7.8. Near-infrared fluorescence image of

one macrophage-like cell incubated with

SWCNTs, showing emission detected from

1125 to 1600 nm with excitation at 660 nm.

Intensities are coded with false color, and the

image was obtained from a z-axis series by

deconvolution processing. Intensity along the

yellow vertical line is plotted in the graph on

the right, showing high image contrast and

localized emission sources. (Adapted with

permission from Ref. [50].)
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Despite recent investigations in systemic transport, none of the published data

strongly illustrate that a substantial amount of the inhaled dose is indeed translo-

cated systemically [43, 47–49]. Carbonaceous particles are particularly difficult to

detect in cells and tissues by electron microscopy because of low contrast and small

diameters. Recently, near-IR fluorescence was applied to detect SWCNTs after

phagocytosis in mouse macrophages (Fig. 7.8).

The image clearly shows the nanotubes inside the cell [50]. Because of their pho-

tostability, which is comparable to quantum dots, carbon nanotubes might be ap-

plied as fluorescent markers and contrast agents with low toxic potential for cell

biology research and medical diagnosis. Diabaté et al. also demonstrated by trans-

mission electron imaging that carbon nanotubes are taken up by macrophages and

epithelial cells as bundles [51]. These large agglomerates of carbon nanotubes as

well as single nanotubes separated from these bundles can be clearly detected with-

in the cells by this method (Fig. 7.9).

There exist several studies on the uptake and distribution of nanoparticles within

cells. In nearly all these experiments the investigated cells have ingested the ap-

plied nanoparticles. Only two examples demonstrate the fact that nanoscaled metal

oxide particles are found in cellular systems in vitro (Fig. 7.10) as well as after in-

halation in vivo (Fig. 7.11). Transmission electron microscopy is fundamentally a

useful and necessary tool. It appears that nanoscaled materials can be found either

enclosed within organelles like phagosomes, lysosomes, or endosomes, or are freely

distributed within the cytosol [38, 41, 52].

The same is true for carbonaceous nanomaterial that has been found in various

cell types after treatment in vitro (Figs. 7.8 and 7.9) as well as in exposed mice or

rats after instillation [53, 54].

7.2.3

Biological Effects on Cellular Mechanisms

Nanoparticles produced from different materials, such as metal oxides or carbon,

have enhanced properties not found in bulk materials. Unsurprisingly, therefore,

the enhancement of material properties could also occur when the particles en-

counter biological components. With the ability to manipulate atoms and mole-

cules, we now can create predefined nanostructures with unprecedented precision

and selective affectivity. An improved understanding of the biological effects of

nanoscaled materials, as described in this book, also deserves attention. Several in-

vestigations of biological interactions with nanometer-scale materials demonstrate

the possible impacts on living systems (Fig. 7.12):

1. Cell membrane proteins/adhesion molecules; integrins and extracellular matrix

(ECM), receptor molecules, transporters [12, 55–61];

2. phospholipid turnover and lipid mediator release [62–64];

3. ion channels [65];

4. endolysosomes [66–68];
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5. mitochondria [69–71];

6. nucleus and DNA [72, 73].

7.2.3.1 Metal Oxides

Nanosized materials are easily taken up into cells and are either stored in several

compartments or freely located within the cytosol (Section 7.2.2). Metal oxides

interfere with membranes, proteins or other structures of the cells (see above).

Incorporation takes place via caveoli, clathrin-coated pits or endocytosis (Fig. 7.6),

Fig. 7.9. Transmission electron micrographs

of rat alveolar macrophages (NR8383) and

human lung epithelial cells (BEAS2B) ingesting

bundles of primary SWCNTs. (a) NR8383 cell

ingested a bundle of carbon nanotubes (white

arrow) and contacted another one (black

arrows); (b) BEAS2B cells ingested a SWCNT-

bundle of similar size, the white square is

shown in higher magnification in (c), where

single carbon nanotubes can be found next to

the bundle in the cytosol (white arrowhead)

and at the nuclear envelope (black arrowhead).

(T. Detzel, ITG.)
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leaving these nanosized metal oxides in lysosomes [38, 41]. A distinct mechanism

for nanoparticle uptake has not been described yet, but it appears to be a depen-

dency on primary particle and agglomerate size. The possible cellular mechanism

for the recognition and initiation of the uptake process has recently been suggested

to be a member of the Toll-like receptor family [74].

Size Dependency Recently, ultrafine (20 nm) preparations of TiO2 have been

shown to cause a significant loss in viability compared to fine (220 nm) particles

[40], similar to results for ultrafine and fine nickel [75]. Additionally, an increase

in fibrogenic mediators like procollagen can be observed that appear to be stronger

for ultrafine preparations [76]. Proliferation of macrophages is impaired in these

samples as well, and to a greater extent than in fine particle treated controls [40].

Inhalation studies revealed a higher pulmonary deposition in rats with ultrafine

CdO (40 nm) aerosol than was measured with fine CdO particles [36]. Bermudez

and his colleagues have suggested particle clearance in mice and rats is retarded

Fig. 7.10. Hematite particles are taken up into

the cytosol of alveolar epithelial cells (A549).

Light microscopic image of A549 cells (DIC,

630�; A) after 24 h of hematite exposure

(100 mg mL�1 or 32 mg cm�2). Transmission

electron micrographs of A549 cells after 3 h

(20000�; B), 6 h (30000�; C), and 16 h of

exposure to hematite particles (50 mg mL�1 or

16 mg cm�2) (12000�; D). (Reprinted from

Ref. [41], with permission from Elsevier.)
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because of pulmonary particle overload in animals treated with high dosages of

nanoscale titania [35].

Koper and his coworkers have described another size-dependent finding [77].

Nanoscale powders of MgO or CaO that tend to be nontoxic as large scale particles

were doped with halogens and found to have a very strong degrading effect on cer-

tain bacteria and fungi. It was suggested that the activated nanoparticles directly

interfere with proteins and nucleotides. If these formulations kill more than 90%

of contacted bacteria within minutes, why should these particles (4 nm) not be

Fig. 7.11. EFTEM (energy filtering

transmission electron microscopy) images

taken at 0 eV of particles (arrows) on ultrathin

sections of the lung parenchyma of exposed

rats. (a) Type II cell (EP) close to lamellar

bodies (LB). (b) A capillary (CA), near the

alveolar endothelium (EN). (c) Surfactant

material (S) accumulated within the surface

lining layer in the corner of an alveolus, close

to the epithelium (EP), alveolar lumen (AL).

(d) Cytoplasm of an endothelial cell (EN).

Scale bars ¼ 100 nm. (Adapted with

permission from Ref. [52].)
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harmful to human health? The key to these observations lays obviously in the large

surface area of nanoparticles, which can be as high as 430 m2 g�1 and therefore be

very reactive. Klabunde and coworkers suggest a surface reaction of these nano-

materials with PaO and PaF bonds that breaks important chemical compounds,

leading to a disruption of the cellular homeostasis [78].

Inflammation Several studies have shown that incorporated metal oxide nano-

particles can lead to inflammatory responses. These include the release of pro-

inflammatory cytokines like IL-1, IL-6, IL-8 and TNF-a. In addition, fibrogenic fac-

tors (PDGF-A and PDGF-B) can be released upon treatment with fine and ultrafine

particles in rat tracheal explants [76]. Toll-like receptors (TLR) may be also involved

in a nanomaterial specific manner and appeared to be induced after application of

different nanoparticles, such as TiO2, ZrO2 and SiO2, to human myelomonocytic

U-937 cells [74]. These studies observed an increase in IL-1b, TNF-a and IL-1RA

release in this macrophage cell line. A change in the cytological profile has been

noted recently in inhalation experiments in mice, rats, and hamsters [35]. The

mice had significantly elevated numbers of macrophages, lymphocytes and neutro-

phils in bronchoalveolar lavage fluids even 52 weeks after the end of exposure.

Acute Toxicity Several assays have been used and developed to determine the

acute toxicity of nanomaterials. By measuring the metabolic activity of mitochon-

dria, many laboratories have determined the viability of various cell cultures after

treatment with metal oxides or carbon nanoparticles [38, 41, 74, 79, 80]. Other

Fig. 7.12. Possible intracellular targets of nanoparticles.
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studies use bacterial systems by giving the number of colony forming units as a

marker for acute toxicity [77]. Consistent across different methods or biological sys-

tems, nanoscaled metal oxide particles exhibit a strong decrease in viability.

Genotoxicity To overcome severe effects on DNA such as was demonstrated for

asbestos, it is very important to increase our knowledge of direct DNA damaging

effects or indirect genotoxic mechanisms via oxidative stress by nanoscaled metal

oxides.

TiO2 nanoparticles caused lung tumors in rats at the end of lifetime exposure

[81]. Thus, it can be speculated that metal oxide nanoparticles in general exhibit a

strong reactivity to induce oxidation or electron transfer reactions because the

number of metal atoms on their surface compared to those hidden within the par-

ticles is very high. Moreover, it might be assumed that these materials can induce

DNA damage, enhancing the risk for tumor development (Section 7.2.3.2). Here, a

broad basis of data is missing and knowledge of the retention, biological half-life

and accumulation within specific target organs has to be increased.

Cytoskeletal Organization Hydroxyapatite, a major building block in bones, is

used as a nanomaterial to improve adhesion of human osteoblast-like cells (HOB)

to inorganic materials. Upon treatment with a high dosage of 200 particles per cell

(1� 108 per 500 000 cells) of nHA (nanosized, rod-like hydroxyapatite) HOB cells

released lactate dehydrogenase into the surrounding media, indicating a loss in cell

viability [79]. Surfaces coated with nHA increase the quality of focal contacts in

HOB cells and support growth in vitro if used in lower concentrations (Fig. 7.13).

However, ultrafine particles made of titania (20 nm TiO2) cause retarded relaxation

and stiffness of the cytoskeleton in macrophages that can not be observed for

micronized titania (220 nm) [40]. Moreover, the alveolar ability for clearance is

slowed due to reduced macrophage phagocytosis and mobility [39], as has been

demonstrated by measuring the uptake of control beads. Recognition of nanoscale

metal oxides may take place via a Toll-like receptor (TLR) mediated uptake process

that has been described for bacteria and viruses, as suggested by Lucarelli et al.

[74]. They observed changes in mRNA expression levels (TLR1-10, MD2 and

CD14) upon metal oxide treatment of human differentiated myelomonocytic U-

937 cells.

7.2.3.2 New Carbon Modifications

Induction of intracellular oxidative stress seems to be a key biological response to

combustion generated [82] and manufactured particles, as well as organic compo-

nents associated with particles. Furthermore, there is evidence for additive or syn-

ergistic interactions between ultrafine carbon black particles and soluble transition

metals in causing oxidative stress and inflammation [83]. The oxidative potential of

particles can be observed in cell-free systems, e.g., by electron spin resonance (ESR)

spectroscopy [84].

If particles with oxidative potential find their way inside cells, that same ability

may convert oxygen and other molecules into highly reactive radicals that can in-
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duce intracellular signaling pathways as a defense mechanism or even damage cel-

lular components, leading to cell death.

Figure 7.14 shows the possible sequence of events occurring after contact of par-

ticles with living cells. If particles make contact with proteins located at the outer

plasma membrane, they may induce changes in the molecular conformation of

these proteins. Many of these proteins are receptors that transmit external signals

into the cell, and a conformational change of the receptor may activate it, leading

to the onset of a cellular response. Once inside the cell, particles may induce intra-

cellular oxidative stress by disturbing the balance between oxidant and antioxidant

processes, e.g., the glutathione system. The oxidative stress may also stimulate an

Fig. 7.13. CLSM images of actin cytoskeleton

for human osteoblast-like cells on (a) control

and (b) nHA-sprayed (nanosized, rod-like

hydroxyapatite) substrate after 20 h of culture.

Scale bar ¼ 40 mm. (c) CLSM image of actin

(green) and vinculin (red), as in (b) after two

days culture. Scale bar ¼ 20 mm. (Reprinted

from Ref. [79], with permission from Kluwer

Academic Publishers.)
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increase of the cytosolic calcium concentration, possibly via interaction with cal-

cium channels on the plasma membrane or on the endoplasmatic reticulum, lead-

ing to influx of Ca2þ from the extracellular environment or to release of Ca2þ from

intracellular stores [85]. The intracellular calcium concentration strongly regulates

signaling pathways via interaction with several proteins such as calmodulin and

protein kinases. These changes cause the activation of redox-sensitive transcription

factors, such as NF-kB, AP-1 or Nrf2, which translocate to the nucleus and bind to

the promotor regions of the genes regulated by these transcription factors. For NF-

kB these genes include TNF-a, IL-6, IL-8, ICAM-1, iNOS and others, which are

highly pro-inflammatory [86]. Exceeding oxidative stress may also modify proteins,

lipids (lipid peroxidation) and nucleic acids, which further stimulates the antioxi-

dant defense system or even leads to cell death.

Experiments with rats have demonstrated that inhalation of particles consisting

of elemental carbon may cause considerable injury to the lung and that the toxic

potential increases with decreasing particle size and increasing particle surface

Fig. 7.14. Possible events after interaction of

particles with cells. Particles may interact with

receptors or may cause oxidative stress that

induces an increase in intracellular calcium

concentration, decrease intracellular GSH and/

or activate transcription factors via different

signaling cascades. Activated transcription

factors translocate into the nucleus, leading to

gene activation, synthesis of antioxidant

enzymes and/or inflammatory mediators.
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area [81, 87]. Freshly prepared ultrafine carbon particles generated from pure

graphite electrodes in an electric spark discharge generator [88] induce an increase

in heart rate and a decrease in heart-rate variability after 24 h inhalation by healthy

rats [89]. These studies indicate a systemic effect of the inhaled carbon particles

(38 nm, 180 mg m�3) without evidence of an inflammation-mediated mechanism.

The authors suggest the responses may have induced an alteration of the cardiac

autonomic balance mediated by a pulmonary receptor activation.

Frampton and colleagues have conducted a large clinical inhalation study of the

effects of laboratory-generated ultrafine carbon particles [90]. Healthy people and

people with asthma inhaled 10 or 25 mg m�3 of ultrafine carbon particles (average

diameter 25 nm) for 2 h. This dose was 10 to 100� higher than average concentra-

tions of ultrafine particles of this size class reported in urban air. They did not de-

tect changes in any airway inflammatory endpoint in both groups although it was

calculated that about 50% more particles deposited in lungs of asthmatic people

than in healthy people and over 4� as many particles were deposited in the lungs

of exercising as in the lungs of resting participants. Electrocardiogram analysis

after exposure showed a transient reduction of the heart rate variability and a re-

duced repolarization interval in healthy people and in people with asthma.

Inflammation In vitro studies with different cell systems also demonstrated

that small carbon black particles (14 nm) induced more oxidative stress and pro-

inflammatory cytokines than primary particle sizes of 250 nm [84]. These effects

could not be explained by adhering transition metals since leaching of the particles

with different buffers and complexing iron with desferrioxamin did not reduce the

carbon-black-induced effects [91].

Freshly prepared spark discharge-generated ultrafine carbon particles have a

higher oxidative potential than both aged particles and larger particles with less

surface area [84]. However, the particle-induced release of arachidonic acid and de-

rived lipid mediators in canine alveolar macrophages was independent of their ox-

idative potential but dependent on their ability to activate cytosolic and secretory

phospholipases A2 (PLA2). PLA2 hydrolyzes membrane phospholipids to release

arachidonic acid, which is further metabolized to prostaglandins and leukotrienes.

The particle-induced effects were also observed in human alveolar macrophages.

In normal human bronchial epithelial cells, these types of particles induced the

expression of the pro-inflammatory cytokine (IL-8), possibly controlled by the p38

mitogen-activated protein kinase (MAPK) signaling pathway. Activation of the tran-

scription factor NF-kB, however, seems not to play a role [92]. IL-8 is a potential

chemoattractant for neutrophils. An elevated level of IL-8 in the lung is a character-

istic of respiratory diseases such as cystic fibrosis, asthma, chronic bronchitis and

acute respiratory distress symptom.

Genotoxicity Inhalation of carbon black by rats induced the formation of 8-oxo-

7,8-dihydro-2 0-deoxyguanosin (8-oxo-dG) in the lungs [73]. 8-Oxo-dG, a modified

nucleotide, is a well-known and commonly used biomarker of free radical-induced

oxidative DNA damage. This DNA modification may induce point mutations,
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which are widely observed in mutated oncogenes and tumor suppressor genes, and

is therefore associated with many diseases such as cancer and neurodegenerative

diseases. Interestingly, studies with rats showed that particles without organics

(TiO2) or with very low amounts of organics (carbon black) resulted in a similar

induction of tumors compared with diesel particles, which contain considerably

higher amounts of organics [81]. Therefore, tumor development is suggested to

be caused by secondary genotoxic events due to particle-induced persistent inflam-

mation and increased cell proliferation due to lung particle overload rather than by

direct genotoxic effects.

While the toxic effects of carbon black or spark discharge-generated particles of

elemental carbon have been studied very intensely, few studies with toxicological

background exist on fullerenes and carbon nanotubes. Adelmann et al. [93] studied

the effects of fullerenes in primary bovine alveolar macrophages and HL-60 macro-

phages using particles generated in the arc between two graphite electrodes in a

helium atmosphere. The fullerenes reduced the viability of the cells and induced

increased levels of the pro-inflammatory cytokines TNF-a, IL-6 und IL-8. The ef-

fects were comparable with those of graphite. Another in vitro study with C60 dem-

onstrated low cytotoxicity compared to quartz, a moderate increase of TNF-a and

IL-8 release, and no oxidative potential compared to zymosan in macrophages [94,

95].

E. Oberdörster has studied the effects of C60 fullerenes after exposure of fish ( ju-

venile largemouth bass) as a model for the impact of nanoparticles produced in

bulk with the potential to be released into the environment [64]. She demonstrated

that a 48 h treatment with fullerenes significantly increased the lipid peroxidation

in the brain and depleted the glutathione content in the gill. Both parameters are

indicators of increased oxidative stress.

For carbon nanotubes, it is uncertain if there are analogous mechanisms to those

of other fibrous particles such as asbestos and synthetic vitreous fibers (SVFs),

which penetrate into the lung and may persist in the tissue. Large epidemiological

studies of SVF manufacturing workers provided very little evidence of harmful ef-

fects in humans [96]. However, it is widely assumed that all biopersistent fibers

may be harmful if inhaled in large enough doses. Long insoluble fibers are difficult

to clear by phagocytic cells. The macrophages die after a long process of trying to

engulf the fibers and release inflammatory cytokines into the lung. This may trig-

ger the complex cellular response mechanisms that cause cancer after exposure to

asbestos [97]. Nevertheless, a study at the University of Warsaw sought to deter-

mine if carbon nanotubes may behave like asbestos [98]. The experiments with

guinea pigs revealed that carbon nanotubes do not exhibit effects similar to asbes-

tos and it is suggested that working with soot containing carbon nanotubes is un-

likely to be associated with health risks.

Two more studies from the same group in Warsaw have dealt with the dermato-

logical and inhalation effects of fullerenes and carbon nanotubes. In the study on

dermatological effects, rabbits were treated and the researchers ‘‘did not find any

signs of health hazards related to skin irritation and allergic risks.’’ This group rec-

ommended no special precautions with respect to both fullerenes and carbon

7.2 Production and Use of ‘‘New Carbon Modifications’’ and Metal Oxides 173



nanotubes in the working environment; in fact, the articles were titled ‘‘Fullerenes:

Null Risk of Skin Irritation and Allergy’’ and ‘‘Carbon Nanotubes: Null Risk of

Skin Irritation and Allergy’’ [99, 100]. However, these studies may not have been

sensitive enough because recently published experimental data suggest a variety

of effects in rat, mouse or human cellular systems (see below). Moreover, one has

to take into account that carbon nanotubes are always contaminated with catalytic

metals used during their production.

For most production processes, predominantly Fe and Ni are used as metal cata-

lysts. They are normally removed from the raw product, but part of the metal is

encased in the tubes and cannot be removed completely. Manufacturing of carbon

nanotubes leads to bundles of nanotubes forming clumps and aggregates. If they

are inhaled or come into contact with the skin during handling, the potential haz-

ard will strongly depend on the metal content and on the size of the aggregates.

The hazard of exposure to carbon nanotubes at occupational settings has been in-

vestigated by only a few studies. Maynard and his coworkers measured the aerosol

mass and number concentration in three laboratories where SWCNTs were gener-

ated by different processes and handled manually [17]. They observed concentra-

tions of 0.70 to 53 mg m�3 of nanotubes in the atmosphere and considerable

masses on gloves during handling.

Because of reports that carbon fibers induced dermal irritation such as contact

dermatitis in humans after occupational exposure of the skin to carbon fibers

[101], some in vitro studies have investigated the effects of carbon particles in im-

mortalized keratinocyte cultures. In a companion article to Maynard et al. [17], the

biological effects of SWCNTs before catalyst removal (containing 30% Fe by mass)

was studied in human keratinocytes [102]. An observed dose-dependent decrease

in cell viability and glutathione (GSH) levels was dramatically reversed by the

metal chelator desferrioxamin. This indicates a significant role of iron in the bio-

logical effects of the SWCNTs. This study further confirmed oxidative stress in

SWCNT-treated cells by the formation of free radical species, increased lipid perox-

idation and decrease of the antioxidant reserve. The effects of MWCNTs in human

dermal keratinocytes were also studied by Monteiro-Riviere et al. [103]. They dem-

onstrated by transmission electron microscopy that MWCNTs were present in cyto-

plasmic vacuoles.

Two independent studies with rats [53] and mice [54] reported the appearance of

granulomas, interstitial inflammation, and obstruction of the airways after instilla-

tion of high doses of aggregated carbon nanotubes. Granulomas are a combination

of dead and live tissue surrounding the foreign material. Warheit and his co-

workers [53] concluded that the acute effects are normal responses to persistent

particulate material and are not specific for carbon nanotubes. Lam et al. [54] ob-

served that the SWCNTs were more toxic than carbon black and quartz particles

after instillation in mice and that nanotubes treated to remove the metals were

nearly as toxic as raw nanotubes (see Chapter 6). Histological tests showed that all

particles reached the alveoli and remained there even after 90 days. The biopersis-

tence of SWCNTs and the induction of granulomatous lesions are important evi-
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dences for adverse health effects. Because of strong aggregation on the nanotubes

it is necessary to study the effects either by inhalation or by in vitro experiments.

In vitro experiments with alveolar epithelial cells and macrophages showed that

SWCNTs and MWCNTs induced oxidative stress, inflammatory responses, and cell

death in a dose-dependent manner [51]. The authors found that the toxic potential

of SWCNTs was similar to ultrafine carbon black (Printex 90) and higher than

MWCNTs and quartz.

Recently, SWCNTs, MWCNTs and C60 fullerenes were tested in comparison

to quartz in primary alveolar macrophages isolated from guinea pigs [104]. A

sequence order of the cytotoxic potential of SWCNTs > MWCNTs > quartz > C60

fullerenes was found. The C60 fullerenes were shown to be non-toxic in the MTT

test even at the highest concentration of 226 mg cm�2 while the SWCNTs reduced

the viability by 20% at 1.4 mg cm�2. These observations are compatible with results

obtained with mice where carbon nanotubes are more toxic to the lung than quartz

[54]. The carbon nanotubes were@90% pure; impurities included mainly amor-

phous carbon and only trace amounts of the catalysts Fe, Y and Ni. The particles

also reduced the phagocytic ability of the alveolar macrophages, as seen by micro-

scopic and flow cytometry analysis. Phagocytosis of carbon nanotubes was accom-

panied by ultrastructural alterations, as demonstrated by transmission electron

imaging, indicating the onset of apoptotic processes.

Besides the mechanical and electrical characteristics, carbon nanotubes can

be functionalized with different molecules to achieve improved properties and

functions such as biocompatibility and biomolecular recognition capabilities. This

would enable applications in biomedical engineering and drug delivery. Amino

acids and peptides coupled to SWCNTs yield SWCNT derivatives with higher water

solubility that can translocate across cell membranes [105]. Furthermore, plasmid

DNA associates with ammonium-functionalized CNTs, and these complexes were

taken up by mammalian cells. The CNT-mediated DNA delivery to cells was very

effective, resulting in a 10� higher gene expression than achieved with DNA alone

[105]. These studies indicate that CNTs have a high potential in delivery systems in

the molecular therapy of diseases.

7.2.4

Possible Hazards – Toxicological Impacts

We tried in the above-described toxicological issues to point to important mecha-

nisms and studies that gave hints where the hazards of nanoparticles could be

detected. Obviously, dependent on the material nanoparticles are produced from,

their biological effects can be very different. Above all, metal oxides are strongly

expected to be harmful because the toxicity of metals and their compounds is well

described. The question is do they behave differently as nanosized particles than as

dissolved ionic forms or organic compounds? Therefore, it is of interest to know if

these materials are soluble in biological fluids, and how long they persist in their

target tissues. Such criteria may directly influence the use of metal oxide nano-
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particles in technical, cosmetic, and medical products with which an exposure is

obvious. Carbonaceous material, though, has been less intensively investigated

and long-term effects are mostly speculative. First results, from studies with ani-

mals and cellular systems, point to oxidative mechanisms that might have the po-

tency to kill cells or could be discussed in connection to DNA damage. Regarding

these effects, further investigations are needed to clarify such fundamental biolog-

ical mechanisms before these materials, like fullerenes or carbon nanotubes, are

produced in very high amounts and possibly released into the environment. Thus,

it is important to include the entire life-cycle of nanomaterials (Fig. 7.15).

7.3

Risk Characterization – A Conclusion

As stated in Section 7.1.2 risk characterization stands at the end of the sequence of

hazard and exposure identification and assessment (Fig. 7.1). To fulfill the criteria

of risk assessment, besides the toxicological and pharmacological studies, exposure

situations have to be recognized. Therefore, one has to keep in mind that bioaccu-

mulation processes can lead to an enrichment in organisms or organs over several

Fig. 7.15. Schematic presentation of life-cycle assessment of

nanomaterials. From source to dose, an evaluation loop to the

reduction of emission of nanomaterials.
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orders of magnitude. Thus, a minimum catalogue of action has to be set up to re-

duce the risk at working places and within the environment.

Generally, in a recent report from the Institute of Occupational Medicine in

Great Britain [106], it has been postulated to consider:

� the existence of potential routes for human exposure;
� possible industrial sources of occupational exposure;
� the levels of exposure;
� means of, and effectiveness of control measures;
� potential numbers of humans exposed;
� trends in the (potential) use of nanotechnology;
� views as to the likely impact of the implementation of the change from research

use to full-scale industrial use.

7.3.1

Opportunities and Risks of Nanomaterials

All the above-described mechanisms of uptake, transport and distribution of nano-

particles in cells of different species and organs are important for their implica-

tions and applications. During discussion of the adverse effects of nanoparticles it

is always important to consider the positive applications within the environment as

well as in biological systems. Only a few are listed here:

� tools in imaging and microscopy;
� diagnostics and analysis (research and therapy);
� production of bioactive compounds and materials (Lab-on-a-Chip);
� targeting and dosing of drugs;
� intervention in biological processes (cell growth);
� nutrition (bioavailability, stability, optics);
� cosmetics (UV-filter, liposomal formulations);
� sensors and detectors;
� biomolecules for information and communication technology (ICT; DNA com-

puting).

7.3.2

New Materials without Risks?

Nanotechnological products are developed with regard to the future: for a pre-

sumed need, to solve foreseeable problems, and for a future market. Besides in-

tended effects (the use and functions of nanomaterials), unintended effects (the

‘‘side effects’’, which also include misappropriation and misuse) might occur and

might influence the overall balance of opportunities and risks. Technological risks

belong to unintended and undesirable side effects.

Not only environmental or health risks are subject to a risk assessment but also

economic risks and potential social problems like technology conflicts as well as
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risks for sustainable development in a general sense. Classical types of technical or

technologically-initiated risks are [107]:

� Accidents in technical facilities: These are disruptions of normal operation. Release

of high amounts of material in such cases can enhance public distrust of new

technology (e.g., poisonous gas catastrophes in Seveso and Bophal).
� Consequences for human health: New materials or completely new emissions can

affect human health, e.g., in the production or use of technology. To these belong

the known risks and side effects of medicines (e.g., diethylstilbestrol – DES), but

also the dramatic history of asbestos. Entire chapters of modern regulations for

handling hazardous substances are reactions to actual health problems. Special

problems of risk assessment arise in the case of low dose exposures.
� Consequences for the natural environment: Air pollution, the ozone hole, chemical

residues in ground water and in the soil are well-known, unintended conse-

quences of the use of technology. Other than in the case of accidents in technical

facilities alluded to above, these are often gradual processes. They are not always

readily recognizable, and there is dissent on the question of tolerance limits or

‘‘cut-off-’’ or ‘‘threshold values’’, from which point on protective or remedial mea-

sures would have to be taken.
� Social and cultural effects of technology: Social risks connected with technology are,

for instance, the loss of many jobs through rationalization and automation, espe-

cially as far as less highly qualified work is concerned. Ethical ‘‘slippery slopes’’

in biomedical questions are also felt by segments of the population to be ‘‘cul-

tural’’ risks (e.g., positive eugenics).

Such technological risks show certain characteristics that influence the approaches

to their anticipative investigation and evaluation through risk research and technol-

ogy assessment. Among these, in particular, are:

� local and global effects (atmospheric emissions and the global water cycle);
� enlargement of number of people affected by hazards (even in future);
� the problem of delayed effects: Perceptible damage appears decades after its

cause (e.g., ozone hole, asbestos case);
� complexity of cause-relationship connections (e.g., the mad cow disease BSE);
� inability to perceive risks (e.g., radioactivity) with human sensory organs;
� irreversibility of hazards (e.g., persistent pollutants can not be completely re-

trieved from the environment).

In summary, it has turned out in past decades that side effects can interfere with or

even counteract the goals pursued by means of technology. This ambivalence of

technology, the greater discrepancy between the intended and the (then) actually

realized effects constitutes a conditio humana of technological civilization. Two po-

sitions are futile: the demand for absolute safe and risk-free technology (‘‘zero

risk’’) and the disregard or denial of the ‘‘dark side’’ of technology. The challenge

consists much rather in addressing, analyzing, and evaluating the risks, comparing
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them with the expected benefits, and then taking the results of these deliberations

into consideration in decision-making processes [107].
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Nanomaterials for Environmental Remediation

Glen E. Fryxell and Shas V. Mattigod

8.1

Introduction

Over the last 10–15 years there has been an explosion of activity in the design and

synthesis of nanomaterials built around a wide variety of basic architectures. More

recently, a portion of this effort has focused on the environmental impacts and en-

vironmental applications of these nanomaterials. Why all this interest in nanoma-

terials? What advantages might these tiny structures provide to environmental re-

mediation efforts? This chapter overviews research in this area, and outlines some

of the advantages that these materials provide to environmental clean-up efforts.

The most obvious advantage that nanostructured materials provide for environ-

mental remediation is that they offer very high specific surface areas (measured

in square meters per gram). Thus, for a base material of a given density, nano-

structured materials can concentrate large amounts of surface area into a very

small volume. When the goal is to selectively remove a toxic contaminant from a

large volume feed stream (industrial effluent, contaminated groundwater, polluted

river, etc.), the ability to selectively treat (sorb or react) a specific contaminant with

a small amount of material has clear advantages, both in terms of efficacy and cost.

Nanomaterials can do exactly this.

For certain remediation applications, especially those dealing with dilute or trace

level contamination, mass-transfer issues can dominate the kinetics of the treat-

ment process. An in situ treatment process can address some of this by sending

the treatment out after the contaminant in a hunter–seeker sense. The facile dis-

persion of nanomaterials, especially nanoparticulate materials, facilitates the effi-

ciency of this treatment strategy, particularly in highly channeled flow systems

with high tortuosity (e.g., soil matrices).

Another advantage provided by nanomaterials is that the bulk of the reagent is

not buried deep beneath the surface, inaccessible to solution-borne contaminants.

Whether the intent is sorption or chemical modification of the contaminant, for

the treatment method to be effective the contaminant species must be able to ac-

cess an active reaction/binding site. Anything buried deep beneath the surface is

wasted. Because of the high surface area to mass ratios of nanomaterials, most of

the material is at, or adjacent to, an accessible surface.
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For macroparticulate porous materials, portions of the material in the core of

the particle may be kinetically inaccessible if the diffusion path-length from free

solution is too long. By tailoring the particle size (or macroporosity), to provide

adequate access to the nanoporosity, this limitation can be overcome. Synthetic

methods have been actively investigated to develop hierarchical pore structures to

address these issues.

The revolution in nanomaterials synthesis started with researchers exploring

what shapes and structural motifs could be made (spherical nanoparticles, hexago-

nal pores, cylindrical nanorods, etc.). This was followed by an exploration of chem-

ical compositions (SiO2, ZrO2, CdS, etc.). More recently there has been a great deal

of interest in making functional nanomaterials, either using self-assembly, surface

modification chemistry, or by tuning the chemical composition of the material

itself for the job at hand. The results of these efforts are a wide variety of func-

tional nanomaterials that have been tailored to address the environmental reme-

diation of several chemical contaminants, including dense non-aqueous phase

liquids (DNAPLs), organophosphonate pesticides, polycyclic aromatic hydrocar-

bons (PAHs), heavy metals, radionuclides, oxometallate anions, CO2 management,

and more. These functional nanomaterials are aimed at ensuring that we have

clean air to breathe and clean water to drink. Clean water, and access to clean

water, is emerging as one of the key global political/economic issues of the 21st

century. Nanomaterials are being designed and synthesized to address these needs.

This chapter summarizes nanoparticle-based remediation technologies that use

acid–base chemistry, redox chemistry and absorption to remove specifically tar-

geted contaminants. Also included are hybrid nanoporous materials that contain

chemically selective ligand fields, based on metal phosphonate chemistry and orga-

nosilane self-assembly. Examples of field tests on actual waste streams for reactive

nanoparticle and hybrid nanoporous sorbents are also summarized.

8.2

Nanoparticle-based Remediation Materials

The simplest, geometrically, entry into the class of nanomaterials is the spherical

nanoparticle. These have been made by imposing either kinetic or thermodynamic

controls on the production processes, and by confining chemical reactions and/or

nucleation and growth in confined spaces [1]. Nanoparticle synthetic methods re-

sult in nanoparticles that range in size from a just a few nanometers in diameter

(e.g., the reverse micelle templated synthesis of gold nanoparticles), to methods

that produce nanoparticles a couple of hundred nanometers in diameter (e.g.,

Stöber sphere synthesis).

Nanoparticles tend to be more reactive than the corresponding bulk material be-

cause of the increased chemical potential resulting from the high degree of curva-

ture of the interface [2]. This property can make nanoparticle-based remediation

methods particularly effective since they are easily dispersed and undergo the tar-

geted chemical reaction more readily.
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8.2.1

Acid–Base Chemistry

An example of the unusual reactivity of nanomaterials and how it has been ex-

ploited for the benefit of the environment is found in the work of Klabunde’s

group [3–6]. For the last 10 years, this group has systematically studied the de-

struction of halogenated hydrocarbons by nanoparticulate metal oxide aerogels

(e.g., CaO). In this work nanoparticulate CaO aerogels were prepared using the

‘‘autoclave method’’ (hydrolysis of calcium methoxide, followed by heating under

vacuum to 500 �C for 6 hours). These aerogels typically have surface areas of the

order of 120 m2 g�1, and are composed of aggregates of spherical 25 nm nanopar-

ticles. They were found to effectively destroy various chlorocarbon solvents, includ-

ing CCl4, CHCl3, trichloroethylene and tetrachloroethylene. Generally, the reaction

products are CaCl2 and CO2 (or CO) [Eq. (1)]. With the less reactive tetrachloro-

ethylene, higher temperatures were required, and this led to the partial formation

of CaCO3 by reaction of the CO2 product with CaO starting material.

2CaOþ CCl4 ! 2CaCl2 þ CO2 ð1Þ

Similar studies were carried out with aerogel MgO [7]. In this case the autoclave

method resulted in material with a surface area of 364 m2 g�1, a crystallite size of

4.7 nm and average pore diameter of 98.7 Å. Compressing these materials with

loads of up to 20 000 lbs did not significantly change the surface area of the MgO

aerogel; however, the pore volume and average pore diameter could be systemati-

cally reduced with increasing compression, introducing an interesting method of

nanostructural control. A slight reduction in crystallite size was also noted. These

MgO aerogels, of varying pore diameters, were evaluated for their abilities to sorb

alcohols of different chain lengths; some size discrimination was noted.

Nanoparticulate aerogel MgO also reacts with 1-chlorobutane at elevated temper-

atures [8]. Here, the products are a mixture of butanes and MgCl2. At 200
�C the

reaction stops when a monolayer of MgCl2 is formed, but at higher temperatures

the rate and degree of conversion are enhanced considerably. Coordination of or-

ganic molecules onto the surface of these materials has been modeled to gain a

better understanding of their reactivity [9].

The ‘‘autoclave method’’ was improved to include a hypercritical drying proce-

dure [3]. This resulted in dry Mg(OH)2 powders with surface areas as high as

1100 m2 g�1, more than twice those observed previously. Solvent effects in this hy-

drolysis and crystallization were carried out, and increasing the amount of toluene

in the alkoxide hydrolysis reaction mixture resulted in faster gelation and higher

surface areas in the final product [10]. Subsequent mechanistic studies revealed

that solvation of the alkoxide/alcohol mixtures is important to the gelation process

and the structure of the subsequently formed dry gel [11]. This was rationalized

with a partial charge model, and was found to be purely a solvent effect, and not

the result of the high-temperature hypercritical procedure.
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An interesting manifestation of the unusual reactivity of nanoparticle interfaces

is the unusual biocidal activity of aerogel MgO [12]. While aerogel MgO nanopar-

ticles exhibited several properties that made them desirable as a potential disinfec-

tant, when doped with a small amount of Cl2 (or Br2) they displayed effective bio-

cidal action against Gram positive bacteria, Gram negative bacteria and spore cells.

This was explained by the fact that many of these small particles could very effec-

tively coat the bacterium, and deliver a localized high concentration of active halo-

gen to the cell membrane. z-Potential measurements have shown that the aerogel

MgO nanoparticles have a positively charged surface, and thus will experience a

Coulombic attraction with the negatively charged cell membrane, helping to drive

this targeted delivery process. These chlorinated nanoparticulate metal oxides are

also selective catalysts for the chlorination of alkanes [13].

Aerogel MgO nanoparticles have also been coated with various surfactants to

improve their dispersability in non-polar media [14]. This is important for the de-

struction of pesticides (which tend to be applied in non-polar solvents) or chemical

warfare agents in the event of a leak or spill. In all cases, the surfactant-coated

aerogel MgO nanoparticles dispersed more readily in organic solvents after they

were treated with surfactants. The surfactant-coated MgO nanoparticles effectively

destroyed Paraoxon (a pesticide); however, there was some variation in efficacy

from one surfactant to another. A similar trend was observed for reaction with 2-

chloroethyl ethyl sulfide (a ‘‘mustard’’ derivative). The surfactant coating decreased

the reactivity of the MgO nanomaterials in all cases, presumably by sterically block-

ing surface reaction sites.

Similarly, these aerogel MgO nanomaterials have been subjected to CVD carbon

treatment to increase their hydrophobicity [15]. These materials have surface areas

in the range of 409 to 467 m2 g�1, and pore volumes of 0.39 to 0.48 cm3 g�1. The

carbon formed ‘‘nanoislands’’ on the particles, which were estimated to be 1 or 2

graphite layers thick. Partial carbon coating of these nanoparticles has a beneficial

effect on their ability to destroy hazardous materials [16]. Detailed characterization

of these materials has shown that carbon is first deposited inside the pores of the

aerogel aggregates, and the outer surfaces are covered with carbon only after the

pores are filled.

One of the many benefits provided by alkaline earth metal oxide nanomaterials

is the ability to treat a wide variety of hazardous materials. In addition to those al-

ready touched upon (chlorinated solvents, microbes, pesticides and ‘‘mustards’’),

these materials are effective at removing hydrogen sulfide, which is very toxic, cor-

rosive and odiferous, from gas streams. At lower temperatures (e.g., a100 �C),

ZnO nanoparticles destroyed H2S more effectively than CaO or MgO nanoparticles

[Eq. (2)], which is consistent with the superior thermodynamic driving force for

the Zn sulfidation [17]. However, at higher temperatures (e.g., >250 �C), the CaO

nanoparticles were the better choice, due to sintering of the ZnO nanocrystals.

ZnO nanocrystals also effectively destroy chlorinated solvents, SO2, and Paraoxon

[18].

ZnOþH2S ! ZnSþH2O ð2Þ
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These materials have also shown clear efficacy in the destruction of chemical war-

fare agents. For example, reaction of aerogel MgO nanoparticles with 2-chloroethyl

ethyl sulfide [a mimic for bis(2-chloroethyl)sulfide, a.k.a. ‘‘HD’’, ‘‘distilled mus-

tard’’ or ‘‘mustard gas’’] in pentane solution destroyed between 25% and 65% of

the mustard derivative in 4 h [19]. Addition of trace amounts of water to the

mixture slightly enhanced the reaction rate, while larger amounts of water

reduced both reaction rate and degree of conversion. When the reaction was per-

formed in tetrahydrofuran (THF), the rate was slower than in pentane. Reaction

in methanol resulted in solvolysis. These materials have also been applied against

organophosphonate chemical warfare agents, like VX and GD (a.k.a. ‘‘Soman’’)

(Fig. 8.1) [20]. The aerogel MgO nanomaterials were highly reactive towards GD,

VX and HD. The rate was a function of surface tension and vapor pressure (these

studies were carried out neat, in the absence of carrier or solvent). Similar results

were obtained with CaO nanomaterials [21]. In this case, trace levels of water

appear to induce an autocatalytic reaction. These chemical warfare agents were

also destroyed at room temperature using nanosized Al2O3 [22]. Here, the reac-

tions proceed to the particle core, resulting in extremely large reaction capacities

for these nerve agents.

Similar enhanced reactivities towards halogenated solvents, SO2 and Paraoxon

were seen for nanocrystalline CuO and NiO [23].

Bimetallic nanocrystalline analogs to these materials have also been made and

studied. For example, a mixed Al2O3/MgO phase was prepared and found to have

a high surface area (559–834 m2 g�1), to display remarkably high thermal stability

(minimal sintering at 700 �C), and to be effective in the destruction of CCl4, Para-

oxon and SO2 [24]. In a variation on this theme, the alumina may be replaced with

ferric oxide; the alkaline earth oxide serves as the support for the second metal ox-

ide. A small amount of Fe2O3 was layered on top of the CaO support, resulting in

sub-monolayer coverage, and no visible island formation [25]. This layered mixed

metal oxide system effectively destroyed chlorinated solvents, organophosphonates,

carbon disulfide and carbonyl sulfide. The small overlayer of Fe2O3 induced a re-

markable enhancement in reactivity.

A similar layered bimetallic nanomaterial was prepared using an Fe2O3 overlayer

atop of SrO nanoparticles [26]. This system was chosen since its K-edge energy ab-

sorption was a better fit for EXAFS analysis. These studies revealed that the Fe2O3

overlayer enhanced the reactivity of the SrO inner layers, indicating that this is not

a surface-limited reaction in these bimetallic nanomaterials.

Fig. 8.1. Structures of the chemical warfare agents VX and GD.
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8.2.2

Redox Chemistry

Environmental remediation reactions are not limited to the acid–base reactions

described above, in which electrophilic hazardous materials are converted into be-

nign species by reaction with a nucleophilic oxide. Another area that has received

much attention in recent years is the use of zero-valent metal nanoparticles to re-

duce certain highly oxidized species that are of environmental concern. Common

targets in this area are the DNAPLs that contaminate certain groundwater sup-

plies. As an early example, high surface area (‘‘cryo prepared’’) Zn and Sn particles

were found to be more effective at reducing chlorinated solvents (e.g., CCl4, CHCl3,

etc.) than their bulk counterparts [27]. Magnesium is a more electropositive metal

than either Zn or Sn, and hence might be expected to more efficiently reduce

the chlorinated hydrocarbons. However, Mg reacted preferentially with water, em-

phasizing the need to balance the reactivity of these species for successful in situ
remediation.

Zhang and coworkers extended this work to use zero-valent iron (ZVI) nanopar-

ticles, and demonstrated their use for in situ remediation of chlorocarbon contami-

nated groundwaters [28]. In this work, the ZVI nanoparticles (made by NaBH4

reduction of FeCl3 in water) were more effective than either commercial iron pow-

ders or palladized iron powders (Pd enhances reactivity in these reductions) for the

dechlorination of trichloroethylene (TCE) [Eq. (3)]. The dechlorination process was

complete in approximately 15 min (initial concentration was 20 ppm). Palladized

nanoparticle ZVI was even more rapid and more effective than bare nanoparticle

ZVI. PCBs were completely dechlorinated in 17 h at ambient temperature with

the Fe/Pd nanoparticles, while bare Fe nanoparticles induced less than 25% con-

version under the same conditions. These Fe nanoparticles were 1–200 nm in

diameter (with most between 100 and 200 nm) and had a bulk surface area of

33.5 m2 g�1.

Feð0Þ ðin excessÞ þ CHClbCCl2 ! FeCl2 þ CH2bCH2 ð3Þ

The mechanistic role of the Pd islands has been studied in detail [29]. Chemisorp-

tion of tetrachloroethylene onto the Pd surface was studied by high-resolution XPS,

revealing that dissociation of C2Cl4 was complete at temperatures above 291 K.

Systematic laboratory testing on all the chlorinated ethenes has shown that these

ZVI nanoparticles are tens to hundreds of times faster than commercially available

iron powders [30].

Similar reductions were performed using Fe/Ag nanoparticles in the dechlorina-

tion of chlorinated benzenes [31]. These materials were noticeably slower than the

Fe/Pd nanoparticles reported earlier. Other bimetals (e.g., Cu/Al) have also shown

promise for dehalogenating chloromethanes [32].

ZVI has also shown promise for the immobilization/fixation of As(iii) in

groundwater, both in situ and ex situ [33].

Mallouk and coworkers have actively studied the synthesis and application of
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bimetallic nanoparticles for environmental remediation of DNAPLs and toxic

heavy metals. For example, they have shown that ZVI nanoparticles (10–30 nm in

diameter) supported on a PolyFlo resin (the authors refer to this adduct as a ‘‘Fer-

ragel’’) is a very effective reductive sorbent for Cr(vi) or Pb(ii) contamination, and

suggest that it could be useful as an in situ remediation strategy [34]. The surface

chemistry and electrochemistry of these Ferragels have been studied in detail [35].

In addition, the Mallouk group has also looked at the synthesis and chemistry of

zero-valent Ni-Fe nanoparticles [36]. Previous work had shown the value of incor-

porating catalytic islands onto the ZVI nanoparticle surface, and in this work they

replaced the Pd with the more affordable Ni. These materials were found to have

crystallite sizes of 3–5 nm, particle diameters of 10–30 nm and surface areas of 59

m2 g�1. The NaBH4 reduction resulted in residual boron content within these

nanoparticles (@5%). These Ni/Fe nanoparticles dehalogenated all of the TCE in

approximately 2 h (initial concentration 23.4 ppm). This is considerably faster

than commercial Fe powders, or Fe/Ni powders, but not quite as fast as the Fe/Pd

nanoparticles; this difference was attributed to the better ability of Pd to catalyze

the hydrogenation reaction. These Fe and Ni/Fe nanoparticles have also been

coated with ‘‘hydrophilic carbon’’ (i.e., carbon rendered hydrophilic by reaction

with the diazonium salt of sulfanilic acid). Similar materials were coated with

poly(acrylic acid). These coatings tend to lower the aggregation tendencies and

sticking coefficients of these ZVI nanoparticles, thereby enhancing their transport

and delivery to the contamination site. This strategy was effective in some soil

types, but not all. These coated materials were also effective at dehalogenating

TCE.

8.2.3

Field Deployments of ZVI

An actual field assessment of the Fe/Pd nanoparticle remediation technology was

undertaken to evaluate how effectively these materials could treat a known indus-

trial contamination site [37]. Gravity injection of nanoparticle suspensions into

well holes was used to deliver the nanoparticles to the contaminated plume. TCE

concentrations declined rapidly after nanoparticle injection (as much as 96.5%),

with significant variability from monitoring site to monitoring site (this pattern

was consistent with known colloid transport and chemistry in porous media).

Details of how these materials react with contaminants in soil and water over ex-

tended periods, and in situ reactions of the nanoparticles in sub-surface environ-

ments, have also been summarized [38].

Quinn and coworkers have reported detailed study of an actual field deployment

of emulsified ZVI [39]. The thinking behind this strategy is that emulsification of

the nanoparticles enhances dechlorination by increasing the contact between the

DNAPL and the ZVI, as well as providing vegetable oil, which is hypothesized to

increase biological activity (thought to be important to certain stages of the overall

reduction process). Significant reductions in TCE levels were observed at nearly all

monitoring sites (commonly > 80%).
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8.2.4

Absorption Chemistry

Nanoparticles do not have to chemically alter the target species to effectively re-

move it from the environment. Lion and coworkers have devised an interesting

strategy for removing polynuclear aromatic hydrocarbons (PAHs) from contami-

nated soils using amphiphilic polyurethane (APU) nanoparticles [40]. These are

made by emulsifying and crosslinking certain precursor polymer chains in water,

and result in APU particles 17–97 nm in diameter [41]. Several variations on the

basic formulation were evaluated for sorption and transport, and it was found that

by increasing the size of the hydrophobic backbone it was possible to enhance

the APU particle’s affinity for the PAH. Increasing the number of ionic groups

reduced the APU particle aggregation, and replacing carboxylates with PEG

[poly(ethylene glycol)] chains prevented particle aggregation while greatly enhanc-

ing particle stability and mobility in the soils.

Similar PEG-modified urethane acrylate (PMUA) nanoparticles enhance biore-

mediation of PAH contaminants by increasing their bioavailability [42]. PAHs

commonly sorb to soil particles and non-aqueous phase liquids (NAPLs), which

limits their bioavailability. The PMUA nanoparticles released the sorbed PAHs,

thereby increasing their availability to bacteria, suggesting that this might be an ef-

fective strategy for in situ bioremediation.

8.3

Hybrid Nanostructured Remediation Materials

Hybrid organic/inorganic materials allow for the incorporation of complex ligands

into the nanomaterial structure, thereby empowering a high degree of chemical se-

lectivity or molecular recognition. Work in this area is typified by two slightly dif-

ferent strategies: The first incorporates the organic ligand into the fundamental

building block of the nanomaterial before construction of the scaffold, and the sec-

ond entails construction of the scaffold first, followed by decoration with the or-

ganic ligand. Each approach has its advantages, and both allow for the incorpora-

tion of complex ligands and various structural backbones.

8.3.1

Nanostructured Metal Phosphonates

Abe Clearfield and coworkers have studied in great depth the synthesis and chem-

istry of nanostructured transition metal phosphonates. Portions of this elegant

body of work have been reviewed [43, 44]. Part of the motivation behind this work

is to use these nanostructured hybrid materials as ion exchangers [45]. The basic

strategy is to build a scaffold based on the strong metal–phosphonate interactions

to form the backbone of the material, and to tether an organic ligand to the phos-

phonic acid. This ligand may participate in dictating the final structure of the ma-
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terial, or it may simply be a spectator. The advantages of this synthetic strategy are

that, in general, it is procedurally simple and the products are generally robust and

not subject to hydrolysis or other modes of degradation.

It is useful to introduce this class of hybrid materials with the phenylphosphonic

acid derivatives to showcase some basic structural features. For example, molyb-

denyl phenylphosphonate forms double-stranded chains, with the molybdenyl

chains held together with hydrogen bonds [46]. This leaves the phenyl rings ori-

ented roughly perpendicular to the double stranded chain, creating a hydrophobic

pocket between the polar molybdenyl backbones (Fig. 8.2). Molybdenyl phenyl-

phosphonate was found to intercalate short-chain alkyl amines, but not short-chain

alcohols. Zinc phenylphosphonate, however, forms a pleated sheet, in which the

zinc–phosphonate interactions form the backbone of the sheet, and the pendant

phenyl rings form hydrophobic pockets between the sheets [47]. The zinc materials

were also intercalated alkylamines, in this case in a 1:1 stoichiometry. Detailed

characterization of the intercalation process revealed that the N atom is coordi-

nated to the Zn center, disrupting a portion of the structure of the zinc phospho-

nate sheet (opening holes), but the layered sheet structure remained intact. This

intercalation can be reversed by washing the adduct with dilute HCl.

A unique structural motif may be created by tying the metal-phosphonate layers

together with a diphosphonic acid to create a pillared layer nanostructure. For

example, Cu and Zn complexes of short-chain (C2 and C3) diphosphonic acids

form such pillared layered structures [48]. In general, these complexes appear to

be densely packed, with no open spaces for molecular intercalation. An exception

Fig. 8.2. Simplified schematic showing the structure of MoO2(O3PC6H5) H2O.
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is the Cu(ii) complex of propylenebis(phosphonate), in which the organic groups

are about 6.8 Å apart. This is due to the presence of water molecules in the Cu-

phosphonate lattice. Longer tethers might allow for increased interlayer spacing,

providing more room for molecular intercalation.

Zinc biphenylenebis(phosphonate) is an interesting material [49]. When pro-

duced at pH 1.6, it forms a linear chain compound since only two of the three

phosphonate oxygen atoms are ionized. When made at pH 4.5, all of the oxygen

atoms are ionized and the pillared layer structure is once again obtained. To in-

crease the microporosity (and ion-exchange capacity) of these materials, analogs

were made in which a portion of the bis(phosphonate) pillars was replaced with

phosphate groups. These mixed systems have notably higher surface areas than

the pure pillared structures (35–136, vs. 20–28 m2 g�1), and these phosphate

groups were chemically accessible, as shown by acid–base titration.

The structurally similar Zr(iv) biphenylenebis(phosphonate), and the terpheny-

lene analog, were also prepared under acidic conditions [50]. If the HF/Zr ratio

was 20 or less, these materials have remarkable surface areas of@400 m2 g�1 and

pore diameters on the order of 10–20 Å. These pillared aromatics were also able to

be sulfonated by either fuming sulfuric acid or gaseous SO3. Acid–base titration

revealed an impressive acid functional density of 3.2 mmol g�1. These sulfonic

acids proved to be effective acid catalysts for several reactions, and would clearly

also make fine ion-exchange materials.

8.3.1.1 Iminodiacetic Acids and Related Chelating Ligands

Layered metal phosphonate structures have also been prepared using tethered imi-

nodiacetic acid (IDAA) moieties (the functional subunit of EDTA) [51, 52]. These

materials have alternating Zr-phosphonate layers, and iminodiacetic acid layers.

The Zr-phosphonate layers provide the structural backbone, while the pendant imi-

nodiacetic acids can serve for molecular recognition and ion-exchange materials

(Fig. 8.3). These compounds were found to be effective intercalation hosts for vari-

ous alkylamines, which packed into the structures in well-ordered bilayers [52].

The complex in which the Zr center was fully substituted (i.e., there were four

IDAA phosphonate ligands per metal center, resulting in only IDAA ligands in

the interstitial layers) exhibited a surprisingly low affinity for transition metals

and lanthanide cations at pH 2 (Kds < 100 mL g�1 in all cases), presumably

due to steric congestion. However, in compounds where a fraction of the IDAA-

phosphonates were substituted with phosphate (resulting in vacancies in the inter-

stitial layer), much higher affinities for transition metals resulted, particularly for

the lanthanides. In some cases, Kds as high as 25 000 were measured. Presumably,

this is due to a combination of steric relief in the interstitial layer, as well as the

ion-exchange capacity of the exposed phosphate hydroxyls in these vacancies.

Analogously, nitrilotris(methylenephosphonic acid) (NTP) has also been used

to create functional nanostructured host materials [53]. These ligands undergo a

unique self-assembly process when allowed to react with various aromatic amines

(e.g., 1,10-phenanthroline, quinoline, acridine, etc.). The products are three-

dimensional networks that are extensively stabilized by short, symmetrical hydro-
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gen bonds, forming complex open porous structures. Some of these supramolecu-

lar structures (e.g., that formed between NTP and 1,7-phenanthroline) have unique

chromophoric properties, forming charge-transfer complexes when protonated,

suggesting that perhaps these materials might be useful in sensing/detection

applications. Metal complexes of NTP have also been prepared [54]. Once again,

open, highly hydrogen-bound structures were obtained. These materials have the

potential to be excellent ion-exchange materials, as well as molecular hosts.

8.3.1.2 Macrocycle Metal Phosphonates

The Clearfield group has achieved an elegant level of molecular sophistication with

their design and synthesis of layered metal phosphonates containing pendant mac-

rocyclic ligands, such as crown ethers and azamacrocycles [55]. Once again, in

these compounds the metal phosphonate/phosphate forms the structural back-

bone of the material, while the phosphate hydroxyls and macrocyclic ligands fill

the interstitial layers (Fig. 8.4). The presence of an acidic, exchangeable phosphate

proton in the immediate proximity of a chemoselective macrocyclic ligand is of ob-

vious value for ion-exchange applications. Bridging diphosphonic acid crown ether

complexes have also been prepared, and shown to have anion exchange capability

(these azacrowns were protonated and could serve as anion hosts) [56]. Changing

the metal from Zr to Cu(ii) has a profound impact on the structure of these com-

plexes [57], with the Cu(ii) ion chelated within the macrocycle, and wrapped up by

the phosphonate ‘‘arms’’. The units were then arrayed in a linear fashion, held to-

gether by hydrogen bonds between the phosphonate units. Cadmium(ii) was also

chelated, in this case to form a dinuclear complex (one in the ring and one be-

tween the phosphonates); the bent geometry of this dinuclear complex ultimately

gave rise to a convoluted cyclic arrangement of hydrogen-bonded complexes. For

optimal exploitation of chemical selectivity of the macrocyclic ligand, it appears

that Zr is the preferred metal for making these nanostructured crown ether

complexes.

Fig. 8.3. Simplified schematic showing the structure of Zr N-

(phosphonomethyl)iminodiacetic acid.
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8.3.2

Self-assembled Monolayers on Mesoporous Supports (SAMMS)

The surfactant-templated synthesis of mesoporous ceramic oxides has provided an

excellent foundation for environmental sorbent and sensor materials [58, 59]. This

foundation provides for the ability to install a wide variety of chemically selective

ligand fields with which to bind the target analyte. The first work in this area ad-

dressed the need to remove mercury from groundwater [60–62]. This was accom-

plished by anchoring an organosilane monolayer terminated with a thiol group

inside the pore surfaces of these mesoporous materials. The resulting product

is called self-assembled monolayers on mesoporous supports (SAMMS) (Fig. 8.5).

These hierarchical materials have unprecedented capacity and kinetics for seques-

tering mercury [63–65]. In addition, the mercury laden sorbent passed the EPA

TCLP leachate test, revealing that the Hg is indeed very tightly bound within the

mesoporous matrix. By trapping the Hg inside the nanoporous matrix, it is inac-

cessible to microbial attack and subsequent methylation and release (a limitation

of polymer-based ion-exchange resins). Other ‘‘soft’’ heavy metals, like Cd, Au and

Ag can also be bound by thiol-terminated SAMMS [63]. Other groups have also at-

tached thiol-terminated monolayers inside similar mesoporous materials [66–68].

Jaroniec has tackled Hg by attaching some related sulfur-based ligand systems in-

side mesoporous silica phases [69]. Jaroniec’s materials have excellent Hg binding

capacity, but can only be partially regenerated.

8.3.2.1 Thiol SAMMS Performance with Actual Waste

Bench-scale treatability tests were carried out at Pacific Northwest National Labora-

tory (PNNL) on actual waste to evaluate the mercury adsorption performance of

Fig. 8.4. Schematic showing the structure of Zr 1-aza-15-crown-5 phosphonate/phosphate.
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thiol-SAMMS from a real-world waste stream, originating from a pilot-scale waste

glass melter operation. The principal dissolved components in this alkaline waste

stream (pH 8.5) consisted mainly of sodium borate (@30 mm) and sodium fluoride

(@9 mm), with minor concentrations of sodium chloride (@3 mm), sodium nitrite

(@0.9 mm), sodium sulfate (@0.8 mm), sodium nitrate (@0.6 mm) and sodium io-

dide (@0.2 mm). The mercury concentration in solution was measured to be 4.64

mg L�1. Iodide ion is a strong mercury complexing ligand and the speciation cal-

culations for this mixture indicated that all the soluble mercury existed as iodide

complexes (HgI2
0,@52%; HgI3

�,@47%; and HgI4
2�,@1%). Other dissolved com-

ponents such as Al, Ba, Ca, Cd, Co, Cr, Cu, Fe, Mo, Ni, PO4, Pb and Zn were pres-

ent in trace concentrations (<2 mg L�1). To test the effectiveness of thiol-SAMMS

in adsorbing mercury from this complexing matrix, a 50 mL aliquot of the filtered

solution was treated with 40 mg of thiol-SAMMS (solution to solid ratio 1250

mL g�1) and after 8 h of equilibration the residual mercury concentration was

determined.

The results (Table 8.1) indicate that thiol-SAMMS effectively removes mercury to

meet the U.S. Environmental Protection Agency’s (EPA) regulatory level of 0.15

mg L�1 from both filtered and unfiltered samples of waste solution. However, fil-

tering prior to thiol-SAMMS treatment was more effective than treating unfiltered

waste solution. By filtering the solution prior to thiol-SAMMS treatment, we can

remove@99% of mercury in the waste stream, leaving a residual concentration of

only 0.05 mg L�1. Notably, the residual mercury concentration resulting from the

first experiment is about an order of magnitude less than the EPA regulatory limit

[70]. These results confirmed previous observations that thiol-SAMMS can effec-

tively remove iodide-complexed mercury from solutions [65].

Fig. 8.5. Schematic showing the structure of self-assembled

monolayers on mesoporous supports (SAMMS).
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8.3.2.2 Thiol SAMMS Performance on Contaminated Oil

Not all chemical separation needs to involve aqueous media, and sorbent materials

that are effective in aqueous systems are not always effective in hydrophobic

media. Previous testing at the Oak Ridge National Laboratory demonstrated that

thiol-SAMMS is effective at removing Hg from contaminated vacuum pump oil

[71]. These batch tests consisted of equilibrating 50 mL aliquots of oil containing

about 650 ppb mercury with thiol-SAMMS (w/v 0.1–1%) for 24 h. Following equil-

ibration, the residual mercury concentration in the treated oil was measured. The

data (Fig. 8.6) showed that the residual concentration of mercury decreased loga-

rithmically as a function of thiol-SAMMS added to the solution (w/v). Thus, these

Tab. 8.1. Thiol-SAMMS mercury removal data for melter condensate waste solution.

Tr # Waste solution Conc (mg LC1) Removal (%) pH

0 Untreated 4.640 – 8.5

1 Filtered – treated[a] 0.052 98.9 8.0

1A Unfiltered – treated[b] 0.179 96.1 8.0

2A Unfiltered – treated[c] 0.148 96.8 8.0

EPA discharge limit for Hg in treated effluent is 0.15 mg L�1.
a 50 mL of waste solution filtered (0.45 mm) and treated with 40 mg of

35/thiol-SAMMS.
b50 mL unfiltered waste solution treated with 60 mg of 35/thiol-

SAMMS.
c50 mL unfiltered waste solution treated with 40 mg of 65/thiol-

SAMMS.

Fig. 8.6. Mercury adsorption by thiol-SAMMS from vacuum pump oil.
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tests demonstrated that thiol-SAMMS could also effectively remove mercury from

viscous, hydrophobic media, such as contaminated vacuum pump oil.

8.3.2.3 Anion SAMMS

Anion exchange technologies are not as mature as cation exchange methods, and

anion exchange materials tend to be built around quaternary ammonium salt func-

tionalities. While this approach works, it doesn’t generally provide a direct anion–

cation interaction, and therefore selectivity is dictated by indirect properties, such

as anion hydration energies, adduct solubilities, etc. SAMMS have been made in

which the pore surfaces have been lined with cationic transition metal complexes,

thereby allowing a cationic ‘‘docking station’’ for the target anion [72–75]. With a

metal-tris(ethylenediamine) complex (Cu-EDA), the complex contains a trifurcate

cleft on the upper surface, with three exofacial protons, creating a stereospecific

binding site that is ideally structured for binding tetrahedral oxometallate anions,

like arsenate and chromate [72]. By selecting the metal and oxidation state appro-

priately, it is possible to install a metal cation such that, while forced into an octa-

hedral coordination geometry by the chelating diamines, the cation is electronically

predisposed to undergo Jahn–Teller distortion to alleviate orbital degeneracy. This

provides a driving force for departing from an octahedral coordination environ-

ment and facilitates a direct bond between the anion and the metal center. Indeed,

detailed EXAFS studies have revealed that Cu-EDA SAMMS loses two of the pri-

mary amine nitrogen ligands and adopts a trigonal bipyramidal coordination envi-

ronment when binding oxometallate anions (Fig. 8.7) [73]. Sulfate is a ubiquitous

tetrahedral anion, commonly encountered in many groundwaters, and while it is

indeed bound by Cu-EDA SAMMS, the binding is reversible and it can be dis-

placed by more problematic anions like arsenate and chromate [72]. Binding

kinetics are fast, with equilibrium achieved in minutes.

This sort of anion binding can also be used as a synthetic strategy to install more

complex interfacial functionality. For example, Cu-EDA SAMMS treated with ferro-

cyanide anion affords the corresponding Cu-EDA ferrocyanide adduct (Fig. 8.8),

which has excellent affinity for binding cesium [76]. Cesium binding capacity is

Fig. 8.7. Schematic showing Cu-EDA SAMMS binding an arsenate anion.
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good and binding kinetics are moderately fast, with equilibrium achieved in less

than half an hour.

Metallation can also be used as a synthetic strategy to create new classes of

SAMMS. For example, thiol-SAMMS used to bind Hg or Ag have an excellent af-

finity for radioiodide [77].

8.3.2.4 Actinide SAMMS

More sophisticated ligand fields have also been incorporated into mesoporous ma-

terials to create highly selective sorbent materials for radioactive actinides [78–81].

In this case, CMPO-inspired [78, 79], or HOPO classes [80, 81] of ligand were in-

stalled inside a mesoporous silica matrix and found to have exceptional selectivity

and affinity for binding lanthanide and actinide species from complex mixtures. For

example, the acetamide-phosphonate (a.k.a. ‘‘Ac-Phos’’) ligand can be employed

in either the ester or acid form, making it well-suited for either hydrophobic

(e.g., contaminated cutting oils) or hydrophilic waste streams, respectively. The

phosphonate-based ligands exhibited very good affinities for all actinides studied

(except NpO2
þ), down to pHs as low as 0.5. The actinide-binding affinities of sim-

ilar carboxylate-based ligand systems drop off at lower pHs [78, 79]. The HOPO

class of ligands is the result of 20þ years of ligand design and development by

Ken Raymond’s group at Berkeley, and these ligands are superb actinide binders

[82–84]. Incorporation of the HOPO ligands into the SAMMS superstructure has

resulted in a superior class of actinide sorbent material [80, 81]. In this case the

3,2-HOPO ligand was the most effective actinide ligand, capable of even binding

the hard-to-grab NpO2
þ cation very effectively, with Kds in excess of 150 000 (Fig.

8.9).

8.3.3

Functional CNTs

Self-assembly is not limited to organosilanes on metal oxide surfaces. Chen et al.

have reported an interesting variation on this theme [85]. Using this approach, Fif-

Fig. 8.8. Schematic showing the synthesis of ferrocyanide Cu-EDA SAMMS.
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ield and coworkers have successfully modified carbon nanotubes for selective bind-

ing of catalysts, radionuclides and CO2 [86]. Here, supercritical CO2 was an advan-

tageous reaction medium for the self-assembly process, as it can dissolve the modi-

fied pyrenes used as anchors, but provides poor solvent shielding, so that the

pyrene/CNT p-stacking interaction is allowed to predominate, thereby facilitating

self-assembly. These selectively functionalized CNT’s are envisioned to be very use-

ful in environmental sensing and detection applications.

8.4

Conclusions

Nanomaterials offer many useful properties for environmental remediation: high

surface area, enhanced interfacial reactivity, easy dispersability, and facile sorption

kinetics. Nanoparticle-based strategies have been built around alkaline earth oxide

materials, zero-valent metals and crosslinked polymers. These different classes of

materials offer widely differing chemistries that can be tailored to address differing

remediation needs, from DNAPLs to chemical warfare agents to PAHs. Hybrid

nanostructured materials are also finding application in environmental chemistry.

The elegant work of Clearfield and coworkers has shown that layered metal phos-

phonates can be made in which the interstitial layers are composed of a wide vari-

ety of ligand structures, including crown ethers, amino acids and arylsulfonates.

Surfactant templated synthesis of mesoporous ceramic oxides has provided a versa-

tile foundation upon which a wide range of environmental sorbents can be made,

Fig. 8.9. Hexagonal bipyramidal geometry of

the complex formed between 3,2-HOPO and

the NpO2 cation (looking down the ObNpbO

bond). The brown atom in the center is Np,

and the red atoms surrounding it are O atoms.

The pair of bidentate 3,2-HOPO ligands (top

and bottom) are strongly hydrogen bound to

the monodentate 3,2-HOPO ligand (left). The

remaining equatorial coordination site is filled

by a water molecule (on the right).
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tailored to sequester ‘‘soft’’ heavy metals, oxometallate anions, cesium and the acti-

nides. Similar self-assembly routes are currently being explored as ways to chemi-

cally modify carbon nanotubes. Functional nanomaterials constitute a versatile, and

powerful, toolbox for environmental remediation. The future is indeed bright for

environmental nanomaterials.
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9

Nanomaterials for Water Treatment

Peter Majewski

9.1

Introduction

Water is one of the most valuable substances in the world and its availability in the

form of potable and drinking water is of great importance for any society. However,

the conversion of water from various sources into potable and good quality drink-

ing water can be very demanding.

The recent report entitled ‘‘Water for People – Water for Life’’ of the World Water

Assessment Program of UNESCO [1] emphasizes that the availability of potable

and drinking water is of major socio-economic importance worldwide. It also

clearly states the importance of foreseeing water economy in terms of use, avail-

ability, quality, and technologies. The report also emphasizes that organic pollu-

tants in water are the main reason for water-related diseases, such as diarrhea,

worm infections, and infectious diseases, and more than 6000 people die every

day due to water-related diseases.

Water use is increasing everywhere. The world’s six billion inhabitants are al-

ready appropriating 54% of all the accessible freshwater contained in rivers, lakes

and underground aquifers. By 2025 humankind’s share will be 70%. This estimate

reflects the impact of population growth alone. If per capita consumption of water

resources continues to rise at its current rate, humankind could be using over 90%

of all available freshwater within 25 years, leaving just 10% for all other living

beings. Currently, on a global basis, 69% of all water withdrawn for human use

on an annual basis is soaked up by agriculture (mostly as irrigation); industry ac-

counts for 23% and domestic use (household, drinking water, sanitation) accounts

for about 8%. These global averages vary a great deal between regions. In Africa,

for instance, agriculture consumes 88% of all water withdrawn for human use,

while domestic use accounts for 7% and industry for 5%. In Europe, most water

is used in industry (54%), while agriculture and domestic use take 33% and 13%

respectively [1].

Shrinking fresh water resources, increasing salinity of bore water, especially in

arid areas of the world, and increasing demand for potable, drinking, and irriga-
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tion water requires the utilization of sea, brackish, and saline bore water for fresh

water supply. The conventional industrial way to desalinate water is reverse osmosis

(RO), which is widely used, especially in arid costal areas, such as Arabia, the USA,

especially Florida, Australia, and on ships. Although RO has proven to be a robust

desalination method, its major drawback is its high demand in electric energy and

the related high costs as well as biofouling of the membranes [2]. This fact requires

either a relevant infrastructure of electric energy or additional equipment for local

supply of electric energy, both of which are not always provided, especially in re-

mote and/or underdeveloped areas as well as disaster and combat areas. Therefore,

a simple ‘‘coffee filter’’-like desalination method without the need of electric energy

is highly desired and would significantly facilitate the utilization of sea, brackish,

and saline bore water for the supply of potable, drinking, and irrigation water. An-

other important aspect, especially for underdeveloped and disaster areas, of such a

‘‘low-tech’’ method would be that the actual desalination treatment could be per-

formed by a non-trained person.

Natural organic matter (NOM) is one of the key water quality parameters that

affects treatment processes. NOM reduces the effectiveness of water treatment by

interfering with the flocculation process, makes treatment with activated carbon

and membrane filtration less efficient and is a precursor to the formation of disin-

fectant by-products (DBP). Furthermore, NOM acts as a food source for microor-

ganisms, resulting in bacterial regrowth in distribution systems. These concerns

have resulted in removal of NOM from raw water being of prime concern for water

authorities. This has been acknowledged by the United States in the Disinfectant

and Disinfection By-product Rule. This rule requires removal of NOM, as mea-

sured by total organic carbon (TOC), to minimize the formation of DBP. Enhanced

coagulation has been designated as the best available technology for TOC reduc-

tion, with the required removal determined by influent TOC concentration and al-

kalinity. TOC of less than 2 mg L�1 prior to disinfection requires no treatment

while TOC levels above this require removal of between 20 to 50%, with the higher

removal required at higher TOC and lower alkalinity.

NOM is also well-known in drinking water. It is a complex matrix of heteroge-

neous organic material, consisting of particulate and dissolved fractions, harmless

and harmful pollutants like pyrogens, such as endotoxins, proteins, and bacteria,

as well as colored and non-colored components [3, 4]. Therefore, the ability to re-

move NOM is a key factor in determining the efficiency of novel methods for water

treatment.

DBPs consist of various organic compounds, the best known of which are triha-

lomethanes (THMs). The presence of chloroform and other THMs in finished

drinking water was first associated with the chlorination of drinking water in

1974. It was discovered that, in addition to killing microorganisms, disinfectants

react with organic and inorganic substances naturally present in the water to pro-

duce various DBPs, which include THMs. DBPs associated with chlorination are

THMs, haloacetic acids, haloacetonitriles and halopicrins. Chlorite and chlorate

are by-products of chlorine dioxide disinfection, while ozonation may result in bro-
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mate formation. Nitrosodimethylamine (NDMA) is a by-product of chlorination

and chloramination.

Certain DBPs have been shown to be detrimental to health in laboratory animal

studies. As a result the Environmental Protection Agency (EPA) regulated the most

prevalent DBPs, the THMs, in 1979, setting the limit at 100 mg L�1. With the pro-

mulgation of the Stage 1 Disinfectants and Disinfection By-product Rule in De-

cember 1998, the trihalomethane limit has since been reduced to 80 mg L�1 and

limits of 60 mg L�1 for haloacetic acid, 1.0 mg L�1 for chlorite and 10 mg L�1 for

bromate have been introduced. While haloacetonitriles, halopicrins, chlorate and

NDMA have been identified as health hazards, further research needs to be con-

ducted before identifying appropriate regulatory levels. It is important to achieve a

balance between reducing exposure to DBPs and maintaining control of water-

borne diseases through regulatory efforts (see also: U.S. Environmental Protection

Agency, http://yosemite.epa.gov/water/).

Conventional treatment process, i.e., coagulation/flocculation – sedimentation –

filtration, is one of the most widely used treatment methods in drinking water

treatment. However, especially organic matter with high molecular weight (g 10

kDa), such as pyrogens, are often not or not completely removed by coagulation

and flocculation, with major consequences for peoples’ health. Consequently, water

has to be disinfected, mainly by chlorination and chloramination. However, as

mentioned above, DBPs are a health risk and some are known carcinogens. There-

fore, a reduction of disinfection of water is highly desired.

Even artificial organic matter such as pesticides, herbicides, and fungicides,

drugs like antibiotics, detergents like alkyl aryl sulfonates and laureth sulfonates,

organic solvents, such as trichloroethylene (TCE), and also organics from the food

processing industry are often not, or not completely, removable from potable water

because of their chemical stability against disinfectants. In addition, organic resi-

dues are the most frequent pollutants in wastewater of major industry, such as

pulp and paper, textiles and leather, iron and steel, and petrochemicals and refin-

eries.

Novel nanomaterials for water treatment and remediation, which in some cases

are close to industrial applications, could provide some new innovative concepts to

match the above outlined demands. In some cases they also represent more effi-

cient alternatives to conventional treatment technologies, such as coagulation and

flocculation, and provide novel concepts for desalination. However, in most cases

there is still a long way to go before large-scale applications, i.e., the treatment of

giga liters per year by nanomaterials, are commercially and technically feasible.

However, the first important steps have already been carried out.

The present chapter provides a comprehensive overview of the most promising

approaches to applying nanomaterials for water treatment and remediation. The

nanomaterials will be introduced and their synthesis, physical properties, and op-

erating issues reviewed. In addition, as far as the existing literature provides suffi-

cient data about operational issues of the material, their possible application will be

assessed.
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9.2

Iron Nanoparticles

Iron nanoparticles represent a new generation of materials for water treatment and

environmental remediation, which could provide a cost-effective alternative for the

solution of some pollution problems [5–13]. Owing to several factors, iron nano-

particles are an extremely versatile tool for water treatment. One important reason

for this is their minute particle sizes, ranging from 1 to 100 nm, which is signifi-

cantly smaller than a typical bacterial cell, which is of the order of 1000 nm. Due to

the small size, the surface to volume ratio is huge. This is important because the

degradation of pollutants is controlled by their interaction with the surface of the

particles. In addition, nanoparticles of iron in water create a highly reducing envi-

ronment through the rapid consumption of oxygen at the surface of the particles.

In field trials, the addition of nanoparticles of iron reduced the oxidation–reduction

potential, which favors the growth of anaerobic bacteria, which further enhances

biodegradation [5–13].

Unfortunately, free-floating nanoparticles are often not stable and form tight

agglomerates, which often exhibit more minor properties than the single nano-

particle. In addition, it is very difficult to separate nanoparticles from the fluid

medium, which, however, is crucial with respect to health related issues when

nanoparticles are applied, especially in the treatment of drinking and potable wa-

ter. But nanoparticles can be anchored onto a solid matrix, such as solid substrates

of metals, metal oxides, and minerals like zeolite, for the treatment of drinking and

potable water, wastewater, and process water.

Metallic or zero-valent iron, as well as FeO, is a moderate reducing reagent,

which can react with dissolved oxygen (DO) and to some extent with water, follow-

ing Eqs. (1)–(4).

2Fe0ðsÞ þ 4Hþ
ðaqÞ þO2ðaqÞ ! 2Fe2þðaqÞ þ 2H2OðlÞ ð1Þ

Fe0ðsÞ þ 2H2OðaqÞ ! Fe2þðaqÞ þH2ðaqÞ þ 2OH�
ðaqÞ ð2Þ

4Fe2þðaqÞ þ 4Hþ
ðaqÞ þO2ðaqÞ ! 4Fe3þðaqÞ þ 2H2OðaqÞ ð3Þ

2Fe2þðaqÞ þ 2H2OðaqÞ ! 2Fe3þðaqÞ þH2ðaqÞ þ 2OH�
ðaqÞ ð4Þ

Equations (1)–(4) are the classic reactions of electrochemical corrosion, where iron

is oxidized due to the exposure to oxygen and water [14, 15]. Like in corrosion

chemistry, the function of water and molecular oxygen is typically that of the elec-

tron acceptors in aqueous environments. Iron acts as the electron donor, whereas

relatively oxidized compounds serve as the electron acceptors and will be reduced.

Over the past decade, several detailed studies have demonstrated that diverse well-

known environmental contaminants, both organic and inorganic, can be reduced

by iron oxidation so that these contaminants are transformed into less toxic or

even benign end products [14–19]. For example, contaminants such as tetrachloro-
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ethene (TCS, C2Cl4), a common solvent, can readily accept the electrons from iron

oxidation and, in the case of TCS, be reduced to ethene in accordance with Eq. (5).

C2Cl4 þ 4Fe0 þ 4Hþ ! C2H4 þ 4Fe2þ þ 4Cl� ð5Þ

Corrosion reactions can be accelerated or inhibited by manipulating the solution

chemistry and/or solid (metal) composition. Since the early 1990s, the iron corro-

sion chemistry has been put into productive use in the treatment of hazardous and

toxic chemicals [14, 16, 20]. The environmental chemistry of metallic iron has been

extensively documented [21].

Nanoparticles of FeO and metallic iron can be prepared by using sodium borohy-

dride as the key reductant to form FeO and Fe nanoparticles from solutions, which

contain Fe3þ cations. For example, NaBH4 (0.2 m) is added into FeCl3 x6H2O

(0.05 m) solution with a volume ratio of 1:1. Fe3þ cations are reduced by the boro-

hydride according to Eqs. (6) and (7) [22].

4Fe3þ þ 3BH4
� þ 9H2O ! 4Fe0 þ 3H2BO3

� þ 12Hþ þ 6H2 ð6Þ

2Fe3þ þ BH� þ 3H2O ! 2Fe2þ þH2BO3
� þH2 þ 2Hþ ð7Þ

Reduction resulting in the formation of metallic iron nanoparticles has to be per-

formed in an oxygen-free atmosphere. An excess of borohydride is needed to accel-

erate the synthesis reaction and provide a uniform growth of nanoparticles.

Iron is oxidized more rapidly when it is attached to a noble metal such palla-

dium and gold. The degradation of pollutants can significantly be enhanced by

coupling iron to a noble metal [22–28]. A composite material consisting of iron

nanoparticles and patches of a noble metal onto the surface of the particle creates

numerous galvanic cells on the surface. Iron represents the anode and becomes

preferably oxidized, whereas the noble metal represents the cathode and remains

unchanged. Studies also suggest that noble metals such as palladium can promote

dechlorination through catalytic functions such as hydrogenation [29, 30].

Palladized Fe particles can be prepared by soaking the freshly prepared iron

nanoparticles with an ethanol solution containing 1 wt% of palladium acetate

([Pd(C2H3O2)2]3). This provides the reduction and subsequent deposition of Pd

onto the surface of the particle, following Eq. (8) [22].

Pd2þ þ FeO ! Pd0 þ Fe2þ ð8Þ

Similar methods have been employed successfully to prepare Fe/Pt, Fe/Ag, Fe/Ni,

Fe/Co, and Fe/Cu bimetallic particles [25].

Metallic iron has been successfully applied in environmental field tests and is a

promising novel technology for wastewater treatment, largely due to the low costs

and absence of any known toxicity induced by its use [21, 30–36].
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Table 9.1 lists several pollutants in water that have been successfully degraded by

iron nanoparticles [5]. Figure 9.1 shows the effect of the addition of iron nanopar-

ticles on water contaminated with TCE. After only a few days the concentration of

TCE has been reduced significantly at the well, but also at some distance from the

well.

Equations (1) and (2) clearly show that adding iron nanoparticles to water should

produce a characteristic increase in pH and decline in the redox potential ðEHÞ of
the solution. A highly reducing environment ðEH f 0Þ is created due to the rapid

consumption of oxygen and other potential oxidants as well as production of hy-

drogen. Figure 9.2 shows that the oxidation–reduction potential (ORP) decreases

after the addition of the nanoscale iron particles into a solution. Typically, in a

closed batch reactor, a pH increase of 2–3 units was reported while ORP reduction

was in the range 500–900 mV [5, 31].

In poorly buffered water, the increase in pH can be significant. However, most

Tab. 9.1. Common environmental contaminants that can be

transformed by nanoscale iron particles [5].

Chlorinated methanes Trihalomethanes

Carbon tetrach1oride (CCl4) Bromoform (CHBr3)

Chloroform (CHCI3) Dibromochloromethane (CHBr2Cl)

Dichloromethane (CH2C2) Dichlorobromomethane (CHBrCl2)

Chloromethane (CH3Cl) Chlorinated ethenes
Chlorinated benzenes Tetrachloroethene (C2Cl4)

Hexachlorobenzene (C6Cl6) Trichloroethene (C2HCl3)

Pentachlorobenzene (C6HCl5) cis-Dichloroethene (C2H2Cl2)

Tetrach1orobenzenes (C6H2Cl4) trans-Dichloroethene (C2H2Cl2)

Trichlorobenzenes (C6H3Cl3) 1,1-Dichloroethene (C2H2Cl2)

Dichlorobenzenes (C6HCl2) Vinyl chloride (C2H3Cl)

Chlorobenzene (C6H5Cl) Other polychlorinated hydrocarbons
Pesticides PCBs

DDT (C14H9Cl5) Dioxins

Lindane (C6H6Cl6) Pentachlorophenol (C6HCl5O)

Organic dyes Other organic contaminants
Orange II (C16H11N2NaO4S) N-Nitrosodimethylamine (C4H10N2O)

Chrysoidine (C12H13N4Cl) TNT (C7H5N3O6)

Tropaeolin O (C12H9N2NaO5S) Inorganic anions
Acid Orange Dichromate (Cr2O7

2�)

Acid Red Arsenic (AsO4
3�)

Heavy metal ions Perch1orate (ClO4
�)

Mercury (Hg2þ) Nitrate (NO3
�)

Nickel (Ni2þ)

Silver (Agþ)

Cadmium (Cd2þ)
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often, natural water reservoirs contain some buffering capacity and, therefore, the

anticipated increase in pH would be less pronounced.

Nanoparticles of iron and FeO surely provide an innovative, simple and cheap

alternative to conventional methods. However, crucially, wide range applications,

especially for drinking and potable water, require removal of the particles or the

resulting iron cations from the water, which will be one of the major challenges

facing a future application of the method.

9.3

Inorganic Photocatalysts

Increased public concern over environmental pollutants as well as waterborne py-

rogens has prompted the need to develop novel treatment methods, with photoca-

talysis attracting a lot of attention concerning the degradation of pollutants [37,

38]. Much of the natural purification of aqueous system lagoons, ponds, streams,

rivers and lakes is caused by sunlight initiating the breakdown of organic mole-

cules into simpler molecules and ultimately into carbon dioxide and other mineral

products [39].

Photocatalytic detoxification of wastewater combines heterogeneous catalysis with

solar technologies [40]. Semiconductor photocatalysis, with a primary focus on

TiO2, has been applied to various problems of environmental interest in addition

Fig. 9.1. Effect of the addition of iron nanoparticles on water

contaminated with TCE. After only a few days the TCE

concentration has been reduced significantly at the well, and

also at some distance from the well [5].
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to water and air purification. The application of illuminated semiconductors for de-

grading undesirable organics dissolved in air or water is well documented and has

been successful for a wide variety of compounds [41].

Organic compounds such as alcohols, carboxylic acids, amines, herbicides and

aldehydes have been degraded via photocatalysis in both laboratory and field

studies. The photocatalytic process can mineralize the hazardous organic mole-

cules into carbon dioxide, water and simple mineral acids [42]. Thus, a major ad-

vantage of the photocatalytic process over existing technologies is that it provides

an almost complete degradation of the organic toxins, whereas other methods,

such as conventional coagulation and flocculation, most often only concentrates

the toxins, which then have to be separated from the water by filtering or sedimen-

tation of the flocculant. Compared to other advanced oxidation technologies, espe-

cially those using oxidants such as hydrogen peroxide and ozone, additional oxidiz-

ing chemicals are not required when applying photocatalysis, because ambient

oxygen is the oxidant [38].

The photocatalytic process can also be applied to destroy nuisance odors, taste

and odor compounds, and naturally occurring organic matter, which contains the

precursors to trihalomethanes formed during the chlorine disinfection step in

drinking water treatment [43].

Fig. 9.2. Water chemistry of nanoscale iron particles. Rapid pH

and oxidation–reduction potential (ORP) changes were

observed after the addition of 0.11 g L�1 of Pd/Fe nanoparticles

in water. A very low ORP can be established in 200 s [5].
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During photocatalysis, illumination of a semiconductor photocatalyst with ultra-

violet (UV) radiation activates the catalyst, establishing a redox environment in the

aqueous solution [40]. The physical and chemical fundamentals underlying this

phenomenon are comprehensively described by Bhatkhande et al. [38] and Bey-

doun et al. [44].

An ideal photocatalyst should be stable, inexpensive, non-toxic and, of course,

highly photoactive. Another primary criteria for the degradation of organic com-

pounds is that the redox potential of the H2O/
.
OH couple (OH� þ .OHþ e�;

E0 ¼ �2:8 V) lies within the bandgap of the semiconductor [41]. Several semicon-

ductors have bandgap energies sufficient for catalyzing a wide range of chemical

reactions. These include TiO2, WO3, SrTiO2, a-Fe2O3, ZnO and ZnS (Table 9.2).

Of these materials, TiO2 seems to be the most promising for photocatalytic de-

struction of organic pollutants [45–63]. This semiconductor provides the best com-

promise between catalytic performance and stability in aqueous media [64]. The

anatase phase of titanium dioxide is the material with the highest photocatalytic

detoxification properties [65]. Binary metal sulfide semiconductors such as CdS,

CdSe or PbS are insufficiently stable for catalysis, at least in aqueous media, be-

cause they undergo photoanodic corrosion [45, 66], and, more important with re-

spect to drinking water treatment, these materials are also toxic. The iron oxides

are not suitable semiconductors as they are quickly subjected to photocathodic cor-

rosion to FeOOH and other iron hydroxide species. The band gap of ZnO (3.2 eV)

is equal to that of anatase. However, ZnO is also not stable in water and forms

Zn(OH)2 on the surface of the ZnO particles, resulting in deactivation of the cata-

lyst [45].

Nanocrystalline photocatalysts are of increasing interest due to their unique pho-

tophysical and photocatalytic properties [44, 65, 67]. Several review articles deal

with the photophysical properties of nanocrystalline semiconductors and various

studies have demonstrated that some properties of nanocrystalline semiconductor

particles differ from those of bulk materials [37, 65, 68–71]; for a comprehensive

review see Ref. [44].

Tab. 9.2. Band gap energy of various photocatalysts [44].

Photocatalyst Band gap

energy (eV)

Photocatalyst Band gap

energy (eV)

Si 1.1 ZnO 3.2

TiO2 (rutile) 3.0 TiO2 (anatase) 3.2

WO3 2.7 CdS 2.4

ZnS 3.7 SrTiO3 3.4

SnO2 35 WSe2 1.2

Fe2O3 2.2 X-Fe2O3 3.1
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Nanosized particles, with diameters ranging between 1 and 10 nm, possess prop-

erties that represent a transition between the molecular and bulk phases [65]. In

bulk material, the electron excited by light absorption finds a high density of states

in the conduction band, where it can exist with different kinetic energies [67].

However, the size of a nanoparticle can be the same as or even smaller than the

size of the first excited state. Thus, the electron and hole generated by illumination

cannot fit into such a particle unless a state of higher kinetic energy is created [72].

Hence, as the size of the semiconductor particle is reduced below a critical diam-

eter, the spatial confinement of the charge carriers within a potential well causes

them to behave quantum mechanically [41, 73, 74]. In solid-state terminology this

means that the bands split into discrete electronic states representing quantized

levels in the valence and conduction bands [72] and the nanoparticle behaves like

a giant atom [67]. Nanosized semiconductor particles that exhibit size-dependent

optical and electronic properties are called quantized particles or quantum dots

[75]. Quantum-size effects occur when the semiconductor particles become

smaller than the Bohr radius of the first excitation state [74]. This has also been

stated by other authors when the particle size of a colloidal particle becomes com-

parable to the DeBroglie wavelength of the charge carriers [72, 76].

The excitation radius of TiO2 nanoparticles has been reported to be between 0.3

and 2 nm [73, 77, 78]. Quantization effects of TiO2 nanoparticles have been ob-

served at particles sizes at and below about 10 nm [45, 72, 77–81].

One important advantage of the application of quantum-sized particles is the in-

crease in bandgap energy with decreasing particle size. At the critical radius and

below, the charge carriers begin to behave quantum mechanically and the confine-

ment of the charge results in a series of discrete electronic states, prompting an

increase in the effective band gap and a shift of the band edges. Thus, by varying

the size of the semiconductor particles, it is possible to enhance the redox potential

of the valence-band holes and the conduction band electrons [82], which results in

an increase in the rate constants for charge transfer at the surface [41, 81]. Conse-

quently, the use of quantum-sized semiconductor particles may result in increased

photoactivity for systems in which the rate-limiting step is interfacial charge trans-

fer [81]. Hence, semiconductor nanoparticles of sufficient size can possess en-

hanced photoredox chemistry that might not otherwise exist in bulk materials [73,

79, 81, 83–87].

Another factor that could be advantageous is the fact that a very large fraction of

atoms are located at the surface of a nanoparticle [67]. Quantum-sized particles

also have high surface area to volume ratios, which further enhances their catalytic

activity [82]. One disadvantage of nanosized particles is the need for light with a

shorter wavelength for photocatalyst activation – a smaller percentage of a poly-

chromatic light source will be useful for photocatalysis.

The maximum efficiency of photocatalysis of TiO2 has been observed at a par-

ticles size of about 10 nm. However, even a slight decrease or increase of particle

size results in a decrease in efficiency [77, 79, 86, 88, 89].

Nanoparticles of titania can be synthesized by flame synthesis [90], chemical va-

por deposition [91], wet chemical methods, such as chloride method using TiCl4
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solutions [92], hydrothermal processing [93], and the alkoxide method [94, 95].

The alkoxide method, better known as the sol–gel method, which is widely used

in the synthesis of ceramic materials, has the advantage that it is capable of pro-

ducing photocatalysts of better homogeneity as well as high purity, involves lower

processing temperatures, and can be tailored to control the materials properties

[96].

Although photocatalysis exhibits various significant advantages over conventional

methods such as flocculation and coagulation, its major disadvantage is that it

needs illumination, preferably by UV light. However, with respect to operational

aspects of the treatment of drinking, potable, waste, and process water, solar illu-

mination is not always possible or, if provided by UV lamps, causes considerable

costs. Thus, even if photocatalysts represent a very efficient, reliable, and innova-

tive alternative to conventional treatment or other oxidizing treatments, such as

ozone or H2O2 treatment, operational issues and often the costs will be the main

criteria when considering their application.

9.4

Functionalized Self-assembled Monolayers

Another nanomaterial for water treatment consists of a particular silica (quartz

sand) or silicate material with a nanometer-sized coating, a so-called functionalized

self-assembled monolayer (SAM). SAMs for water treatment have been deposited

onto solid mm-sized silicate particles as well as on so-called mesoporous silicates.

Mesoporous silicates are silicate particles that contain a nanometer-sized open po-

rosity. This porosity provides an enormous increase of the effective surface area

available for interactions between the SAM and pollutants. A few grams of meso-

porous silicate provide a surface area the size of three football fields [97].

Although applications of silane-based self-assembled monolayers have been elab-

orated for surface modification in terms of controlling its hydrophobicity, introduc-

ing and controlling the surface chemistry, and the synthesis of crystalline oxide

thin films via self-assembled monolayers, the removal of pollutants from water via

SAMs has not been considered widely.

A SAM is a close packed, highly ordered array of chained hydrocarbon molecules

containing 3–17 CH2 units (Fig. 9.3). Especially, long-chain molecules (17 CH2-

units, e.g., octadecyltrichlorosilane) form a highly ordered array of surfactant mol-

ecules due to stabilizing van der Waals forces between the molecules, whereas

short-chain molecules (three CH2-units, e.g., aminopropyltrimethoxysilane) are

less perfectly arrayed. Hence, the length of the hydrocarbon molecules and the re-

lated thickness of the SAM varies between about 0.6 nm (three CH2-units) and

about 2.5 nm (17 CH2-units) [98].

The SAM is simply described as a hydrocarbon with the general formula X-

(CH2)n-Y. Y represents the ‘‘bonding group’’, such as trichlorosilyl (aSiCl3), trime-

thoxysilane [Si(OCH3)3] etc., forming tightly covalent SiaOaSi bonds to the surface

atoms of silicon and silica [99, 100]. X denotes the ‘‘head group’’, chosen from
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among several possible species, such as NH2, NHNH2, NH3Cl, SH, SO3H,

COOH, PO4H2 etc. When immersed into aqueous solutions, the head groups de-

protonate and form negatively surfaces or capture protons at low pH and form

positively charged surfaces. Therefore, by carefully choosing the self-assembled

monolayer and pH of the aqueous solution in which the SAM is immersed, nega-

tively as well as positively charged surfaces can be obtained [101, 102]. Removal of

charged pollutants is due either to electrostatic attraction between the SAM and the

counter-charged pollutant or to chemisorption of the pollutants by the functional

group of the SAM.

Surfaces are coated with SAMs by simply immersing the substrate material into

an organic solution, such as toluene, that contains surfactant molecules, such as 3-

mercaptopropyltrimethoxysilane [101–105]. After thoroughly washing with ethanol

and water, the SAMs-coated powder is ready for application.

SAMs for water treatment are mainly employed on silica and silicate particles,

which are dispersed in the water during treatment, and subsequently filtered.

Mesoporous silicates coated with SAMs containing a thiol-functionality (SH func-

tionality), so-called thiol-SAMMS (self-assembled monolayers on mesoporous sup-

ports), have been developed specifically for the removal of mercury from liquid

media [106–118]. They have the unique ability to bind cationic, organic, metallic,

and complexed forms of mercury. Because of the high surface area, extensive bind-

ing sites, and tailored functional group, results of tests with mercury demonstrate

the high loadings (up to 635 mg Hg per gram of SAMMS), high affinity (distribu-

tion coefficient, or Kd,@1� 108) and rapid kinetics (minutes) possible through the

Fig. 9.3. The surfactant 3-mercaptopropyltrimethoxysilane

(left) and the resulting sulfonate SAM on a substrate (middle)

and immersed into contaminated water (right).
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use of these molecularly-engineered materials. The efficiency of SAMMS in a non-

aqueous system (oil) has also been demonstrated with mercury with excellent re-

sults.

Selectivity, isotherm, kinetic, stability, and regeneration data on thiol-SAMMS

are available for multiple metals. Table 9.3 summarizes the binding affinity of

thiol-SAMMS for selected metal species. Results show that thiol-SAMMS can selec-

tively adsorb, in addition to mercury, other soft acid cations: silver, cadmium, cop-

per, and lead. In all cases, thiol-SAMMS show minimal interference from alkali

and alkali earth metals, such as Naþ, Mg2þ, and Ca2þ. Kinetic experiments explor-

ing the adsorption of mercury in 10 and 500 ppm mercury solutions have demon-

strated the rapid binding kinetics of thiol-SAMMS. The SAMMS rapidly reduced

the mercury concentration from 500 to 0.5 ppb within 5 min. At a mercury concen-

tration of 10 ppm, a reduction down to 3.1 ppb was observed within 5 min, which

is significantly faster than the kinetics of commercial mercury absorbers.

In addition, the use of metal-chelated ligands immobilized on mesoporous silica

as novel anion-binding materials for toxic anions such as chromate, arsenate, per-

technetate, and selenite has also been demonstrated. Novel chemical interfaces

with chelate-SAMMS have shown selective removal of toxic metal oxoanions by a

ligand exchange mechanism. This approach allows the construction of binding

sites that satisfy the stereoelectronic requirements of tetrahedral anions. This

SAMMS form can remove chromate and arsenate to low levels, even with compet-

ing sulfate ion present.

Nearly complete removal of arsenate and chromate has been reported in the

presence of interfering anions for solutions containing up to 100 ppm toxic metal

anions under various conditions. The material remains effective for even higher

concentration solutions (in excess of 1000 ppm anions). Anion loading of more

Tab. 9.3. Binding affinity of thiol-SAMMS for selected metal species [97].

Metal Initial

concentration

(mg LC1)

Final

concentration

(mg LC1)

Metal

loading

(mg gC1)

Distribution

coefficient (Kd)

(mL gC1)

Ag(i) 90 1 0.0089 8900

Ca(ii) 2070 2070 0 0

Cd(ii) 4670 32 0.4638 14 467

Co(ii) 2810 2670 0.0140 5

Cu(ii) 2240 <5 >0.2235 >44 700

Eu(iii) 9010 1220 0.7790 639

Hg(ii) 487 0 1.0146 1� 108

Mg(ii) 1580 1580 0 0

Pb(ii) 3040 300 0.2740 913

Zn(ii) 2790 2410 0.0380 16
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than 130 mg g�1 (1.12 mmol g�1) of SAMMS and distribution coefficients of

>100 000 have been observed.

Anion removal tests have been performed in water containing 1, 10, and 100

ppm arsenate and chromate with a solution-to-silica (SAMMS) ratio of 100. In

all tests, essentially 100% of the chromate was removed in a single treatment.

The addition of 150-ppm-sulfate-competing anions had little effect on the ad-

sorption behavior. At the same solution-to-silica ratio (100 mL g�1), chromate

concentrations > 1000 ppm began to produce saturation of the binding sites. The

maximum adsorbing capacity is about 130 mg g�1 or 1.12 mmol g�1. For a much

higher solution-to-silica ratio (500 mL g�1), almost 100% removal of the chromate

is observed for chromate concentrations up to 100 ppm. Higher concentrations of

chromate under these conditions result in saturation of the binding sites.

Similar results were also obtained for arsenate removal. The maximum loading

capacity is 140 mg g�1 or 1.0 mmol g�1. Under the same conditions, the residual

concentrations of arsenate are all slightly higher than chromate at low anion con-

centrations. This suggests the binding chemistry has higher affinity for chromate

than arsenate.

Bulk chemical analysis of treated water samples of various sources clearly indi-

cates the capability of SAMs to remove metal cations from water. The amount of

powder per liter of water and the treatment time have been identified as important

factors in increasing the efficiency of the method. However, the concentration of

the contaminant appears to be less crucial, as metal cations of very high as well as

very low concentrations could be removed with almost the same efficiency. Recent

experiments with seawater show that this method has considerable potential for

desalination [119, 120]. The concentration of all analyzed metals could be signifi-

cantly reduced by the treatment, whereas that of chloride was only reduced by

about 20%. However, it may only be a matter of further optimization before the de-

salination of water by SAMs is technically possible.

These recent studies have also shown that organic matter can be removed by

functionalized SAMs [119, 120]. Figure 9.4 shows the absorbance of organic matter

of the Myponga Valley reservoir near Adelaide, Australia, at a wavelength of 260

nm versus the molecular weight of the molecules. Clearly, after only a few hours

of treatment with a few grams of SAMs-coated silica particles per liter, organic

matter with a molecular weight of more than 1 kDa has been almost completely

removed. Organic matter with a molecular weight between 300 and 1000 Da has

been removed very efficiently (>90%), whereas compounds with a molecular

weight below 300 Da are almost untouched. The fact that especially organic matter

with high molecular weight, such as pyrogens, could significantly be reduced indi-

cates that the amount of disinfection of the water, such as by chlorination and

chloramination, could be decreased significantly when SAMs are applied to water

treatment.

Besides natural organic matter, contaminants like sodium alkyl aryl sulfonate and

sodium laureth sulfonate based detergents and drugs could also be removed from

water. In all cases, the contaminants were removed almost completely after a treat-

ment of about 30 min, as indicated by measuring the UV absorbance of the water
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samples [119, 120]. Although these results are very promising, further detailed

studies are necessary to optimize the efficiency of the removal of organic deter-

gents.

Although SAMs for water treatment have great potential, the technology is still

at the beginning. For a technical application, SAMs will have to show that they can

be recycled, are stable under physical conditions during treatment, and do not con-

taminate the water due to release of the SAM layers from the substrate during

treatment. However, the main innovative aspect of the method is the fact that the

actual treatment can be performed without the need of electric or thermal power as

well as illumination, which may be a significant advantage over conventional meth-

ods such as reverse osmosis for desalination and microfiltration for the removal of

pathogens [121].

9.5

Other Materials

Some other nanomaterials as well as nanocomposites have been studied for water

treatment and remediation [122, 123]. Because these studies are very recent, it is

yet not possible to assess whether these approaches offer significant advantages

Fig. 9.4. UV absorbance at 260 nm of Myponga raw water

(black) and treated water (lighter, almost horizontal line) [120].

9.5 Other Materials 225



over conventional methods or more established nanomaterials as described in

Chapters 2–4. However, some of the approaches are very promising and further re-

search will clarify their potential.

Paknikar et al. [124] have studied iron sulfide nanoparticles for the degradation

of lindane. Lindane is an organochlorine pesticide and a persistent organic pollut-

ant. Lindane residues have been detected in drinking water sources as well as bev-

erages and the development of viable methods for their removal is highly desirable.

Iron nanoparticles have already been shown to transform effectively chlorinated or-

ganic compounds. However, their use in the treatment of drinking water and bev-

erages has toxicity concerns. This study employed FeS nanoparticles, which were

synthesized by a standard wet chemical method and were stabilized by novel

polymers of microbial origin. The authors could show that the stabilized FeS nano-

particles dechlorinate lindane rapidly with very high efficiency. Dechlorinated com-

pounds and the stabilized polymers could be completely degraded in a subsequent

microbiological treatment, which facilitated precipitation of bulk iron. This novel

integrated nano-biotechnological method may offer a safe, viable, and cost-effective

solution to the removal of pollutants from various drinking water sources.

Peng et al. [125] have developed a novel adsorbent, consisting of nanoparticles of

ceria supported on carbon nanotubes (CeO2-CNTs), for the removal of arsenate

from water. Their experiments showed that CeO2-CNTs are an effective adsorbent

for arsenate, and that the adsorption depends on the pH of the water. Cations of Ca

and Mg significantly enhance the adsorption capacity, suggesting that this material

may be a promising adsorbent for drinking water purification. The loaded adsor-

bent could be efficiently regenerated by dilute NaOH; a regeneration efficiency of

some 90% was achieved. However, the mechanism of adsorption is not yet clear.

9.6

Magnetic Iron Exchange Resin (MIEX)

MIEX is, so far, the only approach employing a nanomaterial that is already com-

mercially applied in water treatment [126–130]. MIEX, which is licensed by Orica

Australia Pty. Ltd, is used as an alternative material for flocculation and coagula-

tion. It has a very rapid reactivity and high capacity for the removal of NOM and

forms the basis of a novel process for NOM removal. MIEX consists of nanopar-

ticles (10–100 nm) of Fe2O3, which has weak permanent magnetic properties,

bounded in a granular resin. Individual particles of the resin have average grain

sizes of about 150 mm and, under moderate agitation, will completely separate

from one another, giving a high surface area and rapid reaction rates. As soon as

agitation is reduced, the particles behave like individual magnets and clump to-

gether in an open structure, which has high settling rate. The resin can easily be

regenerated and recycled. To provide optimum magnetic properties of the indi-

vidual granules it is crucial to have the nanoparticular Fe2O3 homogeneously dis-

tributed within the MIEX granules, requiring some expertise in the organic syn-

thesis of the material [130].
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10

Nanoparticles for the Photocatalytic Removal of

Endocrine-disrupting Chemicals in Water

Heather M. Coleman

10.1

Introduction

There is currently much concern about the release into the aquatic environment of

natural and synthetic oestrogens and compounds that can mimic oestrogens. Since

the turn of the last century, new testing methods have allowed scientists to detect

traces of at least 500 new synthetic chemicals in our bodies. Some of these chem-

icals are persistent; others that we are regularly exposed to are short-lived. The

long-term effects of most of these chemicals are unknown but evidence is mount-

ing that some of these substances, known as endocrine disrupters, could be wreak-

ing havoc with human and animal hormones, reducing the chances of successful

reproduction by lowering sperm counts and contributing to an increased incidence

of several rare cancers and birth defects [1]. The range of substances reported to

cause endocrine-disrupting effects is diverse, and continues to expand as the num-

ber of studies increases. Some are likely to be distributed widely in the environ-

ment, are long-lived, and can accumulate in the tissues of plants and animals.

The term ‘‘Environmental oestrogens’’ includes all oestrogens that may affect the

endocrine system (the communication system of glands, hormones and cellular

receptors that control the body’s internal functions) [2] and includes the natural

oestrogens, synthetic oestrogens, xenoestrogens (oestrogen mimics) and phytoes-

trogens (plant oestrogens). However, the main compounds of concern are the nat-

ural and synthetic oestrogens that have been detected at significant biological levels

in sewage effluent [3]. New methods for water treatment, as well as improvements

to existing processes, are required because of more severe regulations resulting

from increasing awareness of the urgent need to protect our environment. Con-

cerning the new oxidation methods under development (usually termed ‘‘advanced

oxidation technologies or processes’’, AOTs or AOPs), heterogeneous titanium di-

oxide photocatalysis appears very promising in terms of destroying organic micro-

pollutants, leaving them in very low concentrations. The degradation of organic

pollutants present in wastewaters using irradiated dispersions of TiO2 nanopar-

ticles is a fast growing field in basic and applied research.

This chapter describes the use of titanium dioxide photocatalysis for the degrada-
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tion of natural and synthetic oestrogens in water. The background to oestrogens in

the environment is described in Section 10.2 and titanium dioxide (TiO2) photoca-

talysis is discussed along with the main aim and objectives of the work in Section

10.3. Each objective is then addressed in the sections that follow (Sections 10.4–

10.7) and conclusions are made and research needs identified (Section 10.8).

10.2

Background to Oestrogens in the Environment

The main substances of concern are the natural oestrogens 17b-oestradiol, oes-

trone and oestriol and the synthetic oestrogen 17a-ethynyloestradiol. This chapter

involves the photocatalytic degradation of all of the oestrogens and particularly

deals with 17b-oestradiol, the principal, natural and most potent oestrogen. Natural

oestrogens are steroid hormones made primarily in the female ovaries and the

male testes in humans and other animals. Known as the female hormones, oestro-

gens are found in greater amounts in females than males. These essential mole-

cules influence growth, development and behavior (puberty), regulate reproductive

cycles (menstruation, pregnancy) and affect many other body parts (bones, skin,

arteries, the brain, etc.) [2]. Oestradiol is the principal, natural and most potent

oestrogen, followed by oestrone and finally oestriol (Fig. 10.1).

17b-Oestradiol is a potent endogenous oestrogen responsible for the develop-

ment of female secondary sex characteristics and reproduction [4]. As illustrated

in Fig. 10.1, 17b-oestradiol and its derivatives oestrone and oestriol are 18-carbon

steroids with a phenolic ring. The phenolic A ring is the structural component re-

sponsible for high affinity binding to the oestrogen receptor [4].

Fig. 10.1. Structures of the natural oestrogens (17b-oestradiol,

oestrone and oestriol) and the synthetic oestrogen 17a-

ethynyloestradiol.
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17a-Ethynyloestradiol is a synthetic oestrogen used extensively in oral contracep-

tive formulations. It is structurally similar to 17b-oestradiol, with the exception of

an ethynyl substitution at carbon-17 and has a higher affinity for the oestrogen

receptor than 17b-oestradiol [4] (Fig. 10.1). Introducing an ethynyl group at the

17a-position of the oestradiol molecule produces a more stable compound. 17a-

Ethynyloestradiol is the most frequently used oestrogen component in the contra-

ceptive pill. The ethynyl group makes the D ring much more resistant to oxidation.

Consequently, ethynyloestradiol is excreted up to 80% unchanged [5]. Oestrogen

pharmaceutical products are used in both human and veterinary medicine [6],

e.g., oral contraceptives, hormone replacement therapy and livestock yield im-

provement [4].

Exposure to endocrine-disrupting chemicals (EDCs) in the environment has been

associated with abnormal thyroid function in birds and fish; decreased fertility in

birds, fish, shellfish and mammals; decreased hatching success in fish, birds and

turtles; demasculinization and feminization of male fish, birds and mammals; de-

feminization and masculinization of female fish, gastropods and birds; and alter-

ation of immune function in birds and mammals [7]. Human illnesses linked to

endocrine disruption include breast, prostate and testicular cancer, reproductive ab-

normalities such as declining sperm counts and malformed male genitals, learn-

ing and behavioral problems and immune system deficiencies.

The presence of low concentrations of natural and synthetic steroid oestrogens

in the aquatic environment has been reported over the last 30 years [8–10], but

only relatively recently was it realized that steroid oestrogens constitute the

main oestrogenic component in domestic sewage treatment work (STW) efflu-

ents [9]. The major oestrogenic components of STW effluent include the natural

oestrogens, 17b-oestradiol and oestrone, and the synthetic steroid oestrogen 17a-

ethynyloestradiol [9]. These steroid oestrogens have been widely reported in sew-

age effluents [9, 11], rivers [12, 13] and spring water [14]. Steroid oestrogens are

eliminated from the body mainly as biologically inactive forms, following their con-

jugation to water-soluble glucuronide and/or sulfate ester groups [15]. However, a

large proportion of these steroid conjugates in wastewater are probably deconju-

gated before reaching the STW by faecal bacteria (such as Escherichia coli), which
synthesize large quantities of the enzyme b-glucuronidase [16]. STWs typically

remove in excess of 80% of the steroid content (or oestrogenic activity) present

within the influent [17–20]. However, due to their extremely high biological po-

tency, even trace amounts of steroid remaining in the effluent are capable of exert-

ing biological effects on fish [21] and other aquatic organisms. The time needed for

conventional biological methods to remove total organic carbon, combined with

the relatively short hydraulic residency times of many STWs, means that many

wastewater discharges still contain environmentally relevant levels of steroid oes-

trogens and their biotransformation products (Table 10.1). The need to reduce the

output of steroid oestrogens in STW effluents is critical in countries with limited

water resources, where effluent can become a major component of river flow in

the summer months [22]. Therefore, there is a need to consider alternative strat-

egies for the removal of trace amounts of steroid and steroid-like compounds pres-
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ent in STW effluents before their discharge into rivers. There are also increasing

regulatory pressures to reduce environmental levels of many EDCs.

10.2.1

Advanced Oxidation Techniques (AOTs)

In view of the growing medical use of synthetic steroids and the increasing use of

birth-control pills, the synthetic ovulation-inhibiting hormones are expected to in-

crease in concentration in wastewaters. While the concentrations in wastewater are

bound to be extremely low at present, their high physiological activity at extremely

low concentrations and their relatively greater stability in aqueous media than that

of natural urinary hormones deserve consideration as possible contaminants of wa-

ter to be processed for drinking. Consideration, therefore, needs to be given to the

management strategies available in the light of such oestrogenic contamination, as

the removal of these substances by current conventional water treatment methods

is ineffective. A possible alternative treatment for the purification of water is tita-

nium dioxide semiconductor photocatalysis, which is an advanced oxidation tech-

nology and a rapidly growing area of interest to both research workers and water

purification companies [26]. Almost all these studies have been directed towards

the oxidative degradation of organic pollutants in water [27]. While water purifi-

cation techniques such as UV, ozonation or activated charcoal could significantly

remove these microorganic contaminants, the high costs involved suggest that re-

search into treatment optimization should receive more attention [3].

The common characteristic of all AOTs is the generation of very reactive free-

radicals that oxidize pollutants. AOTs include thermal processes, H2O2 or ozone,

and light-induced reactions such as homogeneous photolysis, UV/H2O2 photolysis,

UV/ozone photolysis, heterogeneous photolysis and radiolysis [28]. Chemical oxi-

dation technologies are useful in the oxidative degradation or transformation of a

Tab. 10.1. Oestrogen levels in STWs around the world [9, 23–25].

Location Concentration (ng LC1)

17b-Oestradiol 17a-Ethynyloestradiol

United Kingdom (1998) 1–50 0–7

France, Paris (2003) 4.5–8.6 3.1–4.5

Netherlands (1999) <0.6–12 <0.2–7.5

Germany (1999) 3 15

Canada (1999) 64 42

Sweden (1999) 1.1 4.5

Japan, Tokyo (2003) 15 9
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wide range of pollutants for the treatment of drinking water, groundwater, waste-

water and contaminated soils. Chemical oxidation methods are especially applica-

ble for: the treatment of hazardous organics present at low concentrations, such as

in contaminated groundwaters; use as a pre-treatment step before biological treat-

ment of low-volume, high strength wastewaters; treatment of wastewaters with

constituents that are resistant to biodegradation methods or upset biological treat-

ment reactors, such as cyanides and complex metals; and use as a post-treatment

step following biological treatment to reduce aquatic toxicity. Chemical oxidation

methods can also be combined with other treatment technologies to achieve opti-

mum and cost-effective treatment technologies [29]. However, approaches for con-

trolling the release of steroid oestrogens, or other compounds that are natural by-

products of our very existence, is a unique challenge.

10.2.2

Ultraviolet Photolysis

Treatment by UV radiation alone was also investigated in this study as a com-

parison to photocatalysis. Direct ultraviolet photolysis was the first photochemical

method used for pollutant degradation. Although several authors have proposed di-

rect photooxidation with ultraviolet light for water treatment [30], there are several

limitations to its general applicability. Direct photochemical degradation can be

achieved only when the incident light [vacuum ultraviolet (VUV) light: l < 200

nm or UV-light: l > 200 nm] is absorbed by the pollutant. There are numerous re-

ports of UV degradation of organics present in water, including fluorinated or

chlorinated aliphatics, chlorinated hydrocarbons, trihalomethanes, dinitrotoluene,

chlorophenols, pesticides, PCBs, chlorinated and nitrated aromatics, phenols, halo-

genated aliphatics, and other hazardous wastes [31]. Direct photolysis procedures

are generally of low efficiency than procedures involving hydroxyl radical genera-

tion. However, photolysis of pollutants may be important in cases where hydroxyl

radical reactions are very slow [30]. UVC disinfection is currently being used in

some treatment facilities around the world (e.g., Orange County Water District,

California, USA; Sydney Water, Australia; Essex and Suffolk Water, UK).

10.3

Nanoparticles for Water Treatment Applications

Chemists have known for decades that several semiconductor metal oxides are

light-sensitive and can initiate redox reactions of adsorbates [32]. In 1972, Fujish-

ima and Honda discovered the photocatalytic splitting of water on titanium dioxide

electrodes [33]. This event marked the beginning of a new era in heterogeneous

photocatalysis, stimulating a worldwide effort to characterize the physical features

that control efficiency in these interfacial reactions [31]. Since then, research ef-

forts in understanding the fundamental processes and in enhancing the photocata-

lytic efficiency of TiO2 nanoparticles have come from extensive research performed
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by chemists, physicists and chemical engineers. In recent years, applications to

environmental clean-up have been one of the most active areas in heterogeneous

photocatalysis. This has been inspired by the potential application of TiO2-based

photocatalysts for the total destruction of organic compounds in polluted air and

wastewaters [31]. The degradation of organic pollutants present in wastewaters us-

ing irradiated dispersions of TiO2 is a fast growing field in basic and applied re-

search. The development of this process to achieve complete mineralization of or-

ganic pollutants has been widely tested for a large variety of chemicals [31]. Carey

et al. first reported, in 1976, the photocatalytic degradation of biphenyl and chloro-

phenyls in the presence of TiO2 [34]. Since then, many applications using the

TiO2/UV process have been investigated. Other semiconductor dispersions have

also been used for the photocatalytic degradation of pollutants [31]. There is an ex-

haustive amount of literature on titanium dioxide photocatalysis. Mills and Le

Hunte published an excellent review in 1997 and estimated that over 2000 papers

had been published since 1981 [35]. Over the years, reviews have been published

[31, 36–39] and books written on the subject [40–43]. Commercial applications of

titanium dioxide photocatalysis have been reviewed by Mills et al. [44].

10.3.1

Titanium Dioxide Photocatalysis

10.3.1.1 The Principle

Photocatalysis, as the name suggests, involves light and a catalyst to bring about a

chemical reaction. Mills and Le Hunte define photocatalysis as the ‘‘acceleration of

a photoreaction by the presence of a catalyst’’ [35]. In photocatalysis the catalyst is

activated by the absorption of photons of light whose energy is used to overcome

the activation energy. In this case the catalyst is a semiconductor and it provides a

low energy activation pathway for the passage of electronic charge. The charge is

effectively transferred from the reactant through the semiconductor (activated by a

photon of light) to the product (a redox reaction) [41]. In TiO2 photocatalysis for

water purification the pollutants are usually organic compounds and, therefore,

the overall process can be summarized by reaction Eq. (1) [27].

Organic pollutantþO2aTiO2 ! CO2 þH2O (1)

hn; la 400 nm

The advantages of TiO2 over other semiconductors, for photocatalytic treatment of

water, are that it is an inexpensive readily available material, and it is non-toxic, in-

soluble and photostable. In addition, solar illumination is a possibility, organic

compounds are completely oxidized, no expensive chemicals need be added and a

wide spectrum of pollutants can be degraded [27]. The process can also be turned

on and off at the flick of a switch. TiO2 photocatalysis has potential application in

the treatment of both waste and drinking water [45].
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10.3.1.2 Titanium Dioxide Nanoparticles as a Photocatalyst

The initial process for heterogeneous photocatalysis of organic and inorganic com-

pounds by semiconductors is the generation of electron–hole pairs in the semicon-

ductor particles [31]. Several semiconductors have been evaluated as photocatalysts,

including metal oxides (TiO2, ZnO, SnO2 and WO3) and chalcogenides (ZnS, CdS).

For oxidation reactions, the most useful and widely employed is titanium dioxide.

TiO2 is an intrinsic n-type semiconductor (due to an intrinsic oxygen deficiency,

like ZnO). It is ionic and has a wider band gap (>3 eV) than non-ionic semicon-

ductors. To promote an electron from the valence band to the conduction band,

light of wavelength less than 400 nm is necessary to supply the required energy

to cross the band gap [27]. TiO2 nanoparticles have long been used in such appli-

cations as paint pigments and scratch-resistant optical coatings but can also display

high activity for photocatalysis, which chemists and chemical engineers are begin-

ning to exploit [46]. TiO2 exhibits three different crystal forms: brookite, rutile and

anatase. Rutile and anatase are the most stable and most common forms and their

unit cells are shown in Fig. 10.2 [37]. They consist of chains of slightly distorted

octahedrons of oxygen atoms around a titanium atom. Differences in the distortion

of each octahedron by the assembly pattern of the octahedral chains cause differ-

ences in the mass densities and electronic band structure. For instance, the band

gap for anatase is larger than that for rutile (3.23 and 3.02 eV respectively). The

metastable anatase form transforms into the rutile form at high temperatures [37].

Many researchers have evaluated the photocatalytic activity of rutile and anatase

Fig. 10.2. Structure of rutile and anatase [37].
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and, in general, rutile is claimed to be less active than anatase or even inactive [27,

47]. This is because anatase has a much larger surface area than rutile. Anatase

requires photons having energies greater than 3.2 eV (l@ 380 nm) to excite an

electron from the valence band to the conduction band. The separated electron–

hole pairs can then be made available for oxidation–reduction reactions. The re-

duction potential for
.
OH has been assigned a value of þ2.85 V. It is, therefore,

thermodynamically favorable for the hole site formed in the valence band of TiO2

to oxidize water to
.
OH and for the separated electron promoted to the conduction

band to reduce oxygen at �0.13 V. The production of an OH radical from water, and

the reduction of oxygen, requires a semiconductor with a band gap above 3 eV.

Hence, anatase is an ideal photocatalyst for use in aqueous solutions [27, 35]. The

most widely used form of TiO2, which was used in this research, with high activity,

is actually a mixture of the anatase and rutile forms (ca. 70–80% anatase). It is pro-

duced in particulate form (30 nm diameter crystalline size, aggregated together

into 0.1 mm macroscopic particle sizes) by the Degussa Corporation and is called

Degussa P25. Its high activity is suggested to be because the conduction band of

anatase is more positive than that of rutile, and the light-promoted electrons may

pass from rutile to anatase, enhancing the separation of holes and electrons [48, 49].

10.3.1.3 Mechanism of TiO2 Photocatalysis

Figure 10.3 shows a schematic of a TiO2 particle, illustrating the mechanism of

TiO2 photocatalysis. When a photon of light of sufficient energy ðEbEbgÞ strikes
a TiO2 particle the energy of the photon is absorbed and used to promote an elec-

tron (e�) from the valence band to the conduction band. This movement of an elec-

tron leaves a hole (hþ) in the valence band. These species (hþ and e�) produced by

the absorption of light can either recombine or migrate to the surface of the TiO2

Fig. 10.3. Schematic of a titanium dioxide particle, illustrating

the mechanism of titanium dioxide photocatalysis

(VB ¼ valence band, CB ¼ conduction band, Eg ¼ band gap

energy, e� ¼ electron, hþ ¼ hole, R ¼ organic).
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particle where they can react with other species at the interface. The holes can di-

rectly oxidize organic species adsorbed onto the TiO2 particle or can give rise to

hydroxyl radicals (
.
OH) by reacting with water or OH�. These highly reactive hy-

droxyl radicals then attack organic compounds present at or near the surface [27].

Electrons promoted to the conduction band must be removed rapidly from the

TiO2 to prevent recombination with the holes and allow the mechanism to con-

tinue. Usually the electrons are passed on to molecular oxygen at the interface [31].

The source of OH� may be related to the nature of the surface-bound water as-

sociated with anatase. The hydroxyl radical can oxidize organic contaminants. This

process finally affords carbon dioxide and water if the reaction proceeds to comple-

tion [45]. The strong oxidizing power of the photogenerated holes, together with

the chemical inertness and non-toxicity of TiO2, has made it an attractive photoca-

talyst [46]. Photocatalysis has seen explosive growth, particularly during the past

ten years. The general mechanism of photocatalysis on the TiO2 surface involves

the oxidation of surface hydroxyl groups, which participate in the photocatalytic ox-

idation process. Although direct oxidation of substrates by photo-generated holes is

possible, the involvement of
.
OH in the oxidation process has gained much experi-

mental support. To drive the photocatalytic reaction and maintain charge neutral-

ity, oxygen undergoes reduction in aerated aqueous media, yielding O2
� and H2O2,

which in turn participate in further oxidation processes [46]. The band-gap model

has proven very useful in explaining the mechanism of semiconductor-catalyzed

oxidative degradation of organic material in aqueous systems [36, 37, 50]. The first

event in the photocatalytic process is absorption of a photon of ultraband gap en-

ergy to produce the electron–hole pair on a particle [Eq. (2)].

TiO2 þ hn! e� þ hþ ð2Þ

The electron in the conduction band can be transferred to adsorbed Hþ, O2 or a

chlorinated pollutant (RX) [Eqs. (3)–(6)], initiating various reactions [30].

e� þ O2 ! O2
�. ð3Þ

O�2 þHþ ��! �� HOO ��!HOO
H2O2 þO2 ð4Þ

e� þH2O2 ! H2O2
.� ! HO� þHO

. ð5Þ

e� þ RX! RX
.� ! R

. .þX� ð6Þ

The hole (hþ) in the valence band can react with surface-bound water, hydroxide

groups, and anions (A�) to give the HO
.
(or A

.
) radical, and with organic substrate

(RH) to give radical cations (RH.þ) [Eqs. (7)–(10)] [30, 31].

hþ þHOH! HOH
.þ ! HO

. þHþ ð7Þ

hþ þHO� ! HO
. ð8Þ

hþ þ A� ! A
. ð9Þ

hþ þ RH! RH
.þ ! R

. þHþ ð10Þ
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Once formed, oxidative intermediates, mainly hydroxyl radicals, can react with the

organic contaminant to initiate a sequence of reactions that lead to complete oxida-

tive mineralization. Scheme 10.1 summarizes the material balance of H2O2 and

HO
.
formation [31].

The main aim of this work was to investigate the degradation of the natural

oestrogens 17b-oestradiol, oestrone and oestriol and the synthetic oestrogen 17a-

ethynyloestradiol in water, using titanium dioxide photocatalysis.

The main objectives were:

� To determine if oestrogens in water can be degraded by titanium dioxide photo-

catalysis and UV radiation.
� To determine if all oestrogenic activity is removed after treatment with photoca-

talysis and UV radiation.
� To investigate the effect of varying reaction conditions on the photocatalytic reac-

tion, i.e., initial concentration of pollutant and light intensity.
� To compare photocatalysis with UVA and UVC radiation.

These objectives were investigated and are discussed in Sections 10.4–10.7.

10.4

Photocatalytic Degradation of 17b-Oestradiol in Water

over an Immobilized TiO2 Catalyst

Initial work involved investigating the degradation of the principal most potent

natural oestrogen 17b-oestradiol in water by photocatalysis monitored using high-

performance liquid chromatography (HPLC) with fluorescence detection in a

quartz water-jacketed reactor [51].

Given its low solubility in water, 17b-oestradiol (Sigma > 98%) was initially dis-

solved in acetonitrile (Labscan) and then diluted with water to the desired concen-

tration. TiO2 (Degussa P25) was immobilized on Ti-6Al-4V alloy by an electropho-

retic method described previously [52]. A 1 cm2 area of support was coated with a

catalyst loading of 1.5 mg cm�2. The photocatalytic reactor was a water-jacketed

quartz cell that held 8 mL of solution [52]. The supported TiO2 film was sub-

merged in the reactant solution and irradiated through the wall of the quartz

Scheme 10.1.
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reactor using a 150-W xenon lamp (Sage Analytical) with stabilized power supply

(Applied Photophysics) (Fig. 10.4). The incident light was passed through a borosi-

licate glass filter prior to the reactor to remove l < 300 nm. The solution was

purged with oxygen (BOC) before and during illumination and the reactor was

thermostatted at 20G 2 �C. The photonic flux entering the reactor (l ¼ 300–400

nm) was determined to be 8� 10�8 Einsteins s�1 cm�2 by ferrioxalate actinometry

[53] with a 300–400 nm band pass filter (Speirs Robertson). 17b-Oestradiol deg-

radation was monitored using HPLC with fluorescence detection. The HPLC

conditions were: 25 cm ODS column (Hypersil), P2000 solvent delivery pump

(Thermo-separation Products), mobile phase 40:60% acetonitrile:water, flow rate

of 1 mL min�1. The fluorescence detector (Perkin Elmer LS30) was linked to an

x � y plotter. Excitation and emission wavelengths used were lex ¼ 280 nm and

lem ¼ 315 nm.

In the presence of the illuminated TiO2 film, 3 mmol dm�3 (0.8 mg L�1) 17b-

oestradiol was 50% degraded in 40 min and 98% degraded in 3.5 hours. When

the samples were illuminated in the absence of titanium dioxide, there was about

11% degradation in 40 min, and 44% in 3.5 h, showing that some direct photol-

ysis takes place. A semi-log plot of initial concentration versus irradiation time was

linear, indicating overall pseudo-first order kinetics. The experiment was repeated

with a range of initial concentrations from 0.05 to 3 mmol dm�3. The initial

rates for each concentration were determined from the pseudo-first-order rate

constants and initial concentrations. The data were then fitted to the Langmuir–

Hinshelwood kinetic rate model, which has been applied to the initial rates of pho-

tocatalytic destruction of many organic compounds [36]. The rate law is shown in

Eq. (11), where Ri is the initial rate of disappearance of substrate and Ci is the ini-

tial concentration, k is the reaction rate constant and K is the Langmuir adsorption

constant.

Fig. 10.4. Quartz water-jacketed reactor [52].
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Ri ¼ �dCi=dt ¼ kKCi=ð1þ KCiÞ ð11Þ

From a plot of 1/Ri versus 1/Ci, with the slope equal to 1/kK and intercept equal

to 1/k, k and K were determined as 4:4� 10�2 mmol dm�3 min�1 and 3:47� 10�1

dm3 mmol�1, respectively.

This initial study showed that the principal natural oestrogen 17b-oestradiol is

readily degraded by semiconductor photocatalysis under oxygen on immobilized

TiO2 powder and that photocatalysis was much more effective than UV light alone.

The initial rate kinetics fit the Langmuir–Hinshelwood model. Micromolar con-

centrations of aqueous 17b-oestradiol were 98% degraded in 3.5 h by photocatal-

ysis over the titanium dioxide powder immobilized on Ti-6Al-4V alloy. The deg-

radation kinetics were fitted to a Langmuir–Hinshelwood model with k ¼ 0:044

mmol dm�3 min�1 and K ¼ 0:347 dm3 mmol�1. The pseudo-first order rate con-

stant was 0.016 min�1. It is very important to determine if all oestrogenic activity

is removed from water samples after treatment with photocatalysis since this is the

main concern. This was, therefore, investigated in the same quartz water-jacketed

reactor and monitored using a yeast screen bioassay as a test for oestrogenicity

(Section 10.5).

10.5

Rapid Loss of Oestrogenicity of Natural and Synthetic Oestrogens in Water by

Photocatalysis and UVA Photolysis Monitored using a Yeast Screen Bioassay

The presence of low levels of natural and synthetic steroid oestrogens in the

aquatic environment, and their biological and oestrogenic effects on aquatic organ-

isms, are presently issues of concern. In this study, we investigated the temporal

removal of oestrogenic activity of the potent and environmentally relevant steroid

oestrogens by photocatalysis over an immobilized titanium dioxide catalyst. We

used a recombinant yeast assay to measure oestrogenic activity. Application of pho-

tocatalysis to remove steroid compounds and their oestrogenic activity within STW

effluent released into the aquatic environment is discussed.

Stock solutions of 17b-oestradiol, oestriol, oestrone and 17a-ethynylestradiol (100

mg L�1) (>98%; Sigma-Aldrich) were prepared in ethanol and then diluted 10 000-

fold to a working stock concentration of 10 mg L�1 using sterile double-distilled

water (0.01% ethanol final concentration). These working stocks were prepared

shortly before the experiments, and were added directly to the reactor. The working

stock concentration was chosen on the basis that a 10-mL aliquot would produce a

maximal response in the yeast screen (concentration of 500 ng-steroid L�1 in the

assay) without the need for further sample manipulation. Moreover, any removal

of steroid during the reactions would result in a readily detectable loss in the assay

response, as the steroid concentrations would fall within the linear part of the

dose–response curve of the assay.

The quartz water-jacketed reactor with titanium dioxide immobilized on tita-

nium alloy (Fig. 10.4) was used with a 125-W Philips high-pressure mercury lamp

placed 3 cm from the reactor. Some 8 mL of freshly prepared steroid (10 mg L�1) in
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sterile water was transferred to the reactor and allowed to equilibrate for 1 h before

irradiation with or without the TiO2 catalyst (photocatalysis and photolysis, respec-

tively). Duplicate samples (10 mL) were removed at intervals starting at time 0 (be-

fore UV light exposure), and then regularly throughout the experiments. The 10 mL

aliquots were assayed directly in the recombinant yeast oestrogen assay. Details of

the oestrogen-inducible expression system in yeast (validation) and preparation of

the medium components have been described previously [54]. In brief, this yeast

expresses the human oestrogen receptor (hERa) and contains expression plasmids

containing oestrogen-responsive sequences that control expression of the reporter

gene Lac-Z (coding for the enzyme b-galactosidase). In the presence of oestrogens,

b-galactosidase is produced and is secreted into the medium, where it breaks down

the yellow chromogenic substrate chlorophenol red-b-d-galactopyranoside (CPRG)

into a red product that can be measured by absorbance at 540 nm. Duplicate water

samples (10 mL) from each run were transferred to a 96-well optically flat microtiter

plate (Linbro/Titertek, ICN FLOW, Bucks UK) at frequent time intervals through-

out the experiments. Seeded yeast medium (190 mL) containing CPRG was then

added to the microtiter plate and the plates were then sealed with autoclave tape,

shaken vigorously for 2 min on a titer plate shaker, and incubated for 72 h at 32 �C.

Each plate contained duplicate rows of samples at each time point, a row of blanks

(200 mL assay medium only), a row containing sterile water (solvent control) and a

row containing a serial dilution of the appropriate steroid substrate (positive con-

trol). After incubation, the plates were shaken and allowed to settle for 1 h, after

which the absorbance was read at 540 nm (for color) and at 620 nm (for turbidity)

using a Titertek Multiscan MCC/340 plate reader. To correct the oestrogenic re-

sponse of each test chemical for turbidity ðAcorrÞ, the correction shown in Eq. (12)

was applied to the data in each well.

Acorr Chem ¼ A540 Chem� ðA620 Chem� A620 BlankÞ ð12Þ

Nominal steroid concentrations in the reactor were derived from the appropriate

steroid standard curve, using the mean corrected absorbance values from each du-

plicate sample.

17b-Oestradiol, oestrone and 17a-ethynyloestradiol were found to be oestrogenic

in vitro, and their relative potencies agreed with previous findings [54]. Limits of

detection for the measurement of oestrogenic activity within the reactor were 53

ng L�1 for 17b-oestradiol and 17a-ethynyloestradiol, and 100 ng L�1 for oestrone.

Oestriol did not produce an oestrogenic response in the yeast screen bioassay, indi-

cating that it has insufficient oestrogenic activity to be detected at this level.

Results from the water control experiments were negative, indicating that both

the reactor and the sterile water were free of oestrogenic contamination before

commencing the experiments (data not shown). Similarly, in control experiments

(8.5 h duration) with steroids in the absence of UV light the level of oestrogenic

activity was unchanged over that time (data not shown). Therefore, no discernable

adsorption of oestrogenic substrate on to the surface of the reactor, immobilized

titanium dioxide or magnetic flea had occurred. There was also no difference in

activity between standards prepared in ethanol and those prepared in sterile water.
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Photocatalysis was the most effective method of inactivating all three steroid oes-

trogens, with virtually all oestrogenic activity being removed within 55 min. In con-

trast, UVA photolysis took 9� longer for oestradiol, 6� longer for oestrone and

2.4� longer for ethynyloestradiol. For all three oestrogens, 50% of their oestrogenic

activity was removed by photocatalysis within 10 min, and 100% within 1 h (Table

10.2 and Figs. 10.5–10.7). The decay rates (measured as loss of oestrogenic activity)

Tab. 10.2. Time (minutes) taken for 50%, 90% and 100%

removal of oestrogenic activity by photocatalysis and UVA

photolysis.

Steroid oestrogen Photocatalysis UV radiation

50% 90% 100% 50% 90% 100%

17b-oestradiol 10 24 55 195 248 485

Oestrone 7 18 60 68 195 360

17a-Ethynyloestradiol 8 27.5 50 23 72 120

Fig. 10.5. Photocatalysis and UVA photolysis of 17b-oestradiol

monitored using the yeast screen bioassay. Temporal removal

of oestrogenic activity is shown over 90 min (a) and 8.5 h (b)

reaction time.
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were similar for all three oestrogens (Table 10.3). In contrast, there were substan-

tial differences in decay rates of the three steroids by UVA photolysis (no TiO2 cat-

alyst), with 17a-ethynylestradiol decaying considerably faster than either of the two

other steroids (Table 10.3).

We have directly compared temporal changes in the oestrogenic activity of

aqueous solutions (initially 10 mg L�1) of 17b-oestradiol, oestrone and 17a-

ethynyloestradiol following both UVA photolysis and TiO2 photocatalytic degrada-

tion. A recombinant oestrogen assay based on yeast was used to measure the bio-

logical activity of the reaction mixtures. This yeast screen assay was previously

shown to be highly specific for a range of steroid oestrogens and their metabolites,

and the relative potencies of the steroids used in this study were found to be con-

sistent with previous findings [54]. The yeast oestrogen screen detects both the

parent compounds and any intermediate degradation products that bind to, and

activate, the oestrogen receptor, regardless of their identity. Thus, this approach

provides a real indication of the ability of the various treatments to affect the bio-

logical activity of the reaction mixture over time; information that cannot be ob-

tained by analytical chemistry alone. This is particularly important given the rela-

Fig. 10.6. Photocatalysis and UVA photolysis of oestrone

monitored using the yeast screen bioassay. Temporal removal

of oestrogenic activity is shown over 80 min (a) and 8.5 h (b)

reaction time.
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tively persistent and poorly characterized nature of the intermediate products of

endocrine disrupters generated during photocatalytic degradation [55, 56].

We have demonstrated that the oestrogenic activity of 17b-oestradiol, oestrone

and 17a-ethynyloestradiol was eliminated at the same rate during photocatalysis,

whereas variable (and much slower) removal rates of oestrogenic activity oc-

curred by UVA photolysis, with the order 17a-ethynyloestradiol > oestrone > 17b-

oestradiol. This compares favorably with our work in a quartz coil reactor moni-

tored using fluorescence detection (Section 10.6) [57]. The ability of UVA to

Fig. 10.7. Photocatalysis and UVA photolysis of 17a-

ethynyloestradiol monitored using the yeast screen bioassay.

Temporal removal of oestrogenic activity is shown over 60 min

(a) and 8.5 h (b) reaction time.

Tab. 10.3. Kinetic data for photocatalysis and UVA photolysis of oestrogens.

Steroid Photocatalysis pseudo-first

order rate constant (minC1)

UVA photolysis pseudo-first

order rate constant (minC1)

17b-Oestradiol 0.106 0.011

Oestrone 0.086 0.012

17a-Ethynyloestradiol 0.086 0.035
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remove all three steroids is important given that surface water systems are exposed

to natural sunlight, and this may provide a mechanism for the removal of oestro-

genic effects. Also, some water treatment plants employ UVC radiation to disinfect

potable water, which may help eliminate oestrogenic compounds. The effect of

UVC disinfection on degrading oestrogens in water is discussed further in Section

10.7. Although 17a-ethynyloestradiol appears to be more susceptible to UVA degra-

dation than the natural oestrogens 17b-oestradiol and oestrone, the ethynyl group

of 17a-ethynyloestradiol also increases its resistance to bacterial oxidation, and

therefore its persistence during STW aerobic digestion [5]. The similarity in re-

moval rates of oestrogenic activity during TiO2 photocatalysis supports a similar

mechanism of degradation for the steroid compounds. This may occur via extrac-

tion of the benzylic hydrogen to form the
.
CH radical, which combines with oxy-

gen, or via attack of the hydroxyl group to form the quinone. Indeed, Ohko and

colleagues previously reported that photocatalysis of 17b-oestradiol starts via oxi-

dation of the phenol moiety [58], which is critical for receptor binding and for con-

ferral of oestrogenicity to all steroid oestrogens [59].

Given that most known xenoestrogens are phenolic chemicals, and benzene rings

are rapidly photodegraded by preferential hydroxyl radical attack [55, 58], it is likely

that photocatalysis may quickly remove the capacity of these chemicals to bind

to, and activate, the oestrogen receptor. The measurement of total organic carbon

(TOC) may therefore underestimate the true capacity of photocatalysis to inactivate

endocrine-disrupting chemicals (EDCs), where early reaction stages are key. How-

ever, the production of intermediate products with different types of biological

activity must be considered. For example, testosterone-like species were identified

by GC/MS during the photocatalysis of 17b-oestradiol [58], although any putative

androgenic activity of these degradation products was not investigated.

Oestrone is a major and relatively persistent biotransformation product of oestra-

diol during aerobic digestion [11]. The fact that photocatalysis was able to elimi-

nate oestrone as quickly as 17b-oestradiol is therefore encouraging, given that

oestrone is only around 2-fold less oestrogenic than 17b-oestradiol. However, 17a-

ethynyloestradiol is probably the most important steroid pollutant, given that it is

biologically active in fish at concentrations as low as 0.1 ng L�1 [60, 61]. The

greater potency of 17a-ethynyloestradiol in vivo depends on the 17-ethynyl group,

which increases its longevity in the body by reducing the rate of metabolism at

C-16 and C-17 compared with endogenous steroids [62]. As photocatalysis was

able to eliminate all three steroid oestrogens at a similar rate, it may be a valuable

process for reducing the impact of this persistent and highly active group of com-

pounds in the aquatic environment. The initial concentrations of steroids used in

our reactor were three to four orders of magnitude greater than reported environ-

mental levels, while the limits of detection for the steroids within the reactor ap-

proached levels reported for oestradiol and oestrone measured in influents to

STWs [3].

In summary, we have demonstrated rapid temporal removal of the biological

activity in aqueous solutions of oestrone, 17b-oestradiol and 17a-ethynyloestradiol

by photocatalysis over an immobilized TiO2 catalyst. Photocatalysis was much
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more efficient than UV light alone. Similar rates of removal for all these oestro-

gens support an identical mechanism of action that is likely to involve oxidation

of the phenol moiety of the steroids. Photocatalytic treatment of wastewaters could

therefore serve to further decrease the oestrogenic steroid load entering the aquatic

environment. In a more detailed study on photocatalysis of the natural and syn-

thetic oestrogens in water we employed fluorescence detection, and also investi-

gated the effects of initial pollutant concentration and light intensity (Section 10.6).

10.6

Photocatalytic Degradation of 17b-Oestradiol, Oestriol and 17a-Ethynyloestradiol

in a Quartz Coil Reactor Monitored using Fluorescence Spectroscopy

Photocatalytic degradation of the natural oestrogens 17b-oestradiol and oestriol and

the synthetic oestrogen 17a-ethynyloestradiol in water were investigated. Reactions

were carried out in a quartz coil reactor coated internally with titanium dioxide

(Degussa P25). Degradation by UV light alone was also investigated. Fluorescence

spectroscopy was used to monitor the reactions. The effect of both initial concen-

tration and light intensity on photocatalysis and photolysis of 17b-oestradiol in

water were also investigated.

A quartz coil reactor and a Hanovia 125-W medium pressure mercury lamp

blanketed in nitrogen were used [57]. Coils were prepared from a 1 m length of 2

mm ID quartz tubing with TiO2 immobilized onto the quartz coil as follows. The

coil was first cleaned with chromic acid, rinsed thoroughly and dried. It was then

filled with a 20% solution of hydrofluoric acid and allowed to stand for about 30

min, after which it was washed thoroughly with distilled water. The coil was filled

with TiO2 suspension (1% suspension of Degussa P25 TiO2 powder, sonicated for

20 min) and allowed to stand for a few minutes, drained and then dried by passing

warm air through it. A thin white film of TiO2 was formed on the inside surface of

the coil. This procedure was repeated 2–3 times to ensure that the inside surface of

the coil is completely covered. After the final drying, distilled water was continu-

ously pumped through the coil to wash away any loose powder [63]. The wave-

length of light emitted from the Hanovia lamp also includes the UVB and UVC

regions of the spectrum. Experiments with TiO2 are therefore photolysis as well

as photocatalysis. A solution (3 mmol dm�3;@0.8 mg L�1) of the oestrogen under

study was made up in MilliQ water from a stock solution in acetonitrile. The oes-

trogen solution was passed through the quartz coil reactor at different flow rates,

giving different retention times, and a sample was collected and analyzed by fluo-

rescence detection, lex 230 nm, lem 310 nm. This experiment was repeated using

an identical quartz coil without TiO2, i.e., photolysis of the oestrogen solution. This

procedure was carried out at least twice for each oestrogen. The effect of initial con-

centration on the reaction with 17b-oestradiol was investigated by repeating the

procedure at varying concentrations (3, 2, 1, 0.5, 0.25, and 0.1 mmol dm�3) (0.8–

0.03 mg L�1). The effect of light intensity on photocatalysis and photolysis of 17b-

oestradiol was investigated by placing the reactor at different distances from the
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lamp (3.25, 5, 7.5 and 10 cm, corresponding to light intensities of 2509, 1060, 470

and 265 mW, respectively).

Table 10.4 gives average values obtained for the rate constant, k, the initial rate

and the half-life for photocatalysis and photolysis of 17b-oestradiol, oestriol and

17a-ethynyloestradiol.

The fact that the lamp used in this work (125-W Hanovia medium-pressure mer-

cury) emits radiation in the UVA, UVB and UVC region of the spectrum some

photolysis as well as photocatalysis takes place. The results show that both photo-

catalysis and photolysis are effective in degrading all three oestrogens in water. Plots

of time against lnðC=C0Þ for the photocatalysis and photolysis of 17b-oestradiol

confirm our earlier work [51, 64] (Sections 10.4 and 10.5) that photocatalytic and

photolysis of 17b-oestradiol and 17a-ethynyloestradiol follow pseudo-first order re-

actions. More recently, other workers [58, 65–67] have reported similar findings.

This work shows that oestriol follows similar behavior to the other natural oestro-

gens and the synthetic oestrogen. The sets of results are consistent with each other,

with a good correlation in each case. This is confirmed by the low standard errors

of the average values for the rate constant, k, initial rate and correlation coefficient

ðR2Þ (Table 10.4). The average rate constants for photocatalysis and photolysis

show that the photocatalytic degradation of 17b-oestradiol and oestriol is almost

Tab. 10.4. Average values for rate constant, k, initial rate and

half-life for photocatalysis and photolysis of 17b-oestradiol,

oestriol and 17a-ethynyloestradiol.

k (minC1) Initial rate

(mmol dmC3

minC1)

Half-life (min) R2

17b-Oestradiol
Photocatalysis 0.174 0.522 2.095 0.934

Standard error 0.016 0.282 0.005

Photolysis 0.134 0.402 3.45 0.920

Standard error 0.004 0.259 0.018

Oestriol
Photocatalysis 0.156 0.468 3.775 0.972

Standard error 0.001 0.018 0.003

Photolysis 0.093 0.280 6.65 0.966

Standard error 0.006 0.318 0.010

17a-Ethynyloestradiol
Photocatalysis 0.231 0.694 1.55 0.907

Standard error 0.006 0.106 0.001

Photolysis 0.195 0.585 1.775 0.926

Standard error 0.011 0.018 0.007
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1.5� faster than degradation by UV light alone. However, photocatalysis and pho-

tolysis of 17a-ethynyloestradiol occur at almost the same rate (Table 10.4).

Table 10.4 also shows that 17a-ethynyloestradiol has the fastest rate for photo-

catalysis, followed by 17b-oestradiol and finally oestriol (1.5� slower than 17a-

ethynyloestradiol). 17a-Ethynyloestradiol also degrades the fastest by photolysis, at

almost the same rate as photocatalysis, degrading 1.5� faster than 17b-oestradiol

and over twice as fast as oestriol. ‘17a-ethynyloestradiol seems to be a less stable

molecule than 17b-oestradiol and oestriol under photocatalytic and photolytic con-

ditions. The addition of the ethynyl group possibly causes the molecule to be less

stable and degrade more rapidly under these conditions due to the triple bond of

the ethynyl group which would absorb UV light more easily. Oestriol seems to be

the most stable molecule of the three oestrogens, degrading at the slowest rate.

The addition of the OH group may stabilise the phenolic ring and help resist

breakdown by photocatalysis and UV light. The mechanism of degradation of the

oestrogens may occur via extraction of the benzylic hydrogen to form the CH
.

radical which combines with oxygen, or via attack of the hydroxyl group to form

the quinine (as outlined in section 5). Ohko et al. previously reported that the pho-

tocatalysis reaction with 17b-oestradiol starts via the phenol moiety and also con-

firmed that 17b-oestradiol in water is completely mineralised as a result of the

photocatalytic reactions and suggested a mechanism for the reaction, identifying

10e-17b-dihydroxy-1,4-estradien-3-one and testosterone-like species as intermediate

products [58]’.

Initial work on photocatalysis of 17b-oestradiol [51] in a batch reactor with TiO2

immobilized on Ti alloy gave a first-order rate constant of 0.016 min�1 (Section

10.4). This is much lower than the rate constant obtained in this work (0.174

min�1), indicating that the quartz coil reactor is a much more efficient system, ow-

ing to the increased surface area. The trend obtained here for photocatalysis com-

pares favorably with work [64] detailed in Section 10.5 where photocatalytic degra-

dation of 17b-oestradiol, 17a-ethynyloestradiol and oestrone were monitored using

a yeast screen bioassay as a test for oestrogenicity. The oestrogenic activity of 17b-

oestradiol, oestrone and 17a-ethynyloestradiol was eliminated at the same rate dur-

ing photocatalysis whereas variable (and much slower) removal rates occurred by

UVA photolysis, with the order 17a-ethynyloestradiol > oestrone > 17b-oestradiol

(0.086–0.106 min�1). The rates of photolysis in this work (0.134 min�1 for 17b-

oestradiol and 0.195 min�1 for 17a-ethynyloestradiol) are much higher than for

this previous work (0.011 and 0.035 min�1, respectively) due to the different lamps

used. The lamp used in this work (125-W Hanovia medium-pressure mercury)

emits radiation in UVA, UVB and UVC region of the spectrum, indicating that

some photolysis is taking place as well as photocatalysis. The increase may also be

due to the increased area for reaction in the coil reactor.

Table 10.5 gives the average values for the rate constant, k, initial rate and half-

life calculated for each concentration.

Initial concentration against rate was plotted for the results obtained above for

both photocatalysis and photolysis of 17b-oestradiol (Figs. 10.8 and 10.9, respec-

tively).
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Tab. 10.5. Average values of rate constant, k, initial rate and

half-life for photocatalysis and photolysis of 17b-oestradiol at

different initial concentrations.

Concentration

(mmol dmC3)

k

(minC1)

Initial rate

(mmol dmC3

minC1)

Half-life

(min)

R2

Photocatalysis
0.1 0.086 0.009 7.4 0.925

0.25 0.141 0.036 4.062 0.944

0.5 0.164 0.082 3.188 0.953

1 0.224 0.224 2.062 0.942

2 0.188 0.376 2.125 0.898

3 0.174 0.522 2.095 0.934

Photolysis
0.1 0.125 0.012 2.7 0.785

0.25 0.137 0.034 2.55 0.844

0.5 0.187 0.094 1.44 0.862

1 0.200 0.200 2.0 0.944

2 0.138 0.276 2.812 0.898

3 0.134 0.402 3.45 0.920

Fig. 10.8. Initial concentration against rate for photocatalysis

of 17b-oestradiol monitored using fluorescence.
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The results are consistent with each concentration with good correlation (Table

10.5). The slope of the best-fit line is 0.180 for photocatalysis and 0.131 for photol-

ysis (Figs. 10.8 and 10.9, respectively). The results demonstrate that, as the initial

concentration of 17b-oestradiol increases, the reaction rate increases proportionally

for both photocatalysis and photolysis, confirming that the reactions are first order

[51, 57]. The slope of the graph for photocatalysis is 1.5� that of photolysis, indi-

cating that photocatalysis coupled with photolysis occurs at 1.5� the rate of photol-

ysis alone.

Interestingly, the effect of initial concentration on photocatalysis follows a differ-

ent pattern than shown previously [51] where the Langmuir–Hinshelwood model

applied for the same concentration range. In this model, adsorption of the reactant

on the surface of the catalyst is considered. The rate increases with initial concen-

tration of 17b-oestradiol and then levels off at higher concentrations. This is be-

cause, at higher concentrations, the surface of the TiO2 becomes saturated with

oestradiol molecules and the reaction rate reaches a maximum. In this work, pho-

tolysis occurs at a rate comparable to that of photocatalysis. This competing reac-

tion also consumes 17b-oestradiol, reducing the number of molecules available

for saturation of the titanium dioxide surface. This observation may be important

in industrial applications of the photocatalytic breakdown of organic pollutants in

water. Photocatalysis and photolysis could be applied together to increase rates of

reaction at high concentrations of pollutants.

Table 10.6 summarizes results obtained for the effect of light intensity on both

photocatalysis and photolysis of 17b-oestradiol. Good correlation was obtained for

all the results.

Light intensity ðIÞ is an important parameter to consider in photocatalysis

ðRm IÞ, especially for industrial applications in terms of cost. Increasing the light

intensity affects the rate of the reaction by increasing the number of charge car-

riers generated in the semiconductor. Most researchers have found different effects

at different levels of light intensity [68].

Fig. 10.9. Initial concentration against rate for photolysis of

17b-oestradiol monitored using fluorescence.
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� At low light intensities, the rate increases in proportion to the light intensity, i.e.,

Rm I, n ¼ 1.
� At intermediate light intensities the rate only varies with the square root of inten-

sity [69, 70], i.e., Rm I1=2, n ¼ 1=2.
� At high light intensities the rate of photodegradation is independent of light in-

tensity, i.e., Rm I0, n ¼ 0.

For photocatalysis, as light intensity increases the rate increases due to the in-

creased number of oxidizing species produced. The rate increases with light inten-

sity to a power n (the gradient of a linear log–log plot, [Eq. (14)]). At low light in-

tensities the rate of initial degradation increases directly in proportion to light

intensity (gradient@ 1), suggesting that few oxidizing species are lost through re-

combination processes. At high light intensities the rate of initial degradation in-

creases in proportion to I to the power of 0, i.e., the rate becomes independent of

light intensity and the expected rate-limiting factor is mass transfer. At intermedi-

ate light intensities the rate only varies with the square root of intensity [69, 70]

and hence efficiency suffers. This was attributed by Egerton and King [71] to en-

ergy wasting recombination reactions between electrons and holes and by Kor-

mann [72] to bimolecular combination of hydroxyl radicals.

Increased intensity always results in an increase in the volumetric reaction rate

until the mass transfer limit is encountered. However, once intermediate light in-

tensities are reached any increase in I will not lead to a proportional increase in rate

and industrially may not be worth the extra cost. The I1 to I0:5 rate transition is

Tab. 10.6. Average values for k, initial rate, half-life and R2 for

effect of light intensity on photocatalysis and photolysis of 17b-

oestradiol.

Distance

(cm)

Light

intensity

(mW)

k

(minC1)

Initial rate

(mmol dmC3

minC1)

Half-life

(min)

R2

Photocatalysis
3.25 2509 0.500 1.501 0.362 0.926

5 1060 0.324 0.972 1.25 0.939

7.5 470 0.236 0.708 1.625 0.882

10 265 0.174 0.522 2.095 0.934

Photolysis
3.25 2509 0.400 1.200 0.1 0.876

5 1060 0.364 1.092 0.875 0.973

7.5 470 0.229 0.687 1.7 0.918

10 265 0.134 0.402 3.45 0.920
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said to depend on the catalyst material [73]. The relationship between rate and

light intensity can therefore be represented by Eq. (13).

Rate ¼ klI
n ð13Þ

The rate constant k will include terms for the extent of recombination, substrate

concentration, etc. This constant will be different for different transition regions.

The linear form of this equation is:

lnðrateÞ ¼ ln kþ n lnðIÞ ð14Þ

A plot of ln(rate) against ln(light intensity) will yield a straight line for each transi-

tion region, with a slope equal to n. For the photocatalysis of 17b-oestradiol, such a

plot gave a best fit line with a slope, n, of 0.461, which is approximately 0.5, indicat-

ing intermediate light intensities. Other workers found similar results when inves-

tigating light intensities for other substrates. Table 10.7 shows the literature values

of n for different organic compounds.

Dionysiou et al. have reported the photocatalytic degradation of 4-chlorobenzioc

acid as a function of light intensity, using a rotating disk photocatalytic reactor [82].

They found that the rate of degradation followed a linear dependency with incident

light intensity and attributed it to the existence of low local values of incident light

intensity on the illuminated disk. Ohko et al. have investigated the effect of light

intensity on the degradation of propan-2-ol and the effect of concentration [83].

They suggested that for small concentrations of contaminant it is more beneficial

to operate the process at low light intensities and at the range where the rates are

not mass-transport controlled. At high contaminant concentration, the reaction

Tab. 10.7. Dependency of rate of photo-

catalysis on light intensity for various organic

substrates.

Substrate n Ref.

Phenol 0.6 74

Phenol 0.5 69

4-Chlorophenol 0.7 47

Formaldehyde 0.4 75

Methyl orange 0.2 76

Dichlorophenoxyacetic acid 0.5 77

Phenoxyacetic acid 0.5 78

2,4-Dichlorophenol 0.5 79

Cyanide 0.5 80

Salicyclic acid 0.6 81
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may be light-limited but light utilization efficiency will be higher. This was also re-

ported by Minero [84], who recommended that, in solar photocatalytic applications,

concentration of the solar light is unnecessary. Industrially, these are important

points to consider if photocatalysis were applied for the treatment of real environ-

mental water samples where oestrogens and other EDCs are present in very low

concentrations and also in situations where solar illumination is used as the UV

source. Figure 10.10 shows the plot of rate against light intensity for the photolysis

of 17b-oestradiol.

The relationship is linear at low light intensities up to a certain point (intermedi-

ate light intensity) where the rate starts to level off (high light intensities). This

suggests that the rate is proportional to light intensity up to a certain point, where

it then becomes independent of light intensity. This could be interesting from an

industrial viewpoint, where a combination of photocatalysis and UV radiation

could be used to increase the rate of reaction instead of increasing the UV light

alone, where the rate levels off at high light intensities.

Photocatalysis and photolysis are effective for the degradation of the three oes-

trogens 17b-oestradiol, oestriol and 17a-ethynyloestradiol in water. Photocatalysis

coupled with photolysis is much more effective in degrading the oestrogens

than photolysis alone. The reactions follow pseudo-first order kinetics. 17a-

Ethynyloestradiol degrades the fastest for both photocatalysis and photolysis fol-

lowed by 17b-oestradiol and then oestriol. This was attributed to the triple bond of

the ethynyl group, which absorbs UV light more easily. The rate varies linearly

with initial concentration both for photocatalysis combined with photolysis and

for photolysis of 17b-oestradiol in water. Photocatalysis degrades 17b-oestradiol at

twice the rate of photolysis. The rate was proportional to the square root of light

intensity for photocatalysis of 17b-oestradiol. The relationship between light inten-

sity and degradation rate by photolysis is linear up to a point, when it then starts to

Fig. 10.10. Rate against light intensity for photolysis of 17b-

oestradiol monitored using fluorescence.
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level off. The ability of UV light to remove all steroids is important given that sur-

face water systems are exposed to natural sunlight, and this may provide a mecha-

nism for the removal of oestrogenic effects. Also, some water treatment plants

employ UVC radiation to disinfect potable water, which would help to eliminate

oestrogenic compounds in the water. An investigation into the efficiency of UVC

disinfection for the removal of the natural and synthetic oestrogen in water was

made and compared with photocatalysis and UVA light alone. This work is out-

lined in section 7 below.

10.7

Comparison of Photocatalysis with UVA and UVC Radiation for the Degradation of

Natural and Synthetic Oestrogens in Water

Our previous studies have shown that TiO2 photocatalysis is effective for the degra-

dation of natural and synthetic oestrogens in water and that it is more effective

than UV light alone. Some water treatment companies currently use UVC disinfec-

tion to remove trace organics as a final stage in the water treatment process. UVC

radiation uses high intensity light at 253 nm, which is energy intensive and there-

fore very expensive. In this work we study the effect of UVC disinfection for the

removal of the natural and synthetic oestrogens in water and compare it with pho-

tocatalysis and UVA light alone.

Photocatalysis experiments were carried out in a spiral Pyrex reactor (85 mL vol-

ume), with TiO2 immobilized onto the inside wall, with a black light blue fluores-

cent lamp (NEC, 15 W, maximum emission at@350 nm, emission range 300–400

nm) fitted through the centre of the coil. TiO2 was immobilized onto the reactor

walls as described previously [57] (Section 10.6). Experiments with UVA light alone

were carried out in the same reactor free from TiO2. A similar set-up was used for

the UVC radiation experiments except the spiral reactor (85 mL volume) was made

from quartz and free from TiO2 and was used with a slim line germicidal lamp

(UV Air Pty Ltd, emission l ¼ 253 nm). The reactors were connected to a peristal-

tic pump (Masterflex 1 Quick-Load, Cole-Palmer Instrument Co.) by Masterflex

flexible tubing to enable solution circulation through the reactor at 150 mL min�1

and to an on-line fluorescence spectrometer (Perkin Elmer LS-45 with FLWinLab

software), which monitored degradation of the oestrogens at lex ¼ 230 nm and

lem ¼ 310 nm.

A standard solution of 3 mmol dm�3 of oestrogen (i.e., 0.82 mg L�1 17b-

oestradiol, 0.86 mg L�1 oestriol and 0.89 mg L�1 17a-ethynyloestradiol) was made

up in MilliQ water from stock solutions in acetonitrile (final pH 5.5). Oestrogen

(120 mL) was then pumped through the reactor set-up at 150 mL min�1 for ap-

proximately 5 min to allow the solution to equilibrate before the experiment was

started. The UV lamp was then turned on and the ‘‘timedrive’’ method (FLWinLab

software), which measured fluorescence intensity over time, was started where

measurements were taken every second. This procedure was carried out for each

oestrogen in duplicate for TiO2 photocatalysis, UVA radiation and UVC radiation.

10.7 Comparison of Photocatalysis with UVA and UVC Radiation for the Degradation of Natural 259



Figure 10.11 shows a histogram of the rate constants for photocatalysis of the

natural and synthetic oestrogens over TiO2/UVA compared to UVA and UVC radi-

ation alone. Table 10.8 presents the first-order rate constants for each reaction with

standard errors.

Clearly, from Fig. 10.11 and Table 10.8, photocatalysis is much more effective

than UVA or UVC radiation for all of the oestrogens. The rates are up to 5�
greater for photocatalysis than for UVA light alone and up to 9� faster (17a-

ethynyloestradiol) than with UVC disinfection. Photocatalytic rates are quite com-

parable for all three oestrogens when standard errors are taken into account, al-

though rates for 17a-ethynyloestradiol and oestriol are slightly higher than for

17b-oestradiol. UVA radiation rates for the natural oestrogens 17b-oestradiol and

oestriol are comparable. However, UVA radiation for the synthetic oestrogen 17a-

ethynyloestradiol is significantly higher. This agrees with previous work in a

Fig. 10.11. Degradation by photocatalysis, UVA and UVC

radiation of natural and synthetic oestrogens in water in a

spiral reactor monitored using fluorescence spectroscopy.

Tab. 10.8. Kinetic data for photocatalysis, UVA photolysis and

UVC photolysis of oestrogens in water.

Steroid First order rate constants, k (minC1)

Photocatalysis UVA photolysis UVC photolysis

17b-Oestradiol 0:116G 0:007 0:028G 0:005 0:0201G 0:002

Oestriol 0:133G 0:001 0.025 0.196

17a-Ethynyloestradiol 0:143G 0:009 0:044G 0:002 0:0151G 0:001
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stirred-tank batch reactor with a 125-W high-pressure mercury lamp (Section 10.5)

[64] and a photocatalytic quartz coil reactor and 125-W medium-pressure mercury

lamp (Section 10.6) [57] and, as mentioned earlier, may be because the triple bond

of the ethynyl group present would absorb UV light more easily. Rates for UVA

and UVC radiation are comparable for 17b-oestradiol and oestriol. However, UVA

and UVC radiation rates for 17a-ethynyloestradiol differ significantly, with UVA ra-

diation being almost 3� faster than UVC radiation. 17a-Ethynyloestradiol may ab-

sorb better in the UVA region of the spectrum than in the UVC region. The blue-

black lamp (UVA radiation) covers a broader spectrum (l ¼ 300–400 nm with max-

imum emission at l ¼ 350 nm), and so also covers part of the visible and the

UVB spectrum, whereas the UVC lamp emits radiation only at l ¼ 253 nm.

The UV spectra of 17b-oestradiol, oestriol and 17a-ethynyloestradiol show that

they absorb at l ¼ 230 nm and l ¼ 280 nm and that absorption is much more in-

tense at l ¼ 230 nm. Both peaks are broad and there may be some absorption at

l ¼ 300 nm for the l ¼ 280 nm peak. The rate of photons absorbed per reactor vol-

ume for each lamp was calculated using ferrioxalate actinometry [85]. Table 10.9

shows the results.

Table 10.9 shows that the UVC lamp is much more intense than the UVA lamp.

However, UVA is sufficient to breakdown the oestrogens in water. This is encour-

aging from an industrial viewpoint since UVC disinfection requires much more

energy and is therefore more costly. Photocatalysis, however, is still much more ef-

ficient than UV light alone, with rates up to 9� faster.

Our initial work on the photocatalysis of 17b-oestradiol [51] (Section 10.4) in a

batch reactor with TiO2 immobilized on Ti alloy gave a first-order rate constant of

0.016 min�1. This is much lower than the rate constant obtained in this work

(0.116 min�1), which is comparable with more recent work in a quartz coil reactor

(0.174 min�1) (Section 10.6) [57], indicating that a coil reactor is a much more ef-

ficient system due to the increased surface area. The trend obtained here for photo-

catalysis compares favorably with previous work (Sections 10.5 and 10.6) [57, 64]

where 17b-oestradiol and 17a-ethynyloestradiol were degraded at the same rate

during photocatalysis whereas variable and slower degradation rates occurred by

UV radiation, with the order 17a-ethynyloestradiol > 17b-oestradiol (0.086–0.106

min�1). Nakashima et al. [86] reported rate constants of 0.033 and 0.050 min�1

Tab. 10.9. Photons absorbed per reactor volume for each of

the lamps measured using ferrioxalate actinometry (mEinsteins

s�1 L�1 G standard error).

Lamp Photons absorbed

(mEinsteins sC1 LC1)

UVC lamp (l ¼ 253 nm) 74G 3

UVA lamp (l ¼ 350 nm) 57G 1
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for 17b-oestradiol in two different types of reactors with TiO2 immobilized on

PTFE mesh sheets, and, in more recent work [87], 0.15 and 0.12 min�1 for 17b-

oestradiol and oestrone, respectively.

Titanium dioxide photocatalysis is an effective method for the degradation of

the natural oestrogens 17b-oestradiol and oestriol and the synthetic oestrogen 17a-

ethynyloestradiol in water in an immobilized TiO2 spiral coil reactor. It is much

more efficient than UVA or UVC radiation alone (up to 9� faster). Industrially,

this is very important as costs and energy requirements can be drastically reduced.

Particle-mediated photocatalytic techniques can improve the performance of water

treatment systems employing UV by reducing the energy requirements for the UV

stage. The successful and efficient degradation of these compounds will potentially

provide cheaper and cleaner means of removing them from groundwater, waste-

waters and drinking water. Because the only energy source is near-UV light, the

technology should, ultimately, be able to function on sunlight alone.

10.8

Overall Conclusions and Identification of Research Needs

The main aim of this work was to investigate the degradation of natural oes-

trogens (17b-oestradiol, oestrone and oestriol) and a synthetic oestrogen (17a-

ethynyloestradiol) in water using titanium dioxide photocatalysis. This was carried

out using different chemical and biological analytical techniques.

The first objective was to determine if oestrogens could be degraded by photoca-

talysis and UV radiation. Initial studies in a batch reactor monitored using HPLC

and fluorescence detection showed that 17b-oestradiol in water could be degraded

by photocatalysis and was much more effective than UV light alone. The reaction

followed first-order reaction kinetics and Langmuir–Hinshelwood behavior was ob-

served.

The second objective was to determine if oestrogenic activity is removed from

the oestrogenic water samples after treatment with photocatalysis and UV radia-

tion since the oestrogenic activity of these substances is the main concern. This

was carried out using a yeast screen bioassay. It was found that photocatalysis and

UV radiation can remove all oestrogenic activity from water samples containing

the natural oestrogens 17b-oestradiol and oestrone and the synthetic oestrogen

17a-ethynyloestradiol. Again, photocatalysis is much more efficient than UV light

alone. The rates of reaction for the three oestrogens studied were very similar for

photocatalysis. For UV radiation, 17a-ethynyloestradiol degraded the fastest fol-

lowed by oestrone and 17b-oestradiol.

The work with fluorescence spectroscopy also fulfilled the first objective, show-

ing that all the natural and synthetic oestrogens in water could be degraded by

photocatalysis. The results demonstrated that 17a-ethynyloestradiol degraded the

fastest followed by 17b-oestradiol and oestriol for both photocatalysis and UV radi-

ation combined and for UV light alone. Direct photolysis reactions are generally of

low efficiency compared with procedures involving hydroxyl radical generation.

262 10 Nanoparticles for the Photocatalytic Removal of Endocrine-disrupting Chemicals in Water



However, here there was no major difference in the rates for photocatalysis and UV

light alone. This was due to the lamp used, which emitted in the UVA, UVB and

UVC range of the spectrum. The reactions also follow pseudo-first order kinet-

ics. 17a-Ethynyloestradiol degrades the fastest for both photocatalysis and photoly-

sis followed by 17b-oestradiol and oestriol. This was attributed to the triple bond of

the ethynyl group in 17a-Ethynyloestradiol, which absorbs UV light more easily.

The third objective was to investigate the effect of varying reaction conditions on

the photocatalytic reaction, i.e., initial concentration and light intensity. The rela-

tionship between initial concentration and rate is linear for both photocatalysis

combined with photolysis and for photolysis of 17b-oestradiol in water. Photocatal-

ysis degrades 17b-oestradiol at twice the rate of photolysis. The rate was propor-

tional to the square root of light intensity for photocatalysis of 17b-oestradiol. The

relationship between light intensity and the rate of degradation by photolysis is

linear up to a point; it then starts to level off.

The final objective was to compare photocatalysis with UVA and UVC disinfec-

tion. Here, photocatalysis was found to be much more efficient than UV light

alone. Titanium dioxide photocatalysis is an effective method for the degradation

of the natural oestrogens 17b-oestradiol and oestriol and the synthetic oestrogen

17a-ethynyloestradiol in water in an immobilized TiO2 spiral coil reactor. The spi-

ral reactor was much more efficient than a batch reactor with TiO2 immobilized on

Ti alloy due to the increased surface area of the former. Photocatalysis was much

more efficient than UVA or UVC radiation alone (up to 9� faster). This is very im-

portant industrially, where costs and energy requirements can be drastically re-

duced. Particle-mediated photocatalytic techniques can improve the performance

of water treatment systems employing UV by reducing the energy requirements

for the UV stage. The fact that solar illumination can be used in these systems is

an added advantage for applications in countries with a hot and sunny climate. As

the importance of water reuse and water recycling increases, an effective technique

is needed to remove trace organics in our water supply. TiO2 photocatalysis can be

used to develop a safe, cost-efficient water treatment process.

Based on the work presented in this chapter, several research areas and needs

can be proposed:

1. Improvements in chemical and biological analysis for the detection of steroid

oestrogens at ng L�1 levels and for real water sample analysis.

2. Investigations into the application of photocatalysis for the removal of steroid

oestrogens in real water samples, e.g., treated sewage effluent samples where

other substances are present.

3. Improvement in the engineering design of photocatalytic reactor systems with

a view to incorporating the photocatalytic treatment stage into existing water

treatment systems.

In summary, the challenge is for water treatment scientists to design and apply ti-

tanium dioxide nanoparticles for the photocatalytic breakdown of micropollutants

such as steroid oestrogens in real water samples.
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The principles of organic photoelectrochemistry elaborated over the past decade

clearly show that interfacial electron transfer to surface adsorbates can result in ox-

idative degradation, often leading to complete mineralization of organic pollutants.

The wide band gap and high chemical stability of TiO2 nanoparticles gives them an

extremely broad reactivity range. Irradiated TiO2 nanoparticles efficiently degrade

nearly every significant functional group, including the most environmentally haz-

ardous and persistent substances. Since our first report of the use of photocatalysis

for the degradation of oestrogens in water [51], its potential use as a method for

reducing discharges of EDCs into the aquatic environment has been of increasing

interest [57, 64–66, 86–92]. Indeed, the degradation of nonylphenol polyethoxylate

surfactants [90] and their biotransformation products [65, 66, 88], Bisphenol-A [83,

86, 89, 92–94], phthalates [93], atrazine [95], resorcinol [96] and amitrole [97] us-

ing TiO2 photocatalysts have been reported. However, the significant proportion of

the overall oestrogenic activity of many effluent discharges [9] is due to the steroid

oestrogens. Photocatalytic degradation of 17b-oestradiol [51, 57, 64, 83, 86–88, 91,

98, 99], oestrone [51, 57, 64, 98, 99] and 17a-ethynylestradiol [51, 57, 64, 87, 88, 91,

98, 99] has been shown. Solar photocatalytic degradation has also been investigated

for the degradation of bisphenol A [100]. TiO2 nanoparticles are the most widely

used for the removal of EDCs in water. However, there is one report of the use of

a visible-light-driven BiVO4 photocatalyst for the degradation of nonylphenols in

water by solar radiation [101]. However, titanium dioxide nanoparticles have been

shown to be the most effective photocatalyst for water treatment applications. TiO2

as a suspension, coating, or immobilized catalyst exhibits promising potential for

environmental amelioration, particularly as continuing research into the engineer-

ing optimization of photocatalyst dispersal builds on the framework of earlier in-

vestigations [32]. Few studies have evaluated the efficacy of TiO2-assisted photode-

gradation in the treatment of mixtures of contaminants and actual wastewaters.

The process is unlikely to be used in the treatment of high-strength industrial

wastewaters or for the large-scale direct clean-up of contaminated soils. Loss of ef-

ficiency due to competing substrates in the case of mixtures, interference by dis-

solved anions and cations, which cause significant reductions in rates of photode-

gradation, and light interference by high concentrations of soils are likely problems

in industrial wastewaters and soils [29]. The literature indicates that oestrogens

play an important role in the development of reproductive abnormalities and other

health problems. Hopefully, growing awareness that reproductive function may be

at risk will stimulate both the basic and clinical research within this field that have

received relatively little attention [102]. Biologists, chemists and engineers should

continue to work in this area to fully understand the environmental implications of

these compounds and in the disposal, monitoring and removal of them. There is a

need for the development of an effective technique for the removal of these com-

pounds and other trace organic contaminants in our water supply. Titanium di-

oxide nanoparticles and UV light to produce the photocatalytic process could be a

solution to the problem of EDCs and other micropollutants in the aquatic environ-

ment.
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11

Nanosensors for Environmental Applications

Wan Y. Shih and Wei-Heng Shih

11.1

Introduction

11.1.1

Overview

Current water-born pathogen sensor development relies on colony growth or

fluorescent-based techniques, which are not in situ, rapid, or sensitive. In our labo-

ratory, we have developed piezoelectric microcantilever sensors that can perform

rapid, in situ, in-water pathogen detection with sensitivities well above that of cur-

rent techniques. We have shown that using PZT/glass cantilevers of sub-millimeter

length with a 2 mm glass tip, which exhibited 5� 10�11 g Hz�1 mass detection

sensitivity, in situ quantification of Salmonella typhimurium was achieved with a

concentration limit of 103 cells mL�1; this is lower than the infectious dosage, 105

cells mL�1, which is also the concentration limit of commercial ELISA, QCM,

and nanowire-based sensors. Furthermore, we have developed two types of mini-

aturized piezoelectric cantilevers for even better sensitivity. With 500 mm long

PMN-PT/Cu microcantilevers, fabricated from freestanding PMN-PT films, that ex-

hibited 3� 10�13 g Hz�1 detection sensitivity we achieved a better than 50 spores

mL�1 detection limit in 1 mL of Bacillus anthracis suspension. With PZT/SiO2 mi-

crocantilevers less than 50 mm long, fabricated by silicon-based microfabrication

techniques, the detection sensitivity is expected to reach better than 10�16 g Hz�1

and further lower the concentration limit. In addition to ultrasensitive, rapid, in
situ detection, piezoelectric microcantilevers use simple electrical measurements,

which is ideal for portable simultaneous array sensing in environmental applica-

tions.

11.1.2

Sensor

Current sensing technologies rely on fluorescence [1, 2], laser [3] or fiber-optics-

based methods [4], quartz crystal microbalance [5], electrochemical enzyme immu-
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noassays [6], amplification schemes such as polymerase chain reaction (PCR) [7–

9], and binding to nanometer-size metal particles [10]. Most of the techniques are

neither direct nor quantitative and are slow. They do not lend themselves to multi-

plexing and high throughput. Development of direct sensing technologies relies

heavily on silicon-based microcantilevers [11–15] due to their availability and ease

of integration with existing silicon-based methodologies. Binding of target antigens

to the antibody on the cantilever surface is directly detected by monitoring the can-

tilever’s resonance frequency shift due to the mass of the adsorbed target antigens.

Silicon-based microcantilevers offer high detection sensitivity, Dm=Df @ 10�12

g Hz�1 [16, 17], where Dm and Df denote, respectively, the mass change and corre-

sponding resonance frequency change due to the binding of target molecules.

However, all silicon-based microcantilevers rely on complex external optical com-

ponents for deflection detection and an external driver for actuation generation.

Moreover, immersing silicon-based microcantilevers in water reduces the Q factor

(ratio of the resonance peak frequency relative to the resonance peak width at half

peak height) to about one, prohibiting silicon-based microcantilevers from in-water

detection [18]. Silicon-based microcantilevers cannot have high resonance peaks in

water because they are not piezoelectric. They rely on a vibration driver located at

the cantilever base to generate deflections at the cantilever tip, which is ineffective.

In comparison, piezoelectric sensors use electrical means for detection and do not

have the bulkiness and complexity of silicon-based sensors. However, current pie-

zoelectric biosensors are based on quartz crystal microbalances (QCM) [19], which

are disk devices with a mass detection sensitivity of 10�8 g Hz�1, about 10 000�
less sensitive than the silicon-based microcantilevers. A QCM is about 1–3 cm in

size, and silicon microcantilevers require laser alignment. Both are unfit for high-

throughput array environmental applications.

In this chapter, we describe a new type of biosensor: array piezoelectric micro-

cantilever sensors (PEMS) that can simultaneously detect multiple antigens in situ
both in water and in-air with high sensitivity for water-borne pathogen applica-

tions. Section 11.1.3 provides an introduction to piezoelectric cantilever sensors

(PECS). Section 11.2 gives a brief theoretical description of PECS without (Section

11.2.1) and with (Section 11.2.2) a nonpiezoelectric tip. Section 11.3 gives various

examples of in situ, in-water biodetection as well as in-air nerve-gas simulant detec-

tion. Section 11.4 describes the miniaturization approaches of piezoelectric cantile-

ver and the detection sensitivity enhancement with a reducing sensor size.

Current commercial enzyme-linked immunosorbent assays (ELISA), which use

optical means for detection, offer a concentration limit of 105 cells mL�1 for Salmo-
nella typhimurium, about the same as the infection dosage. Other nanobiosensors

such as nanowire-based sensors that also use electrical measurements for detection

offer a concentration sensitivity of about 105 cells mL�1 in Escherichia coli detection
[20]. In comparison, current 400 mm long piezoelectric lead magnesium niobate–

lead titanate/copper (PMN-PT/Cu) microcantilevers have already achieved 50 spores

mL�1 concentration sensitivity in a 1 mL Bacillus anthraces (which is about the

same size as E. coli and S. typhimurium) suspension, far exceeding the concentra-

tion limit of ELISA and that of nanowire sensors. Although silicon-based nano-
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cantilevers offer similar detection sensitivity as piezoelectric microcantilevers they

require optical measurements in air [17] or in vacuum [21], which prohibits their

use for portable, in situ, multiplexed detection. As we have demonstrated, in addi-

tion to their high sensitivities, piezoelectric microcantilevers offer the advantages

of in situ, real-time, multiplexed detection, and are thus more suitable for environ-

mental applications.

11.1.3

Piezoelectric Cantilever Sensors (PECS)

Piezoelectric cantilever sensors (PECS) are a new type of mass sensors we have de-

veloped that uses electrical means for detection and can be miniaturized for better

mass detection sensitivity [22]. By monitoring the resonance frequency shifts we

have demonstrated PECS for rapid, label-free, in situ quantitative detection of

pathogens with simple all-electrical measurements. We have shown that milli-

meter size PECS could detect S. typhimurium at concentrations below 5000 cells

mL�1 without flow or concentration, which is lower than the infection dosage level

(105 cells mL�1) and more sensitive than enzyme-linked immunosorbent assays

(ELISA) and array biosensors [23]. Piezoelectric sensors have the advantage of

both driving and sensing the mechanical resonance electrically. Receptors are

coated on the piezoelectric device surface to bind the molecules of interest [24,

25]. The change in mass due to the binding of the target molecules shifts the me-

chanical resonance frequency of the device.

11.2

Theory of PECS

A piezoelectric cantilever is a flexural transducer that consists of a piezoelectric

layer, e.g., lead zirconate titanate (PZT) bonded to a nonpiezoelectric layer, e.g.,

stainless steel. Figure 11.1(a) and (b) show, respectively, a schematic of a piezoelec-

tric cantilever of a uniform thickness (unimorph) and a piezoelectric cantilever

with a nonpiezoelectric extension. The nonpiezoelectric extension may also be nar-

rower than the piezoelectric section [26]. Bending vibrations can be generated by

applying a small alternating-current (ac) voltage (<1 V) across the thickness of the

piezoelectric layer. The stress generated by the bending vibration in the piezoelec-

tric layer in turn induces a measurable piezoelectric voltage in phase with the ap-

plied voltage. A piezoelectric cantilever’s mechanical resonance frequency and res-

onance strength can be measured by monitoring the maximum of the real part or

the phase angle of the complex electrical impedance. Monitoring a cantilever’s res-

onance frequency has many useful applications. In mass detection, a piezoelectric

cantilever’s resonance frequency shift is measured to quantify the small mass at-

tached to the cantilever surface [27]. In liquid property characterization, both the

resonance peak frequency and the resonance peak width of PECS inserted in the

liquid are measured to simultaneously determine the liquid’s viscosity and density
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[28]. In liquid–solid transition detection, an abrupt resonance frequency shift with

respect to temperature is measured to identify the transition [29]. A piezoelectric

cantilever has the advantage of having a built-in piezoelectric layer to generate

strong vibrations that can better withstand damping in water. The ability to with-

stand damping in water makes piezoelectric cantilevers excellent biosensors for di-

rect and label-free detection. To this end, recent experiments have demonstrated

real-time, in-water, direct detection of cells where the mass of the attached cells

and the cell concentration in the solution were deduced from the cantilever reso-

nance frequency shift and the resonance frequency shift with time, respectively.

11.2.1

Unimorph

When an ac voltage is applied to a unimorph cantilever, vibration occurs. The nth-
mode flexural resonance frequency is related to the bending modulus per unit

width, the length, and the mass per unit area, m, of the cantilever as

f 0
n ¼ n2n

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K

Me þ Dm

r
ð1Þ

where n2n is the dimensionless nth-mode eigen value, K and Me the effective spring

constant and the effective mass of the cantilever, respectively. For an added mass

DmfMe, the resonance frequency shift, Dfn, due to the added mass, Dm, is given

by Eq. (2).

Fig. 11.1. Schematic of a piezoelectric cantilever of (a)

uniform thickness (unimorph) and (b) with a nonpiezoelectric

extension.
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where h, L, w, ~EE, ~rr, are the total thickness, length, width, effective Young’s mod-

ulus, and effective density of the cantilever, respectively. To verify Eq. (3), measure-

ments were carried out with cantilevers of 0.4 and 0.2 cm in width with a PZT layer

0.25 mm thick bonded to a stainless steel 0.1 mm thick. The length of the canti-

levers was varied from 1.37 cm to 0.44 cm by changing the clamp position. These

Fig. 11.2. (a) Phase-angle versus frequency

spectrum of a 12 mm long piezoelectric

cantilever with a 8 mm long stainless steel

extension. As the mass of aluminum foil on

the cantilever increases, the resonance

frequency shifts to lower values. (b) Resonance

frequency shift per unit mass, Df =Dm, with a

normalized width versus cantilever length.

Open circles and filled squares denote

cantilevers with and without a stainless steel

tip, respectively.
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resonant frequencies were identified and monitored by measuring the electrical

impedance spectrum with an impedance analyzer (Agilent 4294A, Agilent, Palo

Alto, CA). Figure 11.2 shows the experimental results. Note that off resonance the

cantilever was a capacitor, exhibiting a phase angle around �90�. At resonance, the

flexural motion gave rise to a peak in the real part of the impedance, and hence a

peak in the phase angle due to the direct piezoelectric effect. As an example, Fig.

11.2(a) shows the first-mode resonance frequency spectrum, i.e., phase angle ver-

sus frequency, of a cantilever of L ¼ 1:37 cm and w ¼ 0:4 cm without loading

ðnÞ, loaded with an aluminum foil of 3:5� 10�4 g ðbÞ, 5:9� 10�4 g ðþÞ, and
7:8� 10�4 g ð�Þ at the cantilever tip. Clearly, the resonance peak shifted to a lower

frequency as the mass of the aluminum foil increased. Presently, a 1 cm long can-

tilever has a Df =Dm ¼ 3:2� 105 Hz g�1. To compare with Eq. (3), the normalized

Df =Dmðw=w0Þ versus cantilever length, L, is plotted in Fig. 11.2(b), where w0 was 2

mm. Clearly, the log–log plot of the normalized Df =Dmðw=w0Þ yielded a slope of

�3, validating Eq. (3). Also plotted in Fig. 11.2(a) are data points obtained with

PZT cantilevers with a nonpiezoelectric tip described below. Extrapolating from

Fig. 11.2(b), for a cantilever 10 mm long, its Df =Dm will approach 1017 Hz g�1. A

more detailed description of the application of a piezoelectric cantilever as a mass

sensor and how the sensitivity changes with the length, width, and height of the

cantilever can be found in Yi et al. [27].

11.2.2

PECS with a Nonpiezoelectric Extension

A piezoelectric cantilever of uniform thickness (Fig. 11.1a) exhibits the strongest

peak intensity in the first mode and the intensity of higher-order resonance peaks

decreases with an increasing order [30, 31]. The ratio of the nth resonance fre-

quency to the first resonance frequency is also predicted by the solution of the vi-

bration wave equation of a uniform beam. Surprisingly, a piezoelectric cantilever

with a nonpiezoelectric extension (Fig. 11.1b) could exhibit a higher second-mode

peak intensity than the first-mode one and the ratio of the nth-mode resonance fre-

quency to the first-mode one could be quite different from that of a uniform beam.

Theoretically, we considered a piezoelectric cantilever with a nonpiezoelectric ex-

tension as two distinctive sections, (1) the piezoelectric section and (2) the nonpie-

zoelectric extension section, with each section possessing a different thickness,

elastic modulus and mass density distribution in the thickness direction. We

solved the cantilever’s flexural vibration equation analytically to derive a transcen-

dental equation that could be solved numerically to obtain the cantilever’s flexural

vibration wave forms and its resonance spectrum.

Examples of spectra in region I where the first peak was always higher than the

second peak are shown in Fig. 11.3(a) with cantilevers of a 8 mm and 9.2 mm PZT

section and a 4 mm nonpiezoelectric extension length (l1=l2 ¼ 2:0 and 2.3, respec-

tively). Figure 11.3(b) shows examples of spectra in region II with cantilevers of a

2, 4, 6, 8 and 10 mm PZT section and an 8 mm nonpiezoelectric extension length
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(l1=l2 ranging from 0.25 to 1.25). Clearly, the ratio l1=l2 played an important role in

determining the resonance peak intensity ratio. This came about because the reso-

nance electrical impedance signals were solely determined by the vibration ampli-

tude within the piezoelectric layer. How the peak height of a higher-mode reso-

nance compared to the peak height of the first-mode depended mainly on how

the higher-mode vibration amplitude within piezoelectric layer compared to that

of the first mode, which could be strongly affected by the ratio of the length of

the piezoelectric section to that of the nonpiezoelectric extension, l1=l2. To illus-

trate this point, calculated h1ðxÞ and h2ðxÞ versus x are plotted in Fig. 11.4(a)

for the cantilever with l1 ¼ 9:2 mm and l2 ¼ 4 mm ðl1=l2 ¼ 2:3Þ whose spectrum

Fig. 11.3. Phase-angle versus frequency of cantilevers with (a)

l1=l2 b 1:5 [l2 ¼ 4 mm and l1 ¼ 8 (dashed line) and 9.2 mm

(solid line)] and (b) l1=l2 a 1:5 [l2 ¼ 8 mm and l1 ¼ 10 (i), 8

(ii), 6 (iii), 4 (iv), and 2 mm (v)].

Fig. 11.4. Calculated amplitudes, h1ðxÞ and h2ðxÞ, versus x for
a cantilever with (a) l1 ¼ 9:2 mm and l2 ¼ 4 mm ðl1=l2 ¼ 2:3Þ
and (b) l1 ¼ 6 mm and l2 ¼ 8 mm ðl1=l2 ¼ 0:75Þ.
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was shown as the solid line in Fig. 11.3(a), and in Fig. 11.4(b) for the cantilever

with l1 ¼ 6 mm and l2 ¼ 8 mm ðl1=l2 ¼ 0:75Þ whose spectrum is labeled (iii)

in Fig. 11.3(b). Figure 11.3(a) shows that the second-mode vibration amplitude,

h2ðxÞ, exhibited a nodal point near x ¼ l1. Note that the second peak of this canti-

lever was absent in Fig. 11.3(a), as is consistent with the presence of the nodal

point at x ¼ l1 shown in Fig. 11.4(a), which indicated that there was little bending

stress and therefore little induced piezoelectric voltage near x ¼ l1. In contrast, for

l1=l2 ¼ 0:75, the second-mode vibration amplitude within the piezoelectric section

ðxa l1Þ was higher than that of the first mode, indicating a higher stress and hence

a higher piezoelectric response, although the first-mode vibration amplitude was

higher than the second mode towards the free end ðx ¼ l1 þ l2Þ of the nonpiezo-

electric extension section.

11.3

Examples of Detections

11.3.1

Immobilization and In-solution Quantification of Yeast Cells

A PZT/stainless steel cantilever with a 3 mm long, 4 mm wide, and 0.3 mm thick

PZT layer bonded to a 0.1 mm thick stainless steel with a 4 mm long stainless steel

tip thinly coated with a poly-l-lysine (Sigma P8920, 0.1% w/v) layer was used for

yeast detection. Poly-l-lysine is positively charged, to which negatively charged

yeast is attracted and immobilized. The stainless steel tip was immersed in yeast

suspensions of 1 and 2 g L�1 with a 3 mm dipping depth. The in-water resonance

peak intensity of this cantilever is similar to its resonance peak intensity in air (Fig.

11.5a) with a Q factor about 30, making the in-water measurements as accurate

and reliable as the in-air ones. Figure 11.6(a) shows the optical micrographs of

yeast cells on the stainless steel tip after 60 min of immersion in the yeast suspen-

sion. A scanning electron microscopic (SEM) micrograph provided a close-up of

the immobilized yeast cells (Fig. 11.6b). Adsorption of the yeast cells indeed caused

a shift in the cantilever resonance frequency. Figure 11.5(b) shows a plot of the res-

onance frequency shift versus time. Note that the resonance frequency changed

more slowly in 1 than in 2 g L�1, eventually reaching the same saturated Df in

both concentrations. The resonance frequency change with time was used to char-

acterize the cell concentration. The adsorption of cells was limited by the diffusion

of cells to the cantilever surface. At short times, e.g., t < 10 min for 2 g L�1 and

t < 40 min for 1 g L�1 (Fig. 11.5b), the adsorbed amount and hence the resonance

frequency shift should be proportional to t1=2 and the slope of Df versus t1=2

should be proportional to concentration [3]. For 1 g L�1 (2 g L�1), at t < 40 min

(t < 10 min), Df is linear with t1=2 and the slope for 2 g L�1 is indeed twice that

for 1 g L�1, indicating that one can use Df versus t to quantify the concentration.

More detailed results on yeast detection are presented in a recent paper by Yi et al.

[32].
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Fig. 11.5. (a) First-mode resonance frequency spectra of the

yeast-detecting cantilever; (b) resonance frequency shift versus

time after the cantilever was immersed in the 1 g L�1 (filled

diamonds) and 2 g L�1 (open squares) suspension.

Fig. 11.6. (a) Optical micrograph of yeast cells immobilized on

the poly-l-lysine layer coated on the cantilever stainless steel

tip surface after 60 min and (b) SEM micrograph of

immobilized yeast cells.
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11.3.2

Detection of Binding of Biotinylated Polystyrene Spheres to Immobilized Avidin

We have demonstrated that a piezoelectric cantilever could detect the binding of a

target protein (biotin) to an immobilized protein (avidin) at the cantilever tip. We

used a PZT/stainless steel cantilever, 1.3 mm long, 2 mm wide and with a 0.127

mm thick PZT layer bonded to a 0.05 mm thick stainless steel foil, and a 2.87

mm long stainless steel tip coated with a gold layer by sputtering. The cantilever

was rigidly set in an epoxy-filled glass tube that served as the clamp [insert (a)

Fig. 11.7]. Avidin was immobilized on the gold surface via 3-mercaptopropionic

acid (MPA). The carboxyl groups of MPA bind to avidin covalently while the sulfur

binds to the gold surface chemically [33–35]. The avidin-coated tip was then verti-

cally immersed in a 0.125 wt% suspension of biotin-coated polystyrene micro-

spheres of 2 mm diameter (Polysciences, Warrington, PA) with a 2.2 mm dipping

depth. The resonance frequency of the cantilever decreased with time and the res-

onance frequency shift with time is shown in Fig. 11.7. The resonance frequency

shift increased with time and reached about 240 Hz shift at t ¼ 40 min. An optical

micrograph of the immobilized biotinylated microspheres on the avidin-coated

stainless steel cantilever tip taken at 20 min is given in insert (b) of Fig. 11.7,

which shows about 10% surface coverage and corresponds to about 1� 10�6 g mi-

crospheres adsorbed on the cantilever tip, indicating that the cantilever has a mass

detection sensitivity, Dm=Df , of about 4� 10�9 g Hz�1.

Fig. 11.7. Resonance frequency shift with time

of a PZT/stainless steel cantilever in a

biotinylated polystyrene suspension. Inserts:

(a) photograph of the cantilever. The PZT layer

was 1.3 mm long, 3.35 mm wide. The 2.87 mm

long gold-coated stainless steel tip was coated

with avidin. (b) Optical micrograph of

immobilized biotinylated spheres after 20 min.
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11.3.3

Detection of Avidin Immobilization at the Cantilever Tip

To detect the immobilization of avidin we used an even shorter cantilever that had a

PZT layer 0.7 mm long, 2.27 mm wide, and 0.127 mm thick bonded to a 0.05 mm

thick stainless steel foil. The cantilever has a 2 mm long gold-coated stainless steel

tip. The freshly sputtered gold surface was first coated with MPA as described

above and then immersed in a 0.1 mg mL�1 avidin solution. The dipping depth

was 1.3 mm. Immobilization of avidin on the cantilever tip was detected by moni-

toring the resonance frequency shift of the cantilever at around 68 kHz. Figure

11.8(a) shows the resonance spectrum at different times and Fig. 11.8(b) shows

the frequency shift with time after the cantilever tip was immersed in the avidin

solution. The saturated adsorption amount of avidin was known to be about 3

ng mm�2 [36, 37]. This indicated that the mass detection sensitivity of this 0.7

mm long cantilever was Dm=Df @ 1� 10�10 g Hz�1. The saturated adsorption

amount of avidin yields a resonance frequency change of 40 Hz with a conven-

tional 5 MHz QCM. The present piezoelectric cantilever’s 800 Hz resonance fre-

quency change is already 20� better than that of a 5 MHz QCM.

11.3.4

Salmonella typhimurium Detection

Salmonella is a water-born/food-born pathogen that causes more than 500 deaths

each year [38]. It is also a category B bioterrorism agent that can seriously contam-

inate water resources. There is no device at present that can actually monitor a

space and perform an analysis of the air or water within that space in real-time.

However, such a device would dramatically decrease the ‘‘lag time between release

of an agent and its detection,’’ and thus enable more prompt treatment of those

Fig. 11.8. (a) Resonance spectra at different times due to the

immobilization of avidin on the stainless steel tip and (b) the

resultant resonance frequency shift versus time.
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individuals possibly exposed to a particular bioterrorism agent in addition to reduc-

ing the total number of individuals affected [39].

A piezoelectric microcantilever was fabricated by bonding a layer of lead zirco-

nate titanate (PZT) 0.127 mm thick, 2 mm long, and 1.5 mm wide to a titanium

foil 0.127 mm thick with a titanium tip 3 mm long (Fig. 11.1b). The PZT layer

had a piezoelectric coefficient d31 of �320 pm V�1 and a Young’s modulus Y11 of

62.5 GPa. The titanium foil has a Young’s modulus of 103 GPa. The salmonella

strain was Salmonella typhimurium and the antibody used was an antibody to Sal-

monella Common Structural Antigens (CSA-1) (both from Krikegaard & Perry Lab-

oratories, Inc., Gaithersburg, Maryland). This antibody is specifically designed to

recognize several species of bacteria in the Salmonella genera, including our typhi-
murium species. The CSA-1 antibody was immobilized on the tip of a PZT-Ti

microcantilever by means of a linking molecule. Titanium was chosen as the non-

piezoelectric layer as a result of its good mechanical properties as well as its out-

standing biocompatibility [40]. This biocompatibility is demonstrated by its wide-

spread use as a material for implants in the human body.

Though common methods of immobilization on surfaces rely on MPA or

3-aminopropyltriethoxysilane (APS) followed by activation with 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysulfosuccinimide (NHS)

[41], we used a much simpler method adapted from silica-silane chemistry. Since

a passivated titanium surface exhibits similar surface chemistry to that of silica

[42], a bifunctional linker, glycidoxypropyltrimethoxysilane (GOPTS), was used as

the linking molecule [43, 44]. GOPTS presents, on one end, a trialkyloxysilane

group, like APS, which allows its incorporation on activated silica or silica-like sur-

faces. Once GOPTS is deposited on a surface, it exposes epoxy moieties that are

unstable and therefore very reactive toward nucleophilic groups such as amines,

thiols, and alcohols. These groups will promptly react, causing opening of the

bond angle strained epoxide ring. The main advantage of GOPTS over other bi-

functional linkers is that it does not require an activation step, whereas activation

with EDC/NHS is required for standard carboxylic functionalities. In our work, the

trimethoxysilane end of GOPTS was bound to the titanium surface of the micro-

cantilever and CSA-1 antibody was subsequently immobilized on the sensor under

basic conditions, through addition of its amine groups to epoxide rings exposed on

the surface.

Following functionalization of the microcantilever with antibody, several detec-

tions of the S. typhimurium cells were performed by lowering the cantilever tip

into a vial containing the cell suspension by means of a micropositioner, such

that approximately two-thirds of the tip was submerged. This allowed the reso-

nance frequency shift to be monitored with time as described above.

In the present detection set-up, the titanium tip was only partially immersed in

the solution to avoid wetting of the PZT layer by the solution. As a result, there

was an upward background resonance shift due to a receding water level along

with the resonance frequency shift due to cell binding. Consequently, a typical

cell-detection resonance frequency shift versus time plot exhibited an initial de-

crease, reaching a minimum that was followed by an almost linear rise (solid curve
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in Fig. 11.9a). To address the issue of background resonance frequency shift, we

carried out three different checks. The first was to obtain the rate of upward back-

ground shift in water prior to the detection experiment. The second was to obtain

the rate of upward background shift using the later stage of the resonance fre-

quency shift that showed an almost linear increase. The third check was to use a

two-cantilever array to perform the detection. One cantilever was treated with the

GOPTS as detailed above, while the other cantilever was left passivated but un-

treated with GOPTS. Then, both cantilevers were simultaneously subjected to the

same series of steps associated with a detection process: (a) exposure to the anti-

body, (b) rinse in phosphate-buffered saline (PBS) and (c) dipping in the cell sus-

pension. We found that the first two corrections were practically the same, indicat-

ing that the upward shift in the later stages of detection was indeed a manifest of

receding water level. In Fig. 11.9(a), the corrected resonance frequency shift due to

Fig. 11.9. (a) Uncorrected salmonella detection data with the

corresponding corrected data. (b) Comparison of slope

corrected vs. control corrected detection. (c) Detection of

1� 109 and 2:5� 108 cells mL�1 Salmonella typhimurium

suspensions. (d) Kinetic analysis of S. typhimurium binding.
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cell binding is shown as the dashed line after subtracting the background upshift

from the initial data (solid line). Figure 11.9(b) shows two curves from the same

detection of a 2:5� 108 cells mL�1 S. typhimurium suspension. The control cor-
rected data represent subtraction of the upward drift based on the control cantilever

that was not coated with the GOPTS (and thus was not functionalized with the

CSA-1 antibody). The slope corrected data represent the removal of the linear drift

simply by taking a linear regression of the detection data after cell adhesion on

the sensor tip had ceased. As can be seen in the figure, the ratio of the two slopes

is nearly unity, as is the ratio of the total resonant frequency shifts. Furthermore,

as mentioned above, the cantilever used in Fig. 11.9(a) was also monitored in water

alone and the same linear up-drift was obtained, thus providing further substanti-

ation of the post-cell adhesion up-drift subtraction method. Based on these find-

ings, all subsequent cell detection experiments used only the post-cell adhesion

linear drift data to correct for the upward drift. This greatly simplified the experi-

ments and thus allowed for more efficient data collection.

Meanwhile, PZT/gold-coated glass cantilever sensors with a 0.127 mm thick, 0.5

mm long and 2 mm wide PZT layer bonded to a gold coated glass layer of 0.150

mm in thickness that had a 2 mm long gold-coated glass tip were also tested in S.
typhimurium detection. The gold-coated glass surface was coated with MPA, which

was treated in a solution of 5 mg mL�1 EDC and 5 mg mL�1 NHS in distilled

water for 30 min followed by dipping in 1 mL of a 0.1 mg mL�1 solution of CSA-1

in a phosphate-buffered saline (PBS) solution at pH 7.4 for 30 min. The antibody-

coated cantilevers were then used to detect S. typhimurium at various concentra-

tions for up to 30 min. Figure 11.10 gives the resultant Df versus time plots from

the PZT/gold-coated cantilevers at various S. typhimurium concentrations. As can

be seen, Df decreases sharply initially and reached a plateau after 10 min. The de-

tections were quite repeatable as each curve was the average of 3–4 independent

measurements. The standard deviations of Df were about 10–20%. Table 11.1 lists

Fig. 11.10. Resonance frequency shift versus time of the PZT/

gold-coated glass cantilever in various Salmonella typhimurium

concentrations.
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Table 11.1. Resonance frequency shift of a PZT/Au-coated

glass cantilever with 5� 10�11 g/Hz sensitivity in various

concentrations of Salmonella t.

Salmonella concentration (cells/ml) Df (PZT/Au-coated glass)

109 1500

5� 105 330

1� 105 180

5� 103 90

Fig. 11.11. Optical micrographs of a PZT/gold-coated

cantilever surface after 30 min detection in a (a) 1� 109 (b)

1� 105 and (c) 5� 103 cells mL�1 Salmonella typhimurium

suspensions.
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the average Df at t ¼ 30 min for various Salmonella concentrations, as obtained

from the PZT/gold coated glass cantilever. As can be seen, at 5� 103 cells mL�1,

the Df obtained by the PZT/gold coated glass cantilevers at t ¼ 30 min was 90

Hz, well above the standard deviation of 20 Hz, and at 1� 103 cells mL�1 the ob-

tained Df was no longer meaningful compared to the standard deviation. This puts

the detection limit of the current PZT/gold-coated glass cantilever at about the

1� 103 cells mL�1 range.

To validate the results shown in Fig. 11.10, the PZT/gold-coated glass cantilever

surface was examined by optical microscopy after 30 min of detection. Figure

11(a)–(c) shows SEM micrographs of captured Salmonella cells on the PZT/gold-

coated glass cantilever surface at t ¼ 30 min from 1� 109, 1� 105, and 5� 103

cells mL�1 suspensions, respectively. With the mass of each cell being 2� 10�12 g

and by counting the number of cells in the micrographs, the mass of the captured

cells on the cantilever surface was estimated to be 5� 10�8, 3� 10�9, and 1� 10�9

g for 1� 109, 1� 105, and 5� 103 cells mL�1 suspensions, respectively. With Df at

30 min being 970, 300 and 100 Hz for the 1� 109, 1� 105, and 5� 103 cells mL�1

suspensions, respectively, Dm=Df was 5� 10�11 g Hz�1, which is consistent with

the 5� 10�11 g Hz�1 as calibrated with a quartz crystal microbalance (QCM) in

the antibody immobilization.

11.3.5

Nerve Gas Simulant Detection

The piezoelectric cantilever sensors we have developed are quantitative and suit-

able for use in air. As an example of detecting chemical agents, we studied the de-

Fig. 11.12. Resonance frequency shift versus

time of the uncoated (open squares) and 18 mg

(filled squares) microporous silica (MPS)-

coated cantilever after spraying 10 mL liquid

DMMP in a 66 L chamber. Also shown are the

relative humidity (open triangles) and

temperature (inverted open triangles) in the

chamber during the test. The arrow indicates

the injection of DMMP.
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tection of the nerve gas simulant dimethyl dimethyl phosphonate (DMMP) using a

PZT cantilever that had a PZT layer 1 mm long, 2.1 mm wide, and 0.127 mm thick

bonded to a 0.05 mm thick stainless steel foil. The cantilever had a stainless steel

tip 2.4 mm long and 0.05 mm thick coated with ultrahigh surface area (800 m2 g�1

and pore size 10 Å) microporous SiO2. The coated cantilever had a lower resonance

frequency (@80 Hz shift) due to the mass of the microporous SiO2 coating. The

SiO2-coated cantilever was placed in a closed chamber with a constant humidity

of 11.2% and a constant temperature of 22.2 �C, as shown in Fig. 11.12 for

DMMP tests. When 5 mL of DMMP was injected and sprayed into the chamber,

the cantilever resonance frequency decreased with time and saturated at about 70

Hz change (n in Fig. 11.12). Note that without the silica coating, the resonance fre-

quency was stable ðjÞ, indicating that silica-coated cantilevers can indeed be sensi-

tive DMMP sensors.

After the initial test, the cantilever was regenerated in air for 5 days. In the sec-

ond DMMP test, the resonance frequency of the regenerated cantilever decreased

at a similar rate as in the initial test, except that the resonance frequency shift sa-

turated at 50 Hz instead of 70 Hz (Fig. 11.13). The smaller saturated resonance fre-

quency shift for the regenerated cantilever was probably due to incomplete removal

of DMMP. A clear advantage of oxide adsorbent is that it is readily reusable due to

the physical nature of the adsorption.

11.4

Piezoelectric Cantilever Miniaturization

As shown in Fig. 11.2(b), miniaturized cantilevers can achieve higher mass detec-

tion sensitivity. We have developed two types of piezoelectric microcantilevers: one

Fig. 11.13. Resonance frequency shift versus time during the

initial DMMP test (filled squares) and after regeneration

(inverted open triangles).
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is fabricated from freestanding lead magnesium niobate-lead titanate (PMN-PT)

films developed in our laboratory, exhibiting up to 2� 10�14 g Hz�1 sensitivity;

the other is fabricated using silicon microfabrication techniques with lead zirco-

nate titanate thin films on silicon wafers that can be as small as 50 mm long, offer-

ing better than 10�16 g Hz�1 sensitivity.

11.4.1

PMN-PT/Cu Microcantilevers

The PMN-PT/Cu microcantilevers consisted of a highly piezoelectric layer fabri-

cated from freestanding lead magnesium niobate-lead titanate (PMN-PT) films

bonded to a copper layer by electroplating. The microcantilever shape was achieved

by wire-saw cutting. As an example, the top-view optical micrograph, cross-section

scanning electron microscopy (SEM) micrograph, and a typical resonance spec-

trum of 500 mm long, 700 mm wide PMN-PT/Cu microcantilevers made of 22 mm

thick PMN-PT and 5 mm thick copper are shown in Fig. 11.14(a)–(c) respectively.

The spectrum shown in Fig. 11.14(c) exhibits multiple resonance peaks with

Fig. 11.14. (a) Optical micrograph and (b)

SEM cross-section micrograph of 500 mm long,

700 mm wide PMN-PT/Cu microcantilevers

with 22 mm thick PMN-PT and 5 mm thick Cu

on a glass substrate, and (c) a typical

resonance spectrum. Note that because of the

highly piezoelectric PMN-PT layer we were able

to retain the higher-mode resonance peaks

with Q > 300 for better detection sensitivities.

This PMN-PT PEMS exhibited femtogram mass

detection sensitivity, Dm=Df ¼ 3� 10�13

g Hz�1.
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Q > 300 (Q is the ratio of the resonance frequency to the resonance peak width at

half the peak height). The mass detection sensitivity of this PMN-PT/Cu microcan-

tilever was determined to be 3� 10�13 g Hz�1, with the second resonance peak at

170 kHz, as calibrated by QCM. The PMN-PT/Cu microcantilever was gold coated

on both sides for antibody immobilization using the MPA self-assembly monolayer

approach (Section 11.3.4). Because the PMN-PT/Cu microcantilevers were about

two orders of magnitude more sensitive than the PZT PECS described in Sections

11.3.3–11.3.5, they realized an even lower concentration limit. For example, Table

11.2 lists the resonance frequency shifts of PMN-PTmicrocantilevers at various Ba-
cillus anthracis (BA) concentrations in BA spores detection. Also listed are the reso-

nance frequency shifts of a PZT/Au-coated glass cantilever with a sensitivity of

5� 10�11 g Hz�1 (similar to that used in S. typhimurium detection in Section

11.3.4). Clearly, the more sensitive PMN-PT/Cu microcantilevers lowered the detec-

tion concentration limit to 50 cells mL�1 – two orders of magnitude lower than

that of the PZT/Au-coated glass cantilevers.

11.4.2

PZT/SiO2 Microcantilevers and PZT/SiO2-Si3N4 Nanocantilevers

Alternatively, we have successfully fabricated PZT/SiO2 microcantilevers by depos-

iting 1.6 mm thick PZT .lms on a Pt/TiO2/SiO2/Si substrate with a novel sol–gel

process and repeated spin coating. The Pt/TiO2/SiO2 substrate was necessary to

prevent unwanted interfacial reactions and diffusions. The precursor solution con-

tained 50% excess lead to compensate for lead loss during repeated heat treatment.

Figure 11.15(a) shows a SEM micrograph of a 1.6 mm thick PZT film. The film was

further made into piezoelectric microcantilevers by integrating the piezoelectric

films with the microfabrication process. Examples of a 50 mm long PZT/SiO2 mi-

Tab. 11.2. Resonance frequency shift of a PMN-PT/Cu

microcantilever with 3� 10�13 g Hz�1 sensitivity compared

with a PZT/Au-coated glass cantilever with 5� 10�11 g Hz�1

sensitivity. Note: the PMN-PT/Cu microcantilever lowered the

BA concentration limit by two orders of magnitude.

BA concentration (cells mLC1) Df (PMN-PT/Au-Cu)[a] Df (PZT/Au-coated glass)

105 1200

2� 104 600

5� 103 6800 110

2� 103 50

500 5700

50 100

aPMN-PT/Cu microcantilever had copper on one side and was cold

coated on the other side for antibody immobilization.
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crocantilever and its resonance frequency spectrum are shown in Fig. 11.15(b) and

11.15(c), respectively. From our earlier experimental and theoretical work, we ex-

pect such piezoelectric microcantilevers to have better than 10�16 g Hz�1 sensitivity.

Furthermore, in the making are PZT/SiO2-Si3N4 piezoelectric nanocantilever sen-

sors (PENS) with a 20 mm long PZT PZT/SiO2-Si3N4 section and a nano-size SiO2-

Si3N4 tip that is less than 300 nm in width and less than 1 mm in length. Theoret-

ical calculation indicates that such PZT PZT/SiO2-Si3N4 PENS will exhibit better

than 10�18 g Hz�1 sensitivity (the mass of a single protein or DNA).

11.5

Conclusions

We have developed piezoelectric microcantilever sensors of different sizes and types

that can perform rapid, in situ, in-water pathogen detection with sensitivities well

above that of current techniques. Both theoretical and experimental studies were

carried out to characterize the sensors. We showed that using PZT/glass cantilevers

of sub-millimeter length with a 2 mm glass tip that exhibited 5� 10�11 g Hz�1

mass detection sensitivity, in situ quantification of S. typhimurium was achieved

Fig. 11.15. SEM cross-section of (a) a 1.6 mm thick PZT film

and (b) a 50 mm long, 20 mm wide PZT/SiO2 microcantilever

with a 10 mm long SiO2 tip. (c) Resonance frequency spectrum

of the PZT/SiO2 microcantilever in (b).
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with a concentration limit of 103 cells mL�1, lower than the infectious dosage, 105

cells mL�1, which is also the concentration limit of ELISA and QCM. Furthermore,

using 500 mm long miniaturized PMN-PT/Cu microcantilevers that exhibited

3� 10�13 g Hz�1 detection sensitivity, we showed that in a liquid volume of less

than 1 mL the detection concentration limit was lowered to below 50 cells mL�1.

With PZT/SiO2 microcantilevers less than 50 mm long and PZT/SiO2-Si3N4 PENS

less than 20 mm long with a SiO2-Si3N4 less than 300 nm wide and less than 1 mm

long, we expect the detection sensitivity to reach better than 10�16 g Hz�1 and

10�18 g Hz�1, respectively and the detection concentration to be further lowered.
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12

Toxicology of Nanoparticles in Environmental

Air Pollution

Ken Donaldson, Nicholas Mills, David E. Newby, William MacNee,

and Vicki Stone

12.1

Introduction

The toxicology of engineered nanoparticles is a topic of increasing interest. How-

ever the existing toxicology database on nanoparticles rests almost entirely on com-

bustion-derived nanoparticle in environmental air. This research reached a peak in

the mid to late 1990s, focused around the ‘ultrafine hypothesis’1;2. This suggested

that the combustion-derived nanoparticle component of PM was a key component

of PM in causing adverse health effects, by virtue of its ability to cause oxidative

stress and inflammation and translocate from the site of deposition3. This review

puts forward the evidence that nanoparticles do play a role on the adverse health

effects of environmental particles and what the mechanism may be, in the belief

that this may illuminate the toxicology of engineered nanoparticles.

12.2

History of Air Pollution

The adverse health effects of air pollution have been recognized for centuries. In

the UK, the burning of fossil fuels in towns and cities combined with periods of

cold weather, where there is little mixing of air, have been associated with the gen-

eration of smogs. Due to the sulfurous nature of the coal, these smogs consisted

mainly of sulfur dioxide and particles, the latter measured historically as ‘‘black

smoke’’ (Table 12.1). The famous smog that occurred in London in December

1952 saw midday London appear more like midnight, with theatres closed due to

the inability of the audience to see the stage! Interestingly, for the underlying

theme of this article, analysis of the particles in the lungs of people dying dur-

ing such episodes showed there to be a large proportion of carbon-centered

combustion-derived nanoparticles [1], presumably from domestic coal combustion.

The 1952 London smog episode, which was associated with thousands of deaths,

had particle levels estimated at up to 4000 mg m�3 as compared to average current
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London pollution levels of about 40 mg m�3. As a result of such smogs, succeeding

Governments introduced the Clean Air Acts that resulted in a steady decline in air

pollution, leading to the present relatively clean air in UK cities.

However, in UK cities today there remains an air pollution problem, if lesser in

magnitude than was seen in the past. The modern UK pollution environment is

dominated by effluent from transport sources due to the increased number of

cars on our roads and increased numbers of car journeys. In some cities, such as

Los Angeles and Athens, air pollution is much worse than in the UK because of

higher traffic density and the action of sunlight combining to produce ‘‘photo-

Tab. 12.1. Size fractions and description of the main size

fractions of PM that are usually measured.

Size fraction Unit Description

Total suspended particulate (TSP) mg m�3 A TSP monitor measures by mass the

atmospheric particulate smaller than

about 40 mm in diameter

Black smoke mg m�3 This system was used in the UK and in

other countries until the end of the 1980s.

Air was drawn through a size-selective

filter onto a white paper and the

blackness of the ‘‘smudge’’ was

measured; this method obviously is

biased towards black, i.e., carbon-based,

particles; there is a variable relationship

between particles as measured by black

smoke and PM10

PM10 mg m�3 This size-selective sampling convention

measures the mass per unit volume air of

particles of aerodynamic diameter 10 mm

with 50% efficiency; it roughly

corresponds to the thoracic fraction of

particles as defined by the International

Standards Association (ISO) [3]

PM2:5 mg m�3 A size-selective sampling convention that

measures the mass per unit volume air of

particles of aerodynamic diameter 2.5 mm

with 50% efficiency; it roughly

corresponds to the respirable fraction of

particles as defined by ISO [3]

PM0:1/nanoparticles mg m�3 Also called ultrafine particles, these

particles correspond to PM0:1 and have a

diameter of <0.1 mm (i.e., <100 nm).
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chemical smog’’, which is qualitatively different, with ozone and particles as the

dominant pollutants.

12.3

Introduction to Air Pollution Particles

Particles or particulate matter (PM) represent a part of the air pollution cocktail

present in ambient air, which also consists of gases such as ozone, nitrogen dioxide

etc. Particles have a special problem of nomenclature because they are measured

by sampling conventions that collect only some fraction of the particulate material

suspended in the air. These size fractions, including nanoparticles, are described in

Table 12.1. Particles have received special attention because they are the most po-

tent component of the air pollution mix in causing ill-health in the great majority

of epidemiological studies. The adverse health effects of PM are seen at the levels

that pertain in UK and other cities today and there is often no threshold. In other

words, there is a background of ill-health caused by PM that increases when the

ambient particle cloud increases in concentration and goes down when the amount

of particles in the air decreases [2].

12.4

Adverse Effects of PM in Epidemiological Studies

The adverse effects of air pollution have been measured in thousands of studies.

The levels of PM in any city vary both temporally – as a fluctuating hourly/daily

level – and spatially, dependent on levels or traffic in an area or local industrial

sources. The temporal and spatial variations in air pollution underlie the two

main approaches to detecting and quantifying the adverse effects of PM (and in-

deed any air pollutant) in human populations. Time series studies utilize the tem-

poral dimension and seek to relate the moving average of PM level to the moving

average of a defined end-point, e.g., mortality [4]. Various lag-times are used to de-

tect the relation between level of PM and the endpoint, e.g., 1 day. Environmental

epidemiological studies seek to compare an endpoint such as the death rate in

cities or suburbs characterized by high air pollution with the death rate in a city

or suburb with lower air pollution [5]. Panel studies form a third category where

small, well-characterized populations are followed for a defined endpoint that can

be related to PM levels measured by personal or fixed point samplers [6].

When these different approaches are taken together and examined over hundreds

of such studies there is good coherence between the acute effects, seen in time se-

ries and panel studies, and the chronic effects seen in environmental studies. More

importantly, many of these studies show no evidence of a threshold, i.e., these ad-

verse effects are occurring at the levels of PM that pertain in our cities today. Table

12.2 summarizes these adverse effects; the quantitative extent of mortality effects

of PM in European studies is shown in Fig. 12.1.
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Within a short-lag time of one or two days following an increase in PM there are

increases in the following (summarized in Ref. [8]) – (1) all-cause mortality; (2) at-

tacks of asthma and increased usage of asthma medication; (3) deaths in COPD

patients; (4) exacerbations of COPD; (5) deaths and hospitalizations for cardiovas-

cular disease. The adverse cardiovascular effects associated with increases in PM

are well-documented. Panel studies have documented associations between ele-

vated levels of particles and

1. onset of myocardial infarction [6];

2. increased heart rate [9];

3. decreased heart rate variability [10].

Tab. 12.2. Adverse health effects due to PM.

Mortality from cardiovascular and respiratory causes

Admission to hospital for cardiovascular causes

Exacerbations of asthma in pre-existing asthmatics

Symptoms and use of asthma medication in asthmatics

Exacerbations of Chronic Obstructive Pulmonary Disease

Lung function decrease

Lung cancer

Fig. 12.1. Relative risk for mortality endpoints related to a 10

mg m�3 increase in PM10, summarized from European studies

[7].
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Chamber studies with concentrated airborne particles (CAPs) have also shown in-

creased lung inflammation [11] and altered brachial artery diameter in relation to

increased exposure [12]. A recent epidemiological study of carotid intima-media

thickness (CIMT), a measure of atherosclerosis, demonstrated evidence of an asso-

ciation between atherosclerosis and ambient air pollution level. Living in an area

with a 10 mg m�3 higher level of PM2:5 was associated with a CIMT increase of

5.9% (95% confidence interval, 1–11%); an even larger effect, 15.7%, was seen in

older women.

12.5

Nanoparticles are an Important Component of PM

Urban PM is a complex mixture of particle types that depend on season, time of

day, siting of sampler etc. Clearly, however, combustion-derived nanoparticles rep-

resent a major toxicologically important component (see below). Table 12.3 shows

the common components of PM.

Whilst levels of PM, along with other pollutants, have gone down markedly over

the last 35 years, the traffic-derived portion has gone up as the numbers of vehicles

on the road has increased [13]. Release of nanoparticles from vehicle tailpipes dur-

ing diesel and petrol combustion is the predominant source of nanoparticles (Fig.

12.2) although there are other sources, such as energy production (power stations)

and industry [14]. The medians of ultrafine (NP) particle number concentrations

across three European cities were recently (2005) found to range from 15 000 to

18 000 particles per cm3 [15]. However, locally much higher exposures can be expe-

rienced. Using a nanoScanning Mobility Particle Sizer, multiple samples were

Tab. 12.3. Common components of PM and comments on

their origin, nature and likely toxic potency.

PM10 component Comment Toxic potency

Combustion-derived nanoparticles Nanoparticles containing metals

and organic volatiles; derived

from combustion, e.g., vehicle

exhaust particles

High

Sodium/magnesium compounds Derived from sea spray Low

Sulfate Predominantly ammonium sulfate Low

Nitrate Predominantly ammonium nitrate Low

Calcium/potassium compounds

and insoluble minerals

Derived from the Earth’s crust,

e.g., clay

Low

Biologically-derived materials For example, endotoxin High
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taken in Marylebone Road, a busy London street [16]. These showed that approxi-

mately 10 000 to 50 000 particles per cm3 in the size range 30–100 nm were pres-

ent. The daily pattern showed a typical one for traffic-derived nanoparticles [16]. A

study on US highways suggested that the likely exposure in a vehicle traveling in

busy traffic could be 200 to 560� 103 particles (predominantly nanoparticles) per

cm3 [17, 18]. Indoors, there are also sources of nanoparticles such as cooking, vac-

uuming and burning wax candles [19]. Nanoparticles arise from combustion of do-

mestic gas and in one study three gas rings produced a peak approaching 50 000

particles per cm3 that underwent rapid aggregation, with increases in particle size

and decrease in apparent number within a few minutes [20] (Fig. 12.3). Other

sources of combustion, primarily industry, make a contribution to the nanopar-

ticle cloud (Fig. 12.2). Secondary nanoparticles may also arise from environmental

Fig. 12.2. Pie chart illustrating the source of PM0:1 emissions in the UK in 1996 [21].

Fig. 12.3. Nanoparticle size distribution arising from burning

of domestic gas in cooker rings. The family of curves shows the

particle size distribution 5, 10, 15, 20 min etc. after lighting the

rings. Note the decrease in number and increase in size with

time, indicative of particle aggregation [20].
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chemistry, e.g., nitrates, but these are unlikely to be as toxicologically potent as

combustion-derived nanoparticles (see below).

12.6

Role of Nanoparticles in Mediating the Adverse Pulmonary Effects of PM

Epidemiological studies do not readily allow associations of adverse effects with

sub-components of PM such as the nanoparticles, dependent as they usually are

on a simple mass measure such as PM10 or PM2:5. However, a few epidemiological

studies have been able to identify combustion-derived particles as an important

component in driving adverse effects of PM [22–24].

Toxicology can more readily address the relative toxic potency of the components

of PM. Examining the components of PM toxicologically allows them to be divided

into those with a high toxic potency and those with low toxic potency (Table 12.3).

Combustion-derived nanoparticles (CDNP) stand out as common components of

PM with high potency and several such nanoparticles have been utilized in toxico-

logical studies, including carbon black and welding fume. As the predominant

CDNP in PM, diesel soot has been specially studied.

Diesel fuel is a distillate of petroleum that contains paraffins, alkenes and aro-

matics [25]. On combustion in automobile engines it is transformed into low solu-

bility carbon-centered nanoparticles of complex chemical and physical structure.

Sulfates and organics, consisting of unburnt fuel, lube oil and polycyclic aromatic

hydrocarbons (PAHs), also condense on the particles [25, 26]. Single diesel nano-

particles are 60 to 100 nm but these readily form complex chains and aggregates

[27]. Diesel exhaust particles (DEP) are usually the most common CDNP in urban

environmental air and in environmental particulate air pollution (PM10) in conur-

bations generally. In the general environment the concentration of DEP in PM10 is

likely to range from 5 to 30 mg m�3.

Exposure to DEP is also highly inflammatory in rats and mice in non-overload

conditions [28–30] and induces pro-inflammatory effects on cells in vitro [31–33].

The well-documented link between inflammation and lung cancer [34–36] sup-

ports the idea that diesel exhaust may indeed be carcinogenic via an inflammatory

pathway. The inflammatory effects of DEP appear to be driven by the particulate

component, i.e., the surface area effect [37]. However, the organic [38] and metal

components [39] also appear to play a role in pro-inflammatory effects and thereby

affect pathogenicity.

CDNP, such as carbon black and diesel soot, show several pro-inflammatory ef-

fects that are relevant to pulmonary inflammation (summarized in Table 12.4). In-

flammation caused by CDNP in PM could be important in mediating the observed

adverse effects (Fig. 12.4).

Studies with several CDNP suggest that various different ones are a hazard to

the lungs through the pathways of oxidative stress and inflammation [45] (Fig.

12.5). Heterogeneity in composition and solubility means that the key initiating
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Tab. 12.4. Some pro-inflammatory effects of combustion-derived nanoparticles.

Pulmonary-related effects of combustion-derived nanoparticles Ref.

Generate oxidative stress in cell-free systems 40

Cause oxidative stress and activation of oxidative stress-responsive

signaling pathways in epithelial cells

41, 42

Cause synthesis and release of pro-inflammatory cytokines 43

Causes pulmonary inflammation in laboratory animals 44

Fig. 12.4. Role of inflammation in the pulmonary effects of

combustion-derived nanoparticles (CDNP).

Fig. 12.5. Mechanism of the pro-inflammatory effects of

combustion-derived nanoparticles (CDNP).
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event of oxidative stress may originate from different components such as surfaces,

metals or organics. These may even interact to produce oxidative stress as in the

case of metals and organics interacting in the redox-cycling of quinoids [46] or

nanoparticle surfaces and transition metals interacting additively in their ability to

cause inflammation [47]. Inside the lung cells, oxidative stress can trigger inflam-

mation through well-documented oxidative stress–response signaling pathways,

including the MAPK and NF-kB. This culminates in the expression of genes

that are involved in the recruitment and activation of leukocytes that are char-

acteristic of inflammation. In addition, CDNP may exert genotoxic effects via

well-documented pathways, including both oxidative stress adducts, such as 8-

hydroxydeoxyguanosine, and bulky PAH-type adducts.

Lifetime animal exposure studies generally demonstrate that exposures to DEP

and other nanoparticulate forms of carbon are carcinogenic [37] but these findings

are complicated by the issue of rat lung overload [48]. Rat lung overload is a condi-

tion when very high lung surface area burden [49] of low toxicity, low soluble par-

ticles leads to failure of clearance. This leads to rapid accumulation of dose with

concomitant inflammation and proliferation, which culminates in fibrosis and

cancer [50]. Humans are unlikely to experience overload levels of diesel soot, even

in occupational settings, and there is a question over whether overload can occur at

all in humans. It is, therefore, unlikely that cancer associated with DEP exposure

in humans results from a mechanism similar to rat lung overload.

12.7

Effects of Nanoparticles on the Cardiovascular System

Adverse cardiovascular effects associated with increases in PM are well-

documented and have been reviewed extensively [51]. Exposure to particulate mat-

ter is associated with increases in mortality from ischemic heart disease and hospi-

tal admissions with acute myocardial infarction, heart failure and arrhythmia in

time-series studies and population studies. Cohort studies have provided insight

into the likely mechanisms responsible for these clinical events, and have docu-

mented associations between elevated levels of particles and heart rate, heart rate

variability, blood pressure, myocardial ischemia and sub-clinical atherosclerosis.

Epidemiological studies cannot prove a causative biological effect of particulate

exposure. Systems designed to deliver controlled amounts of ambient and combus-

tion derived particulate now exist to allow a mechanistic approach to determining

the effect of inhaled PM. Several plausible interlinking mechanisms have been

proposed to explain these observations, and multiple pathways are likely to be in-

volved (Fig. 12.6). These putative biological mechanisms involve direct effects of

particles on the cardiovascular system following translocation across the alveolar-

epithelial barrier, and indirect effects mediated by pulmonary oxidative stress and

inflammation.
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12.8

Inflammation, Atherosclerosis and Plaque Rupture

Markers of systemic inflammation are elevated in patients with cardiovascular dis-

ease [52]. In previously healthy individuals, elevated plasma concentrations of the

acute phase reactant C-reactive protein have been shown to predict the develop-

ment of ischemic heart disease [53], and in particular the risk of a first myocardial

or cerebral infarction, independent of other risk factors [54].

Atherosclerosis is widely recognized to be an inflammatory process that is initi-

ated through an injury to the vascular endothelium [55]. The resulting endothelial

dysfunction leads to increased expression of leukocyte adhesion proteins, reduced

anticoagulant activity and the release of growth factors, inflammatory mediators

and cytokines. Continued inflammation results in leukocyte and monocyte recruit-

ment, induction of atheroma formation and further arterial damage. Cycles of fur-

ther damage cause plaque expansion and disruption that can lead to angina, cre-

scendo angina and acute coronary syndromes, including myocardial infarction.

Inhalation of PM induces changes that are indicative of systemic inflammation

such as increases in white blood cells and platelets [56], rises in C-reactive protein

[57] and fibrinogen [58]. Experimental exposures mirror these clinical findings [59]

and demonstrate evidence of combined systemic inflammation and endothelial

dysfunction [60]. Repeated exposure to PM10 may, therefore, induce or exacerbate

the vascular inflammation of atherosclerosis and promote plaque expansion or

Fig. 12.6. Hypothetical pathways for the impact of inhaled

nanoparticles on cardiovascular endpoints.
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rupture. Indeed, using a Watanabe hereditary hyper-lipidemic rabbit model, Suwa

and coworkers [61] have described plaque progression and destabilization follow-

ing instillation of high doses of PM10.

12.9

Nanoparticle Translocation and Direct Vascular Effects

It has been proposed that environmental nanoparticulate may translocate from the

lung into the circulation and exert a direct effect on the vasculature. Once circulat-

ing, particles could interact with the vascular endothelium, or have direct effects on

atherosclerotic plaque. Local inflammation could destabilize a coronary plaque, re-

sulting in rupture, thrombosis, and an acute coronary syndrome.

Several factors influence the likelihood of particle translocation, including the

properties of the particles themselves, size, affinity for water, rate of aggregation,

surface charge, and the integrity or permeability of the alveolar-blood barrier. In-

haled nanoparticles deposit in the nasopharyngeal, tracheobronchial or alveolar re-

gions by diffusion as discussed previously. Particles can evade phagocytosis by the

alveolar macrophage and gain access to the interstitium whereupon they may be

cleared directly into the circulation or by the lymphatic system. Environmental

nanoparticulate may, possibly, gain access to the interstitium through pores in the

blood-alveolar barrier. A three-pore model has been proposed to explain the ability

of macromolecules to cross the alveolar-airway barrier, where the alveolar epithelial

barrier contains many pores of 1 nm (68%) and 40 nm (30%) diameter and a few

larger, 400 nm (2%), ones [62]. Alternatively, the mechanism may be analogous to

the receptor-mediated transcytosis used by virus particles to enter and transfer be-

tween epithelial cells.

The first description of nanoparticulate translocation across the alveolar epithe-

lium identified 30 nm gold particles in pulmonary capillary platelets following

intra-tracheal instillation [63]. As well as identifying a novel pathway for the clear-

ance of inhaled particulate, platelet uptake of particulate could result in aggregation

and predispose to thrombus formation and atherothrombosis. Since then several

studies have used radiolabeling to track the distribution of inhaled particles. Fol-

lowing intra-tracheal instillation of 99m-technetium-labeled albumin nanocolloid

(particles < 80 nm diameter) radioactivity was detected in the blood stream within

5 min, suggesting that particles underwent rapid translocation rather than being

phagocytosed [64]. The mass of activity instilled did not alter the proportion of

blood-borne radioactivity, suggesting the translocation is passive. Quantification of

this process is hampered by methodological difficulties such as leaching of radio-

label and partial solubility of some particles. However, rats inhaling elemental car-

bon (13C; particles 20–29 nm diameter) showed a substantial accumulation of 13C

in the liver 24 h after exposure [65]. The lung is not the only portal where airborne

nanoparticles may enter the body and low levels of pulmonary deposition of 13C

suggested that ingestion or up-take through the skin could also be important.

Evidence that inhaled nanoparticulate can translocate in humans is less well es-
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tablished and the only two published studies to date are contradictory. In Nemmar

et al. inhaled 99mTc-labeled ultrafine carbon particles (5 nm diameter) were de-

tected almost immediately in whole blood by thin-layer chromatography and accu-

mulated in the liver and other extra-pulmonary organs [66]. In the study by Brown

et al. using the same radiolabeled particles no such accumulation of activity out-

with the lungs was reported [67]. Leaching of soluble radiolabel from the particles

prevents any form of quantification of the extent of particle translocation using

these methods. Further studies are required to determine whether alveolar translo-

cation of nanoparticulate is an important pathway for the clearance of inhaled

nanoparticles in man, and whether it can potentially explain the extra-pulmonary

effects of particulate air pollution.

Oxidative stress increases the permeability of lung epithelium [68], potentially

allowing particles, and macrophage laden with particles, to pass into the pulmo-

nary interstitium and enter the circulation. Transfer of particles into the blood

stream may be a more important pathway in patients with reduced antioxidant de-

fenses, such as cigarette smokers or patients with underlying lung disease. In sup-

port of this, in an ex vivo lung perfusion model histamine and hydrogen peroxide

perfusion increased alveolar permeability and the proportion of instilled iridium

particles detected in the pulmonary venous effluent [69]. Likewise, increased epi-

thelial permeability may encourage molecules produced in the lungs response to

particles, e.g., IL-6 or oxidized LDL, to enter the interstitium and diffuse into the

circulation.

Once circulating, nanoparticles could incorporate into sites of arterial injury and

contribute to the development and progression of arterial atherosclerotic plaque

formation. Oxidized LDL particles are typically around 200 nm in diameter and in-

corporation of these particles into the arterial wall is the central pathological pro-

cess in the formation of atheroma. There is evidence that non-biological nano-

particles can be incorporated into the arterial wall. Following the infusion of

ultrasmall paramagnetic iron oxide particles (USPIOs, 18 nm mean diameter)

into hyperlipidaemic rabbits, the particles are phagocytosed by macrophages in

atherosclerotic plaques of the aortic wall in quantities sufficient to be detectable

by MRI [70]. Fluorescent-labeled nanoparticles, infused intra-luminally after bal-

loon injury to the carotid artery in an animal model, successfully penetrated into

the vessel wall and persisted for up to 14 days [71]. In humans, infusion of US-

PIOs before elective carotid endarterectomy revealed uptake of particles in 75% of

ruptured, 54% of rupture-prone and only 7% of stable atheromatous plaques, sug-

gesting that nanoparticles may incorporate into unstable plaques preferentially and

potentially precipitate clinical events [72].

12.10

Endothelial Dysfunction and Endogenous Fibrinolysis

The endothelium plays a vital role in the control of blood flow, coagulation, fibri-

nolysis and inflammation. Following the seminal work of Furchgott and Zawadzki
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[73], it is widely recognized that an array of mediators, including cigarette smok-

ing, can influence vascular tone through endothelium-dependent actions, and

there is now extensive evidence of abnormal endothelium-dependent vasomotion

in patients with atherosclerosis [74–76]. Endothelial dysfunction is one of the ear-

liest pathological processes in atherosclerosis and can predict the likelihood of fu-

ture cardiovascular events and death in both healthy individuals [77] and those

with coronary artery disease [78].

Endothelial dysfunction has been described in both the peripheral and coronary

circulation of cigarette smokers [76, 79]. As combustion products and particulate

matter are common to both air pollution and cigarette smoke, it is likely that

air pollution is likely to have similar detrimental vascular effects. The tar phase

of cigarette smoke and combustion-derived particulate may contribute to the oxida-

tive burden and generate equivalent numbers of oxidative radicals. In vitro studies

provide support for a mechanism of oxidative stress induced vascular dysfunction,

with Ikeda et al. demonstrating that the incubation of aortic ring preparations with

diesel exhaust particles results in a dose-dependent inhibition of acetylcholine-

mediated relaxation, an effect abolished by co-incubation with superoxide dismu-

tase [80].

Whilst endothelium-dependent vasomotion is important, it may not be represen-

tative of other aspects of endothelial function, such as the regulation of fibrinolysis.

The fibrinolytic factor tissue plasminogen activator (t-PA) regulates the degradation

of intravascular fibrin and is released from the endothelium through the transloca-

tion of a dynamic intracellular storage pool. Acute endogenous t-PA release from

the endothelium regulates the dissolution of intravascular thrombosis and is a crit-

ical determinant of cardiovascular outcome. This is exemplified by the clinical ob-

servation that in approximately 30% of patients with acute myocardial infarction,

spontaneous reperfusion occurs within 12 h of vessel occlusion. Culture of human

umbilical vein endothelial cells with particulate matter for 6 h inhibits both the

synthesis and release of t-PA in a dose-dependent manner [81].

Direct adverse effects of particulates on the vascular endothelial are important

only if sufficient quantities of inhaled particulate reach the circulation. Alterna-

tively, it is possible that the local pulmonary inflammatory response to particulate

is sufficient to release inflammatory cells and cytokines into the circulation and in-

duce a mild systemic inflammation. Healthy adults exposed to dilute diesel exhaust

for one hour had a mild systemic inflammatory response with increased blood

neutrophil levels [82], and mild systemic inflammation also causes a profound,

but temporary, suppression of endothelium-dependent vasodilatation [83].

Our group has recently shown that these pathways are adversely affected in vivo
following controlled human exposures to dilute diesel exhaust [84]. Exposures to

particulate at levels encountered in the urban environment for one hour markedly

impaired the regulation of vascular tone and endogenous fibrinolysis. This study

confirms in vitro findings and provides a plausible mechanism linking air pollu-

tion to the pathogenesis of atherothrombosis.

The acute effects of exposure to particulate are consistent with recent epidemio-

logical studies that report a significant increase in risk of acute myocardial infarc-
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tion as little as two hours after exposure to road traffic [85] or an increase in PM2:5

[6]. Our studies add to those of Brook et al. who demonstrated a reduction in bra-

chial artery diameter immediately after exposure to a mixture of concentrated am-

bient particles and ozone [12]. In contrast, they found no effect on endothelium-

dependent or -independent vasodilatation using flow-mediated and nitro-glycerine

induced dilatation. This may reflect differences in the potency of the pollution

models used or the technique used to assess vascular function. Exposures to con-

centrated ambient particulate are inherently variable in magnitude and compo-

sition, whereas in our study each volunteer received a standard exposure to

combustion-derived particulate of known toxicity. Alternatively, the vascular effects

of particulate matter are, possibly, mediated primarily in the resistance vessels as-

sessed by plethysmography rather than in the conduit arteries assessed by ultra-

sound of the brachial artery.

12.11

Coagulation and Thrombosis

Atherothrombosis is characterized by disruption of an atherosclerotic plaque with

thrombus formation and is the major cause of acute coronary syndromes and car-

diovascular death worldwide. To explain the association between environmental air

pollution and acute cardiovascular events we proposed a hypothetical mechanism

whereby particles reaching the alveolar epithelium could influence blood coagula-

bility, resulting in a prothrombotic state and potentially triggering acute thrombus

formation in susceptible individuals [86]. Over the last 10 years, experimental evi-

dence has provided support for this mechanism.

Exposure to particulate matter increases the levels of blood fibrinogen, a key

component in coagulation cascade and determinant of blood viscosity [11]. Fibrino-

gen levels are associated with increased blood thrombogenicity, and can indepen-

dently predict outcome in patients with existing cardiovascular disease [87]. Blood

viscosity also increased in association with levels of ambient particulate during

a prolonged air pollution episode [88]. In human challenge studies, exposure to

diesel exhaust increases the number of circulating platelets [56], and in animal

studies exposure to diesel exhaust and ultrafine particles rapidly activates blood

platelets and enhances venous thrombosis in a model of endothelial injury [89,

90]. In a subsequent study, the pro-thrombotic effect of diesel exhaust particles

was abrogated by intra-peritoneal dexamethasone, suggesting this effect is medi-

ated by either local or systemic inflammation [91].

PM can induce various prothrombotic effects, including enhanced tissue factor

expression on endothelial cells [92]. Tissue factor is the main stimulus for throm-

bin generation, initiates the extrinsic coagulation pathway, and circulating levels

are present in patients with coronary artery disease. In an in vivo perfusion study,

intra-arterial carbon ultrafine particles enhanced endothelial von-Willebrand factor

expression and accumulation of fibrin and platelets on the endothelial surface [93].

In addition to altering the properties of endothelial cells and platelets to promote
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thrombus formation, nanoparticles may themselves act as a focus for thrombus

formation. Scanning electron micrographic evaluation of thrombus on the surface

of explanted temporary vena cava filters revealed the presence of foreign nanopar-

ticles within thrombus [94]. These findings taken together support the notion that

particulate matter causes inflammation, endothelial activation and can acutely in-

crease the risk of thrombosis, thus predisposing to acute cardiovascular events.

12.12

Cardiac Autonomic Dysfunction

There is an important relationship between autonomic regulation of the cardiac cy-

cle and cardiovascular mortality [95]. Variation in the interval between consecutive

heart beats or heart rate variability (HRV) is controlled by the contrasting effects of

the sympathetic and parasympathetic nervous systems. Reduction in HRV reflects

either an increase in sympathetic drive or a decrease in vagal parasympathetic

tone. Reduced HRV increases the risk of cardiovascular morbidity and mortality

in both healthy individuals [96] and patients following myocardial infarction [97].

Several panel studies have reported a consistent association between reduced

HRV and high ambient PM [98, 99]. The finding of altered HRV in an elderly co-

hort exposed to concentrated ambient particles (CAPs) provides direct evidence of

the effects of PM on autonomic activity [10]. The importance of this effect in the

presence of cardiovascular pathology was demonstrated in a canine model of myo-

cardial infarction, where exposure to residual oil fly ash (ROFA) reduced HRV and

increased cardiac arrhythmia following infarction [100]. Furthermore, in patients

with implanted cardiac defibrillators there appears to be a relationship between

ambient PM and the incidence of ventricular fibrillation [101].

The influence of PM on the autonomic nervous system may result in hospitaliza-

tion or cardiac death by triggering tachyarrhythmia or altering coronary vascular

tone. How inhaled PM interacts with the nervous system is unclear. The effects

could be mediated by interstitialized particles directly irritating the nerve endings

or through the local release of inflammatory cytokines in response to the particles.

12.13

Effects of Nanoparticles on the Liver and Gastrointestinal Tract

As described previously, particles depositing in the lung may gain access to the

blood, allowing them to be transported around the body. For many years it has

been recognized that the reticulo-endothelial system, a concentration of phagocytic

cells in organs such as the liver and spleen, quickly accumulate particles injected

into the blood [102]. For example, in 1970 Stuart reported that colloidal carbon in-

jected into the tail vein accumulates in the liver and spleen [103]. NP designed

as drug carriers are also sequestered by these phagocytic cells, with negatively
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charged carboxylated polystyrene nanoparticles being taken up into the liver via

scavenger receptors [104]. The effects of interaction between such cells and nano-

particles is as yet unclear, but some studies suggest that polystyrene nanoparticles

can induce mild oxidative stress in the liver via activation of the macrophage

phagocytic burst [105]. In vitro, both nanoparticles [106, 107] and PM10 [108]

stimulate calcium signaling via oxidative stress, leading to the production of

pro-inflammatory cytokines such as tumor necrosis factor alpha. On the whole

this work has been discussed in relation to the effects of PM and NP on the lung,

but it is also feasible that NP translocated into the blood could initiate an inflam-

matory reaction in other organs such as the liver via their effects on macrophages.

There have been very few studies on the potentially adverse effects of NP directly

on hepatocytes. Ref. [109] investigated the effects of various nanoparticles, differ-

ing in size and chemical composition, on hepatocyte viability as assessed by stan-

dard assays, including a measure of mitochondrial function (MTT assay) and en-

zyme leak through dysfunctional membranes (LDH assay). The silver particles

studied (10–50 mg mL�1) were found to be highly toxic via oxidative stress (gluta-

thione depletion), whereas molybdenum, aluminum, iron oxide and titanium di-

oxide only exhibited mild toxicity at doses greater than 100 mg mL�1. Further

studies are required to establish how nanoparticles interact with liver cells and to

elucidate the consequences.

The main route of particle clearance from the lung is via the mucociliary escala-

tor, some of which is cleared via the nose, but most of which is swallowed [110].

This means that a significant proportion of the particle dose enters the gastrointes-

tinal system. In relation to drug delivery, translocation of particulate matter across

the gastrointestinal tract is now well documented [111]. There is histological, radio-

logical and chemical evidence that 50–100 nm polystyrene nanoparticles cross the

gastrointestinal tract and pass via the mesentery lymph supply and lymph nodes to

the liver and spleen [112]. In addition, gastrointestinal uptake of particles of 100

nm diameter is 15–250-fold higher than for larger microparticles [113].

Furthermore, the uptake efficiency of the particles was dependent upon the tis-

sue type, with Peyer’s patches exhibiting a 2–200-fold higher uptake than non-

patch tissue. The 100 nm particles were diffuse throughout the submucosal layers

of the gastrointestinal tract while the larger particles were predominantly localized

in the epithelium. In fact, histological studies have revealed a build-up of pigment

particles accumulated from the diet in Peyer’s patches of humans [114]. The ability

of NP to cross the gut wall suggests that they would enter the body by the hepatic

portal vein that drains the intestine, delivering blood directly to the liver. Hence,

this would suggest that the liver would be exposed to particles translocated into

the blood from both the lungs and the gastrointestinal tract.

The impact of nanoparticles on the gastrointestinal tract is relatively unknown.

Some studies have suggested that exposure to nano- and microparticles in our diet

could be associated with worsening of conditions such as Crohn’s disease [115]

through their ability to act as adjuvants in antigen-mediated immune responses,

in tissues such as the Peyer’s patches [116]. More work is required to verify these

results and to elucidate the mechanisms involved.
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12.14

Effects of NP on the Nervous System

In the past, in relation to the pulmonary toxicology of inhaled particles, most em-

phasis has been placed on the particles (<2.5 mm diameter) that gain access to the

respiratory regions of the lung. This is because those particles depositing in the

upper airways are easily cleared via the mucociliary escalator, whereas those depos-

iting in the deeper lung depend upon the phagocytic activity of macrophages to

minimize exposure and hence toxicity. However, more recently, Oberdörster et al.

have demonstrated the ability of 13C nanoparticles depositing on the nasal epithe-

lium to gain access to the brain via the olfactory nerve [117]. They pointed out that

neurophysiologists have long recognized that polio virus particles can be trans-

ported along nerve axons.

12.15

Summary

We have reviewed the literature pertaining to the role of nanoparticles in the ad-

verse health effects of air pollution particles. Nanoparticles from combustion pro-

cesses, predominantly automobile engines, are ubiquitous in ambient air and are

strongly suspected of driving inflammatory and oxidative stress responses in the

lungs. This is a factor in the exacerbations of airways disease seen in association

with increases in PM. In addition to effects in the lungs, marked effects are seen

in patients with cardiovascular disease. These may be explained by the ability of

nanoparticles to gain access to the blood or indirectly through pro-inflammatory

effects in the lungs, causing activation and destabilization of atheromatous plaques

and leading to atherothrombosis and its associated morbidity and mortality. Nano-

particles may also gain access to the blood and directly affect the endothelium and

the coagulation system. Nanoparticles in blood could affect the liver and potentially

cross the brain barrier although nanoparticles could also enter the brain via olfac-

tory neurones after deposition in the nose. Nanoparticles in the air are cleared to

the gut via the mucociliary escalator and so their potential effects on the gut were

considered. Once combustion-derived nanoparticles are resident in tissue they can

deliver oxidative stress and affect inflammatory pathways and have genotoxic ef-

fects. Combustion-derived nanoparticles are a main driver of pulmonary and car-

diovascular mortality and morbidity and, because of their potential to translocate

around the body, have the potential to affect a number of extra-pulmonary target

organs and systems.
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Preface

Even five years into the new millennium, cancer continues to torment humanity as

the second leading cause of death with 10.9 million newly diagnosed cases world-

wide in the year 2005 alone. Despite new discoveries of drugs and treatment com-

binations as evidenced by reports of close to 200,000 experimental studies on mice,

two million scientific publications and an annual spending of around 15 billion US

dollars world wide, the mortality rate due to cancer did not change in the past five

to six decades. Therefore, there is still a strong need for a paradigm shift in the

approach to cancer diagnosis and therapy. The advent of nanotechnological revolu-

tion offers an opportunity to achieve this paradigm shift. Since the biological pro-

cesses in general and those that lead to cancer in particular occur at the nanoscale,

there is a great opportunity for nanotechnologists to treat cancer at an as early

stage as possible. Several innovative nanoscale constructs have been demonstrated

to radically change cancer therapy with capabilities to deliver large doses of chemo-

therapeutic agents or therapeutic genes into malignant cells while sparing healthy

cells. They have also shown great promise in enabling rapid and sensitive detection

of single cancer cells and cancer-related molecules. Reports of these investigations

are being published in a very broad range of journals spanning several traditional

disciplines. It is becoming difficult for researchers to gather all the available infor-

mation on ‘Cancer Nanotechnology’. I am, therefore, pleased to share with you,

again on behalf of dedicated team of researchers in cancer nanotechnology, two

volumes of the ten volume series on nanotechnologies for the life sciences specifi-

cally dedicated to cancer. The first of these two volumes, sixth in the series, that is

being presented to you here is dedicated to cancer therapy and is aptly titled as

‘‘Nanomaterials for Cancer Therapy.’’
The book is divided into eleven chapters encompassing a number of therapeutic

approaches in cancer treatment through use of a variety of nanomaterials. It begins

with a chapter reviewing the progress that has been made to date in utilization of

conventional chemotherapeutic drug nanoparticles for cancer treatment. The chap-

ter Conventional Chemotherapeutic Drug Nanoparticles for Cancer Treatment contrib-
uted by Loredanna Serpa from the University of Turin, Italy, is an up to date review

of literature on advances being made in cancer treatment through use of nanopar-

ticle formulations containing conventional chemotherapeutic drugs such as doxor-

ubicin, cisplatin, paclitaxel and other drugs. Moving from conventional anticancer
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drugs to conventional therapies that are being affected by nanotechnological tools,

the second chapter starts with fundamental aspects of Photo Dynamic Therapy

(PDT) that has been found to be promising in selectively treating tumors as well

as metastasis without affecting the surrounding healthy tissue. The chapter Nano-
particles for Photodynamic Therapy of Cancer, written by Florence Delie and her team

from the Laboratory of Pharmaceutical Technology and Biopharmaceutics, Univer-

sity of Geneva, Switzerland, provides an in-depth analysis of how nanoparticles,

with special emphasis on polymeric biodegradable ones, are being developed to im-

prove the conventional approaches to PDT. Continuing on a similar theme of im-

proving conventional therapies, Yoshinobu Fukumori and co-workers from Kobe

Gakuin University in Japan provide a general background on neutron capture ther-

apy (NCT), a new radiotherapy that differs from the conventional radiotherapies,

in the third chapter. This is followed by the authors reviewing more specifically

both gadolinium neutron capture therapy (GdNCT) and boron neutron capture

therapy (BNCT) with reference to use of nanomaterials. The remainder of the

chapter Nanoparticles for Neutron Capture Therapy of Cancer provides a detailed ac-

count of the authors’ experiences in developing Gd-containing lipid nanoemul-

sions and chitosan nanoparticles to demonstrate the usefulness of nanoparticle

technology in NCT. Addressing a different facet of NCT, the fourth chapter entitled

Nanovehicles and High Molecular Weight Delivery Agents for Boron Neutron Capture
Therapy focuses on various high molecular weight (HMW) agents consisting of

macromolecules and nanovehicles such as monoclonal antibodies, dendrimers, lip-

osomes, dextrans, polylysine, avidin and folic acid, epidermal and vascular endo-

thelial growth factors (EGF and VEGF) as delivery vehicles for introducing boron

atoms. In it, Gong Wu, Rolf F. Barth, Weilian Yang, Robert Lee, Werner Tjarks,

Marina V. Backer and Joseph M. Backer from the Department of Pathology at

Ohio State University in Columbus, USA, have done a remarkable job in describ-

ing procedures for introducing boron atoms into HMW agents in addition to pro-

viding information on their chemical properties, bio-distribution based on in vivo

studies, delivery across the blood brain barrier and various routes of their adminis-

tration. Overall, the work reported in chapters three & four is very valuable and ex-

citing not only from the scientific point of view, but also from the commercial

point of view as recently clinical BNCT trials mainly for brain tumors were carried

out in Japan.

Switching gears from earlier parts of the book where applications of nanotech-

nology to already well established treatments for cancer are presented, the rest of

the chapters describe ‘non-traditional’ and innovative approaches completely based

on nanotechnology that are being investigated for cancer therapy. Christoph Alex-

iou and Roland Jurgons from the Policlinic for otorhinolaryngological Illnesses of

Friedrich-Alexander University, Erlangen-Nuremberg, Germany, contributed the

fifth chapter, Local Cancer Therapy with Magnetic Drug Targeting using Magnetic
Nanoparticles, in which they review current literature on the use of magnetic nano-

particles in biomedicine in general and local chemotherapies, focusing especially

on regional cancer therapy, in particular. In the sixth chapter, Nanomaterials
for Controlled Release of Anticancer Agents, the team lead by Do Kyung Kim at the
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Massachusetts Institute of Technology, Cambridge, USA, has done a remarkable

job in capturing nuances of nanotechnologies, particularly those based on poly-

meric nanomaterials, being developed for controlled release of anticancer agents.

In this chapter, the authors discuss various design aspects, theoretical models and

kinetics of controlled release of anticancer drugs. The seventh chapter on the other

hand provides a much broader perspective to cancer therapy using nanomaterials

by providing a critical analysis of various approaches. While the chapter starts with

a description of the tools of nanoparticle technology that can be used to treat can-

cer, it goes a step further in critically reviewing and discussing the advantages and

drawbacks of nanoparticles for the targeted delivery of anticancer agents to defined

cells of human cancers. The chapter entitled Critical Analysis of Cancer Therapy us-
ing Nanomaterials contributed by Lucienne Juillerat-Jeanneret from the University

Institute of Pathology in Lausanne, Switzerland, concludes the section with a final

section that describes the author’s own design of how an ideal nanoparticulate sys-

tem should be for the targeted treatment of human cancers.

Treating cancer using heat has been known for a long time as cells are known to

undergo apoptosis when exposed to temperatures around 40 �C. Thermotherapy,

as it is called, as performed using conventional approaches has several drawbacks.

In the eighth chapter, Nanoparticles for Thermotherapy, a team of cancer specialists

lead by Andreas Jordan describe, based on their own experience, how some of

these drawbacks are being overcome using magnetic nanoparticles. The chapter is

particularly valuable as the team from the Center of Biomedical Nanotechnology

(CBN), Berlin, Germany, share their experience in conducting the first ever clinical

trials with thermotherapy using magnetic nanoparticles. Moving conceptually to a

more elegant approach, the ninth chapter entitled Ferromagnetic Filled Carbon
Nanotubes as Novel and Potential Containers for Anticancer Treatment Strategies ex-
plores the feasibility of different applications using magnetic multi-walled CNTs

(MWCNTs) more specifically as heat mediators for hyperthermia of solid tumors.

While authors Ingolf Mönch et al. from the Leibniz Institute for Solid State and

Materials Research in Dresden, Germany, are upbeat about potential opportunities

in the use of different types of functionalized MWCNTs, they restrict their review

to only those that are novel and those that have benefits specifically in the treat-

ment of prostate cancer.

Several types of nanomaterials are currently being investigated for targeted deliv-

ery of anticancer agents and there is a need for understanding the pros and cons of

using these different types of nanomaterials. Chapter ten written by Yong Zhang

and Dev K. Chatterjee from the Division of Bioengineering at the National Univer-

sity of Singapore provides a platform for comparing the efficacy of different types

of nanomaterials for targeted delivery. The chapter, Liposomes, Dendrimers and other
Polymeric Nanoparticles for Targeted Delivery of Anticancer Agents – A Comparative
Study, provides a unique perspective on different types of nanomaterials in general

and three major types in particular that are gaining importance in this field. The

chapter is a must for those interested in learning about background information

on mechanisms and methods of targeting cancer cells. At this point of time, lipo-

somes seem to have an edge over the other types of nanomaterials and in the au-
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thor’s own words, ‘‘the most exciting news is the performance of Epeius Biotech-

nologies Corporation’s liposomal based active targeting system that delivers genetic

material to treat several cancers, including pancreatic head carcinoma, which has

one of the worst prognoses among all neoplasms.’’ In the eleventh and final chap-

ter of the book, the team lead by Jack-Michel Renoir from University of Paris-Sud

in Châtenay-Malabry, France, focuses on the benefits of encapsulating a class of

anticancer drugs known as antiestrogens (AEs) to improve antitumoral activities

in vivo. In addition, the authors discuss in this chapter, Colloidal Systems for the De-
livery of Anticancer Agents in Breast Cancer and Multiple Myeloma, the use of passive

targeting through long-circulating drug delivery systems in different types of xeno-

grafts. They strongly believe that the approach using colloidal systems is promising

not only for the administration of antiestrogens in estrogen-dependent breast can-

cers and multiple myeloma (MM), but also for the delivery of much more toxic

anticancer agents such as taxol, thalidomide, bortezomib, VEGF inhibitors, farne-

syltransferase inhibitors, histone transferase inhibitors and hsp90 inhibitors.

I am pleased by the broad range of useful information gathered by the dedicated

contributors working in the area of cancer nanotechnology, and I am hoping that

the book will be a guide for all those who wish to be associated with the growing

field of ‘Nanomaterials for Cancer Therapy’. I am indebted to all the authors for

their extraordinary efforts and as always grateful to my employer, family, friends

and Wiley VCH publishers for making this book a reality. I am thankful to you,

the reader, who has taken time to join the journey with fellow cancer nanotechnol-

ogists. It will be my pleasure to hear back from you and I look forward to receiving

your comments, suggestions and constructive criticism in order to make further

improvements in the next editions of the book.

Challa S. S. R. KumarApril 2006, Baton Rouge
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1

Conventional Chemotherapeutic Drug

Nanoparticles for Cancer Treatment

Loredana Serpe

1.1

Introduction

Chemotherapy is a major therapeutic approach for the treatment of localized and

metastasized cancers. The selective increase in tumor tissue uptake of anticancer

agents would be of great interest in cancer chemotherapy since anticancer drugs

are not specific to cancer cells. Routes of administration, biodistribution and elim-

ination of available chemotherapeutic agents can be modified by drug delivery sys-

tems to optimize drug therapy.

This chapter focuses on progress in targeted treatment of cancer through the de-

livery of conventional anticancer agents via microparticulate drug carriers as nano-

particles. Briefly, nanoparticles may be defined as submicronic colloidal systems

that are generally made of polymers and, according to the preparation process

used, nanospheres (matrix systems) or nanocapsules (reservoir systems) can be ob-

tained. The drug can either be directly incorporated during polymerization or by

adsorption onto preformed nanoparticles [1].

The first part of this chapter pays particular attention to cancer as a drug delivery

target and to the development of different types of nanoparticles as drug delivery

device. The interaction of drug carrier systems with the biological environment is

an important basis for designing strategies; these systems should be independent

in the environment and selective at the pharmacological site. If designed appropri-

ately, nanoparticles may act as a drug vehicle able to target tumor tissues or cells,

protecting the drug from inactivation during its transport. The formulation of

nanoparticles and physicochemical parameters such as pH, monomer concentra-

tion, added stabilizer and ionic strength as well as surface charge, particle size

and molecular weight are important for drug delivery.

For instance, poly(acrylamide) nanocapsules, due to their polymeric nature, are

stable in biological fluids and during storage, and can entrap various agents in a

stable and reproducible way but, since they are not lysed by lysosomal enzymes,

their clinical application is restricted [2]. The development of biodegradable

polymers by the polymerization of various alkyl cyanoacrylate monomers and the

association of anticancer agents with these poly(alkyl cyanoacrylate) polymers has
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afforded further improvement. These colloidal drug carriers are biodegradable and

can associate with various drugs in a non-specific manner. The binding capacity of

these nanoparticles to dactinomycin (90%), vinblastin (36–85%) and methotrexate

(15–40%) exceeds that of these drugs incorporated in liposomes [1].

Furthermore, certain types of nanoparticles are able to reverse multidrug resis-

tance – a major problem in chemotherapy – and selectivity in drug targeting can

be achieved by the attachment of certain forms of homing devices, such as a mono-

clonal antibody or lecithin [3].

Finally, the last part of the chapter reports some of the most significant and re-

cently developed nanoparticle formulations for the delivery of specific anticancer

agents.

1.2

Cancer as Drug Delivery Target

Tumor blood vessels have several abnormalities compared with physiological ves-

sels, such as a relatively high proportion of proliferating endothelial cells, an in-

creased tortuosity and an aberrant basement membrane formation. The rapidly

expanding tumor vasculature often has a discontinuous endothelium, with gaps

between the cells that may be several hundred nanometers large [4, 5].

Macromolecular transport pathways across tumor vessels occur via open gaps

(interendothelial junctions and transendothelial channels), vesicular vacuolar or-

ganelles and fenestrations. However, it remains controversial which pathways are

predominantly responsible for tumor hyperpermeability and macromolecular trans-

vascular transport [6].

Tumor interstitium is also characterized by a high interstitial pressure, leading

to an outward convective interstitial fluid flow, as well as the absence of an anatom-

ically well-defined functioning lymphatic network. Hence, the transport of an anti-

cancer drug in the interstitium will be governed by the physiological (i.e., pressure)

and physicochemical (i.e., composition, structure) properties of the interstitium

and by the physicochemical properties of the molecule itself (i.e., size, configura-

tion, charge, hydrophobicity). Physiological barriers at the tumor level (i.e., poorly

vascularized tumor regions, acidic environment, high interstitial pressure and low

microvascular pressure) as well as at the cellular level (i.e., altered activity of spe-

cific enzyme systems, altered apoptosis regulation and transport based mecha-

nisms) and in the body (i.e., distribution, biotransformation and clearance of anti-

cancer agent) must be overcome to deliver anticancer agents to tumor cells in vivo
[1].

Colloidal nanoparticles incorporating anticancer agents can overcome such resis-

tances to drug action, increasing the selectivity of drugs towards cancer cells and

reducing their toxicity towards normal cells.

The accumulation mechanism of intravenously injected nanoparticles in cancer

tissues relies on a passive diffusion or convection across the hyperpermeable tu-

mor vasculature. Additional retention of the colloidal particles in the tumor inter-
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stitium is due to the compromised clearance via lymphatics. This so-called ‘‘en-

hanced permeability and retention effect’’ results in an important intratumoral

drug accumulation that is even higher than that observed in plasma and other tis-

sues [7]. Controlled release of the drug content inside the tumoral interstitium

may be achieved by controlling the nanoparticulate structure, the polymer used

and the way by which the drug is associated with the carrier (adsorption or encap-

sulation).

However, anticancer drugs, even if they are located in the tumoral interstitium,

can have limited efficacy against numerous tumor types because cancer cells are

able to develop mechanisms of resistance. Simultaneous cellular resistance to mul-

tiple lipophilic drugs is one of the most important problems in chemotherapy. This

drug resistance may appear clinically either as a lack of tumor size reduction or as

the occurrence of clinical relapse after an initial positive response to antitumor

treatment. Multidrug resistance is mainly due to overexpression of the plasma

membrane P-glycoprotein, which is capable of extruding various generally posi-

tively charged xenobiotics, including some anticancer drugs, out of the cell. Multi-

drug resistance is always multifactorial when other mechanisms can be associated

with this drug efflux pump in cancer cells, such as enzymatic function modifica-

tion (topoisomerase, glutathione S-transferase) or altered intracellular drug distri-

bution due to increased drug sequestration into cytoplasmic acidic vesicles [8].

P-glycoprotein probably recognizes the drug to be effluxed out of the cancer cell

only when the drug is present in the plasma membrane, and not when it is located

in the cytoplasm of lysosomes, after endocytosis. Many cancer cell types can de-

velop resistance to doxorubicin, which is a P-glycoprotein substrate, therefore in-

corporation of this compound into nanoparticles to reverse multidrug resistance

P-glycoprotein mediated has been extensively investigated [9]. Certain types of

nanoparticles are able to overcome multidrug resistance mediated by the P-

glycoprotein, such as poly(alkyl cyanoacrylate) nanoparticles [10].

The delivery of anticancer agents to a highly perfused tumoral lesion and the

tumor cells response have been described through the development of a two-

dimensional tumor simulator with the capability of showing tumoral lesion pro-

gression through the stages of diffusion-limited dormancy, neo-vascularization

and subsequent rapid growth and tissue invasion. Two-dimensional simulations

based on a self-consistent parameter estimation demonstrated fundamental con-

vective and diffusive transport limitations in delivering anticancer drug into tu-

mors via intravenous free drug administration or via 100 nm nanoparticles injected

into the bloodstream, able to extravasate and release the drug into the tumoral tis-

sue, or via 1–10 nm nanoparticles, able to diffuse directly and target the individual

tumor cell. Even with constant drug release from the nanoparticles, homogenous

drug-sensitive tumor cell type, targeted nanoparticle delivery and model parame-

ters calibrated to ensure sufficient drug or nanoparticle blood concentration to kill

all cells in vitro, analysis shows that fundamental transport limitations are severe

and that drug levels inside the tumor are far less than in vitro. This leaves large

parts of the tumor with inadequate drug concentration. Comparison of cell death

rates predicted by simulations reveals that the in vivo rate of tumor reduction is

1.2 Cancer as Drug Delivery Target 3



several orders of magnitude less than in vitro for equal chemotherapeutic carrier

concentrations in the blood. Small nanoparticles equipped with active transport

mechanisms would overcome the predicted limitations and result in improved tu-

mor response [11].

1.3

Nanoparticles as Anticancer Drug Delivery System

The fate of a drug after administration in vivo is determined by a combination of

several processes, such as distribution, metabolism and elimination when given in-

travenously or absorption, distribution, metabolism and elimination when an ex-

travascular route is used. The result depends mainly on the physicochemical prop-

erties of the drug and therefore on its chemical structure. In recent decades, much

work has been directed towards developing delivery systems to control the fate of

drugs by modifying these processes, in particular the drug distribution within the

organism. Nanoparticles loaded with anticancer agents can successfully increase

drug concentration in cancer tissues and also act at cellular levels, enhancing anti-

tumor efficacy. They can be endocytosed/phagocytosed by cells, with resulting cell

internalization of the encapsulated drug. Nanoparticles may consist of either a

polymeric matrix (nanospheres) or of a reservoir system in which an oily or aque-

ous core is surrounded by a thin polymeric wall (nanocapsules). Suitable polymers

for nanoparticles include poly(alkyl cyanoacrylates), poly(methylidene malonate)

and polyesters such as poly(lactic acid), poly(glycolic acid), poly(e-caprolactone)

and their copolymers [3].

Nanoparticles of biodegradable polymers can provide controlled and targeted de-

livery of the drug with better efficacy and fewer side-effects. Lipophilic drugs, which

have some solubility either in the polymer matrix or in the oily core of nanocap-

sules, are more readily incorporated than hydrophilic compounds, although the

latter may be adsorbed onto the particle surface. Nanospheres can also be formed

from natural macromolecules such as proteins and polysaccharides, from non polar

lipids, and from inorganic materials such as metal oxides and silica [3].

As cancer chemotherapeutic agents are often administered systemically, numer-

ous biological factors, associated with the tumor, influence the delivery of the drugs

to the tumors. Consequently, drug delivery systems to solid tumors have been

redesigned and, subsequently, injectable delivery systems (i.e., solid lipid nano-

particles) have been developed as an alternative to polymeric nanoparticles for

adequate drug delivery to solid tumors [12].

The introduction of synthetic material into the body always affects different body

systems, including the defense system. Synthetic polymers are usually thymus-

independent antigens with only a limited ability to elicit antibody formation or to

induce a cellular immune response against them. However, they influence, or can

be used to influence, the immune system of the host in many other ways. Low-

immunogenic water-soluble synthetic polymers sometimes exhibit significant im-

munomodulating activity, mainly concerning the activation/suppression of NK

4 1 Conventional Chemotherapeutic Drug Nanoparticles for Cancer Treatment



cells, LAK cells and macrophages. Some of them, such as poly(ethylene glycol) and

poly[N-(2-hydroxypropyl)methacrylamide], can be used as effective protein carriers,

as they can reduce the immunogenicity of conjugated proteins and/or reduce non-

specific uptake of nanoparticle-entrapped drugs and other therapeutic agents [13].

1.3.1

Conventional Nanoparticles

Association of a cytostatic drug to colloidal carriers modifies the drug biodistribu-

tion profile, as it is mainly delivered to the mononuclear phagocytes system (liver,

spleen, lungs and bone marrow). Once in the bloodstream, surface non-modified

nanoparticles, (conventional nanoparticles), are rapidly opsonized and massively

cleared by the fixed macrophages of the mononuclear phagocytes system organs.

The size of the colloidal carriers as well as their surface characteristics greatly in-

fluence the drug distribution pattern in the reticuloendothelial organs, since these

parameters can prevent their uptake by macrophages. The exact underlying mech-

anism was not fully understood, but it was rapid and compatible with endocytosis.

A high curvature (resulting in size < 100 nm) and/or a hydrophilic surface (as

opposed to the hydrophobic surface of conventional nanoparticles) are needed to

reduce opsonization reactions and subsequent clearance by macrophages [14].

Since conventional nanoparticles are naturally concentrated within macrophages,

they can be used to deliver drugs to these cells. The muramyl dipeptide, a low-

molecular-weight, soluble, synthetic compound based on the structure of peptido-

glycan from mucobacteria, stimulates the antitumoral activity of macrophages.

Although it acts on intracellular receptors, it penetrates poorly into macrophages.

Furthermore, it is eliminated rapidly after intravenous administration. These prob-

lems can be overcome by encapsulation within nanocapsules, and lipophilic de-

rivatives such as muramyl tripeptide-cholesterol have been developed to increase

encapsulation efficiency. In vitro studies have shown increased intracellular pene-

tration of muramyl peptides into macrophages when they are associated with

nanoparticles, increasing macrophage effector functions (i.e., nitric oxide, cytokine

and prostaglandin production) and cytostatic activity against tumor cells [3].

The contribution of conventional nanoparticles to enhance anticancer drugs effi-

cacy is limited to targeting tumors at the organs of the mononuclear phagocytes

system organ. Owing to their very short circulation time (the mean half-life of con-

ventional nanoparticles is 3–5 min after intravenous administration) addressing

anticancer drug-loaded nanoparticles to other tumoral tissues is not reasonable.

Moreover, penetration of such a carrier system across the tumoral endothelium

would be minimum, leading to subtherapeutic concentrations of the drug near

the cancer cells. This biodistribution can be of benefit for the chemotherapeutic

treatment of mononuclear phagocytes system localized tumors (i.e., hepatocarci-

noma, hepatic metastasis, bronchopulmonary tumors, myeloma and leukemia).

Activity against hepatic metastases has been observed in mouse models, although

this treatment is only therapeutic when the tumor load is low [15].
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Both the polymeric composition of the nanoparticles and the associated drug

greatly influence the drug distribution pattern in the mononuclear phagocytic sys-

tem. Conventional nanoparticles, likely, have a better safety profile than free anti-

cancer agents when acting on normal tissue. For example, a reduction of the car-

diac accumulation of drugs [16] and of the genotoxicity of mitomycin [17] have

been reported. Moreover, encapsulation of doxorubicin within nanoparticles re-

duces its cardiotoxicity by reducing the amount of drug that reaches the myocar-

dium with a significant increase of drug concentrations in the liver. In one study

this was not associated with any overall toxicity [18] while another study, using un-

loaded nanoparticles, observed a reversible decline in the phagocytic capacity of the

liver after prolonged dosing, as well as a slight inflammatory response [19]. Accu-

mulation of drug nanoparticles in the liver may also influence its elimination, since

this organ is the site of metabolism and biliary excretion. Biliary clearance of indo-

methacin was increased three-fold by inclusion in nanocapsules [20]. Nanoparticle-

associated doxorubicin accumulated in bone marrow and led to a myelosuppressive

effect in one study [21]. Thus, altered distribution may generate new types of tox-

icity. When conventional nanoparticles are used as carriers in chemotherapy, some

cytotoxicity against the Kupffer cells or other targeted macrophages can be ex-

pected, as the class of drugs being used is able to induce apoptosis in these cells.

Treatments featuring frequent administrations (with intervals shorter than two

weeks – the restoration period of Kupffer cells) could result in a deficiency of

Kupffer cells, which in turn could lead to decreased liver uptake and a subsequent

decreased therapeutic efficacy for hepatic tumors. In addition, a risk for bacterie-

mia can not to be excluded [22]. Moreover, conventional carriers also target the

bone marrow, hence chemotherapy with such carriers may increase myelosuppres-

sive effects. However, this tropism of carriers can also be used to deliver myelo-

stimulating compounds such as granulocyte-colony-stimulating factor [23].

Certain types of nanoparticles were also found to be able to overcome multidrug

resistance mediated by the P-glycoprotein efflux system localized at the cancerous

cell membrane. This simultaneous cellular resistance to multiple lipophilic drugs

represents a major problem in cancer chemotherapy. Such drug resistance may ap-

pear clinically either as a lack of tumor size reduction or as the occurrence of clin-

ical relapse after an initial positive response to antitumor treatment. The resistance

mechanism can have different origins, either directly linked to specific mechanisms

developed by the tumor tissue or connected to the more general problem of distri-

bution of a drug towards its targeted tissue. Poly(alkyl cyanoacrylate) nanoparticles

have been developed to overcome multidrug resistance [10]. Despite encouraging

results with conventional carrier systems, much research has been dedicated to de-

signing carriers with modified distribution and new therapeutic applications.

1.3.2

Sterically Stabilized Nanoparticles

Since the usefulness of conventional nanoparticles is limited by their massive cap-

ture by the macrophages of the mononuclear phagocytes system after intravenous
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administration, systems with modified surface properties to reduce the disposition

of plasma proteins and the recognition by phagocytes have been developed [14].

These are known as sterically stabilized carriers or ‘‘stealth carriers’’ and may re-

main in the blood compartment for a considerable time. The hydrophilic polymers

poly(ethylene glycol), poloxamines, poloxamers, polysaccharides have been used to

coat efficiently conventional nanoparticles’ surface [24]. These coating provide a dy-

namic cloud of hydrophilic and neutral chains at the particle surface that keep

away plasma proteins [25]. Poly(ethylene glycol) (PEG) has been introduced at the

surface either by adsorption of surfactants [24] or by using block or branched co-

polymers, usually with poly(lactide) [26, 27]. These StealthTM nanoparticles are

characterized by a prolonged half-life in the blood compartment and by extravasa-

tion into sites where the endothelium is more permeable, such as solid tumors,

regions of inflammation and infection. Consequently, such long-circulating nano-

particles are supposed to be able to target directly most tumors located outside the

mononuclear phagocytes system [22]. A higher tumor uptake, thanks to the small

size and the hydrophilicity of the carrier device, as well as a sustained release of

the drug could improve the efficacy of anticancer chemotherapy. The complement-

rejecting properties of nanocapsules are superior to those of nanospheres at equiv-

alent surface area [28].

Coating conventional nanoparticles with surfactants to obtain a long-circulating

carrier, the first strategy used to direct tumor targeting in vivo, has been demon-

strated using photosensitizers like phthalocyanines in PEG-coated nanoparticles

[29] and meta-tetra(hydroxyphenyl)chlorin in poly(lactide)-PEG nanocapsules [30].

PEG chains have been attached covalently to poly(alkyl cyanoacrylate) polymers

by two chemical strategies; both types of particle have shown long-circulating prop-

erties in vivo [31]. Such particles have been loaded with tamoxifen with a view to

their use in treating hormone-dependent tumors [32]. Poly(alkyl cyanoacrylate)

nanoparticles allow the delivery of several drugs, including doxorubicin, across

the blood–brain barrier after coating with surfactants. However, only the surfac-

tants polysorbate (Tween 20, 40, 60 and 80) and some poloxamers (Pluronic F68)

can induce this uptake. A therapeutic effect with this sterically stabilized carrier

system has been noted in rats bearing intracranial glioblastoma [33]. The delivery

mechanism across the blood–brain barrier is most likely endocytosis via the LDL

receptor by the endothelial cells lining the brain blood capillaries after injection of

the nanoparticles into the blood stream. This endocytotic uptake seems to be medi-

ated by the adsorption of apolipoprotein B and/or E adsorption from the blood.

The drug, then, may be released either within these cells followed by passive dif-

fusion into the brain or be transported into the brain by transcytosis [34]. Long-

circulating nanoparticles have also been used in tumor targeting followed by irra-

diation of tumor site in the case of photodynamic therapy. To improve anticancer

efficacy and avoid systemic phototoxicity this combination was evaluated in a EMT-

6 tumor-bearing mice model. Unfortunately, poly(lactic acid) nanospheres covered

by PEG did not allow a higher intratumoral accumulation of its incorporated pho-

tosensitizer (hexadecafluoro zinc phthalocyanine). The fragility of the adsorbed

coating and the large size (>900 nm) could be responsible for this failure. How-

1.3 Nanoparticles as Anticancer Drug Delivery System 7



ever, formulation of the photosensitizer in the biodegradable nanospheres im-

proved photodynamic therapy response, probably by influencing the intratumoral

distribution pattern of the photosensitizer [35]. The biodistribution of non-bio-

degradable poly(methyl methacrylate) nanospheres coated or not with different sur-

factants (Polysorbate 80, Poloxamer 407 and Polaxamine 908) have been investi-

gated in several mice bearing tumor models, including a murine B16-melanoma

(inoculated intramuscularly), a human breast cancer MaTu (engrafted subcutane-

ously) and an U-373 glioblastoma (implanted intracerebrally). The coated poly-

(methyl methacrylate) nanospheres in circulation showed a prolonged half-life,

especially with the Poloxamer 407 and Poloxamine 908 coatings. Moreover, an ac-

cumulation and retention of the coated nanospheres in the B-16 and MaTu tumors

were observed, depending on the particle surface hydrophilicity and the specific

growth difference of the tumor [36].

Although interesting results have been obtained with adsorbed surfactant, a co-

valent linkage of amphiphilic copolymers is generally preferred to obtain a pro-

tective hydrophilic cloud on nanoparticles that avoids the possibility of rapid coat-

ing desorption upon either dilution or after contact with blood components. This

approach has been employed with poly(lactic acid), poly(caprolactone) and poly-

(cyanoacrylate) polymers, which were chemically coupled to PEG [27, 31, 37].

The surface characteristics of nanospheres prepared from poly(lactide-co-glyco-
lide) copolymers have been optimized to reduce their interactions with plasma pro-

teins and to increase their circulating half-life [26, 27, 38]. Biodegradable nano-

spheres prepared from poly(lactide-co-glycolide) coated with poly(lactide)- PEG

diblock copolymers showed a significant increase in blood circulation time and re-

duced liver uptake in a rat model compared with non-coated poly(lactide-co-gly-
colide) nanospheres [39]. Nanocapsules containing poly(lactide)-PEG showed re-

duced association with a macrophage-like cell line (J774 A1) irrespective of

dilution and incubation time up to 24 h [40]. This formulation, which showed a

lower capture by macrophages in vitro, also gave good results in vivo, yielding a

plasma area under the curve 15-fold higher than that obtained with nanocapsules

stabilized by adsorbed Poloxamer F68. Persistence in the blood compartment was

accompanied by delayed liver and spleen uptake [41].

1.3.3

Actively Targetable Nanoparticles

Nanoparticles can be targeted to the particulate region of capillary endothelium, to

concentrate the drug within a particular organ and allow it to diffuse from the car-

rier to the target tissue. The folate receptor is overexpressed on many tumor cells.

Folinic acid has some advantages over transferrin or antibodies as a ligand for

long-circulating carriers because it is a much smaller molecule that is unlikely to

interact with opsonines and can be coupled easily to a poly(ethylene glycol) (PEG)

chain without loss of receptor-binding activity. This targeting strategy has also been

applied to long-circulating nanoparticles prepared from a cyanoacrylate-based poly-

mer. Folate grafted to PEG cyanoacrylate nanoparticles has a ten-fold higher appar-
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ent affinity for the folate-binding protein than the free folate. Indeed, the particles

represent a multivalent form of the ligand folic acid and folate receptors are often

disposed in clusters. Thus conjugated nanoparticles could display a stronger inter-

action with the surface of malignant cells [42]. Bovine serum albumin nanopar-

ticles have been reacted with the activated folic acid to conjugate folate via amino

groups of the nanoparticle to improve their intracellular uptake to target cells. The

nanoparticles were taken up to SKOV3 cells (human ovarian cancer cell line) and

levels of binding and uptake were increased with the time of incubation until 4 h.

The levels of folate-conjugated bovine serum albumin nanoparticles were higher

than those of non-conjugated nanoparticles and saturable. Association of folate

conjugated bovine serum albumin nanoparticles to SKOV3 cells was inhibited by

an excess amount of folic acid, suggestive of binding and/or uptake mediated by

the folate receptor [43].

Folate-linked microemulsions of the antitumor antibiotic aclacinomycin have

been developed and investigated both in vitro and in vivo. Three kinds of folate-

linked microemulsions with different PEG chain lengths loading aclacinomycin

were formulated. In vitro studies were performed in a human nasopharyngeal cell

line, KB, which overexpresses the folate receptor and in a human hepatoblastoma

cell line, folate receptor (–), HepG2. In vivo experiments were carried out in a KB

xenograft by systemic administration of folate-linked microemulsions loading acla-

cinomycin. This afforded selective folate receptor mediated cytotoxicity in KB but

not in HepG2 cells. Association of the folate-PEG 5000 linked and folate-PEG

2000 linked microemulsions with the cells was 200- and 4-fold higher, respectively,

whereas their cytotoxicity was 90- and 3.5-fold higher than those of non-folate

microemulsion. The folate-PEG 5000 linked microemulsions showed a 2.6-fold

higher accumulation in solid tumors 24 h after intravenous injection and greater

tumor growth inhibition than free aclacinomycin. This study showed how folate

modification with a sufficiently long PEG-chain on emulsions can be an effective

way of targeting emulsion to tumor cells [44].

Transferrin is another well-studied ligand for tumor targeting due to upregula-

tion of transferrin receptors in numerous cancer cell types. A transferrin-modified,

cyclodextrin polymer-based gene delivery system has been developed. The nano-

particle is surface-modified to display PEG for increasing stability in biological flu-

ids and transferrin for targeting of cancer cells that express transferrin receptor. At

low transferrin modification, the particles remain stable in physiologic salt concen-

trations and transfect K562 leukemia cells with increased efficiency over untar-

geted particles. The transferrin-modified nanoparticles are appropriate for use in

the systemic delivery of nucleic acid therapeutics for metastatic cancer applications

[45].

Nanoparticles conjugated with an antibody against a specific tumor antigen have

been developed to obtain selective drug delivery systems for the treatment of tu-

mors expressing a specific tumor antigen. For instance, biodegradable nanopar-

ticles based on gelatin and human serum albumin have been developed. The sur-

face of the nanoparticles was modified by covalent attachment of the biotin-binding

protein NeutrAvidin, enabling the binding of biotinylated drug targeting ligands by
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avidin–biotin complex formation. Using the HER2 receptor specific antibody tras-

tuzumab (Herceptin) conjugated to the surface of these nanoparticles, a specific

targeting to HER2-overexpressing cells could be shown. Confocal laser scanning

microscopy demonstrated an effective internalization of the nanoparticles by

HER2-overexpressing cells via receptor-mediated endocytosis [46].

There is a tremendous effort to develop and test gene delivery vectors that are

efficient, non-immunogenic, and applicable for cancer gene systemic therapy.

Since internalization of colloidal carriers usually leads to the lysosomal compart-

ment, in which hydrolytic enzymes will degrade both the carrier and its content,

the intracellular distribution of the carrier must be modified when the encapsu-

lated drug is a nucleic acid. Thus, systems have been developed that either fuse

with the plasma membrane or have a pH-sensitive configuration that changes con-

formation in the lysosomes and allows the encapsulated material to escape into the

cytoplasm [3]. Rapid endo-lysosomal escape of biodegradable nanoparticles formu-

lated from the copolymers of poly(d,l-lactide-co-glycolide) has been reported. This

occurred by selective reversal of the surface charge of nanoparticles (from anionic

to cationic) in the acidic endo-lysosomal compartment, which causes the nanopar-

ticles to interact with the endo-lysosomal membrane and escape into the cytosol.

These nanoparticles can deliver various therapeutic agents, including macromole-

cules such as DNA at a slow rate, resulting in a sustained therapeutic effect.

Thermo-responsive, pH-responsive and biodegradable nanoparticles have been de-

veloped by grafting biodegradable poly(d,l-lactide) onto N-isopropyl acrylamide and

methacrylic acid. It may be sufficient for a carrier system to concentrate the drug

in the tissue of interest. However, for hydrophilic molecules such as nucleic acid,

which cross the plasma membrane with difficulty, intracellular delivery is required.

Clinical trials for deadly pancreatic cancer have recently begun on two continents.

The aim is to evaluate the safety and efficacy of engineered nanoparticles guided

by a targeted delivery system to overcome dilution, filtration and inactivation en-

countered in the human circulatory system to deliver a killing designer gene to

metastatic tumors that are refractory to conventional chemotherapy. The first pa-

tients receiving multiple intravenous infusions of the targeted delivery system-

encapsulated genetic bullets have all responded favorably [47].

1.3.4

Routes of Drug Nanoparticles Administration

The most convenient route of drug administration is the oral one but this presents

several barriers to the use of colloidal carrier owing to conditions within the gastro-

intestinal tract. Duodenal enzymes and bile salts destroy the lipid bilayers of most

types of liposome, releasing the drug. Polymeric nanoparticles are more stable,

although there is some evidence that polyesters can be degraded by pancreatic

lipases [48]. They may be able to improve bioavailability, particularly for highly

insoluble drugs, by increasing the surface area for dissolution and as a result of

bioadhesion. However, nanoparticles can be used to protect a labile drug from deg-

radation in the gastrointestinal tract or to protect it from toxicity due to the drug.
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Polymeric nanoparticles, due to their bioadhesive properties, may be immobilized

within the mucus or, when in contact with the epithelial cells, show a slower clear-

ance from the gastrointestinal tract [49]. Nanoparticles of biodegradable polymers

containing alpha-tocopheryl PEG 1000 succinate (vitamin E TPGS) have been pro-

posed to replace the current method of clinical administration and to provide an

innovative solution for oral chemotherapy. Vitamin E TPGS could be a novel sur-

factant as well as a matrix material when blended with other biodegradable

polymers – it has great advantages for the manufacture of polymeric nanoparticles

for controlled release of paclitaxel and other anticancer drugs [50].

Potential applications of colloidal drug carriers by the intravenous route can be

summarized as concentrating drugs in accessible sites, rerouting drugs away from

sites of toxicity and increasing the circulation time of labile or rapidly eliminated

drugs.

After subcutaneous or intraperitoneal administration, nanoparticles are taken up

by regional lymph nodes [51].

Subcutaneously or locally injected (in the peri-tumoral region) nanoparticles can

be used for lymphatic targeting as a tool for chemotherapy against lymphatic tu-

mors or metastases since they penetrate the interstitial space around the injection

site and are gradually absorbed by the lymphatic capillaries into the lymphatic sys-

tem. Aclarubicin adsorbed onto activated carbon particles has been tested after sub-

cutaneous injection in mice, against a murine model (P288 leukemia cells) of

lymph node metastases [52]. The same system has also been used as a locoregional

chemotherapy adjuvant for breast cancer in patients after intratumoral and peritu-

moral injections [53]. In both cases, this carrier system distributed selectively high

levels of free aclarubicin to the regional lymphatic system and low levels to the rest

of the body. However, this carrier system is not biodegradable and it is rather big

(>100 nm), impeding drainage from the injection site. In addition, the drug is as-

sociated to the particles by adsorption, leading to a rapid release with possible sys-

temic absorption. Biodegradable systems coated by adsorption of the surfactant

Poloxamine 904 or poly(isobutyl cyanoacrylate) nanocapsules [51, 54] have been de-

veloped to improve lymphatic targeting. Poloxamine 904 caused an increased se-

questration of the particles in lymph nodes, reducing the systemic absorption of

any encapsulated drug [54]. Poly(isobutyl cyanoacrylate) nanocapsules were also

able to retain the lipophilic indicator 12-(9-anthroxy)stearic acid in the regional

lymph nodes for 168 h after intramuscular administration [51]. A study combin-

ing intratumoral administration of gadolinium-loaded chitosan nanoparticles and

neutron-capture therapy has been performed on the B16F10 melanoma model sub-

cutaneously implanted in mice. Gadolinium retention in tumor tissue increased

when it was encapsulated with respect to the free drug. Tumor irradiation 8 h after

the last intratumoral injection of gadolinium nanoparticles prevented further tu-

mor growth in the animals treated, thereby increasing their life expectancy [55].

Retention of carriers instilled into the eye also occurs, leading to important ther-

apeutic potential in this area. As well as a bioadhesive effect, some evidence has

been presented to show that nanoparticles can penetrate through the corneal epi-

thelium [56].

1.3 Nanoparticles as Anticancer Drug Delivery System 11



1.4

Anticancer Drug Nanoparticles

1.4.1

Anthracyclines

One of the most powerful and widely used anticancer drugs is doxorubicin, an an-

thracyclinic antibiotic that inhibits the synthesis of nucleic acids. This drug has a

very narrow therapeutic index as its clinical use is hampered by several undesirable

side-effects like cardiotoxicity and myelosuppression [57]. Thus, much effort has

been made to target doxorubicin to cancer tissues, improving its efficacy and safety.

Poly(isohexyl cyanoacrylate) nanospheres incorporating doxorubicin have been

developed. On an hepatic metastases model in mice (M5076 reticulum cell sar-

coma) such doxorubicin nanospheres afforded a greater reduction in the number

of metastases than when free doxorubicin was used and it appeared to increase

the life span of the metastasis-bearing mice [58]. Another study found higher con-

centrations of doxorubicin in mice liver, spleen and lungs with doxorubicin incor-

porated into poly(isohexyl cyanoacrylate) than in mice treated with free doxorubi-

cin. At the same time, the concentration of doxorubicin in heart and kidneys of

the mice were lower than when free doxorubicin was used [18]. Tissue pharma-

cokinetic studies showed that the underlying mechanism responsible for the in-

creased therapeutic efficacy of the nanoparticle formulation was a transfer of dox-

orubicin from the healthy hepatic tissue, acting as a drug reservoir, to the

malignant cells. Kupffer cells, after a massive uptake of nanoparticles by phagocy-

tosis, were able to induce the release of doxorubicin, leading to a gradient concen-

tration, favorable for a prolonged diffusion of the free and still active drug towards

the neighboring metastatic cells [59]. Thus, this biodistribution profile can be of

benefit for chemotherapeutic treatment of tumors localized in the mononuclear

phagocytic system.

Clinical pharmacokinetics after a single intravenous administration of doxorubi-

cin adsorbed onto poly(methacrylate) nanospheres has been investigated in hepa-

toma patients. This type of conventional carrier, although of limited use in vivo be-
cause not biodegradable, allowed a reduction in both the volume of distribution

and the elimination half-life of doxorubicin [60]. Another phase I clinical investiga-

tion has been carried out on 21 cancer patients with doxorubicin associated to

biodegradable poly(isohexyl cyanoacrylate) nanospheres. Pharmacokinetic studies

conducted in 3/21 patients revealed important interindividual variation for doxoru-

bicin (encapsulated or not) plasma levels. Clinical toxicity of encapsulated doxoru-

bicin consisted of dose-dependent myelosuppression of different grades in all pa-

tients, in pseudo-allergic reactions in 3/21 patients and in diffuse bone pain in 3/

21 patients. However, neither cardiac toxicity nor hepatotoxicity were encountered

among 18 patients treated with the nanoparticles formulation. According to WHO

criteria, there were only 2/21 stable diseases lasting 4–6 months. All the other pa-

tients had progressive disease after the first course of doxorubicin-loaded poly-

(isohexyl cyanoacrylate) nanospheres. This could be due to tumor localization, as
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they were rarely located at sites of the mononuclear phagocytic system, resulting in

subtherapeutic anticancer drug concentration exposure [61].

As doxorubicin-loaded poly(isobutyl cyanoacrylate) nanoparticles are more effi-

cient than free drug in mice bearing hepatic metastasis of the M5076 tumor, and

Kupffer cells could have acted as a drug reservoir after nanoparticle phagocytosis,

the role of macrophages in mediating the cytotoxicity of doxorubicin-loaded nano-

particles on M5076 cells was studied. After direct contact, free doxorubicin and

doxorubicin-loaded nanoparticles had the same efficacy against M5076 cell growth.

Co-culture experiments with macrophages J774.A1 led to a five-fold increase in the

IC50 for both doxorubicin and doxorubicin-loaded nanoparticles. The activation of

macrophages by IFN-g in co-culture significantly decreased the IC50s. After phago-

cytosis of doxorubicin-loaded nanoparticles, J774.A1 cells were able to release active

drug, allowing it to exert its cytotoxicity against M5076 cells. Drug efficacy was po-

tentiated by the activation of macrophages releasing cytotoxic factors such as NO,

which resulted in increased tumor cell death [62]. Similarly, the use in a murine

tumor model (implanted subcutaneously J774A.1 macrophages) of a dextran–

doxorubicin conjugate incorporated into small chitosan nanospheres was reported

to outperform the free conjugate, especially in relation to life expectancy [63].

The body distribution of nanoparticle incorporating doxorubicin injected into the

hepatic artery of hepatoma bearing rats was investigated. The nanoparticle formu-

lation and free doxorubicin were injected into the hepatic artery of Walker-256 hep-

atoma bearing rats on the seventh day after tumor implantation. Survival time, tu-

mor enlargement ratio and tumor necrosis degree were compared. Nanoparticles

containing doxorubicin substantially increased the drug concentrations in liver,

spleen, and tumor of rats compared to free drug, whereas the concentrations in

plasma, heart and lungs were significantly decreased. The nanoparticulate formu-

lation brought on a more significant tumor inhibition and more extensive tumor

necrosis. The prolonged life span ratio was 109.22% as compared with rats that ac-

cepted normal saline [64, 65].

The nanoparticle modified biodistribution may generate new types of toxicity, as

has been observed with doxorubicin incorporated in poly(isobutyl cyanoacrylate)

and poly(isohexyl cyanoacrylate) nanospheres, whose hematopoietic toxicity was

generally more pronounced and long-lasting than that of free doxorubicin [21].

Acute renal toxicity was another murine-reported doxorubicin toxicity, which was

amplified by the association of the drug to poly(isobutyl cyanoacrylate) nano-

spheres. Proteinuria was probably the result of a modified biodistribution of the

associated drug, which resulted in glomerular damage [66]. In another instance,

doxorubicin was incorporated into gelatin nanospheres by a covalent bond on its

amino group via glutaraldehyde [67]. Unfortunately, no or only marginal antitu-

mor activity against a C26 tumor (mouse colon adenocarcinoma) in vivo was

showed, and in certain cases there was even an increased doxorubicin cardiotoxic-

ity. Once again this lack of antitumor activity may due to slow dissociation of the

complex due to the covalent linkage or to the slow diffusion of the complex across

the cellular membrane.

Polysorbate 80-coated poly(isobutyl cyanoacrylate) nanospheres provided no ma-
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jor changes in doxorubicin biodistribution and pharmacokinetic parameters in rats

when compared to those of conventional poly(isobutyl cyanoacrylate) nanospheres.

However, the coated nanospheres did transport a significant amount of incorpo-

rated doxorubicin to the brain of healthy rats, reaching the highest drug levels in

this organ 2–4 h after intravenous administration. Consequently, an active trans-

port from the blood to the brain was suspected since cerebral accumulation oc-

curred against a concentration gradient. A mechanism involving an endocytosis

by brain endothelial cells was hypothesized, as the brain uptake was inhibited at

4 �C and after a pretreatment with cytochalasin B [68]. Then, polysorbate 80-coated

poly(isobutyl cyanoacrylate) nanoparticles were shown to enable the transport of

doxorubicin across the blood–brain barrier to the brain after intravenous adminis-

tration and to considerably reduce the growth of brain tumors in rats. The acute

toxicity of doxorubicin associated with polysorbate 80-coated nanoparticles in

healthy rats was studied and a therapeutic dose range for this formulation in rats

with intracranially implanted 101/8 glioblastoma was established. Single intrave-

nous administration of empty poly(isobutyl cyanoacrylate) nanoparticles in the

dose range 100–400 mg kg�1 did not cause mortality within the period of observa-

tion. Association of doxorubicin with poly(isobutyl cyanoacrylate) nanoparticles did

not produce significant changes of quantitative parameters of acute toxicity of the

antitumor agent. Likewise, the presence of polysorbate 80 in the formulations was

not associated with changes in toxicity compared with free or nanoparticulate drug.

The results in tumor-bearing rats were similar to those in healthy rats. The toxicity

of doxorubicin bound to nanoparticles was similar or even lower than that of

free doxorubicin [69]. As doxorubicin bound to polysorbate-coated nanoparticles

crossed the intact blood–brain barrier, reaching therapeutic concentrations in

the brain, the therapeutic potential of this formulation in vivo was studied using

an animal model created by implantation of 101/8 glioblastoma tumor in rat

brains. Rats treated with doxorubicin bound to polysorbate-coated nanoparticles

had significantly higher survival times than with free doxorubicin; over 20% of

the animals showed a long-term remission (Fig. 1.1). All animals treated with

polysorbate-containing formulation also had a slight inflammatory reaction to the

tumor. There was no indication of neurotoxicity [70].

Doxorubicin has also been conjugated chemically to a terminal end group of

poly(d,l-lactic-co-glycolic acid) by an ester linkage and then formulated into nano-

particles. The conjugated doxorubicin nanoparticles showed increased uptake with-

in a HepG2 cell line. They exhibited a slightly lower IC50 against the HepG2 cell

line than did free doxorubicin. An in vivo antitumor activity assay also showed

that a single injection of the nanoparticles had comparable activity to that of free

doxorubicin administered by daily injection [71]. Doxorubicin-loaded poly(butyl

cyanoacrylate) nanoparticles have been used to enhance the delivery of the drug

to Dalton’s lymphoma solid tumor. 99mTc-labeled complexes of doxorubicin and

doxorubicin-loaded poly(butyl cyanoacrylate) nanoparticles were administered sub-

cutaneously below the Dalton’s lymphoma tumor. The distribution of doxorubicin-

loaded poly(butyl cyanoacrylate) nanoparticles to the blood, heart and organs of the
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reticuloendothelial system was biphasic with a rapid initial distribution, followed

by a significant decrease later at 6 h post-injection. The distribution of doxorubicin

to tissues was very low initially and increased significantly at 6 h post-injection, in-

dicating its accumulation at the injection site for a longer time. The concentration

of doxorubicin-loaded poly(butyl cyanoacrylate) nanoparticles was also high in

tissues at 6 h post-injection, indicating their accumulation at the subcutaneous

site and consequent disposition to tissues with time. A significantly high tumor up-

take of doxorubicin-loaded poly(butyl cyanoacrylate) nanoparticles (approx. 13-fold

higher at 48 h post-injection) was found compared to free doxorubicin. Tumor con-

centrations of both doxorubicin and doxorubicin-loaded poly(butyl cyanoacrylate)

nanoparticles increased with time, indicating their slow penetration from the injec-

tion site into tumor [72].

Poly(ethylene glycol)-coated poly(hexadecyl cyanoacrylate) nanospheres also dis-

played a significant accumulation within an orthotopic 9L gliosarcoma model, after

intravenous administration to rats. Hence, in the same model, the pre-clinical effi-

cacy of this carrier when loaded with doxorubicin was evaluated. The cumulative

maximum tolerated dose of nanoparticulate doxorubicin was 1.5-fold higher than

that of free doxorubicin. Nevertheless, encapsulated doxorubicin was unable to elic-

it a better therapeutic response in the 9L gliosarcoma. A biodistribution study re-

vealed that the doxorubicin-loaded nanospheres accumulated to a 2.5-fold lesser ex-

tent in the 9L tumor than did the unloaded nanospheres and that they were mainly

Fig. 1.1. Kaplan–Meier survival curves.

Percentage of survival of the rats with

intracranially transplanted glioblastoma

after intravenous injection of 2.5 mg kg�1

doxorubicin each on day 2, 5 and 8 using

one of the following formulations: DOX,

doxorubicin in saline; DOXþPs, doxorubicin

in saline plus polysorbate 80; DOX-NP,

doxorubicin bound to poly(butyl cyanoacrylate)

nanoparticles; DOX-NPþPs, doxorubicin

bound to poly(butyl cyanoacrylate)

nanoparticles coated with polysorbate 80.

(Reproduced with permission from Ref. [70].)
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localized in the lungs and the spleen. Such a typical profile indicated aggregation

with plasma proteins as a consequence of the positive surface charge of these

loaded particles; this ionic interaction resulting from drug encapsulation was

mainly responsible for 9L treatment failure [73].

The ability of doxorubicin-loaded solid lipid nanoparticles to achieve prolonged

drug plasma levels was also investigated. One study observed a low uptake of solid

lipid nanoparticles by the liver and spleen macrophages. This might be explained

by a low surface hydrophobicity of the nanoparticles avoiding the adsorption of any

blood proteins mediating the uptake by liver and spleen macrophages [74]. More-

over, uptake of the solid lipid nanoparticles (SLNs) by the brain might be explained

by adsorption of a blood protein mediating adherence to the endothelial cells of the

blood–brain barrier [75]. Pharmacokinetic studies of doxorubicin incorporated into

SLNs showed higher blood levels in comparison to a commercial drug solution

after intravenous injection in rats. Concerning the body distribution, doxorubicin-

loaded SLNs caused higher drug concentrations in lung, spleen and brain, while

the solution led to a distribution more into liver and kidneys [76]. Furthermore, in-

corporation of doxorubicin into SLNs strongly enhanced its cytotoxicity in several

cell lines [77, 78]. In particular, in the human colorectal cancer cell line HT-29,

the intracellular doxorubicin content was double after 24 h exposure to loaded

SLNs versus the conventional drug formulation [78]. Pharmacokinetics and tissue

distribution of doxorubicin incorporated in non-sterically stabilized SLNs and in

sterically stabilized SLNs at increasing concentration of stearic acid-PEG 2000 as

stabilizing agent after intravenous administration to rabbits have been studied.

The doxorubicin area under the concentration–time curve increased as a function

of the amount of sterically stabilizing agent present in the SLNs. Doxorubicin was

present in the brain only after doxorubicin-loaded SLNs administration and the in-

crease in the stabilizing agent affected the doxorubicin transported into the brain.

There was always less doxorubicin in the liver, lungs, spleen, heart and kidneys

after injection of any of the types of SLNs than after the doxorubicin solution. In par-

ticular, all SLNs formulations significantly decreased heart and liver concentrations

of doxorubicin [79]. Interestingly, both non-coated and coated SLNs showed a sim-

ilar low uptake by liver and spleen macrophages [80]. The bioavailability of idaru-

bicin can be also improved by administering idarubicin-loaded SLNs duodenally to

rats. The pharmacokinetic parameters of idarubicin found after duodenal adminis-

tration of idarubicin solution and idarubicin-loaded SLNs were different. The area

under the concentration–time curve and the elimination half-life were 2- and 30-

fold higher after administration of idarubicin-loaded SLNs than after solution ad-

ministration, respectively. Tissue distribution also differed: idarubicin and its main

metabolite idarubicinol concentrations were lower in heart, lung, spleen and kid-

neys after idarubicin-loaded SLNs administration than after solution administra-

tion. Furthermore, the drug and its metabolite were detected in the brain only after

idarubicin-loaded SLNs administration, indicating that SLNs were able to cross the

blood–brain barrier. After intravenous idarubicin-loaded SLNs administration, the

area under the time–concentration curve of idarubicin was lower than after duode-

nal administration of the same formulation [81].
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1.4.1.1 Reverse of P-glycoprotein Mediated Multidrug Resistance

of Cancer Cells to Doxorubicin

Different types of nanoparticles have been developed to reverse the P-glycoprotein

mediated multidrug resistance of cancer cells to doxorubicin, an important prob-

lem in its clinical use.

Conventional poly(cyanoacrylate) nanoparticles allow doxorubicin P-glycoprotein

mediated multidrug resistance to be overcome in vitro only when the nanoparticles

and the resistant cancer cell line are in close contact [82]. The nanoparticle-

associated drug accumulated within the cells and appeared to avoid P-glycoprotein

dependent efflux. This reversal was only observed with poly(alkyl cyanoacrylate)

nanoparticles and was not due to particle endocytosis. The formation of a complex

between positively charged doxorubicin and negatively charged polymer degrada-

tion products seemed to favor diffusion across the plasma membrane [82].

When doxorubicin was coupled via an ionic interaction to non-biodegradable

poly(methacrylate) nanospheres, the P-glycoprotein mediated multidrug resistance

reversal differed from that of doxorubicin incorporated into biodegradable poly-

(cyanoacrylate) nanoparticles.

When adsorbed onto the surface of poly(methacrylate) nanospheres, doxorubicin

was demonstrated to be cell internalized by an endocytic process in cultured rat

hepatocytes and in a human monocyte-like cancer cell line expressing P-glycopro-

tein (U-937). Once internalized, poly(methacrylate) nanospheres generated an in-

tracellular sustained release of doxorubicin in U-937 cells. A higher intracellular

accumulation, related to a more important cytotoxicity on U-937 cells, was noted

for encapsulated doxorubicin than for free doxorubicin. However, such a carrier,

despite its ability to mask the positive charge of doxorubicin, is of limited use in
vivo since it is not biodegradable [83].

When doxorubicin was incorporated into rapidly biodegraded poly(isobutyl cya-

noacrylate) nanospheres and tested in a resistant murine leukemia sub-line over-

expressing P-glycoprotein (P388/ADR), a higher cellular uptake was observed. Fur-

thermore, the cell uptake kinetics of doxorubicin nanoparticles were unchanged in

the presence of cytochalasin B, an endocytosis inhibitor. Efflux studies showed a

similar profile for doxorubicin in nanoparticulate or free form. This suggests that

poly(isobutyl cyanoacrylate) nanospheres did not enter the cells. In an in vitro
model of doxorubicin-resistant rat glioblastoma (C6 cells sub-lines), doxorubicin

incorporated into poly(isobutyl cyanoacrylate) nanospheres was always more cyto-

toxic, and also had a lower intracellular concentration, than the free drug. The poly-

mer constituting the nanospheres did not inhibit the P-glycoprotein by direct inter-

action with the protein. It was also observed that on C6 cell sub-lines with different

expression of P-glycoprotein that doxorubicin nanospheres were only efficient on

pure P-glycoprotein mediated multidrug resistance phenotype cells and not on the

additional mechanisms of resistance to doxorubicin [84]. Thus, the mechanism of

P-gp reversion by nanoparticles could only be explained by a local delivery of the

drug in high concentration close to the cell membrane, after degradation of the

polymeric carrier. Such local microconcentration of doxorubicin was supposed to

be able to saturate P-glycoprotein [85]. P-glycoprotein mediated multidrug resis-
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tance is overcome with poly(isobutyl cyanoacrylate) and poly(isobutyl cyanoacry-

late) doxorubicin-loaded nanospheres not only due to the adsorption of nanopar-

ticles to the cell surface but also due to an increased diffusion of doxorubicin

across the plasma membrane, thanks to the formation of an ion pair between neg-

atively charged cyanoacrylic acid (a nanoparticle degradation product) and the pos-

itively charged doxorubicin. Such ion-pair formation has been evidenced by Raman

spectroscopy and by ion-pair reversed-phase HPLC [86]. Masking the positive

charge of the amino sugar of doxorubicin appears to be key to overcoming P-gp

mediated multidrug resistance. At the same time, the cytotoxic activity of doxorubi-

cin was only slowly compromised after chemical modifications of the amino sugar.

Consequently, some studies focused on developing systems featuring covalent link-

age between the polymers and the amino sugar of doxorubicin [87]. Such a com-

plex mechanism for overcoming P-glycoprotein mediated multidrug resistance

was only observed with cyanoacrylate nanoparticles.

The failure to overcome P-glycoprotein mediated multidrug resistance with

nanoparticles designed with other polymers could be explained by an appropriate

release mechanism of drug (diffusion could lead to the release of the active com-

pound without the polymeric counter ion), by degradation kinetics of the polymer

that are too slow, or by the size of the polymeric counter ion, which could be the

limiting factor for diffusion across the cell membrane.

Interestingly, the association of doxorubicin with poly(alkyl cyanoacrylate) nano-

particles also reversed the resistance to doxorubicin in numerous multidrug-

resistant cell lines [88].

Furthermore, doxorubicin encapsulated in poly(isohexyl cyanoacrylate) nano-

spheres can circumvent P-glycoprotein mediated multidrug resistance. K562 and

MCF7 cell lines were more resistant to free doxorubicin than to doxorubicin poly-

(isohexyl cyanoacrylate) nanospheres. The MCF7 sub-lines selected with doxorubi-

cin poly(isohexyl cyanoacrylate) nanospheres exhibited a higher level of resistance

to both doxorubicin formulations than those selected with free doxorubicin. Differ-

ent levels of overexpression of several genes involved in drug resistance occurred in

the resistant variants. MDR1 gene overexpression was consistently higher in free

doxorubicin selected cells than in doxorubicin poly(isohexyl cyanoacrylate) nano-

sphere selected cells, while this was the reverse for the BCRP gene. Overexpression

of the MRP1 and TOP2 alpha genes was also observed in the selected variants.

Thus, drug encapsulation markedly alters or delays the several mechanisms in-

volved in the acquisition of drug resistance [89].

Other strategies to bypass doxorubicin multidrug resistance, such as the use of

StealthTM poly(cyanoacrylate) nanoparticles, could be considered, as well as the

co-administration of doxorubicin with chemo-sensitizing agents, generally acting

as P-glycoprotein inhibitors. Co-encapsulation of the reversing agent cyclosporin

and doxorubicin into poly(isobutyl cyanoacrylate) nanospheres was investigated to

reduce the side-effects of both drugs while enhancing their efficacy. This formula-

tion, compared to incubation of cyclosporin and doxorubicin, or doxorubicin nano-

particles and cyclosporin, elicited the most effective growth rate inhibition on
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P388/ADR cells. Such a high efficacy was supposed to result from the synergistic

effect of the rapid release of both doxorubicin and cyclosporin at the surface of can-

cer cells, allowing a better internalization of doxorubicin, while inhibiting its efflux

by blocking the P-gp with the cyclosporin [90].

1.4.2

Antiestrogens

Nanospheres and nanocapsules made of biodegradable copolymers and coated

with poly(ethylene glycol) (PEG) chains have been developed as parenteral delivery

system for the administration of the anti-estrogen 4-hydroxytamoxifen RU 58668

(RU). Coating with PEG chains lengthened the anti-estrogen activity of RU, with

prolonged antiuterotrophic activity of the encapsulated drug into PEG-poly(d,l-

lactic acid) nanospheres as compared with non-coated nanospheres. In mice bear-

ing MCF-7 estrogen-dependent tumors, free RU injected by the intravenous route

slightly decreased estradiol-promoted tumor growth while RU-loaded PEG-poly-

(d,l-lactic acid) nanospheres injected at the same dose strongly reduced it. The

antitumoral activity of RU encapsulated within PEGylated nanocapsules was

stronger than that of RU entrapped with PEGylated nanospheres loaded at an

equivalent dose. The PEGylated nanocapsules decreased the tumor size in

nude mice transplanted with estrogen receptor-positive but estrogen-independent

MCF-7/Ras breast cancer cells at a concentration 2.5-fold lower than that of the

PEGylated nanospheres [91, 92].

To increase the local concentration of tamoxifen in estrogen receptor-positive

breast cancer cells poly(e-caprolactone) nanoparticle formulation has been devel-

oped. Poly(e-caprolactone) nanoparticles labeled with rhodamine123 were incu-

bated with MCF-7 estrogen receptor-positive breast cancer cells. A significant frac-

tion of the administered rhodamine123-loaded poly(e-caprolactone) nanoparticles

was found in the perinuclear region of the MCF-7 cells, where estrogen receptors

are also localized, after 1 h of incubation. These nanoparticles were rapidly inter-

nalized in MCF-7 cells and intracellular tamoxifen concentrations followed a sat-

urable process [93]. In another study, the biodistribution profile of tamoxifen

encapsulated in polymeric nanoparticulate formulations after intravenous admin-

istration was evaluated, with or without surface-stabilizing agents. In vivo bio-

distribution studies of tamoxifen-loaded poly(ethylene oxide)-modified poly(e-

caprolactone) nanoparticles were carried out in Nu/Nu athymic mice bearing a

human breast carcinoma xenograft, MDA-MB-231, using tritiated [3H]tamoxifen

as radio-marker for quantification. After intravenous administration the drug-

loaded nanoparticles accumulated primarily in the liver, though up to 26% of the

total activity could be recovered in tumor at 6 h post-injection for poly(ethylene

oxide)-modified poly(e-caprolactone) nanoparticles. In comparison with free drug

and uncoated nanoparticles, the modified nanoparticles exhibited a significantly in-

creased level of accumulation of the drug within the tumor with time as well as

prolonged drug presence in the systemic circulation [94].

1.4 Anticancer Drug Nanoparticles 19



1.4.3

Anti-metabolites

Poly(amidoamine) dendritic polymers coated with poly(ethylene glycol) have been

developed to deliver 5-fluorouracil. In rats after intravenous administration this

nanoparticle formulation showed a lower drug clearance than after the free drug

administration [95]. In addition, poly(d,l-lactide)-g-poly(N-isopropyl acrylamide-co-
methacrylic acid) nanoparticles have been studied as drug carrier for intracellular

delivery of 5-fluorouracil [96].

Methotrexate has been incorporated in modified poly(amidoamine) dendritic

polymers conjugated to folic acid as a targeting agent. These conjugates were in-

jected intravenously into immunodeficient mice bearing human KB tumors that

overexpress the folic acid receptor. Targeting methotrexate increased its antitumor

activity and markedly decreased its toxicity, allowing therapeutic responses not pos-

sible with the free drug [97].

1.4.4

Camptothecins

Solid lipid nanoparticles (SLNs) are a promising sustained release system for

camptothecin after oral administration. The pharmacokinetics and body distribu-

tion of camptothecin after intravenous injection in mice have been studied. Two

plasma peaks were observed after administration of camptothecin-loaded SLNs.

The first was attributed to the presence of free drug, the second peak can be attrib-

uted to controlled release or potential gut uptake of the SLNs. In comparison to the

drug solution, SLNs lead to a much higher area under the concentration–time

curve/dose and mean residence times, especially in brain, heart and organs con-

taining reticuloendothelial cells. The highest area under the concentration time

curve ratio of SLNs to drug solution among the tested organs was found in the

brain. Incorporation of camptothecin into SLNs also prevented its hydrolysis [98].

The in vitro and in vivo antitumor characteristics of methoxy poly(ethylene

glycol)-poly(d,l-lactic acid) nanoparticles containing camptothecin have been exam-

ined. After intravenous administration in rats, camptothecin-loaded nanoparticles

showed a longer plasma retention than camptothecin solution and high and long

tumor localization. In both single and double administration to mice bearing sar-

coma 180 solid tumor, camptothecin-loaded nanoparticles were much more effec-

tive than camptothecin solution, in particular the tumor disappeared completely in

three of the four mice after double administration of camptothecin-loaded nano-

particles [99].

Irinotecan-containing nanoparticles have been prepared by co-precipitation

with addition of water to an acetone solution of poly(d,l-lactic acid), PEG-block-
poly(propylene glycol)-block-PEG and irinotecan. When the antitumor effect was

examined using mice bearing sarcoma 180 subcutaneously, only nanoparticles sup-

pressed tumor growth significantly. After intravenous injection in rats, nanopar-
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ticles maintained irinotecan plasma concentration longer than irinotecan aqueous

solution [100].

Lipid based nanoparticles incorporating the irinotecan analog SN-38 have been

developed and studied in vitro and in vivo. Interestingly, incorporation of SN-38

into nanoparticles improved the stability of the active drug, the lactone form, in

serum-containing medium. Furthermore, studies in nude mice showed a pro-

longed half-life of the active drug in whole blood and increased efficacy compared

to irinotecan in a mouse xenograft tumor model [101].

1.4.5

Cisplatin

Nanoparticles prepared from poly(lactide-co-glycolide) copolymers increase the cir-

culating half-life of cisplatin [102]. A system for the local delivery of chemotherapy

to malignant solid tumors has been developed based on calcium phosphate nano-

particles containing cisplatin. Cytotoxicity was investigated in a K8 clonal murine

osteosarcoma cell line. Drug activity was retained after adsorption onto the apatite

crystals and the apatite/cisplatin formulation exhibited cytotoxic effects with a

dose-dependent decrease of cell viability [103].

1.4.6

Paclitaxel

Paclitaxel, a microtubule-stabilizing agent that promotes polymerization of tubulin

causing cell death by disrupting the dynamics necessary for cell division, is effective

against a wide spectrum of cancers, including ovarian cancer, breast cancer, small

and non-small cell lung cancer, colon cancer, head and neck cancer, multiple mye-

loma, melanoma and Kaposi’s sarcoma. In clinical practice high incidences of ad-

verse reactions of the drug such as neurotoxicity, myelosuppression and allergic re-

actions have been reported. Since its clinical administration is hampered by its

poor solubility in water, excipients such as Cremophor EL (polyethoxylated castor

oil) and ethanol are used in the pharmaceutical drug formulation of the current

clinical administration [104].

Cremophor EL and polysorbate 80 (Tween 80) are widely used as drug formula-

tion vehicles for the taxane anticancer agents paclitaxel and docetaxel. Both solu-

bilizers are biologically and pharmacologically active compounds, and their use as

drug formulation vehicles has been implicated in clinically important adverse ef-

fects, including acute hypersensitivity reactions and peripheral neuropathy. Cremo-

phor EL and Tween 80 have also been demonstrated to influence the disposition of

solubilized drugs that are administered intravenously. The overall resulting effect

is a highly increased systemic drug exposure and a simultaneously decreased clear-

ance, leading to alteration in the pharmacodynamic characteristics of the solubi-

lized drug. Kinetic experiments revealed that this effect is caused primarily by re-

duced cellular uptake of the drug from large spherical micellar-like structures with

a highly hydrophobic interior, which act as the principal carrier of circulating drug.
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The existence of Cremophor EL and Tween 80 in blood as large polar micelles has

also raised additional complexities in the case of combination chemotherapy regi-

mens with taxanes, such that the disposition of several co-administered drugs, in-

cluding anthracyclines and epipodophyllotoxins, is significantly altered. In contrast

to the enhancing effects of Tween 80, addition of Cremophor EL to the formulation

of oral drug preparations seems to result in significantly diminished drug uptake

and reduced circulating concentrations [105]. Nanoparticles of biodegradable poly-

mers can provide an ideal solution to such an adjuvant problem and realize a con-

trolled and targeted delivery of paclitaxel with better efficacy and less side-effects.

With further development, such as particle size optimization and surface coating,

nanoparticle formulation of paclitaxel can promote full paclitaxel efficacy, thereby

improving the quality of life of the patients.

Paclitaxel incorporated into poly(vinylpyrrolidone) nanospheres has been assayed

on a B16F10 murine melanoma transplanted subcutaneously in C57B1/6 mice.

Mice treated with repeated intravenous injections of paclitaxel-loaded nanospheres

showed a significant tumor regression and higher survival rates than mice treated

with free paclitaxel [106]. Sterically stabilized SLNs were also prepared to prolong

the blood circulation time following intravenous administration [107]. Incorpora-

tion of paclitaxel into SLNs enhanced paclitaxel cytotoxicity on the human breast

adenocarcinoma cell line MCF-7, but not on the human promyelocytic leukemia

cell line HL-60 [77].

In a phase I study, ABI-007 – a novel formulation prepared by high-pressure ho-

mogenization of paclitaxel in the presence of human serum albumin, which re-

sults in a nanoparticle colloidal suspension – was found to offer several clinical ad-

vantages, including a rapid infusion rate and a high maximum tolerated dose.

Furthermore, the absence of Cremophor EL allowed ABI-007 to be administered

to patients without a need for premedication that is routinely used to prevent the

hypersensitivity reactions associated with the conventional formulation of pacli-

taxel. Hematologic toxicities were mild throughout treatment, while most non-

hematologic toxicities were grade 1 or 2 [108].

The feasibility, maximum tolerated dose, and toxicities of intraarterial adminis-

tration of ABI-007 were studied in patients with advanced head and neck and re-

current anal canal squamous cell carcinoma in 43 patients (31 with advanced

head and neck and 12 with recurrent anal canal squamous cell carcinoma). Pa-

tients were treated intraarterially with paclitaxel-albumin nanoparticles every four

weeks for three cycles. Paclitaxel albumin nanoparticles were compared prelimi-

narily with paclitaxel for in vitro cytostatic activity. Significantly, pharmacoki-

netic profiles after intraarterial administration were obtained (Fig. 1.2). The dose-

limiting toxicity of the nanoparticles formulation was myelosuppression consisting

of neutropenia in three patients. Non-hematologic toxicities included total alopecia,

gastrointestinal toxicity, skin toxicity, neurologic toxicity, ocular toxicity, flu-like.

The maximum tolerated dose in a single administration was 270 mg m�2. Most

dose levels showed considerable antitumor activity (80.9% complete response and

partial response) [109].

The effectiveness of intraarterial infusion of paclitaxel incorporated into human
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albumin nanoparticles for use as induction chemotherapy before definitive treat-

ment of advanced squamous cell carcinoma of the tongue was also evaluated on

23 untreated patients who had carcinoma of the tongue. Each patient received two

to four infusions, with a three-week interval between infusions. Sixteen patients

underwent surgery, and of the remaining seven patients one received chemother-

apy alone, four received radiotherapy alone, one received chemotherapy plus radio-

Fig. 1.2. Concentration–time curves. Mean

paclitaxel concentration versus time profiles in

patients with head and neck (A) or anal canal

(B) carcinomas during and after 30 min

constant infusion of ABI-007 (250 mg m�2 of

paclitaxel); iv, intravenous; ia, intraarterial; svc,

superior vena cava; ivc, inferior vena cava.

(Reproduced with permission from Ref. [109].)
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therapy and one refused any further treatment. Eighteen patients (78%) had a clin-

ical and radiologic objective response (complete, 26%; partial, 52%). Three patients

(13%) showed stable disease and two (9%) showed disease progression. The toxic-

ities encountered were hematologic in two patients (8.6%) and neurologic in two

patients (8.6%) [110].

Furthermore, a recent phase III trial in patients with metastatic breast cancer

compared ABI-007 with paclitaxel. ABI-007 resulted in significantly higher re-

sponse rates and time to tumor progression than paclitaxel. Toxicity data showed

that ABI-007 resulted in less grade 4 neutropenia than paclitaxel, and although

the incidence of grade 3 sensory neuropathy was higher with ABI-007, the time

until the neuropathy decreased to grade 2 was significantly less with ABI-007 com-

pared with paclitaxel [111].

A cholesterol-rich microemulsion or nanoparticle termed LDE has been devel-

oped and its cytotoxicity, pharmacokinetics, toxicity to animals and therapeutic

action has been compared with those of the commercial paclitaxel. The cytostatic

activity of the drug in the complex was diminished compared with commercial pa-

clitaxel due to the cytotoxicity of the vehicle Cremophor EL used in the commercial

formulation. Competition experiments in neoplastic cultured cells showed that pa-

clitaxel oleate and LDE were internalized together by the LDL receptor pathway.

LDE-paclitaxel oleate arrested the G2/M phase of cell cycle, similarly to commercial

paclitaxel. Tolerability to mice was remarkable, such that the lethal dose (LD50) was

nine-fold greater than that of the commercial formulation. Furthermore, LDE con-

centrated paclitaxel oleate in the tumor four-fold relative to the normal adjacent tis-

sues. At equimolar doses, the association of paclitaxel oleate with LDE resulted in

remarkable changes in the drug pharmacokinetic parameters when compared to

commercial paclitaxel, with increasing half-life, area under the time–concentration

curve and diminishing clearance [112].

The in vitro antitumoral activity of a developed poly(lactic-co-glycolic acid) nano-

particle formulation incorporating paclitaxel-loaded has been assessed on a human

small cell lung cancer cell line (NCI-H69 SCLC) and compared to the in vitro anti-

tumoral activity of the commercial formulation. The release behavior of paclitaxel

from the nanoparticles exhibited a biphasic pattern characterized by an initial fast

release during the first 24 h, followed by a slower and continuous release. Incorpo-

ration of paclitaxel in these nanoparticles strongly enhanced the cytotoxic effect of

the drug as compared to free drug, this effect being more relevant for prolonged

incubation times [113]. In addition, nanoparticles of poly(lactic-co-glycolic acid)

have been developed by a modified solvent extraction/evaporation technique, in

which natural emulsifiers, such as phospholipids, cholesterol and vitamin E

TPGS were applied. These natural emulsifiers showed great advantages for nano-

particle formulation of paclitaxel over the traditional macromolecular emulsifiers

such as poly(vinyl alcohol). In the human adenocarcinoma cell line HT-29 the cyto-

toxicity caused by the drug administered after 24 h incubation was 13-fold higher

than that caused by the free drug [114].

To improve paclitaxel use in intravesical therapy of superficial bladder cancer,

paclitaxel-loaded gelatine nanoparticles have been developed. The excipient Cremo-
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phor EL contained in the commercial formulation of paclitaxel forms micelles that

entrap the drug, reducing its partition across the urothelium. The paclitaxel-loaded

nanoparticles were active against human RT4 bladder transitional cancer cells with

IC50s nearly identical to those of the commercial solution of paclitaxel. In dogs

given an intravesical dose of paclitaxel-loaded particles, drug concentrations in the

urothelium and lamina propria tissue layers, where Ta and T1 tumors would be

located, were 2.6-fold greater than those reported for dogs treated with the Cremo-

phor EL formulation [115].

The in vitro cytotoxicity, in vivo antitumor activity, pharmacokinetics, pharmaco-

dynamics, and neurotoxicity of a micellar nanoparticle formulation of paclitaxel,

NK105, has been compared with those of free paclitaxel. NK105 showed signifi-

cantly potent antitumor activity on a human colorectal cancer cell line (HT-29) xeno-

graft as compared with paclitaxel. The area under the time–concentration curve

was approximately 90-fold higher for NK105 than for free paclitaxel. Leakage of pa-

clitaxel from normal blood vessels was minimal and its capture by the reticulo-

endothelial system minimized. Thus, the tumor area under the time–concentration

curve was 25-fold higher for NK105 than for free paclitaxel. Neurotoxicity was sig-

nificantly weaker with NK105 than with free paclitaxel [116].

Paclitaxel-loaded biodegradable nanoparticles following conjugation to transfer-

rin ligand have been developed to enhance the therapeutic efficacy of the encapsu-

lated drug in the treatment of prostate cancer. The antiproliferative activity of nano-

particles was determined in a human prostate cancer cell line (PC3) and the effect

on tumor inhibition in a murine model of prostate cancer. The IC50 of the drug

with transferrin ligand conjugated nanoparticles was about five-fold lower than

that with unconjugated nanoparticles or drug in solution. Animals that received

an intratumoral injection of paclitaxel loaded transferrin ligand conjugated nano-

particles demonstrated complete tumor regression and greater survival rate than

those that received either unconjugated nanoparticles or paclitaxel Cremophor EL

formulation [117].

Poly(ethylene glycol)-coated biodegradable poly(cyanoacrylate) nanoparticles

were also conjugated to transferrin for paclitaxel delivery. This nanoparticle formu-

lation exhibited a markedly delayed blood clearance in mice and the paclitaxel level

remained much higher at 24 h compared with that of free drug after paclitaxel in-

travenous injection. In S-180 solid tumor-bearing mice, tumor regression was sig-

nificant with the actively targetable nanoparticles, and complete tumor regression

occurred for five out of nine mice. In addition, the life span of tumor-bearing mice

was significantly increased when they were treated with the nanoparticle formula-

tion [118].

Paclitaxel is active against gliomas and various brain metastases, though its use

in treating brain tumors is limited due to low blood–brain barrier permeability.

The lack of paclitaxel brain uptake is thought to be associated with the P-

glycoprotein efflux transporter. To improve paclitaxel brain uptake, paclitaxel was

entrapped in ethyl alcohol/polysorbate nanoparticles. The paclitaxel nanoparticles

cytotoxicity profile was monitored in two different cell lines, U-118 and HCT-15.

Brain uptake of paclitaxel nanoparticles was evaluated using an in situ rat brain
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perfusion model. The results suggest that entrapment of paclitaxel in nanoparticles

significantly increases the drug brain uptake and its toxicity toward P-glycoprotein-

expressing tumor cells. It was hypothesized that paclitaxel nanoparticles could

mask paclitaxel characteristics and thus limit its binding to P-glycoprotein, which

consequently would lead to higher brain and tumor cell uptake of the otherwise

effluxed drug [119].

1.4.7

Miscellaneous Agents

1.4.7.1 Arsenic Trioxide

Arsenic trioxide was considered as a novel antitumor agent. However, it also

showed a severe toxicity effect on normal tissue. To improve its therapeutic efficacy

and decrease its toxicity, arsenic trioxide-loaded albuminutes immuno-nanospheres

targeted with monoclonal antibody (McAb) BDI-1 have been developed and its spe-

cific killing effect against bladder cancer cells (BIU-87) investigated. The albumi-

nutes immuno-nanospheres were tightly junctioned with the BIU-87 cells and spe-

cific killing activity of bladder tumor cells was observed [120].

1.4.7.2 Butyric Acid

Butyric acid, a short-chain fatty acid naturally present in the human colon, regu-

lates cell proliferation. It specifically modulates the expression of oncogenes such

as c-myc, c-fos and H-ras, and various genes involved in the activation of apoptosis

like p53 and bcl-2. The clinical applicability of the sodium salt of butyric acid is

limited because of its short half-life of approximately 5 min. To improve its efficacy

the pro-drug cholesterylbutyrate has been used as a lipid matrix to develop SLNs.

The in vitro antiproliferative effect of cholesterylbutyrate SLNs was stronger than

that of sodium butyrate in several human cell lines [121–123].

1.4.7.3 Cystatins

Cystatins can inhibit the tumor-associated activity of intracellular cysteine pro-

teases cathepsins B and L and have been suggested as potential anticancer drugs.

Chicken cystatin, a model protein inhibitor of cysteine proteases, in poly(lactide-co-
glycolide) nanoparticles has been developed to improve its bioavailability and deliv-

ery into tumor cells. Poly(lactide-co-glycolide) nanoparticles and cystatin-loaded

poly(lactic-co-glycolic acid) (PLGA) nanoparticles were cytotoxic towards mammary

MCF-10A neoT cells, but free cystatin at the same concentrations was not. Poly

(lactide-co-glycolide) nanoparticles were rapidly internalized into MCF-10A neoT

cells, whereas the uptake of free cystatin was very slow. These nanoparticles are a

useful carrier system. Delivery of the protein inhibitor into tumor cells was rapid

and useful to inhibit intracellular proteolysis [124].

1.4.7.4 Diethylenetriaminepentaacetic Acid

Since chelating agents exhibit anticancer effects, the cytotoxicity of the extracellular

chelator diethylenetriaminepentaacetic acid (DTPA) has been evaluated in breast
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cancer cells, MCF-7, and neuroblastoma cells, UKF-NB-3. DTPA inhibited cancer

cell growth in three-fold lower concentrations compared to human foreskin fibro-

blasts. The anticancer activity of chelating agents is caused by intracellular com-

plexation of metal ions. DTPA was covalently coupled to human serum albumin

nanoparticles and gelatin type B (GelB) nanoparticles to increase its cellular up-

take. Coupling of DTPA to this drug carrier system increased its cytotoxic activity

by five-fold [125].

1.4.7.5 Mitoxantrone

Mitoxantrone-loaded poly(butyl cyanoacrylate) nanoparticles have been tested in

leukemia- or melanoma-bearing mice after intravenous injection. Efficacy and tox-

icity of mitoxantrone nanoparticles were compared with a drug solution and with a

mitoxantrone-liposome formulation. The poly(butyl cyanoacrylate) nanoparticles

and liposomes influenced the efficacy of mitoxantrone in cancer therapy in differ-

ent ways. Liposomes prolonged survival time in P388 leukemia, whereas nanopar-

ticles led to a significant tumor volume reduction in B16 melanoma. Neither nano-

particles nor liposomes were able to reduce the toxic side-effects caused by

mitoxantrone, specifically leucocytopenia [126].

In a different study, mitoxantrone adsorbed onto poly(isobutyl cyanoacrylate)

nanospheres, coated or not with poloxamine 1508, was administered by intrave-

nous injection in B16 melanoma-bearing mice. In both cases, the observed tumor

concentrations of mitoxantrone were high. However, the influence of the hydro-

philic coating of the nanoparticles on the biodistribution and pharmacokinetics

was minor. Moreover, the non-adsorbed drug was not removed from the nanopar-

ticle preparation and the hydrophilic coating was rapidly desorbed in vivo [127].

1.4.8

Gene Therapy

Delivery systems are necessary for molecules such as antisense oligonucleotides

since they are susceptible to nuclease-mediated degradation in the circulation and

penetrate poorly through the membranes. They are also susceptible to nuclease at-

tack within the lysosomes and their site of action is either in the cytoplasm in the

case of an antisense strategy or in the nucleus for gene replacement or antigene

therapy.

Antisense oligonucleotides are molecules that can inhibit gene expression being

potentially active for the treatment of cancer. Short nucleic acid sequences specific

to oncogene targets such as bcl-2, bcr-abl and c-myc have been shown to exhibit

specific anticancer activity in vitro through antigene or antisense activity. However,

their negative charge seriously hinders the intracellular penetration of these short

fragments of nucleic acid. Efficient in vivo delivery of oligonucleotides remains a

major limitation for their therapeutic application.

To prevent the degradation of oligonucleotides and improve their intracellular

capture, it was proposed to associate them with nanoparticles. Oligonucleotides as-

sociated to nanoparticles were shown to be protected against degradation and to
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penetrate more easily into different types of cells. Poly(alkyl cyanoacrylate) nano-

particles mainly release their drug content by biodegradation, thus rendering the

release profile of an entrapped compound independent of its physicochemical

characteristics. After intratumoral injection, the bioavailability of oligonucleotides

is seriously reduced due to their fast degradation by ubiquitous exo- and endo-

nucleases [128].

For instance, a carrier system consisting of a cationic hydrophobic detergent

(cetyltrimethylammonium bromide, CTAB), which interacted with the oligonucleo-

tides by ion-pairing, was developed. In vivo, HBL100ras1 cells implanted in nude

mice were treated intratumorally with several formulations of oligonucleotides tar-

geted against Has-ras oncogene. Tumor growth inhibition was achieved at con-

centrations 100-fold lower than those needed with free oligonucleotides, when the

oligonucleotides-CTAB complex was adsorbed onto the surface of the poly(isohexyl

cyanoacrylate) nanospheres. Interestingly, the oligonucleotides-CTAB complex

alone exerted no effect on HBL1000ras1 cell proliferation. Analysis of the amount

of intact intracellular oligonucleotides, in cell culture experiments, revealed con-

centrations 100-fold higher in cells treated with oligonucleotides-CTAB adsorbed

onto nanospheres [129].

The nanospheres were able to enhance oligonucleotides cell internalization and

to protect oligonucleotides from both rapid cell internalization and rapid intra-

cellular breakdown, which led to a considerably higher intracellular concentration

of intact oligonucleotides and to a more efficient antisense activity. However, the

oligonucleotides release was followed by the release of the detergent CTAB, which,

at high intracellular concentrations, could induce cell toxicity.

Cholesterol-modified oligonucleotides, capable of direct adsorption onto poly-

(alkyl cyanoacrylate) nanospheres without the need for potentially toxic intermedi-

ates, have also been tested, but they proved less able to inhibit T24 human bladder

carcinoma cells proliferation in culture than the system previously described [130].

To circumvent CTAB toxicity while maintaining an efficient biological activity,

another approach was developed. Functional nanospheres were obtained by free

radical emulsion polymerization of methyl methacrylate using the quaternary am-

monium salt of 2-(dimethylamino)ethyl methacrylate as the reactive emulsifier

[131].

The cationic dextran derivative diethylaminoethyl-dextran, by formation of an ion

pair at the oligonucleotides surface, was developed to replace CTAB and was asso-

ciated with poly(isohexyl cyanoacrylate) nanospheres. Poly(isohexyl cyanoacrylate)

nanoparticles, with an aqueous core containing oligonucleotides, were prepared

by interfacial polymerization of isobutyl cyanoacrylate in water/oil emulsion. Fur-

ther studies also demonstrated that nanoencapsulation was able to protect oligo-

nucleotides against degradation by serum nucleases contained in the cell culture

medium [132].

For in vivo studies, phosphorothioate oligonucleotides against EWS Fli-1 chimeric

RNA were encapsulated into cyanoacrylate nanocapsules and their efficacy was

tested on experimental Ewing sarcoma, after intratumoral administration. Oligo-
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nucleotides nanocapsules led to more efficient tumor growth inhibition. The en-

capsulation of oligonucleotides provided enhanced protection against in vivo degra-
dation, resulting in a higher number of oligonucleotides available. Cyanoacrylate

nanocapsules yielded a higher ratio of oligonucleotides targeting the tumor cells

[133].

In vivo, poly(alkyl cyanoacrylate) nanoparticles were able to efficiently distribute

the oligonucleotides to the liver and to improve, in mice, the treatment of RAS

cells expressing the point mutated Ha-ras gene. As all the oligonucleotides studied

had a specific therapeutic efficacy, this means that the oligonucleotides delivered by

nanoparticles escape from the lysosome compartment before degradation [134].

Preclinical studies have shown that DOTAP:cholesterol nanoparticles are effec-

tive systemic gene delivery vectors that efficiently deliver tumor suppressor genes

to disseminated lung tumors. A phase-I trial for systemic treatment of lung cancer

using a novel tumor suppressor gene, FUS1, has been initiated. Although DOTAP:

cholesterol nanoparticles complexed to DNA are efficient vectors for systemic ther-

apy, induction of an inflammatory response in a dose-dependent manner has also

been observed, thus limiting its use. Systemic administration of DNA nanopar-

ticles induced multiple signaling molecules both in vitro and in vivo that are asso-

ciated with inflammation. Use of small molecule inhibitors against the signaling

molecules resulted in their suppression and thereby reduced inflammation with-

out affecting transgene expression [135]. Nanoparticles coated with ligands such

as transferrin and epidermal growth factor (EGF) have also been developed in

gene delivery to target selectively the tumor cells [136]. Complexes for DNA deliv-

ery composed of polyethylenimine (polyplexes) linked to poly(ethylene glycol) and

coated with transferrin or EGF were prepared with fixed nanoparticle diameters.

Intravenous injection of the transferrin-coated polyplexes resulted in gene transfer

to subcutaneous neuroblastoma tumors in syngenic mice, and intravenous injec-

tion of the EGF-coated polyplexes targeted human hepatocellular carcinoma xeno-

grafts in SCID mice. In these models, luciferase marker gene expression levels in

tumor tissues were 10- to 100-fold higher than in other organ tissues. Repeated

systemic application of the transferrin polyplexes encoding tumor necrosis factor

alpha (TNF-a) into tumor-bearing mice induced tumor necrosis and inhibition of

tumor growth in different murine tumor models [137].

Transferrin-modified nanoparticles containing DNAzymes (short catalytic single-

stranded DNA molecules) for tumor targeting have been developed. Linear, b-

cyclodextrin-based polymers were complexed with DNAyzme molecules to form

sub-50 nm particles termed ‘‘polyplexes’’. Adamantane forms inclusion complexes

with the surface cyclodextrins of the polyplexes, allowing a sterically stabilizing lay-

er of poly(ethylene glycol) to be added. The stabilized polyplexes were also modi-

fied with transferrin to increase the targeting to tumor cells expressing transferrin

receptors. Administration by intraperitoneal bolus, infusion, intravenous bolus and

subcutaneous injection were studied in tumor-bearing nude mice. DNAzymes

packaged in polyplex formulations were concentrated and retained in tumor tissue

and other organs, whereas unformulated DNAzyme was eliminated from the body
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within 24 h post-injection. Tumor cell uptake was observed with intravenous bolus

injection only and intracellular delivery requires transferrin targeting [138].

Potent sequence selective gene inhibition by siRNA is also hindered by poor in-

tracellular uptake, limited blood stability and non-specific immune stimulation.

Thus, ligand-targeted, sterically stabilized nanoparticles have been developed for

siRNA. Self-assembling nanoparticles with siRNA were constructed with poly-

(ethyleneimine) that is PEGylated with an Arg-Gly-Asp peptide ligand, as a means

to target tumor neovasculature expressing integrins, and used to deliver siRNA in-

hibiting vascular endothelial growth factor receptor-2 (VEGF R2) expression and

thereby tumor angiogenesis. Intravenous administration into tumor-bearing mice

gave selective tumor uptake, siRNA sequence-specific inhibition of protein expres-

sion within the tumor and inhibition of both tumor angiogenesis and growth rate

[139].
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80 A. Fundarò, R. Cavalli, A. Bargoni,

D. Vighetto, G.P. Zara, M.R. Gasco,

Non-stealth and stealth solid lipid

nanoparticles (SLN) carrying

doxorubicin: Pharmacokinetics and

tissue distribution after i.v. adminis-

tration to rats, Pharm. Res. 2000, 42,
337–343.

81 G.P. Zara, A. Bargoni, R. Cavalli,
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2

Nanoparticles for Photodynamic Therapy

of Cancer

Magali Zeisser-Labouèbe, Angelica Vargas, and Florence Delie

2.1

Introduction

Currently, the limiting factor in cancer chemotherapy is still the lack of selectivity

of anticancer drugs towards neoplastic cells. Photosensitizers (PS), the active com-

pounds used for photodynamic therapy (PDT), have the intrinsic advantage of dis-

tributing primarily in highly regenerative tissues after intravenous or topical ad-

ministration. Therefore, they will accumulate preferentially in tumor tissue when

present. In addition, these molecules are inactive as such; indeed, the anticancer

effect is only attained after irradiation with light at the right wavelength. Compared

to other current cancer therapies such as surgery, radiotherapy or chemotherapy,

PDT is an effective and selective means of suppressing diseased tissues without

altering the surrounding healthy tissue. It also offers a unique opportunity to reach

unseen metastasis. As fluorescent molecules, PS may also be used as a tool,

namely photodetection (PD), to reveal tumor tissues that remain unseen by other

conventional methods.

Interestingly, PD and PDT are mutually beneficial. Ideally, a PS could be used to

detect tumors and then to treat them. Quantification of PS fluorescence allows us

to follow PS uptake and pharmacokinetics [1–3]. Finally, after treatment, the tissue

can be examined by PD to evaluate disease control or possible recurrence [4, 5].

The first compound on the market was Photofrin2, a synthetic haematopor-

phyrin derivative characterized by a pronounced skin photosensitivity. Second-

generation PS have since been designed with less pronounced adverse effects.

There are, currently, about ten molecules marketed worldwide. The most potent

PS currently under development are hydrophobic molecules with a high tendency

to localize in cancer tissue. However, water-insoluble products are difficult to ad-

minister to patients, especially when the intravenous route is considered. There-

fore several strategies have developed, among which polymeric nanoparticles offer

multiple advantages.

This chapter briefly presents the basis of PDT and the most used PS and then

reviews the interest in developing nanoparticles (NPs) to improve current PDT,

with special interest on polymeric biodegradable NPs. First, the main preparation
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methods used to load nanoparticles with PS will be introduced. The major achieve-

ments obtained both in vitro and in vivo with encapsulated PS are then critically

appraised, especially with regards to methodologies. The primary outcomes are

discussed, highlighting the interest in polymeric nanoparticles as delivery systems

for PS. To our knowledge, this is the first published review on the use of poly-

meric nanoparticles for the delivery of PS in the framework of cancer therapy or

detection.

2.2

Concept and Basis of Photodynamic Therapy and Photodetection

Photodynamic therapy, an innovative alternative to conventional therapies, is based

on the systemic or topical administration of a photosensitizing drug, also known as

a photosensitizer. After biodistribution of the drug, the diseased tissue is illumi-

nated with light at an appropriate wavelength. Light will activate the PS and, in

the presence of molecular oxygen, will generate cytotoxic species. In turn, those

highly oxidizing species will damage cellular constituents, leading to tumor de-

struction. Fluorescence PD of cancer is also based on the administration of a PS,

and takes advantage of the fluorescence emission of these substances. Cancer diag-

nosis is of major importance, as early detection of malignancies and metastasis

can improve the chance of success for anticancer therapies. In addition, PD is a

valuable tool to help guide biopsy and resection to minimize the removal of non-

cancerous tissue. Although PS are usually administered systemically, the therapeu-

tic effect of PDT is local rather than systemic. The selectivity of the treatment is not

only due to the preferential biodistribution of the PS in cancer tissues but also to

the precise activation of the drug by a light beam, usually from a laser source di-

rected to the target tissue.

2.2.1

Mechanisms of Photodynamic Therapy and Photodiagnosis

The phototoxic effects on which PDT is based and the fluorescence used for PD are

both initiated by the absorption of light by a PS, leading to its excitation from the

ground state to the singlet state (Fig. 2.1). The singlet state lifetime, which is on

the nanosecond time scale, is too short to allow significant interaction with sur-

rounding molecules [6]. The singlet state can be deactivated via three pathways.

The first, fluorescence, results in the emission of photons of a wavelength longer

than the excitation light (Fig. 2.1A), and thus allows fluorescence photodetection.

The use of highly sensitive imaging devices in PD permits visualization of diseased

tissues over normal tissues due to the preferential accumulation of PS in the for-

mer [7]. The singlet state can also be deactivated by the release of heat (Fig. 2.1B)

or by undergoing intersystem crossing to generate the triplet state (Fig. 2.1C).

Since the lifetime of the triplet state is in the micro- to millisecond range, the

transfer energy to surrounding molecules is possible [6]. The triplet state is the
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key to initiating the photochemical process that induces phototoxicity, and it occurs

via two main mechanisms [8, 9]. The type I mechanism involves hydrogen-atom

abstraction or electron-transfer between the triplet state and neighboring mole-

cules, generating free radicals. These radicals react with oxygen and generate a

mixture of highly reactive oxygen intermediates, such as .O2
�, H2O2 and .OH,

which are highly oxidizing [10, 11]. In the type II mechanism, energy is trans-

ferred from the PS in its triplet state to molecular oxygen to form highly reactive

singlet oxygen (1O2), which is presumed to be the most reactive species in PDT.

Reactive intermediate oxygen species, including both radicals and non-radicals,

are called reactive oxygen species (ROS). Type I and type II pathways are not mu-

tually exclusive and both ultimately lead to the formation of oxidized products and

radical chain reactions, which can trigger cascades of biochemical, immunological,

and physiological reactions, finally resulting in the destruction of the irradiated tis-

sue [7, 12–14].

At a cellular level, PDT induces cytotoxic effects through photodamage to subcel-

lular organelles and biomolecules. Various cellular components can react with sin-

Fig. 2.1. Schematic representation of the

photophysical and photochemical mechanisms

associated with photodiagnosis and

photodynamic therapy. After light irradiation,

photosensitizer in its ground state (0PS) is

excited to the singlet state (1PS). This state

can be deactivated by (A) emitting

fluorescence, (B) releasing heat or (C)

undergoing intersystem crossing, which results

in the generation of PS in its triplet state (3PS).

The PS triplet state induces phototoxicity via

type I and type II reactions, generating free

radical species and singlet oxygen, respectively.

These entities are toxic in biological systems,

inducing cellular death and vascular occlusion.
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glet oxygen, such as amino acid residues (especially cysteine, methionine, tyrosine,

histidine and tryptophan), nucleosides (mainly guanine) and unsaturated lipids

[12]. PS can localize in lysosomes, mitochondria, plasma membrane, Golgi appara-

tus and endoplasmic reticulum of tumor cells, as well as in tumor vasculature. In-

terestingly, most PS do not accumulate in cell nuclei; thus PDT has a low potential

for causing DNA damage, mutation and carcinogenesis [15]. Two distinct types of

cell death may be induced by PDT. First, PDT can trigger apoptosis, a form of pro-

grammed cell death that involves the activity of proteolytic caspases, whose action

dismantles the cell and results in cell death. Apoptosis begins internally with con-

densation and subsequent fragmentation of the cell nucleus while the plasma

membrane remains intact. Afterwards, apoptotic cells are ultimately fragmented

into multiple membrane-enclosed spherical vesicles, which are scavenged by phago-

cytes [16, 17]. The second mode of cell death induced by PDT is necrosis, charac-

terized by cytoplasm swelling, destruction of organelles and disruption of plasma

membrane, leading to the release of intracellular content and inflammatory fac-

tors. The cell type, PS subcellular localization and applied light dose determine

the type of cell death. PS with tropism for mitochondria are more likely to induce

apoptosis, whereas PS localized in the plasma membrane are expected to cause ne-

crosis [15].

There are three main mechanisms for suppressing malignant tissue when using

PDT:

1. Direct cellular damage by necrotic and/or apoptotic mechanisms [16, 17].

2. Alteration of tumor vascularization such as occlusion, stasis and/or increase in

vascular permeability, thereby depriving cancer tissue of oxygen and nutrients

[18–20].

3. Stimulation of inflammatory and immune responses against the tumor [21–23].

The impact of these pathways in the therapeutic effects of PDT depends on the PS

and its formulation, the route of administration, and the time interval between ad-

ministration and light irradiation.

2.2.2

Selective Tumor Uptake of Photosensitizers

One of the key aspects of PDT is the preferential accumulation of PS into tissues

with a high rate of regeneration such as cancer tissue and neovasculature [15, 24,

25]. Although the exact underlying mechanisms that drive this tropism have not

been completely elucidated, the abnormal physiology of tumors is the main con-

tributor to the selectivity of PS. The affinity of PS for tumors and their surrounding

stroma has been related to some of the unique characteristics of hyperproliferative

tissues listed in Table 2.1. Of great importance is the increased vascular permeabil-

ity of tumors, which facilitates the crossing of PS, or their carriers to the interstitial

space. This effect, called the enhanced permeability and retention (EPR) effect, is

potentiated by an impaired lymphatic drainage reducing macromolecule clearance
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from the tumors [26]. Indeed, macromolecules can be entrapped and retained

in solid tumors at high concentration for an extended period (>100 h) whereas

low-molecular weight substances return to circulating blood by diffusion. Conse-

quently, entrapping PS in macromolecular drug carriers, such as nanoparticles, is

thought to increase PS concentration within tumors.

The physicochemical characteristics of PS molecules, such as molecular weight,

hydrophile–lipophile balance value [1, 27–29], ionic charge [30], and protein bind-

ing characteristics, also influence their biodistribution. In a literature review, Boyle

and Dolphin have attempted to correlate PS structure with its biodistribution and

pharmacokinetics [31]. Evaluation of this relationship was, however, made impos-

sible by the disparity between delivery vehicles, animals and tumor types used in

the different studies. The PS hydrophile–lipophile balance value appears to be a

key factor that is able to regulate pharmacokinetic profiles. Indeed, hydrophobic

PS induce preferential damage to tumor cells, whereas hydrophilic PS mainly

cause damage to the tumor vasculature. This selectivity will be determined by the

nature of the binding between the PS and plasma proteins. Hydrophobic PS are

bound to the lipid moiety of lipoproteins [32–36] whereas hydrophilic PS are

bound to albumin and globulins [37]. Hydrophobic PS bound to low-density lipo-

proteins (LDL) can be endocytosed via LDL receptors [34, 38], which are over-

expressed in tumor cells. Thus, they accumulate in the lipophilic compartment of

tumor cells, including plasma, mitochondrial, endoplasmic reticulum, nuclear and

lysosomal membranes. In this case, photodamage of tumor cells occurs prefer-

entially. Conversely, hydrophilic PS will be preferentially localized within the in-

terstitial space and the vascular stroma of the tumor tissue. Owing to their hy-

drophilic character, diffusion across the plasma membrane into the cytoplasm is

limited. Subsequently, these PS cause extensive impairment of the vascular sys-

tem, promoting tumor ischemia and hypoxia [15, 39].

Since ROS have a short life-time and act close to their site of generation, the sites

of initial cell and tissue damage induced by PDT are closely related to both the lo-

Tab. 2.1. Characteristics of tumor tissues.

� Decreased pH of interstitial fluid, due to an increased glycolysis and a decreased supply of

oxygen.

� Increased number of low-density lipoprotein receptors at the cell surface.

� Abundance of macrophages.

� Abnormal stromal composition, due to the newly formed collagen.

� Leaky vasculature.

� High rate of angiogenesis (neovasculature development).

� Poor lymphatic drainage.
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calization of the PS within cells and the site of illumination. As a strategy to im-

prove photosensitizer efficiency regardless of the properties of the PS itself, several

pharmaceutical formulations have emerged. Indeed, PS delivery systems influence

the pharmacokinetic profiles and tissue distribution of PS [40–45].

2.2.3

Photosensitizers

A photosensitizer is defined as a chemical entity that, upon absorption of light,

induces a chemical or physical alteration of another chemical entity [14]. Photosen-

sitizers used against cancer must be able to absorb light and then to transfer the

absorbed energy to molecular oxygen in order to cause biological effects. Several

publications have described the characteristics of the ideal PS [7, 12, 14, 46, 47].

Since the triplet state of the PS initiates the photochemical process, a good PS re-

quires a long-lived triplet state with a high quantum yield to allow enough time to

interact with neighboring target molecules [8]. Ideally, a PS should absorb photons

efficiently in the red part of the spectrum because light with long wavelengths have

an increased penetration depth in tissues. High chemical purity, good solubility

in pharmaceutical acceptable formulations and low aggregation tendency are also

mandatory. PS used for photodetection should be photostable, have a high fluores-

cence quantum yield with low interference with tissue autofluorescence and in-

duce minimal photodamage. Allison et al. have reviewed the clinically relevant

properties of PS intended for PDT of cancer [48]. PS should not induce dark toxic-

ity, which is defined as toxicity in the absence of light. Furthermore, PS should

have a preferential biodistribution in the tumor as selectively as possible and be

eliminated quickly enough to avoid generalized skin photosensitization and sys-

temic toxicity.

2.2.3.1 Conventional Photosensitizers

Originally, PDT was based on the topical application of dyes such as eosin, methyl-

ene blue (MB) and rose bengal with remarkable success [46]. Most compounds

able to reach triplet states and to produce ROS have either tricyclic, heterocyclic or

porphyrin-like ring structures with conjugated double bonds (p-electron system)

[14]. Figure 2.2 shows examples of these structures. PS used in clinics have been

classified as first, second and third-generation PS. Haematoporphyrin derivative

(HpD) or Photofrin2, a first-generation PS, is a very complex mixture of mono-

mers and oligomers. It was the first PS approved by the U.S. Food and Drug

Administration (FDA), in 1995. Photofrin2 has been used widely in clinics to treat

esophageal, papillary bladder and endobronchial cancers. It is also indicated for ab-

lation of high-grade dysplasia associated with Barrett’s esophagus, which is a pre-

cancerous condition, thus reducing the risk of progression to esophageal cancer

[49]. However, HpD and its analogues not only have poor tumor selectivity, result-

ing in long-lasting skin photosensitivity [50, 51], but also lack strong absorption

bands in the red region of the spectrum [52]. Furthermore, they are complex mix-

tures and their synthesis and biological activity are difficult to reproduce [12, 48,
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53]. Therefore, considerable effort has been devoted to developing new second-

generation photosensitizers, characterized by greater selectivity for tumor tissue,

rapid excretion from the body, and improved purity, stability, solubility and photo-

physical properties. Owing to the high oxygen quantum yield of the porphyrin

skeleton, most second-generation PS belong to this family. The porphyrin structure

provides 12 positions that can potentially be substituted. Furthermore, the por-

phyrin cycle can be oxidized, extended and/or a central ion may be introduced to

modulate the pharmacological, as well as the photophysical, properties of the mol-

ecule [7, 52]. Porphyrins, chlorins, texaphyrins, purpurins and phthalocyanines

have been most actively investigated [24, 47].

Recently, considerable interest in the use of 5-aminolevulinic acid (5-ALA) in

PDT has risen. 5-ALA itself is not a photosensitizer, but it can induce the forma-

tion of protoporphyrin IX (PpIX), a potent PS. 5-ALA is a substrate in the biosyn-

thetic pathway of heme, the iron(ii) complex of PpIX. In contrast to heme, PpIX is

Fig. 2.2. Structure of some photosensitizers. Porphins consist

of four pyrrole subunits linked together by four methane

bridges. Derivatives of porphin are named porphyrins.

Reduction of one of the pyrrole units on the porphin ring leads

to a class of porphyrin derivatives called chlorins.
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a fluorescent molecule and a potent PS. When 5-ALA is administered, its biosyn-

thesis leads to the selective transient accumulation of PpIX in neoplastic cells [7,

54]. If tissues containing the 5-ALA-induced PpIX are irradiated, photochemical

processes are triggered, resulting in tissue destruction. Although the underlying

mechanisms of the preferential accumulation of 5-ALA-induced PpIX in tumors

and other proliferating tissues are not fully understood, the 5-ALA approach is

one of the most selective modalities currently available in anticancer therapy. Col-

laud et al. have recently reviewed the mechanisms of the selective formation of

PpIX in neoplastic tissue after 5-ALA administration [55]. Topical administration

(e.g., skin and bladder) of 5-ALA and 5-ALA ester derivatives induced no skin pho-

tosensitivity and had short half-life in the treated area [56–59]. 5-ALA and its deriv-

atives can also be used for photodiagnosis [60–62], because PpIX emits red fluores-

cence upon irradiation with blue light.

Recently, the third generation of PS has emerged. These are second-generation

photosensitizers with fine tuned properties that allow selective delivery to tumor

tissue. Different strategies have been proposed, such as conjugation to biomole-

cules like monoclonal antibodies [63].

Although the clinical potential of PDT has been recognized for over 25 years, it is

only now starting to be used clinically [24]. Table 2.2 summarizes clinically rele-

vant PS for PDT and the PD of cancer. There are few PS intended for PD, only 5-

ALA-hexyl ester has been recently approved for detection of bladder cancer in

Europe and has been submitted to the FDA (www.photocure.com). Local adminis-

tration of hypericin has also shown promising results for the PD of bladder carci-

noma [64]. Other PS evaluated for PD such as haematoporphyrin derivative and

meta-tetra(hydroxyphenyl)chlorin induced prolonged skin and eye photosensitivity

[50, 51, 65, 66] and are not yet approved for photodiagnosis.

2.2.3.2 New Entities

New systems such as semiconductors, fullerenes and transition metal complexes

are promising photosensitizers, as shown by several studies measuring singlet

oxygen production and in vitro phototoxicity against tumor cells. However, since lit-

tle is known about their biocompatibility, their use in clinical PDT of cancer is still

unexplored.

Semiconductors, such as titanium dioxide (TiO2), can sensitize the photogenera-

tion of ROS, thus inducing damage similar to that found in traditional PDT [67].

Particles of TiO2 have shown phototoxicity against HeLa cells in vitro and were not

toxic when administered orally or parenterally to nude mice. After UV irradiation,

TiO2 particles significantly suppressed the growth of HeLa [68] and T-24 cells [69]

implanted in nude mice. However, this approach is limited because UV light, used

to irradiate TiO2 particles, does not penetrate deep in the skin [70].

When the size of a semiconductor particle is decreased to the nanometric scale,

these materials are called quantum dots (QDs). QDs are single crystals of semicon-

ductor material, a few nanometers in diameter. Their size and shape can be con-

trolled precisely [71]. A quantum dot can have anything from a single electron to

a collection of several thousands. Therefore, light absorption of QDs can be precisely
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tuned from the UV to the infrared (IR) region of the spectrum by changing their

size and composition. At the same time, QDs have narrow emission spectra that

can be tuned to emit in the near-IR region, in contrast to the visible emission of

most conventional PS [72–74]. QDs are highly resistant to degradation and their

fluorescence is remarkably stable. Most work on semiconductor QDs has focused

on fluorescence imaging and diagnosis applications [71, 74–76]. However, they are

seen as suitable candidates for PDT because of their capacity to generate ROS after

light irradiation [72, 73, 77]. Interestingly, QDs can enhance the effect of conven-

tional photosensitizers if light-mediated energy transfer between both molecules is

possible. Consequently, in addition to their intrinsic efficacy as photosensitizers,

QDs have been used to potentiate conventional PS. Semiconductor QDs of cad-

mium selenide (CdSe) conjugated to anti-CD90 antibodies potentiate the activity

of the PS trifluoperazine against leukemia cells [77]. Moreover, CdSe QDs linked

to silicon phthalocyanine have enabled the use of an excitation wavelength where

the PS alone does not absorb [72]. Unwanted potential toxicity of QDs is a key

issue inhibiting their development as a therapeutic tool. Since the primary site of

acute injury within the body after exposure to Cd is the liver, the cytotoxicity of

CdSe QDs was investigated in vitro on primary hepatocytes isolated from rats [78].

QDs were cytotoxic due to the slow release of Cd. Surface oxidation of QDs after air

and UV light exposure leads to the formation of reduced Cd on the QDs surfaces.

Surface coating of QDs with either zinc sulfide or bovine serum albumin decreased

the oxidation and consequently the cytotoxicity of the nanoparticles [78]. However,

even when QDs are coated, there is still the risk of Cd release into the body after in
vivo oxidation of these particles.

Before considering the use of QDs in clinics, some concerns regarding the pro-

pensity of QDs to aggregate, their toxicity profile and potential to release heavy

metals should be addressed.

Fullerenes are a class of spherically-shaped molecules made exclusively of carbon

atoms. Fullerene C60 and C70 efficiently generate singlet oxygen when irradiated

with light. However, fullerenes are practically insoluble in both aqueous and most

polar media – not to mention their poor absorption in the red region of the visible

spectrum [79, 80]. These properties hamper the development of fullerene-based

agents for PDT. Furthermore, the mechanism of action of photoexcited fullerenes

in biological systems is not at all understood [81]. Nevertheless, intense research

has been devoted to evaluate the potential applications of fullerenes in medicine

and biology [79, 80].

Some inorganic complexes are also efficient photosensitizers, among them tran-

sition metal complexes of ruthenium(ii), osmium(ii), iridium(iii), chromium(iii),

platinum(ii) and palladium(ii) have been investigated [46].

As described above, the selectivity of PDT can be increased using a PS that pref-

erentially accumulates in cancer tissues. The affinity of PS for neoplastic cells is in

part governed by the lipoprotein transport of PS and subsequent cellular uptake of

these protein-PS complexes [34, 38]. However, little is known about the interaction

of semiconductors, fullerenes and transition metal complexes with serum proteins.

Besides the ability of such PS to photogenerate singlet oxygen, their toxicity, bio-
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distribution and selectivity towards cancer tissues should be addressed before clini-

cal application.

2.2.4

Photodynamic Therapy: Advantages and Limitations

PDT is effective, minimally invasive and offers several advantages over other can-

cer therapies, such as surgery, radiation therapy and chemotherapy. Generation of

cytotoxic species after PDT is only due to the combination of PS, light and oxygen;

therefore, great selectivity towards diseased tissues is achieved. Indeed, singlet oxy-

gen has a short lifetime in the biological environment (<40 ns) [82] and cannot

diffuse far from its point of origin (radius of actiona 70 nm) [83]. Differences in

PS clearance between tissues enable optimization of the interval between PS ad-

ministration and light irradiation, which should be performed when the drug has

reached the maximum concentration in the tumor. Additionally, the ability of cells

to recover from photodynamic damage also contributes to the selectivity of PDT.

Indeed, healthy tissues are able to recover better than tumor tissues after PDT.

For example, in the treatment of skin cancers, even if healthy tissue is damaged

during PDT, the cosmetic results are usually excellent with little or no scarring, as

has been demonstrated with topically applied 5-ALA [59] and intravenously admin-

istered verteporfin (benzoporphyrin derivative monoacid ring A) [84]. Additionally,

PDT is a photochemical process without tissue heating, thus connective tissues

such as collagen and elastin stay largely unaffected [53]. PDT can be repeated if

necessary, and performed after surgery, chemotherapy or radiotherapy. Last but

not least, PDT can be used to treat different types of cancers, including tumor re-

sistant to other treatments [85].

Even though PS are expected to be retained preferentially by neoplastic tissues

and their activity is triggered by light activation at a specific wavelength, the drug

is still distributed throughout the whole body [53]. Therefore, PS administration

can induce side effects in tissues exposed to daylight such as skin and eyes. Skin

photosensitivity reactions are characterized by erythema, edema, blistering, hyper-

pigmentation and sunburn. Some precautions are strongly recommended during

the period in which the PDT patient remains photosensitive. Physical barriers, par-

ticularly protective clothing and sun glasses, provide some protection against UV

and visible light, but by far the optimum safety for these patients is complete sun

avoidance. The period during which these safety measures have to be applied de-

pends specifically on the nature of the photosensitizer [86]. Depending on the

molecule, it ranges from a few days to up to three months. PDT can induce also

occasional systemic and metabolic disturbances, and excessive tissue destruction

at the treated site [12]. Adverse effects of PDT depend mainly on the nature of the

PS, the route of administration and the type and localization of the malignancy. Ta-

ble 2.3 summarizes the main adverse effects induced by PS used in PDT and PD of

cancer. Intravenously administered PS, such as temoporfin (Foscan2) and HpD

(Photofrin2), induce prolonged skin and eye photosensitivity [50, 51, 65, 66]. Con-

versely, 5-ALA (Levulan2) and 5-ALA-hexyl ester (Hexvix2), which are topically ap-
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plied on either skin or bladder, induce no skin photosensitivity and have a short

residence time at the application site [56–59].

The therapeutic outcome of PDT is limited by the penetration of light in tissues.

Light is either scattered or absorbed when it enters tissues and the extent of both

processes depends on the tissue type and the light wavelength. Between 600 and

1000 nm, however, light is scattered to a relatively small extent and is poorly ab-

sorbed by important endogenous chromophores such as melanin and hemoglobin

[87]. As a consequence, red light possesses a high penetration power into human

tissues. Ochsner has compared the penetration of light as a function of the wave-

length. At an equal incident light intensity, the penetration depth in human skin is

of 6.8 mm at 800 nm, whereas it is only 0.4 mm at 400 nm [88]. The deeper pene-

tration of longer wavelengths is a major incentive for the development of PS

absorbing at these wavelengths. Additionally, to improve the outcome of PDT,

new light delivery devices have been developed for this particular application. The

traditional argon-dye and copper-dye lasers can be replaced by diode lasers, which

are cheaper, very stable, reliable and easily transportable [89]. However, they are

not tunable and may only be used at fixed wavelengths [90]. Optical fibers can be

used to deliver light to the target tissue. They facilitate the illumination in various

directions using either cylindrical or spherical diffusers. Furthermore, the versatil-

ity of optical fibers enables illumination of the skin or inside a body cavity [91].

PDT is usually performed with external illumination of the target site; however,

deeply localized tumors should be treated with special light delivery devices that

are inserted percutaneously. This technique, namely interstitial PDT, uses multiple

laser fibers that are inserted directly into tumors through needles positioned under

image guidance. Therefore, it is possible to use PDT for the treatment of internal

tumors [92, 93].

The dependence of PDT on the oxygenation of the irradiated tissue represents a

limitation of this treatment. Indeed, the efficacy of PDT depends on the amount of

singlet oxygen produced within the tumor, which in turn depends on the concen-

tration of oxygen in the tissue [94, 95]. Consequently, hypoxic tumor cells are gen-

erally more resistant to PDT, and may contribute to treatment failures.

Finally, most PS are hydrophobic, which is a key factor contributing to their se-

lectivity for cancer tissues. However, PS lipophilicity makes formulation difficult

due to the lack of physiologically acceptable solvents, especially when intravenous

administration is considered. Furthermore, hydrophobic PS can aggregate in aque-

ous media, leading to quenching; thus in their aggregated form PS are less effi-

cient than in their monomeric form [96–98]. Additionally, some PS lack selectivity

for accumulating in cancerous tissues. Therefore, the design of adequate PS deliv-

ery systems is critical to improving the outcome and acceptability of PDT and PD

in a clinical context.

2.2.5

Photosensitizer Formulations

Different formulation approaches have been proposed, such as the incorporation of

PS into liposomes, micelles, polymeric particles, and LDL, as well as the develop-
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ment of hydrophilic polymer–drug complexes, as reviewed by Konan et al. [99].

The delivery carrier can influence the PS biodistribution and hence the mecha-

nisms and kinetics of PS transport to tissues, as well as PS subcellular distribution

[15]. Among the different approaches, nanoparticles (NPs) offer numerous advan-

tages, including high drug loading, controlled release, and a large variety of carrier

materials and manufacturing processes. Nanoparticles are defined as particles in

the nanometer scale, typically <1 mm. NPs appear to be suitable delivery systems

for PS because encapsulation of PS into NPs would make it possible to disperse

hydrophobic PS in aqueous media. Moreover, NPs have large surface areas, and

their surface can be modified with functional groups to modulate their biochemical

and physicochemical properties. Owing to their size, direct targeting of tumor tis-

sues is also possible by taking advantage of the tumor vasculature enhanced per-

meability [100, 101]. Biodegradable and non-biodegradable materials can be used

to produce NPs. The use of biodegradable materials enables the controlled release

of the encapsulated drug. Conversely, non-biodegradable materials offer the advan-

tage of enhancing the direct interaction of PS with molecular oxygen, either within

the nanoparticles or at their surface. The use of non-biodegradable NPs made of

metals, ceramics and non-biodegradable polymers are discussed in the next sec-

tion. The final section is devoted to biodegradable polymeric NPs used for photo-

dynamic activity. The biodegradability and biocompatibility of polymeric NPs bring

them closer to clinical application than non-biodegradable carriers.

2.3

Non-biodegradable Nanoparticles for Photodynamic Therapy

2.3.1

Metallic Nanoparticles

This approach involves the coating of metallic nanoparticles, mainly made of gold

or magnetic materials, with photosensitizers. The design of PS-coated metallic NPs

for PDT has been primarily developed in two directions. First, the adhesion of

hydrophobic PS to gold NPs enables an aqueous PS suspension, where the PS

photophysical properties are enhanced. This concept has been demonstrated with

phthalocyanine derivative-coated NPs that were able to generate singlet oxygen

with higher quantum yield than the free PS [102]. In the second approach, the de-

velopment of magnetic nanoparticles coated with PS allowed either the targeting of

the pathological tissue by directing the NPs by an external magnetic field or cancer

diagnosis by using the NPs as magnetic resonance (MR) contrast agents. For in-

stance, magnetic NPs made of Fe3O4 have been coated with haematoporphyrin

[103]. Likewise, pheophorbide-a has been complexed to Fe3O4 NPs and the spectro-

scopic and photophysical properties of this complex characterized [104]. The au-

thors hypothesized that these NPs might be used to combine the action of hyper-

thermia therapy (HT) and PDT synergistically. Similarly, Gu et al. have conjugated

porphyrin to Fe3O4 NPs for the same combination of anticancer therapies [105].

The conjugation of porphyrin to the NPs induced a blue-shift in the fluorescence
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emission spectrum of the PS. No dark toxicity on HeLa cells was seen 5 h after in-

cubation with NPs at 37 �C. Fluorescence microscopy observations showed that

NPs were taken up and localized intracellularly. Irradiation of HeLa cells, incu-

bated with the PS-conjugated NPs for 10 min, induced changes in cell morphology.

Although the authors interpreted this data as a qualitative sign of phototoxicity, fur-

ther experiments should be performed to assess the potential of such NPs.

So far, the efficacy of metallic nanoparticles in photodynamic experiments with

cancer animal models has not been yet evaluated, although the biocompatibility of

metallic nanoparticles has been tested. Neither gold nor magnetic nanoparticles

made of iron oxides were toxic in vivo. Indeed, 2-nm-gold NPs were administered

intravenously to Balb/C mice (2.7 g-Au kg�1) and no lethality was observed [106].

It was also shown that gold NPs were largely cleared from the body through the

kidneys. Furthermore, blood analysis two weeks after injection from mice treated

with 0.8 g-Au kg�1 demonstrated no signs of toxicity as far as haematocrits and

plasmatic enzymes are concerned. Similarly, iron oxides particles seem to be gen-

erally well tolerated [107, 108] and are intended for several medical applications, as

recently reviewed by Ito et al. [109]. The safety of colloidal dispersions of magnetic

nanoparticles made of iron oxides has been also demonstrated [110, 111]. In fact,

magnetic resonance agents, such as Feridex I.V.TM (Advanced Magnetic, Cam-

bridge, MA, USA) and Resovist2 (Schering, AG, Germany), have already been ap-

proved for the detection of focal hepatic lesions by MR imaging.

2.3.2

Ceramic Nanoparticles

Ceramic NPs made of silica have been developed as an alternative to polymeric

NPs. Ceramic NPs are resistant to microbial attack [112] and their particle size,

shape, and porosity can be easily controlled during the preparation process [113].

Ceramic NPs do not release encapsulated compounds even at extreme pH condi-

tions and temperature [114]. This feature represents a limitation for the delivery

of common drugs, but can be suitably used in PDT. Since ceramic matrices are

generally porous, molecular oxygen can diffuse through the pores and interact

with the PS entrapped within the NPs [115]. The photogenerated singlet oxygen

can diffuse out of the particle to generate the cytotoxic effect. This approach has

been evaluated by entrapping 2-devinyl-2-(1-hexyloxyethyl) pyropheophorbide

(HPPH) into 30 nm silica NPs; unfortunately, the percentage of PS loaded into

the NPs was not reported. In vitro studies with HeLa and UCI-107 cells demon-

strated that HPPH-loaded silica NPs were taken up by tumor cells and induced

significant cell death, similarly to Tween-80 micelles, which were used as a control

[113]. m-tetra(Hydroxyphenyl)chlorin (mTHPC) has been embedded in amine-

functionalized silica NPs of 180 nm to deliver singlet oxygen instead of releasing

PS molecules [116]. The results showed that singlet oxygen production from

mTHPC embedded in silica NPs exceeds that of free mTHPC. However, the tests

were run in a mixture of water and ethanol in which mTHPC is soluble. Thus, it is

possible that mTHPC could be released from the core of the NPs during oxygen
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sensitization. As a result, more molecules of mTHPC would be soluble and the

amount of singlet oxygen would be higher than if mTHPC would have been a solid

dispersion inside the NP core. Ideally, singlet oxygen production should be eval-

uated in aqueous media simulating biological environments. These experiments

are far from physiological conditions and may not reflect what would be observed

in the cellular environment. Methylene blue, a water-soluble PS of low molecular

weight, was encapsulated into three types of sub-200 nm NPs, achieving different

MB loadings: polyacrylamide (20–30 nm; loading 0.1%), sol–gel silica (190 nm;

loading 3.0%) and organically modified silicate (160 nm; loading 0.4%) [117]. Poly-

acrylamide NPs were, in vitro, the most efficient delivery of singlet oxygen per MB

molecule. Moreover, these particles gave the most stable aqueous suspension and

therefore were used for in vitro photodynamic experiments on rat C6 glioma tumor

cells. MB-loaded polyacrylamide NPs were more active than free MB. Notably, con-

cerning silica NPs, the potential toxicity of ceramic nanoparticles is controversial.

Toxicological data from studies investigating silica NPs as DNA delivery systems

suggest that these carriers have little toxicity [118]. Likewise, organically modified

silica NPs have been used for in vivo gene delivery in mice and no toxicity was re-

ported up to four weeks after transfection [119]. Conversely, Chen and von Mikecz

showed that the uptake of silica NPs (40–70 nm) by the cell nucleus of HEp-2 and

RPMI 2650 cells induced nuclear damages close to those seen in neurodegenera-

tive disorders [120]. The nuclear architecture was altered, probably as a result

of the formation of nucleoplasmic protein aggregates. Furthermore, silica NPs

(4–40 nm) induced inflammatory reactions in cultured human endothelial cells,

as shown by the overexpression of interleukin-8 [121].

2.3.3

Nanoparticles Made of Non-biodegradable Polymers

Polyacrylamide (PAA) and amine-functionalized PAA have been used to encapsu-

late the disulfonated PS 4,7-diphenyl-1,10-phenanthroline ruthenium into nano-

particles of 40–50 nm [122]. Incorporation of the PS into the polyacrylamide

matrix did not affect the singlet oxygen production, allowing it to be released into

the aqueous media in which the NPs were suspended. PS delivery from amine-

functionalized PAA was slower than from PAA NPs. Furthermore, less singlet ox-

ygen was produced than with both free PS and PAA nanoparticles [122]. Recently,

the same group developed polyacrylamide NPs to perform simultaneously magnet-

ic resonance imaging and PDT of a rat brain cancer model, providing a real-time

tumor death measurement [123]. In this approach, Photofrin2 and a magnetic res-

onance contrast agent were encapsulated together within a polyacrylamide core, re-

sulting in 30–60 nm NPs. The NPs were surface-coated with poly(ethylene glycol)

(PEG) to increase the plasma half-life of the carrier. Singlet oxygen production and

in vitro photoactivity against 9L rat gliosarcoma cells were evaluated. Although the

PS was not released from the NPs, as demonstrated by in vitro degradation studies

in phosphate buffer at 37 �C, the photoactivity of the encapsulated PS was retained.

The photoactivity and magnetic resonance contrast ability of this formulation have
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been evaluated after intravenous administration in intracerebral 9L tumor bearing

rats, but the dose of Photofrin2 is not mentioned. The activity of the free com-

pound was not tested; however, rats receiving no treatment and treated only with

laser were used as controls. The evolution of tumor volume was followed by mag-

netic resonance imaging. Photofrin2-loaded NPs induced tumor shrinkage, where-

as tumors not treated or treated only with laser continued to grow. However, tumor

re-growth was observed 12 days post-PDT treatment with Photofrin2-loaded NPs.

Polyacrylamide NPs showed no toxicity, in terms of alterations in histopathology

or clinical chemistry values, after administration of doses up to 500 mg of NPs

per kg over four weeks. The authors suggest that these NPs, namely a multifunc-

tional nanoparticle platform, might enable simultaneous cancer detection, therapy

and monitoring. Additionally, particles coated with an integrin ligand for the recog-

nition of the tumor neovasculature were prepared. The specific binding of these

NPs was demonstrated in vitro with MDA 435 cells expressing integrins. The au-

thors hypothesized that these multifunctional nanoparticles stay in the extracellu-

lar compartment and do not release the PS; only singlet oxygen would be delivered

after light irradiation [123]. However, the intracellular localization of these NPs

after in vivo administration should be further studied to confirm the advantages

of such a system.

Most research on non-biodegradable materials for the administration of PS has

focused on the development of carriers delivering singlet oxygen without releasing

the PS. Additionally, non-biodegradable NPs are thought to protect the entrapped

PS from the biological environment. The internalization of such NPs into target

cells is thought to be unnecessary. In this context, only the external contact of

NPs with the cell membrane is required. However, none of these systems have un-

doubtedly demonstrated the absence of internalization of such NPs. Despite the

promising results encountered with these materials, their use in PS delivery has

not yet been fully explored, probably due to toxicity concerns in the administration

of non-biodegradable materials, particularly if chronic or repeated administrations

are needed. Degradation is desired to prevent accumulation of extraneous material

and possible subsequent toxicity. Indeed, recent histopathological studies of hu-

man biopsies indicate that the development of kidney and liver pathologies, such

as chronic inflammation and granulomas, was associated with the presence of

non-biodegradable micro- and nanoparticles in these organs [124]. These particles

probably originated from debris of implants and prostheses. Certainly, studies of

the long-term toxicity non-biodegradable nanoparticles should be undertaken be-

fore clinical investigations can be launched.

2.4

Biodegradable Polymeric Nanoparticles for Photodynamic Therapy

Polymeric nanoparticles, as drug delivery systems, have been investigated for over

three decades. Several polymers and preparation methods have been developed and

the choice of both depends on the physicochemical nature of the drug, as well as
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on the type of controlled release kinetic being sought, and the desired target site.

Polymeric nanoparticles used for drug delivery are defined as submicron (<1000

nm) colloidal systems made of solid polymers that may be classified according to

their preparation processes and internal structure (Fig. 2.3). Nanocapsules (NCs)

are composed of a polymeric wall containing a liquid inner core, while nano-

spheres (NS) are made of a polymeric matrix in which the drug can be dispersed.

Active substances may be either adsorbed at the surface of the polymer or encapsu-

lated in the particle. After administration, the drug is released by diffusion from

the particles to the surrounding medium or after particle erosion resulting from

polymer degradation. Ester or amide functions can be hydrolyzed, and the rate of

this process depends on the nature of the polymer (chemical composition and mo-

lecular weight), and is triggered by water or the presence of enzymes.

2.4.1

Preparation of Biodegradable Polymeric Nanoparticles

Particles may be produced by polymerization of synthetic monomers, or dispersion

of synthetic polymers or natural macromolecules. The preparation methods have

been extensively reviewed in the literature [125–127] and will be described only

briefly here.

Nanoencapsulation of PS has been considered primarily for hydrophobic mole-

cules that are difficult to formulate in aqueous media, which are mostly used for

parenteral administration. The development of a solid suspension offers an inter-

esting alternative. Owing to their hydrophobicity, organosoluble polymers have

been mainly used as encapsulating material.

2.4.1.1 In situ Polymerization

In situ polymerization of monomers has been used mainly with poly(alkyl cyano-

acrylates) (PACA) to prepare either nanoparticles or nanocapsules. The different

Fig. 2.3. Different types of drug-loaded nanoparticles: drugs

may be either adsorbed at the surface of the polymer (f) or
encapsulated within the particle (b).
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methods of preparation as well as medical application of these polymers have been

reviewed recently [128].

The preparation of nanoparticles is based on an emulsion-polymerization pro-

cess in which the cyanoacrylic monomer is dissolved in an organic solvent and dis-

persed in an aqueous phase containing a surfactant. Anionic polymerization is

then induced by hydroxide ions present in water. The polymerization rate is mainly

determined by the surrounding pH or the presence of inhibitors. PS can be encap-

sulated directly during the reaction [129, 130] or adsorbed on the particle surface

by incubation with the nanoparticles after neutralization of the aqueous medium

[131, 132]. For PACA, the major degradation pathway is based on enzymatic hydro-

lysis, the rate of degradation being governed by the length of the side chain.

Nanocapsules are usually prepared by interfacial polymerization, where an or-

ganic phase containing the monomer and the PS is emulsified in an aqueous

phase [129, 130]. Concomitantly, solvent diffusion and anionic polymerization will

occur, creating a polymeric wall around the oil core. These particles are especially

well adapted for the encapsulation of lipophilic material.

One of the critical concerns with these techniques is the purification step to re-

move all the residual monomers and the surfactant which may induce undesirable

effects.

2.4.1.2 Dispersion of a Preformed Polymer

To reduce toxicity related to the presence of monomer residues or traces of poly-

merization initiators, preparation methods based on the use of preformed poly-

mers have been developed. These are based on the formation of an emulsion in

which the polymer is solubilized in an organic solvent immiscible with the external

phase. Polymer precipitation is initiated by the removal of the organic solvent.

Another approach, called nanoprecipitation, is based on direct precipitation of the

solubilized polymer when in contact with a non-solvent. However, to our knowl-

edge, this method has not been yet reported in the literature for PS.

Polymers used for nanoparticle preparation may be of natural origin. For in-

stance, Zhao et al. have used gelatine to encapsulate hypocrellin B [133]. Particles

were made by a modified salting-out coagulation process. An organic solution of

the photosensitizer is added to an aqueous solution of the polymer and a surfac-

tant. After nanoparticle formation, glutaraldehyde, a crosslinking agent, is added

to the NP suspension. The suspension is then dialyzed to eliminate the glutaral-

dehyde. However, for hydrophobic photosensitizers, using water-soluble polymers

might not be the best choice for their encapsulation. Indeed, no encapsulation rate

was reported; therefore, it is not possible to assess how much drug was actually

entrapped in the particles. The fluorescence quantum yields decreased as com-

pared to the free drug, but this may also be the result of quenching due to the

high number of molecules in the particles. Furthermore, the use of gelatine is war-

ranted due to the potential allergenic reactions induced by this protein; thus, bio-

compatibility may be a concern at least with certain patients prone to allergies.

To promote entrapment of hydrophobic compounds into polymeric particles,

synthetic hydrophobic polymers are frequently used. Polyesters such as poly(lactic
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acid) (PLA) and copolymers such as poly(lactic-co-glycolic acid) (PLGA) are widely

used due to their good biocompatibility and because they are accepted by the au-

thorities (FDA) as suture threads. Several methods have been described for PLA

and PLGA particle preparation. They are based on the formation of an emulsion

of an organic solvent containing the polymer (and the drug) solubilized in an aque-

ous phase containing a surfactant. The solvent is then removed to induce polymer

precipitation and particle formation. The size of the particles is governed by the

size of the emulsion and the rate of solvent removal. Several methods have been

developed to eliminate the solvent, including evaporation, diffusion [134–138] and

dilution after salting-out [138–141]. These methods allow high encapsulation rates

since usually more than 80% of the compound is entrapped in the polymeric

matrix.

Encapsulation of sensitizers has also been reported in PLA nanocapsules [142,

143]; they were obtained by a solvent-displacement process. The polymer was dis-

solved in acetone while the hydrophobic photosensitizer was dissolved in Miglyol2

(caprilic/capric diglyceryl myristate) and added to the polymer solution. The or-

ganic solution was then poured into a water solution containing surfactants. Sol-

vent removal leads to precipitation of the polymer around the oil core containing

the active compound.

The emulsion-diffusion method has also been used to prepare particles from a

complex made of poly(sebacic anhydride) and phthalocyanine, where the drug

was conjugated with the polymer before particle formation [144]. Different com-

plexes were made with various amounts of phthalocyanine, and were characterized

by UV/visible spectra. Depending on the degree of aggregation of the photosensi-

tizer in the copolymers, different spectra were found.

Complexation of a photosensitizer and a polymer has been further studied by as-

sociating poly(e-caprolactone) and silicon phthalocyanine [145]. Particles 30–90 nm

in diameter were prepared by an emulsion-diffusion process.

2.4.1.3 ‘‘Stealth’’ Particles

When administered in vivo, polymeric nanoparticles are rapidly taken up by the re-

ticuloendothelial system (RES) due to the adsorption of proteins at their surface

[146–148]. Thus, the biodistribution of particles is mainly directed towards liver

and spleen where they are sequestrated and made unavailable to other target tis-

sues. This propensity to localize in RES has been related to the hydrophobicity of

the particle surface. Therefore, ‘‘stealth’’ particles have been designed to limit this

drawback. The principle is based on ‘‘hydrophilization’’ of the surface. The first

approach reported was the coating of the particles with polymers such as polox-

amer [130, 142] or PEG [139, 142]. Another approach is to use a directly modified

polymer such PLA-PEG [142, 143] or PLGA-PEG.

2.4.1.4 Targeted Nanoparticles

Even though biodistribution of PS is characterized by a preferential accumulation

into target tissues such as cancer cells and neovasculature, their distribution in

normal tissues induces adverse side effects. Therefore, a more specific distribution
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may be sought by using active targeting. One way to increase the biodistribution of

colloidal carriers to the target site is to covalently bind a recognition molecule to

their surface that will drive the carrier to the target site. This approach was used

by Kopelman et al. with non-biodegradable particles [123], but to our knowledge it

has not yet been developed with PS-loaded biodegradable nanoparticles. Several

methods are available to covalently bind ligands to the surface of colloidal systems

[149] and numerous recognition molecules are available to target either cancer

cells or neovasculature surrounding tumor sites. This aspect of active targeting

strategies will be further developed in chapter 10.

2.4.2

In Vitro Relevance of Polymeric Nanoparticles in PDT on Cell Models

In vitro studies with cultured cells are usually an easy way to evaluate the efficacy

of new drug delivery systems. Two main issues are evaluated with in vitro studies:

either the activity of the drug-loaded carriers on cancer cells or the cellular uptake

and trafficking of the photosensitizers encapsulated into nanoparticles.

2.4.2.1 Photodynamic Activity of PS-loaded Nanoparticles

First, the potential activity of encapsulated photosensitizers has to be verified on

the targeted cancer cells. For this purpose, several in vitro models are used, corre-

sponding to different cancer cell lines, but the principle is generally similar. The

activity of PS formulations is evaluated by measuring the inhibition of cell growth.

Cells are incubated with either the free drug or the drug-loaded carriers, PDT is

applied to the cells by illumination at the right wavelength, and the damage,

namely cell death, is evaluated by a simple viability test, such as the colorimetric

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Fig. 2.4).

Nanoencapsulation does not affect the activity of photosensitizers. Indeed, the

phototoxicity of loaded nanoparticles, when compared to free drug under the

same experimental conditions, was similar or even better.

The effect of mTHPC in different formulations: in solution, PLA NCs,

poloxamer-coated NCs, PEG-grafted PLA (PLA-PEG) NCs, and oil/water nano-

emulsion (NE) has been compared by Bourdon et al. [142]. HT29 human adeno-

carcinoma cells were treated with increasing concentrations of PS (0.125 to

1.25 mg mL�1). A long incubation time (300 min) and high light dose (25 J cm�2)

were used, as fluences of 5 or 10 J cm�2 seemed to be inefficient. Phototoxicity in-

creased when PS concentrations increased, regardless of formulation. In their ex-

perimental setting, all formulations showed similar photoactivity, except PLA-PEG

NCs, which yielded a lower phototoxicity.

The activity of loaded nanocarriers was demonstrated with mTHPC on HT29

tumor cells, but the same concentration-dependent profile was obtained for other

nanocarriers or photosensitizers such as meso-tetra(p-hydroxyphenyl)porphyrin
(pTHPP) used by Konan et al. [136]. In this case, the influence of drug concentra-

tion on cellular toxicity with pTHPP-loaded nanoparticles (PLA or PLGA) was com-

pared to free pTHPP. For this purpose, EMT-6 mammary tumor cells were used
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under the following conditions: 1 h of incubation with increasing concentrations of

PS (3 to 10 mg mL�1) and a light exposure of 6 J cm�2. For all delivery systems

tested, the phototoxicity increased with PS concentration. The most important dif-

ference between formulations was observed at 3 mg mL�1, where loaded NPs ex-

hibited a two-fold higher activity than free pTHPP. In contrast, at 6 mg mL�1 all

formulations reached a plateau of cell death (90% dead cells). Thus, encapsulation

of a photosensitizer is an advantage, as the same photodynamic effect could be ob-

tained with a lower concentration, thereby minimizing possible side effects.

Before analyzing the phototoxicity of photosensitizers, the following controls

have to be performed: dark toxicity of photosensitizers, effect of irradiation on

untreated cells and finally toxicity of unloaded nanoparticles. With this intention,

Bourdon et al. [142] related no dark toxicity with mTHPC-loaded NCs in human

colorectal adenocarcinoma (HT29) cells after incubation times of up to 18 h. Light

or photosensitizer alone did not lead to a significant decrease in survival fraction

according to Konan et al. [136] on EMT-6 mammary tumor cells. Moreover, un-

loaded nanoparticles, after a 24 h-incubation and an irradiation at 9 J cm�2, in-

duced no phototoxicity in concentrations up to 20 mg mL�1. Thus, the observed

phototoxic effects were only triggered by the combination of a specific photosensi-

tizer and its activation by light.

The research by Bourdon et al. and Konan et al. have validated the proof of con-

Fig. 2.4. Schematic representation of in vitro

efficacy assay on cell culture. Cells are

incubated with NPs; after washing, the plate is

irradiated with light at the right wavelength.

The light dose depends on the power of the

light and time of exposure. Photodamage is

assessed by cell viability assay after incubation

in fresh medium.
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cept of using polymeric NPs for PDT [136, 142]. It is, however, difficult to compare

the ability of two different photosensitizers when the carriers and the experimental

conditions are different. Indeed, several parameters can influence the photoactivity

of a drug: experimental conditions (incubation time, light dose), nature of drugs

and delivery systems (free or encapsulated), size of carriers, mechanisms of up-

take (diffusion, endocytosis), subcellular localization and mechanism of cells

destruction.

Influence of Experimental Settings The survival rate is determined by a viability as-

say, which is generally done one day after irradiation. Konan et al. have studied the

influence of the time delay between irradiation and viability assay [136]. For this

purpose, the cell viability was determined either immediately or 18 h after irradia-

tion. The effect of the photosensitizer (pTHPP) was undervalued when the MTT

assay was carried out immediately after irradiation: in this case the drug dose

needed to kill 50% of cells (IC50) was doubled. Cell damage resulting from photo-

chemical reactions may not be immediately lethal. Indeed, cell death implicates

several cascades of reactions such as activation of enzymatic processes. Therefore,

cell death can not be observed immediately after illumination. This study on the

time delay is the only one in the literature on PDTwith loaded-nanoparticles. How-

ever, a study carried out on 5-ALA in solution by Betz et al. [150], evaluating cell

viability 18 or 24 h after irradiation, seemed to be reasonable to compare different

carriers or experimental conditions. It is, however, difficult to deduce a general

trend from these results as the needed post-irradiation incubation will depend at

least on the PS and the cell line.

The incubation time of the PS with cells and irradiation parameters also have an

effect on the phototoxicity of photosensitizers on cancer cells. Indeed, phototoxicity

generally increases with incubation time and this correlation is intensified at

higher drug concentrations. For example, for pTHPP-nanoparticles, cell viability

began to show a decrease after 30 min incubation at 3 mg mL�1; however, this was

reduced to 15 min when using 6 and 8 mg mL�1 [136]. At higher concentrations,

more NPs are available, so cellular uptake may be improved and then the time re-

quired for a good efficiency is reduced.

If the incubation time is long enough, an increase in light dose can also play a

considerable role on phototoxicity. PDT is performed at a fixed wavelength, where

the photosensitizer absorbs photons, from a laser source [142] or from white light

passing through an aqueous filter (e.g., rhodamine) [136]. The fluence rate is deter-

mined using a photometer and the irradiation times are adjusted accordingly to the

desired light doses. The homogeneity of the light delivered to cells is very impor-

tant to allow comparison between different treatments. Moreover, the temperature

during irradiation has to be controlled to avoid thermal effects on cell viability.

Therefore, irradiation times should not be too long. For PLA-nanoparticles, an in-

crease from 6 to 9 J cm�2 triggered a decrease in cell viability from 85 to 18% after

15 min incubation [136]. Such a fall in viability was observed for all polymeric sys-

tems, whereas the influence of light dose with free drug was quite low, 100 to 73%,

respectively, for the same dose. Perhaps the free drug needs more time to penetrate
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the cells, and thus 15 min is not long enough to obtain a reasonable phototoxicity.

Moreover, encapsulation may change the intracellular distribution into the differ-

ent compartments of the cell, bringing the PS closer to the targets.

Influence of Incubation Medium Photoactivity of loaded NPs is generally affected

by the presence of serum proteins. When cells are incubated with a photosensitizer

in the presence of proteins from fetal calf serum (FCS) or fetal bovine serum

(FBS), phototoxicity is improved [135, 141]. This trend was observed for all nano-

particle formulations, whereas free drug did not seem to be influenced by serum.

For example, pTHPP-loaded nanoparticles [135] were two-fold more efficient in the

presence of 10% FBS regardless of the polymer (PLA, 50:50 and 75:25 PLGA). The

serum may enhance the intracellular accumulation of photosensitizer but also fa-

vor the monomeric form of the photosensitizer. Indeed, as hydrophobic entities,

photosensitizer molecules tend to aggregate in aqueous solution or within the

nanoparticles. In this aggregated state, the photosensitizer exhibits a low photo-

dynamic activity and has to be first dispersed to become efficient [151]. Proteins

could enhance this dispersion process mainly by lipoprotein association with PS.

Improvements in phototoxicity were observed according to the formulations by

Konan et al. with pTHPP and verteporfin [135, 141] and Bourdon et al. with

mTHPC [142]. Indeed, when compared to nanoparticle formulations, free drug

and drug formulated in oil/water NE were not affected by the presence of proteins.

The association of PS molecules and proteins can be studied by fluorescence.

When aggregated, PS emits very little fluorescence, so the state of dispersion can

be observed by following the increase in fluorescence after adding serum. A rapid

transfer of verteporfin seems to occur from the nanoparticles to the serum pro-

teins, as Konan-Kouakou et al. observed a rapid increase in fluorescence immedi-

ately after the injection of 5% FBS in the suspension medium [141]. In contrast,

verteporfin was slightly transferred from DMSO/PBS formulation, which corre-

lates well with the results observed for in vitro phototoxicity.

Influence of Carrier Characteristics Different types of polymers are available for NP

manufacture. The characteristics of the surface can also be changed either by using

block copolymers or by coating particles with different excipients. Finally, manag-

ing the preparation processes parameters allows control of NP size. It is therefore

possible to design customized particles that exhibit very different characteristics in

terms of physicochemical properties as well as delivery features. Several studies

have evaluated the influence of these parameters.

Polymer and Surface Modifications The carrier nature can modulate the photoac-

tivity. The nature of the polymer influences the phototoxicity of drug-loaded nano-

particles. Nanoparticles having the same characteristics (size, drug loading and

polymer molecular weight) can exhibit different in vitro toxicities that depend on

the polymer they are made of. Konan et al. have shown that PLGA-nanoparticles

are more efficient than PLA-nanoparticles [136]. Even the lactic/glycolic ratio played

a role, since 50:50 PLGA induced a drop in viability at lower doses than 75:25
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PLGA (Fig. 2.5). Thus, with the same photosensitizer, in vitro activity can be af-

fected by the polymer hydrophile–lipophile balance value, degradation rate and

drug release profile. The hydrolysis-labile ester linkages are more accessible to

water in PLGA than PLA. In the same way, the higher the content of glycolide in

the polymer, the more accessible it would be to water, resulting in a faster hydroly-

sis. Thus, a faster intracellular release of drug is expected from 50:50 PLGA nano-

particles, which explains their higher efficiency.

By coating nanoparticles with poloxamer or using PEG-grafted polymers, differ-

ent efficacies can also be obtained with the same polymer (PLA). Naked PLA NCs

or poloxamer NCs exhibited quite similar toxicities as determined by Bourdon et al.

[142]. However, PLA-PEG NCs induced a slight decrease in phototoxicity.

Particle Size The influence of particle size is a key factor regarding cellular

internalization [141, 152, 153]. Usually, smaller particles tend to be more readily

internalized, and thus higher activity is expected. This parameter has not been yet

extensively studied for PDT. The efficiency of a photosensitizer seems to be im-

proved by encapsulating it into small nanoparticles rather than larger nanopar-

ticles. Konan-Kouakou et al. have compared three formulations of verteporfin on

EMT-6 mammary tumor cells [141]. Free verteporfin and verteporfin-loaded nano-

particles with different mean sizes (167 and 370 nm) resulted in different survival

rates after 1 h-incubation when irradiated at 6 J cm�2. Treatment with 70 ng mL�1

of free or entrapped verteporfin into large nanoparticles yielded only 11 and 29%

cell death, respectively. At the same concentration, almost 69% of cells were killed

by small nanoparticles. The small size can increase the particles capacity to be

taken up by cells and allow a faster drug release into cells. Furthermore, the distri-

Fig. 2.5. Influence of drug concentration on

photocytotoxicity of free pTHPP (n) or pTHPP-

loaded nanoparticles (C, 50:50 PLGA; j, 75:25
PLGA; f, PLA). The EMT-6 tumor cells were

incubated for 1 h, at equivalent drug

concentrations, ranging from 3 to 10 mg mL�1,

for 1 h and irradiated at a light dose of 6

J cm�2 (655 nm). The MTT assay was

performed 18 h after light exposure. Each data

point represents the mean (GS.D.) of six

values. (Redrawn from [136].)
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bution of photosensitizer in the nanoparticles can also be affected by their size.

With small NPs, the PS could be absorbed on the particle’s surface rather than be-

ing incorporated into the polymeric matrix. The PS is then more exposed to the ex-

ternal medium and available at its site of action. This influence of size has also

been reported recently in vivo by Vargas et al. [154].

Influence of Photosensitizer Depending on their nature, photosensitizers could

enter the cells by different mechanisms and/or rates. In solution, free PS are gen-

erally taken up by diffusion, leading to a low intracellular concentration. In con-

trast, nanoparticles seem to be taken up by endocytosis, leading to higher accumu-

lation and delivery of drug.

In the same chemical family of PS, different derivatives can exhibit different

phototoxic activities but these differences can be minimized by encapsulation.

The free photosensitizers, depending on their physicochemical properties and, es-

pecially, on their hydrophile–lipophile balance value, can penetrate the cell mem-

brane to different extents. However, when encapsulated, all PS derivatives could

lead to similar photoactivities. For example, for free zinc-phthalocyanine deriva-

tives, photodynamic activity increased when the degree of sulfonation decreased,

according to Lenaerts et al. [130]. In V-79 Chinese hamster cells, the free disul-

fonated derivative (ZnPcS2) yielded an IC90 of 0.19 versus 7.5 mm for the tetra-

sulfonated derivative (ZnPcS4). However, after encapsulation into poly(isohexyl

cyanoacrylate) (PIHCA) NCs, both PS exhibited similar IC90 (0.19 and 0.28 mm,

respectively). One possible explanation is that amphiphilic molecules, such as

ZnPcS2, are readily taken up by cells in their free forms, and thus they are not

more active after encapsulation. In contrast, hydrophilic drugs, when incorporated

into carriers, can be delivered more readily to the cells and thus be more active.

This hypothesis should be verified by internalization experiments and in vivo as-

says. Indeed, in contrast with these conclusions, Pegaz et al. have demonstrated

on the chick chorioallantoic membrane (CAM) model that the photodynamic activ-

ity of PS is strongly influenced by their hydrophile–lipophile balance [138]. Once

entrapped into NPs, the most hydrophobic PS exhibited a higher photoactivity.

Lenaerts et al. [130] have also suggested that encapsulation would reduce the de-

gree of aggregation of the drug, aggregation that is detrimental to PS activity. This

point is considered to be of key importance for the success of PDT because the sus-

ceptibility of highly hydrophobic PS to undergo aggregation in aqueous environ-

ments has a deleterious effect on the photoinduced oxidative process [151]. Indeed,

due to the lack of physiological acceptable solvents for hydrophobic PS, encapsula-

tion allows one to overcome formulation problems, especially when intravenous

administration is needed.

2.4.2.2 Uptake and Trafficking of Photosensitizers

PS, depending on their properties (hydrophile–lipophile balance value, charge,

etc.), enter cells through different mechanisms, thereby determining their sub-

cellular localization and ultimately their photodynamic efficacy. PS may penetrate

into the cell by passive diffusion or by endocytosis [12].
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Interest in using polymeric nanoparticles for PDT was first demonstrated by

studies from Bachor et al. who conjugated the porphyrin derivative chlorine e6
(Ce6) on 1000 nm polystyrene particles [155]. Association of PS to the particles in-

creased the cellular uptake of the drug while the free drug stayed in the membrane

of MGH-U1 cells (human bladder carcinoma cell line). The intracellular concentra-

tion was 20� higher in cells treated with Ce6-microspheres than in cells treated

with unconjugated Ce6. As a consequence, after irradiation at 659 nm, encapsu-

lated Ce6 (0.43 mm) induced total growth inhibition at a light dose of 5 J cm�2,

whereas treatment with unconjugated Ce6 did produced no effect.

PS, free or entrapped, enters the cells in a concentration- and time-dependent

manner [135, 142]. However, different uptake rates could be obtained depending

on the PS or on the nature of the carrier. mTHPC has been entrapped in plain, or

surface modified with PLA-PEG, NCs [142]. The cellular uptake, evaluated by the

total fluorescence intensity of cells, showed that encapsulation decreased the intra-

cellular uptake of the drug. Indeed, a higher internalization rate was obtained

when the drug was solubilized in an ethanol/PEG/water (20/30/50 by volume) so-

lution than with the encapsulated drug. Plain PLA NCs were less internalized than

either poloxamer-coated nanocapsules or PLA-PEG NCs (Fig. 2.6). Nevertheless,

quite similar phototoxic activity was observed for all treated groups. This strongly

suggests that the PS does not follow the same cellular uptake pathway depending

Fig. 2.6. Uptake of mTHPC (0.25 mg mL�1) by

HT29 cells as determined by microspectro-

fluorimetry. mTHPC formulations: solution

(C), nanoemulsion (s), poloxamer-coated

PLA NCs (b), PLA-PEG NCs (n) and PLA NCs

(f). Cellular fluorescence intensities were

measured at 654 nm. For each experiment,

data have been averaged from intensity values

determined on 30 individual living cells.

Experiments were carried out in triplicate (bars

represent S.E.). (Reprinted from Ref. [142] with

permission.)
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on whether it is encapsulated or free. This was further demonstrated in a recent

publication where the degree of internalization of pTHPP-loaded nanoparticles

sharply dropped when incubation was performed at þ4 �C whereas no affect on

the uptake of the free drug was observed [135]. Thus, an energy-dependent process

is involved in the uptake of loaded-nanoparticles. Endocytosis of NPs leads to

higher intracellular concentration whereas free pTHPP, owing to its hydrophobic

nature, tends to diffuse passively into the cell membrane, where it is less active.

Therefore, encapsulation favors the PS internalization; however, PLA nanoparticles

were less likely to be taken up than PLGA NP. In this case, pTHPP is a PS able to

cross the membrane by diffusion; however, other PS, which are less hydrophobic

or too polar to diffuse through the plasma membrane, are taken up, similar to the

NPs, by endocytosis.

ROS have a short life-time, and their activity is limited to sites close to ROS gen-

eration; thus, PS uptake by cancer cells is crucial for effective PDT. To a certain

degree, the type of damage that occurs in cells depends on the subcellular localiza-

tion of the PS. The localization of PS in cancer cells, studied by fluorescence mi-

croscopy, seems to be formulation-dependent. The intracellular localization of PS

might differ between free PS and loaded-carriers, permitting induction of different

photochemical lesions in irradiated cells. A specific subcellular localization could

determine the mechanism of cell death. For example, localization in mitochondria

has been associated with the tendency of PS to produce apoptosis [12].

Precise PS localization can be determined by confocal laser scanning microscopy

and by using co-staining of cellular organelles using fluorescent markers or indi-

rect immunofluorescence. Bachor et al. first showed that microspheres loaded

with Ce6 can be visualized in the cytoplasm and more precisely in phagolysosomes

[155]. In contrast, unconjugated PS, due to their lipophilicity, seemed to stay in cel-

lular membranes, including plasma, nuclear and mitochondrial membranes. The

cellular distribution within HT29 cells reported by Bourdon et al. was also affected

by encapsulation [142]. Cells treated with free drug showed a diffused distribution

throughout the cytoplasm, with a non-fluorescent nuclear area. As for NCs, even if

the nuclear area is still non-fluorescent, PS was localized in the Golgi system.

In contrast to these studies reporting different localization for free and encapsu-

lated PS, Konan et al. observed, in EMT-6 cells, similar localization in early and late

lysosomes for free and encapsulated pTHPP [135]. However, this discrepancy

might be related to the use of different cell lines and experimental parameters. In-

deed, as far as uptake is concerned, a specific behavior of EMT-6 cells has been re-

ported compared to other cell lines [156].

The photochemical reactions induced by irradiation may damage membrane in-

tegrity and therefore cause the release of PS from their primary site of localization.

The efflux of pTHPP from EMT-6 cells was studied in a comparative manner after

treatment with PLGA loaded-nanoparticles and free drug at 6 mg mL�1 for 15 min

incubation [135]. After irradiation at 6 J cm�2, the rate of the pTHPP escape was

evaluated by loss of fluorescence as a function of time. Indeed, free or loaded drug

gradually escaped from cells as a function of time. This trend was faster for a treat-

ment with NPs. This may be due to a higher uptake and thus to more severe pho-
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tochemical damage, including important membrane disruption. Before total efflux

from cells, redistribution inside the cells could be observed, e.g., from lysosomes to

cytoplasm or nuclei [157]. This phenomenon has been demonstrated with PS, such

as porphyrins or phthalocyanines derivatives [158, 159], but not yet with PS-loaded

nanoparticles.

One of the limitations of nanocarriers is their rapid uptake by the reticuloendo-

thelial system (RES), which results from the adsorption of opsonins (plasma pro-

teins) on these carriers. Then, they are taken up by the cells of the immune system

located mainly in the liver and the spleen. Thus, a strategy has been developed to

avoid the adsorption of opsonins. Bourdon et al. have studied this phenomenon

with macrophage-like cells (J774) [142]. For this purpose they compared different

mTHPC formulations with the aim of evaluating the capability of surface-modified

NCs to reduce phagocytosis. Compared with naked PLA NCs, drug uptake by

macrophages is indeed decreased by poloxamer coating of particles, or by using

PEGylated polymers (Fig. 2.7). This reduction in uptake is better achieved with

PLA-PEG NCs. These results are a positive indication that RES clearance in vivo
could be limited with such PEGylated carriers (as discussed below). Interaction

between carriers and opsonins is of van der Waals type, and coating nanoparticles

with a hydrophilic chain of poloxamer or PEG could increase the circulating time

in the body.

Fig. 2.7. Uptake of mTHPC (0.25 mg mL�1) by

macrophage-like J774 cells as determined by

microspectrofluorimetry. mTHPP formulations:

PLA NCs (f), nanoemulsion (s), solution

(C), poloxamer-coated PLA NCs (b) and
PLA–PEG NCs (f). Cellular fluorescence inten-

sities were measured at 654 nm. For each

experiment, data have been averaged from

intensity values determined on 30 individual

living cells. Experiments were carried out in

triplicate (bars represent S.E.). (Reprinted from

Ref. [142] with permission.)
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2.4.3

In Vivo Relevance of Polymeric Nanoparticles in PDT

Encapsulation may lead to a different intracellular localization of the hydrophobic

photosensitizers, favoring light activated phototoxicity. One must, however, be very

careful in extrapolating previous data to an in vivo situation. Indeed, in vitro experi-
ments are obtained on cell monolayers directly in contact with light and PS, condi-

tions rarely encountered in vivo. These studies are a proof of concept as they docu-

ment the ability of the NP approach to improve PDT efficacy. Encapsulation would

allow one not only to reduce the PS dose administered to the patients but also to

use a lower light dose, thus reducing potential collateral damage to neighboring

tissues. To demonstrate these advantages of NPs, in vivo studies have to be carried

out with several goals: first, to compare the body biodistribution of PS according to

their formulations, to assess the efficacy of PS-loaded nanocarriers as far as vascu-

lar or tumor suppression effects are concerned, and finally to investigate possible

side effects, such as skin photosensitization.

2.4.3.1 Biodistribution and Pharmacokinetics of Photosensitizers Coupled to

Nanoparticles

As with therapies against cancer, one of the main challenges in photodynamic ther-

apy is enhancement of the PS concentration ratio between tumor and other organs

[7]. However, the localization of NP in specific tissues may depend on the intrinsic

characteristics of the carrier (e.g., nature of the polymer, size, and surface proper-

ties). The tissue distribution and pharmacokinetics of a PS can be influenced by its

incorporation into nanoparticles. Generally, following i.v. administration, nanopar-

ticles are rapidly and extensively taken up by the RES [125]. Accordingly, as soon as

a few minutes after intravenous injection of nanoparticles, the PS mainly accumu-

lates in the liver and spleen. Thereafter, the RES drug level gradually decreases

over several days, depending on the biodegradability of the polymer and on the

drug release kinetics.

Although few in vivo studies have been carried out, the advantages of surface

modification to decrease the accumulation of the photosensitizer in the liver have

been demonstrated. The body distribution of poloxamer-coated-PIHCA NCs con-

taining radiolabeled tetraiodinated zinc-phthalocyanine (ZnPcI4) were studied in

healthy Balb-C mice and mice bearing the EMT-6 mammary tumor [130]. The ac-

cumulation of PS in the liver was significantly lower with poloxamer-coated NCs

than with free ZnPcI4 in solution. As a consequence, the main fraction of PS

was present in blood when NCs are used as a carrier. The experiments in tumor-

bearing mice confirmed not only the reduced liver uptake with NCs but also

showed a higher uptake by the tumor. Photodynamic therapy should be performed

when PS concentrations have a maximum value in the tumor, thus, in this study,

tumor-to-blood ratios > 200 were obtained as early as 12 h post-injection. This high

tumor selectivity achieved by surface modification of nanocarriers confirmed that

NPs could be an efficient drug delivery system for cancer treatment.
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PLA biodegradable nanoparticles coated with PEG-20 000 have also been sug-

gested to enhance tumor uptake of the encapsulated compound [139]. Coating

PLA NPs with PEG-20 000 substantially enhanced the blood circulation time of

the photosensitizer hexadecafluoro zinc phthalocyanine (ZnPcF16), as compared

to plain particles. After 24 and 168 h, the cumulated uptake of the compound in

the liver and spleen represented 61% and 44% for plain NPs versus 50% and 29%

for PEG-coated NPs, respectively. The reduction of the uptake of the NPs by the

RES and the resulting longer blood circulation time were associated with a three-

fold increase of the compound concentration in the tumor after 24 h. Such coated

NPs yielded advantageous tumor-to-skin and tumor-to-muscle ratios, which is im-

portant in predicting the risk of damage to adjacent tissues during PDT.

Similar results were also observed by fluorescence with poloxamer-coated nano-

capsules and PEG-grafted PLA nanocapsules loaded with mTHPC [143]. A de-

crease in liver distribution was observed with coated particles and was more pro-

nounced for PLA-PEG NCs. Tumor distribution was also affected, and PLA-PEG

particles seemed to better accumulate in the tumor tissue. Nonetheless, the influ-

ence of surface modification on particle biodistribution is difficult to compare be-

tween studies because results are frequently presented in arbitrary units of fluores-

cence, and the relative fluorescence of each formulation is not given.

2.4.3.2 Vascular Effects

Vascular damage and blood flow stasis are consequences of PDT on solid tumors.

The irreversible destruction of the tumor vasculature, with the subsequent ische-

mia, is primarily responsible for an effective PDT of solid tumors and contributes

to the long-term tumor control [18, 160]. Vascular events observed after PDT in-

clude release of vasoactive molecules, enhanced leakage and platelet aggregation,

followed by occlusion of the blood vessels. Apart from oncological applications,

the vascular occlusion induced by PDT has been used to treat the wet form of

age-related macular degeneration, characterized by choroidal neovascularization.

The mechanisms underlying the vascular effects of PDT differ greatly according

to the nature of the PS and have been studied in different animal models [25].

However, the effect of incorporating photosensitizers in nanoparticles on the

PDT-induced vascular occlusion is still unexplored and has only been studied in
vivo using the chick chorioallantoic (CAM) model. The chorioallantoic membrane

is a highly vascularized organ of the chick embryo, which allows the evaluation of

vascular occlusion induced by PDT [161]. The pharmacokinetics of intravenously

injected PS in the CAM is followed by measurement of the fluorescence of the vas-

cularized and non-vascularized tissues. The photodynamic activity of the PS can be

assessed by evaluation of the vascular occlusion achieved after irradiation of the

CAM. Vargas et al. have compared the vascular effects of pTHPP, either in solution

or encapsulated in 120 nm PLGA NPs, on the CAM vessels [137]. Vascular occlu-

sion was greatly enhanced by the incorporation of pTHPP into NPs (Fig. 2.8), prob-

ably because of the reduced diffusion of NPs out of vessels during irradiation. In-

deed, non-encapsulated PS quickly leaked out of the vasculature, whereas PS-
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loaded NPs remained longer intravascularly during the 25 min observation time.

Using the CAM model, Pegaz et al. have evaluated the influence of the encapsula-

tion of PS with different degrees of lipophilicity on the vascular effects of PDT

[138]. Porphyrin derivatives, such as meso-tetraphenylporphyrin (TPP) and meso-

tetra(4-carboxyphenyl)porphyrin (TCPP), and chlorin derivatives, such as pheo-

phorbide-a (pheo-a) and Ce6, were encapsulated in PLA nanoparticles of around

200 nm. The PS loading increased with the lipophilicity of the encapsulated PS,

ranging from 0.5% for Ce6 to 4.6% for TPP. The more hydrophobic PS, TPP for

porphyrins and pheo-a for chlorins, extravasated to a lesser extent than the more

hydrophilic derivatives. At 1 mg per kg of chick embryo body weight, the extent of

vascular occlusion induced by the NPs decreased with decreasing lipophilicity of

the PS: TPP > TCPP > pheo-a > Ce6. The authors suggest that the hydrophile–

Fig. 2.8. Top. (a) Evaluation criteria of

vascular occlusion induced in CAM vessels.

Bottom: Comparison of the vascular damage

induced by (b) pTHPP-loaded nanoparticles

and (c) pTHPP dissolved in a mixture of

ethanol, poly(ethylene glycol) and water. CAM

was irradiated with various light doses. Mean

(n ¼ 3). (Adapted from [137].)
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lipophile balance value of the PS plays an important role in the release of porphyr-

ins and chlorins from these NPs. However, NPs with different drug loadings were

compared in this study, and the loading rate may also influence the phototoxicity of

NPs. Furthermore, controls using the PS in solution were not performed. Recently,

the effect of the NP size on the extent of vascular occlusion has been investigated

in the same model. pTHPP was incorporated into PLGA NPs of about 100, 300

and 600 nm [154]. Although the nanoparticles had similar porphyrin loading, the

phototoxic effects and the pharmacokinetic profile of the drug were influenced

by the size of the nanocarrier. Vascular occlusion decreased as the NPs size rose.

Although in vivo cancer models should be used to further evaluate the vascular ef-

fects of photosensitizers loaded in NPs, observations on the CAM model suggest

that the pharmacokinetic profile and the vascular effects induced by PS can be en-

hanced and modulated by their incorporation into NPs.

2.4.3.3 In Vivo Efficacy on Tumor: Tumor Suppression Effects

Encapsulation of ZnPcF16 into PEG-coated PLA NPs greatly improved its photo-

dynamic activity against EMT-6 mouse mammary tumor implanted in Balb/c mice

[140]. Light irradiation was performed 24, 48 and 72 h after intravenous injection

of ZnPcF16 in PEG-coated NPs or Cremophor2 [polyoxethylated castor oil (CRM)]

based emulsion. At a concentration of 1 mmol kg�1, the best tumor response was

obtained when irradiation was carried out 24 h post-injection. Indeed, 63% of

Balb/c mice showed no macroscopic sign of tumor progression one week after

PDT, and they were completely cured three-weeks post-treatment. In contrast,

treatment with CRM formulation led to only 14% tumor regression. Thus, uptake

is not the only important parameter as the two formulations were taken up by tu-

mor at a similar rate at this time point (24 h), but the distribution inside the tumor

might be different, depending on the formulation. To improve early tumor re-

sponse, Allémann et al. [140] increased the PS doses (2 and 5 mmol kg�1). For

both doses, early tumor response, in terms of edema, was observed for all treated

mice. At 2 mmol kg�1, no effect of the time delay between NP injection and irradi-

ation was observed. In this case, three-weeks post-PDT, 40% of the mice showed

complete healing when PDT was performed either at 24, 48 or 72 h post-injection.

At 5 mmol kg�1, the treatment with NPs is even more efficient as all mice were

cured as compared to only 60% when treated with CRM. Unfortunately, no com-

parison with uncoated NPs was performed. Nonetheless, uncoated NPs appear

to be efficient as well, since Konan-Kouakou et al. have shown the ability of

verteporfin-loaded PLGA NPs to control rhabdomyosarcoma (M1) tumor growth

implanted in DBA/2 mice [141]. At 1.4 mmol kg�1, tumor suppression was ob-

tained with irradiation as early as 15 and 30 min after injection, with 66 and 75%

tumor-free animals, respectively, on day 20. However, irradiation performed 60

min post-injection led to only 33% tumor-free animals. This suggests rapid in vivo
clearance of the PS when administered in NPs. Moreover, the size of NPs might

influence their efficacy in vivo, as demonstrated in vitro [141]. Indeed, small NPs

could reach the target sites and thus be active more rapidly than large NPs. But in

this part of the study, Konan-Kouakou et al. showed no control formulations, such
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as free PS in solution or emulsion in order to compare the possible differences in

efficacy in vivo [141].

2.4.3.4 Adverse Effects

Despite promising results in the treatment of cancer, the use of photosensitizers is

associated with undesirable side effects, such as prolonged cutaneous photosensi-

tivity that persists for a long time (up to several months). New sensitizers have

thus been developed to combine acceptably low rates of skin phototoxicity and clin-

ically useful tumor tissue specificity.

Konan-Kouakou et al. have evaluated the skin photosensitivity caused by verte-

porfin when administered in NPs to SKH1 hairless mice [141]. Mice were exposed

to 60 J cm�2 of light 15 or 60 min after PS injection. Photosensitivity was assessed

1 and 3 days later using a scoring system for erythema/eschar and edema forma-

tion (Table 2.4). The total skin photosensitivity score was calculated as the sum of

scores from injury observations. The highest skin photosensitivity scores were ob-

served one day after light exposure when mice were exposed to light 15 min after

injection. The average score was then 1:7G 0:6, and 3 days after exposure the

value came back to the normal. No skin photosensitivity was observed when mice

were irradiated 60 min after injection. Thus, the animals are photosensitive for

only a short period, which is very important in limiting the risk of adverse side ef-

fects. However, this might be limited to verteporfin, for which a rapid clearance

has been described [162]. Although NPs appear to prevent adverse effects, this as-

pect has only been evaluated in one report – confirmation requires more experi-

mental data.

Tab. 2.4. Skin photosensitivity scoring system[a].

Erythema plus eschar

0 No observable reaction

1 Minimally detectable erythema

2 Slightly visible pale pink erythema, no vessels broken, no red spots

3 Blanching, few broken vessels, no eschar formation

4 Definite erythema, more broken vessels leading to yellow eschar formation

5 Severe reaction, many broken vessels, eschar formation – but less than 50% of site

6 Very severe rosette, eschar formation on more than 50% of site

Edema

0 No observable reaction

1 Slight edema within exposure site

2 Mild edema within exposure site (skin fold measurement < 1 mm)

3 Moderate edema (skin fold measurement 1–2 mm thick)

4 Severe edema extending beyond exposure site (skin fold measurement > 2 mm thick)

aTotal skin photosensitivity score is the sum of scores from erythema

plus eschar and edema observations (minimum ¼ 0, maximum ¼ 10).
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2.5

Conclusions

Photodynamic therapy and photodetection are innovative and newly developed ap-

proaches for the treatment and detection of cancer. It implies the photoactivation

of photosensitizers to induce cellular damage in the target tissue. This approach

to cancer chemotherapy, due to the nature of the drug itself, is characterized by

better targeting of the treatment, thus limiting side effects usually encountered

with conventional therapies. The development of this therapy is somehow limited

by the fact that the more potent molecules are hydrophobic, thus requiring poten-

tially harmful solvents to have injectable formulations. The use of biodegradable or

non-biodegradable particles as a photosensitizer formulation allows injectable sus-

pensions to be obtained. Encapsulation of different types of photosensitizers does

not reduce their photoactivity and in most cases leads to a better activity than

shown by the free compounds.

Promising results have been found with non-biodegradable materials. However,

non-biodegradable nanoparticles do not offer the possibility of drug release pat-

terns achieved with biodegradable polymers. Further, toxicological aspects have

not been yet fully addressed.

In vivo and in vitro literature data have reported interest in the encapsulation of

PS into polymeric nanoparticles, a system offering long-term stable shelf life. The

main strength of polymeric nanoparticles for PS delivery is that they are well toler-

ated both in vivo and in vitro. Furthermore, encapsulation of PS preserves their

pharmacological activity and may decrease the occurrence of adverse effects. Cur-

rently, the mechanistic approach behind pharmacological efficiency has not yet

been explored and it would be interesting to better understand how photosensi-

tizers can be still active when incorporated into a polymeric shell. Indeed, is the

release of the PS necessary for the PDT effect to happen? Since PDT is a two-step

process with, first, drug administration and, second, light activation, release kinet-

ics from the polymeric matrix may have a determining influence on treatment

dose and schedule. Another unevaluated aspect is the possibility of using particles

to actively target cancer or neovascularized tissues. Active targeting with nanopar-

ticles is still at an early stage and its development in the field of PDT will increase

tremendously the interest in this type of carrier.

Photodetection with PS loaded NPs has not yet been evaluated. However, there

are many opportunities to develop delivery systems explicitly for PD. For instance,

PD is mostly used to detect superficial cancers, but the detection of deeper local-

ized tumor, using optic fibers, could take advantage of the tumor localizing proper-

ties of NPs.
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Abbreviations

5-ALA 5-Aminolevulinic acid

BPD-MA Benzoporphyrin derivative monoacid ring A

CAM Chick chorioallantoic membrane

Ce6 Chlorine e6
CNV-AMD Choroidal neovascularization associated with age-related macular de-

generation

CRM Cremophor2

DMSO Dimethyl sulfoxide

EPR Enhanced permeability and retention

FBS Fetal bovine serum

FCS Fetal calf serum

FDA U.S. food and drug administration

HpD Haematoporphyrin derivative

HPPH 2-Devinyl-2-(1-hexyloxyethyl)pyropheophorbide

HT Hyperthermia therapy

ICx Inhibitory concentration (drug dose needed to kill x% of cells)

i.v. Intravenous

IR Infrared

LDL Low-density lipoproteins

MB Methylene blue

MR Magnetic resonance

mTHPC meta-tetra(Hydroxyphenyl)chlorin

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NC(s) Nanocapsule(s)

NE Nanoemulsion

NP(s) Nanoparticle(s)

NS Nanosphere

PAA Polyacrylamide

PACA Poly(alkyl cyanoacrylate)

PD Photodetection

PDT Photodynamic therapy

PEG Poly(ethylene glycol)

pheo-a Pheophorbide-a

PIHCA Poly(isohexyl cyanoacrylate)

PLA Poly(lactic acid)

PLGA Poly(lactic-co-glycolic acid)
PpIX Protoporphyrin IX

PS Photosensitizer

pTHPP meso-tetra(p-Hydroxyphenyl)porphyrin

QD(s) Quantum dot(s)

RES Reticuloendothelial system

ROS Reactive oxygen species

SnET2 Tin-ethyl etiopurpurin
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TCPP meso-tetra(4-Carboxyphenyl)porphyrin

TPP meso-Tetraphenylporphyrin

UV Ultraviolet

ZnPcF16 Hexadecafluoro zinc phthalocyanine

ZnPcI4 Tetraiodinated zinc phthalocyanine

ZnPcS2 Disulfonated zinc phthalocyanine

ZnPcS4 Tetrasulfonated zinc phthalocyanine
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3

Nanoparticles for Neutron Capture Therapy

of Cancer

Hideki Ichikawa, Hiroyuki Tokumitsu, Masahito Miyamoto,

and Yoshinobu Fukumori

3.1

Introduction

Conventional radiotherapy using X-rays or g-rays has been applied to cancer treat-

ment due to its non-invasive methodology. However, some types of tumor are ra-

dioresistive; even if radiosensitive, the radiation dose that can be delivered to the

tumor is limited by the tolerance of surrounding normal tissues within the treat-

ment volume. In addition, some special techniques are required to treat tumors

in deeper parts of the body or in organs because the radiation dose is in general

highest on the surface of the body. In particle radiotherapy using beams of acceler-

ated protons or carbon nuclei, the dose has the Brag peak, i.e., becomes maximal at

the depth depending on the energy of the particles. Despite this benefit of particle

radiotherapy, the dose is also limited by the tolerance of surrounding normal tis-

sues within the treatment volume. Targeting radiotherapy uses radioactive isotopes

that can be selectively targeted to tumor after injection, but special attention has to

be paid to handling of the radioactive isotopes.

This chapter describes neutron capture therapy (NCT), a new radiotherapy that

differs from the conventional radiotherapies described above. Coderre and Morris

have reviewed the radiation biology of boron neutron capture therapy (BNCT), in-

cluding the biodistribution of currently used boron compounds, in detail, but they

limited the coverage to BNCT [1]. Consequently, the present chapter also covers

gadolinium neutron capture therapy (GdNCT), and drug delivery issues in BNCT

and GdNCT are discussed with special focus on the roles of nanoparticle technol-

ogy. Section 3.2 explains the principle of NCT, and Section 3.3 reviews the present

status of BNCT, including two boron compounds clinically used at present and

past investigations on their nanoparticulate delivery systems. Section 3.4 deals

with the approaches to GdNCT carried out so far, including a detailed account of

the present authors’ experiences in developing Gd-containing lipid nanoemulsions

and chitosan nanoparticles to demonstrate the usefulness of nanoparticle technol-

ogy in NCT.
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3.2

Principle of Neutron Capture Therapy of Cancer

NCT is a cancer therapy that utilizes the radiations emitted in vivo as a result of the
nuclear neutron capture reaction (NCR) between radiation-producing agents ad-

ministered in the body and thermal or epithermal neutrons irradiated from outside

of the body. NCT is a binary treatment system, consisting of dosing the radiation-

producing agents and neutrons. Neutrons have in general been classified accord-

ing to their energies, E, as thermal neutrons (E < 0:4 eV), epithermal neutrons

(0.4 eV < E < 10 keV), and fast neutrons (E > 10 keV) [1]. Table 3.1 shows the

NCRs and neutron capture cross sections of typical elements [1]. Commonly exist-

ing O, C, H and N in the body or tissues have small cross sections, but boron (10B)

and gadolinium (157Gd) have extremely large cross sections.

The most common radiation-producing element for NCT is 10B at present [2]. In

clinical experiences, NCT with 10B (BNCT) has achieved encouraging results using

the mercaptoundecahydro-closo-dodecaborate dianion ([B(12)H(11)SH]2�, BSH) in

patients with grades III–IV glioma and using the boronophenylalanine (BPA) in

patients with malignant melanoma (Fig. 3.1). In BNCT, the 10B compounds ad-

ministered have to be delivered to tumor intracellularly to obtain an antitumor ef-

fect, because 10B emits a-particles whose range is nearly equal (9 mm) to a cell di-

ameter or shorter [3]: success in clinical BNCT trials depends on the selective

accumulation of 10B compounds into individual tumor cells.
157Gd causes the following neutron capture reaction by thermal neutron irradia-

tion [4]:

157Gdþ thermal neutron ! 158Gdþ g-raysþ internal conversion

electrons ! 158Gdþ g-raysþ Auger electronsþ characteristic X-rays

157Gd NCR (Gd-NCR) results in emission of long-range prompt g-rays, internal

conversion electrons, X-rays and Auger electrons with a large total kinetic energy

(7.94 MeV) [4]. The g-rays and the electrons thus generated provide a tumor-killing

Tab. 3.1. Neutron capture cross section of

typical atoms.

Atom Cross section (barn) Reaction

16O 0.00019
12C 0.0035
1H 0.333 1H(n, g)2H
14N 1.83 14N(n, p)14C
10B 3840 10B(n, a)7Li
157Gd 254000 157Gd(n, g)158Gd
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effect [5, 6]. GdNCT has the following theoretical and possible advantages over

typical BNCT: (a) 157Gd has the highest thermal neutron capture cross section

(254 000 barns) among naturally occurring isotopes, 66� larger than that of 10B

[7]; (b) the g-rays released by Gd-NCR have a long range (>100 mm) in contrast

with the a-particles, so that they may extensively affect tumors even if Gd exists ex-

tracellularly in tumor tissue [8]; (c) Auger electrons with a short-range and high

linear energy transfer may lead to a local and intensive execution of DNA in neo-

plastic cells [9]; (d) since Gd has been used as a magnetic resonance imaging

(MRI) diagnostic agent [10, 11], it will be possible in future to integrate GdNCT

with MRI diagnosis by using Gd-loaded dosage forms.

NCT has certain advantages over traditional cancer chemotherapy. Unlike che-

motherapy that uses antitumor drugs, NCT does not need to use pharmacologically

active substances in a traditional sense, since it is the neutron capture element it-

self that contributes to tumor inactivation. Therefore, a large amount of the radio-

sensitizer can be administered, provided the elements are modified so as to be

non-toxic compounds. Thus, severe side effects, which are often experienced in

cancer chemotherapy, are not a major concern in NCT.

3.3

Boron Neutron Capture Therapy

3.3.1

Boron Compounds

NCT was first postulated by Locher in 1936 [12]. The earliest clinical treatments of

malignant glioma were carried out at the Brookhaven National Laboratory in 1951–

1961, and the Massachusetts Institute of Technology in 1959–1961, but no success-

Fig. 3.1. Compounds in clinical use for BNCT.
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ful result could be obtained, possibly because of the poor tumor-selectivity of the

compounds used. Thereafter, many boron compounds have been synthesized for

this purpose and their potential to accumulate boron in tumors has been eval-

uated. However, most compounds could not be used clinically due to chemical

instability and toxicity even if they would exhibit a high tumor accumulation.

Nonetheless, two compounds, i.e., BSH and BPA (Fig. 3.1), were found to be appli-

cable to clinical treatment.

Hatanaka et al. at Teikyo University, Japan, started clinical trials on brain tumors

by using BSH in 1968 [13–15]. They reported one case where a brain tumor

seemed to be completely treated. Thereafter, they have employed BNCT for over

200 patients to date. In 1987 Mishima et al. at Kobe University, Japan, also began

BNCT of malignant melanoma, subsequently reporting 18 excellent, almost com-

pletely treated, results in the treatment of 22 patients [16, 17].

BSH and BPA are the only boron compounds that can be applied to clinical trials

at present. They are intravenously (i.v.) administrated only as solutions; however,

the selectivity in tumor accumulation has to be increased to gain a more efficient

treatment outcome. Consequently, new compounds having a high potential for se-

lective tumor-accumulation are still actively sought [18].

BNCT of melanoma has been carried out clinically as follows. Fukuda et al. in

Mishima’s group have analyzed the neutron dose in 22 melanoma patients with

primary or metastatic melanomas who received BPA and subsequently underwent

BNCT [19]. The blood concentration in nine patients receiving 179:7G 14:9 mg-

BPA per kg body weight (BW) increased with time during i.v. infusion, peaked at

the end of administration and decreased thereafter. The peak values at the end of

administration were 9:4G 2:6 mg-10B per gram of blood, and half-lives for the ini-

tial and second components of the blood clearance were 2.8 and 9.2 h, respectively.

Skin concentrations in ten patients varied from case to case; however, skin-to-blood

(Sk/B) ratios were relatively constant at 1:31G 0:22 during the 6 h after the end of

administration. Boron concentrations in the tumors resected from the seven pa-

tients who were operated on decreased in parallel with the blood values, the

tumor-to-blood (T/B) ratio being relatively constant at 3:40G 0:83. Based on these

analytical data of BPA pharmacokinetics, they optimized the timing of irradiation

and the setting of the neutron flux large enough for tumor eradication but still tol-

erable for normal skin.

3.3.2

Delivery of Boron Using Nanoparticles

Drug delivery system (DDS) is most often associated with fine particulate carriers,

such as emulsion, liposomes and nanoparticles, which are designed to localize

drugs in the target site. They have actively been studied as injectable devices that

may enhance therapeutic potency and reduce side effects. From a clinical view-

point, they might have to be biodegradable and/or highly biocompatible. In addi-

tion, high drug content is desirable, because in many cases actual drug-loading ef-

ficiency is often too low to secure an effective dose at the target site. Biodegradable
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liposomes have received considerable attention as potent vehicles for targeting a

site and controlled release of a drug.

The successful treatment of cancer by BNCT requires the selective, very high

concentration of 10B within malignant tumors. To achieve this, many approaches

relating to the liposomal delivery of boron have been carried out [20–51]. The re-

sults from typical studies are described in the following.

Shelly et al. [40] have carried out model studies on 10B delivery to murine tu-

mors with small unilamellar liposomes of 70 nm or less in tumor-bearing mice.

The liposomes were composed of a pure synthetic phospholipid (distearoyl phos-

phatidylcholine) and cholesterol, encapsulating high concentrations of water-

soluble ionic boron-rich compounds, with hydrolytically stable borane anions such

as [B(20)H(18)]2�. Unlike the boron compounds themselves, which exhibited no

affinity for tumors and are normally rapidly cleared, liposomes selectively delivered

the borane anions to tumors. The highest tumor concentrations after i.v. injection

of the two isomers of [B(20)H(18)]2� reached the therapeutic range (>15 mg-B per

g tumor) while maintaining high T/B ratios (>3). The authors suggested that these

boron compounds might have the capability to react with intracellular components

after they had been deposited within tumor cells by the liposome, thereby prevent-

ing the borane ion from being released into blood.

Feakes et al. [41] in the same group have investigated the newly synthe-

sized [B(20)H(17)NH(3)]3� as a water-soluble boron-delivery agent. The [ae-

B(20)H(17)NH(3)]3� anion was encapsulated in liposomes prepared with 5%

poly(ethylene glycol) (PEG)-2000–distearoyl phosphatidylethanolamine in the lipo-

some membrane. As expected, these liposomes exhibited a longer circulation life-

time in the biodistribution experiment, resulting in the continued accumulation of

boron in the tumor over the entire 48 h experiment, reaching a maximum of 47

mg-B per g tumor.

Subsequently, these authors have synthesized the acylated nido-carborane spe-

cies K[nido-7-CH3(CH2)15-7,8-C2B(9)H(11)] for use as an addend for the bilayer

membrane of liposomes [42]. Low injected doses of approximately 5–10 mg-B per

kg BW afforded a peak tumor boron concentration of approximately 35 mg-B per g

tumor and a T/B boron ratio of approximately 8. These values are sufficiently high

for the successful application of BNCT. Further, the incorporation of both hydro-

philic and hydrophobic species within the same liposomes demonstrated signifi-

cantly enhanced biodistribution characteristics, as exemplified by the maximum

tumor boron concentration of approximately 50 mg-B per g tumor and a T/B ratio

of approximately 6. The same authors have also synthesized the thiol derivative

[43]. At low i.v. injected doses, the tumor boron concentration increased through-

out the time-course experiment, resulting in a maximum observed boron concen-

tration of 46.7 mg-B per g tumor at 48 h and a T/B boron ratio of 7.7. They also

reported that the most favorable results were obtained with the polyhedral borane

Na3[a2-B(20)H(17)NH2CH2CH2NH2] [44]. Liposomes encapsulating this species

produced a tumor boron concentration of 45 mg-B per g tumor at 30 h post-

injection, at which time the T/B ratio was 9.3.

Watson-Clark et al. have reported model studies directed toward the application
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of BNCT to rheumatoid arthritis using the above liposomes incorporating K[nido-7-
CH3(CH2)15-7,8-C2B(9)H(11)] as an addend in the lipid bilayer and encapsulated

Na3[a2-B(20)H(17)NH2CH2CH2NH2] in the aqueous core [45]. With low i.v. in-

jected doses of 13–18 mg-B per kg BW, the peak boron concentration observed

in arthritic synovium was 29 mg-B per g tumor. The highest synovium/B ratio ob-

served was 3.0, when the synovial boron concentration was 22 mg-B per g tumor.

Yanagie et al. have reported BNCT using 10B entrapped anti-CEA (carcino-

embryonic antigen) immunoliposome. A new murine monoclonal antibody (2C-8)

was prepared by immunizing mice i.p. with a CEA-producing human pancreatic

cancer cell line, AsPC-1 [46]. This anti-CEA monoclonal antibody was conjugated

with large multilamellar liposomes incorporating BSH. AsPC-1 cells were incu-

bated with the 10B-Lip-MoAb (CEA) for 8 h. After irradiation with thermal neu-

trons (1011–1013 neutrons cm�2), AsPC-1 cells showed decreasing uptake of 3H-

TdR compared with control group, indicating that the immunoliposomes could

exert cytotoxic effect by thermal neutrons. Further, the boronated anti-CEA immu-

noliposome was applied to tumor cell growth inhibition in an in vitro BNCTmodel

[47]. The liposomes were shown to bind selectively to cells bearing CEA on their

surface. The immunoliposomes attached to tumor cells suppressed growth in vitro
upon thermal neutron irradiation, and suppression was dependent upon the con-

centration of the 10B compound in the liposomes and on the density of antibody

conjugated to the liposomes. The cytotoxic effects of locally injected 10B com-

pound, multilamellar liposomes containing 10B compound or 10B immunolipo-

somes (anti-CEA) on human pancreatic carcinoma xenografts in nude mice have

been evaluated with thermal neutron irradiation [48]. Injection of 10B immunoli-

posomes caused the greatest tumor suppression with thermal neutron irradiation

in vivo. Histopathologically, hyalinization and necrosis were found in boron-treated

tumors, while tumor tissue injected with saline or saline-containing immunolipo-

somes showed neither destruction nor necrosis, suggesting that BNCT with intra-

tumoral (i.t.) injection of immunoliposomes was able to destroy malignant cells in

the marginal portion between normal tissues and cancer tissues.

Yanagie et al. have also extended the use of BNCT assisted by liposomal boron

delivery to breast cancer [49]. In addition, they have employed neutron capture

autoradiography (NCAR) of the sliced whole-body samples of tumor-bearing mice

[50]. They obtained NCAR images for mice i.v. injected by 10B-PEG liposome,
10B-transferrin (TF)-PEG liposome, or 10B-bare liposome. This study demonstrated

the increased accumulation of 10B atoms in the tumor tissues by binding PEG-

chains to the surface of liposome, which increased retention in the blood flow and

escaped phagocytosis by the reticuloendothelial system (RES).

Maruyama et al. have prepared unilamellar TF-PEG liposomes less than 200 nm

in diameter for intracellular targeting of BSH to solid tumors [51]. When TF-PEG

liposomes were injected at 35 mg-10B per kg BW, a prolonged residence time in the

circulation and a low uptake by RES in Colon 26 tumor-bearing mice were ob-

served. TF-PEG liposomes maintained a high 10B level in the tumor with concen-

trations above 30 mg g�1 for at least 72 h after injection, indicating that binding and
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concomitant cellular uptake of the extravasated TF-PEG liposomes occurred by TF

receptor and receptor-mediated endocytosis, respectively. On the other hand, the

plasma level of 10B decreased, resulting in a tumor/plasma ratio of 6.0 at 72 h after

injection. Administration of BSH encapsulated in TF-PEG liposomes at a dose of 5

or 20 mg-10B per kg BW and irradiation with 2� 1012 neutrons cm�2 produced tu-

mor growth suppression and improved long-term survival compared with controls.

Thus, intravenous injection of TF-PEG liposomes could increase the tumor reten-

tion of 10B atoms, which were introduced by receptor-mediated endocytosis of lip-

osomes after binding, causing tumor growth suppression in vivo upon thermal

neutron irradiation.

Koning et al. have tried to target 10B to the tumor vasculature for NCT [24]. Al-

pha (v)-integrin specific RGD-peptides were coupled to liposomes that encapsu-

lated BSH. These RGD-liposomes strongly associated with human umbilical vein

endothelial cells (HUVEC) expressing this integrin and were internalized. Irradia-

tion of RGD-10B-liposome-incubated HUVEC with neutrons strongly inhibited en-

dothelial cell viability.

Low-density lipoproteins (LDLs) are internalized by the cell through receptor-

mediated mechanisms. A boronated analogue of LDL has been synthesized for

possible application in BNCT by Laster et al. [52]. The analogue was tested in cell

culture for uptake and biological efficacy in the thermal neutron beam. The boron

concentration found was 10� higher than that required in tumors for BNCT, 240

mg-10B per gram of cells.

3.4

Approaches to GdNCT

Therapeutic potential in GdNCT has been explored theoretically and experimen-

tally [53–69]. Magnevist2 (gadopentetate dimeglumine aqueous solution), an MRI

contrast agent, has been most used as gadolinium source in GdNCT studies. Be-

cause of the lack of its targeting ability, however, an adequate amount of gadoli-

nium required for an efficient therapeutic index could not be delivered through

the i.v. route. In addition, even i.t. injection did not give rise to significantly pro-

longed retention of gadolinium in tumor tissues. Thus, a key for success in current

GdNCT trails is the use of a device by which gadolinium can be delivered effi-

ciently and retained in a high level inside tumor tissues and/or cells during ther-

mal neutron irradiation. In addition, this may extend NCT to wider types of tumors.

From these perspectives, the present authors have prepared delayed-release type

ethyl cellulose-coated microcapsules containing gadopentetate dimeglumine for

preliminary GdNCT trials [61]. GdNCT using the microcapsules demonstrated a

significant effectiveness in survival time of the murine Ehrlich ascites tumor

model [62]. This result, which first demonstrated the potential of GdNCT in vivo,
led us develop a more elaborate gadolinium-loaded particulate system and to estab-

lish its potential application to GdNCT, as described below.
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3.4.1

Typical Research on GdNCT

Hofmann et al. have reported GdNCT of melanoma cells and solid tumors with a

neutral macrocyclic gadolinium complex (Gadobutrol), a magnetic resonance

imaging contrast agent [53]. In mice, i.t. administration of 1.2 mmol-Gd per kg

BW of the Gd complex, corresponding to about 23 000 mg-Gd per mL of tumor, be-

fore neutron irradiation (3:6� 1012 neutrons cm�2) resulted in a significant delay

in tumor growth with respect to control groups.

Kobayashi et al. have developed avidin-dendrimer-(1B4M-Gd)(254) (Av-G6Gd) as

a tumor-targeting therapeutic agent for GdNCT of intraperitoneal disseminated tu-

mor that can be monitored by MRI in order to deliver large quantities of Gd atoms

into tumor cells [63]. An in vitro internalization study showed that Av-G6Gd accu-

mulated and was internalized into SHIN3 cells, a human ovarian cancer, 50- and

3.5-fold greater than gadolinium diethylenetriaminepentaacetic acid (Gd-DTPA,

Magnevist2) and G6Gd. The accumulation of Gd in the cells was also detected by

the increased signal on T1-weighted MRI. Av-G6Gd showed specific accumulation

in the SHIN3 tumor 366- and 3.4-fold greater than Gd-DTPA and G6Gd one day

after intraperitoneal (i.p.) injection. Thus, a sufficient amount of Av-G6Gd (162

ppm of Gd) was accumulated and internalized into the SHIN3 cells in vivo.
De Stasio et al. have observed directly the microdistribution of Gd in cultured

human glioblastoma cells exposed at 1–25 mg of Gd-DTPA per mL, corresponding

to 300–7100 mg-Gd mL�1 [64]. They demonstrated that Gd-DTPA penetrated the

plasma membrane, and observed no deleterious effect on cell survival and a higher

Gd accumulation in cell nuclei compared with cytoplasm. They also exposed Gd-

containing cells to thermal neutrons (3:6� 1012 neutrons cm�2) and demonstrated

the effectiveness of Gd-NCR in inducing cell death. However, the efficacy of Gd-

DTPA and Gd-DOTA as GdNCT agents in vivo was predicted to be low due to the

insufficient number of tumor cell nuclei incorporating Gd [65]. The authors then

suggested that although multiple administration schedules in vivo might induce

Gd penetration into more tumor cell nuclei, a search for new Gd compounds with

higher nuclear affinity would be warranted before planning GdNCT in animal

models or clinical trials.

Oyewumi and Mumper have used microemulsions (oil-in-water) as templates to

engineer stable emulsifying wax or Brij 72 (polyoxyl 2 stearyl ether) nanoparticles

[66]. The technique was simple, reproducible, and amenable to large-scale produc-

tion of stable nanoparticles having diameters below 100 nm. The emulsifying wax

and Brij 72 nanoparticles (2 mg mL�1) made together with polyoxyl-20 stearyl

ether and polysorbate 80, respectively, were the most stable based on retention of

nanoparticle size over time. Gadolinium acetylacetonate (GdAcAc), a potential anti-

cancer agent for NCT, was entrapped in the nanoparticles. Challenges of these

cured nanoparticles in biologically relevant media at 37 �C for 60 min demon-

strated that these nanoparticles were stable. The results showed the ease of prepa-

ration of these very small, stable nanoparticles and the ability to entrap lipophilic

drugs such as GdAcAc with high efficiency.
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Oyewumi’s group further synthesized gadolinium hexanedione (GdH) by

complexation of Gd3þ with hexane-2,4-dione as NCT agent, and a folate ligand

by chemically linking folic acid to distearoylphosphatidylethanolamine (DSPE)

through a PEG (MW 3350) spacer [67]. To obtain folate-coated nanoparticles, the

folate ligand (0.75 to 15% w/w) was added either to the microemulsion templates

at 60 �C or to nanoparticle suspensions at 25 �C. Cell uptake studies were carried

out in KB cells (human nasopharyngeal epidermal carcinoma cell line), which are

known to overexpress folate receptors. The uptake of folate-coated nanoparticles

was about ten-fold higher than uncoated nanoparticles after 30 min at 37 �C. The

uptake of folate-coated nanoparticles at 4 �C was 20-fold lower than the uptake at

37 �C and comparable to that of uncoated nanoparticles at 37 �C. Folate-mediated

endocytosis was further verified by the inhibition of the uptake of folate-coated

nanoparticles by free folic acid. Folate-coated nanoparticle uptake decreased to ap-

proximately 2% of its initial value with the co-incubation of 0.001 mm of free folic

acid. The authors suggested that these tumor-targeted nanoparticles containing

high concentrations of Gd may have potential for NCT. Thiamine was also effective

as a tumor-specific ligand for gadolinium nanoparticles in a methotrexate-resistant

breast cancer cell line, MTX(R)ZR75, transfected with thiamine transporter genes

(THTR1 and THTR2) [68].

Using the folate-coated and PEG-coated gadolinium (Gd) nanoparticles, Oye-

wumi et al. carried out in vivo studies in KB tumor-bearing athymic mice [69]. Gd

nanoparticles did not aggregate platelets or activate neutrophils. The retention of

nanoparticles in the blood 8, 16 and 24 h post-injection of nanoparticles (1.6 mg-

Gd per kg BW) was 60, 13 and 11% of the injected dose (ID), respectively. The

maximum Gd tumor localization was 33G 7 mg-Gd g�1. Both folate-coated and

PEG-coated nanoparticles had comparable tumor accumulation. However, the cell

uptake and tumor retention of folate-coated nanoparticles was significantly en-

hanced over PEG-coated nanoparticles. Thus, the folate-ligand coating shows ben-

eficial facilitation of tumor cell internalization and retention of Gd-nanoparticles in

the tumor tissue.

3.4.2

Delivery of Gadolinium using Lipid Emulsion (Gd-nanoLE)

3.4.2.1 Preparation of Gd-nanoLE

Oil-in-water (o/w) emulsions stabilized with emulsifiers such as phospholipids

have attracted much attention as drug carriers because they are biodegradable and

biocompatible and, unlike liposomes, they can be prepared on an industrial scale

and are relatively stable below 25 �C for long periods [70]. One problem with using

emulsion particles as drug carriers is how they can leave the vascular space and

reach their site of action. The extravascular transfer of particulate carriers largely

depends on their size. A diameter of approximately 100 nm is the cut-off value for

drug carriers able to pass through the discontinuous capillary endothelium of tu-

mors [71]. In addition, drug carriers <100 nm are expected to more easily avoid

uptake by RES and to circulate for longer periods in blood, as estimated from the
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finding that small unilamellar liposomes of about 70–100 nm are cleared more

slowly from the circulation than larger ones of the same composition [72].

The authors’ first study on developing nanoparticulate systems for GdNCT was

to prepare Gd-containing emulsions with reduced particle size, surface properties

exhibiting prolonged blood retention, and a high gadolinium content [73]. As a Gd-

source, a water-insoluble and oil-insoluble Gd-DTPA derivative, distearylamide

(Gd-DTPA-SA) (Fig. 3.2), was synthesized. Gd-DTPA-SA has two hydrophobic

tails (side-chains) consisting of stearylamines that are connected to the Gd-DTPA

moiety through amide linkages. It can be incorporated into the membrane of lipo-

somal vesicles as a component of the liposomal lamella [74].

The particle structure is schematically shown in Fig. 3.3. Emulsions containing

soybean oil, water, Gd-DTPA-SA, as an amphiphilic drug, and hydrogenated egg

yolk phosphatidylcholine (HEPC), as an emulsifier, in a weight ratio of 7.36:92:1:2

were prepared by the thin-layer hydration method using a bath-type sonicator

(Table 3.2). The mean particle size of the emulsions was 250 nm.

Fig. 3.2. Chemical structure and properties of Gd-DTPA-SA.

Fig. 3.3. Structure of Gd-nanoLP.
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To prepare o/w emulsions, oils other than the commonly used soybean oil have

been employed. The particle size of triolein-emulsion (240 nm) was almost the

same as that of soybean oil-emulsion. Lipiodol Ultra-Fluide2 (Guerbert Laborato-

ries, France) produced a mean droplet size of 195 nm. When caster oil (448 mPa

s/25 �C; 262 mPa s/37 �C [75a]) with a higher viscosity was selected as an oil com-

ponent, no emulsion could be prepared by the procedure used here, while stable

emulsions could be prepared using oils with a lower viscosity such as soybean oil

(49 mPa s/25 �C, 29 mPa s/37 �C [75a]), Lipiodol (37 mPa s/25 �C, 25 mPa s/37 �C

[75a]) and ethyl oleate (4 mPa s/37 �C [75b]). The mean particle size of the emul-

sions seemed to be closely correlated to the viscosity of the oils: the particle size of

the emulsions fell on reducing the viscosity of the oil. This indicated that oil viscos-

ity is an important factor, influencing the particle size of the Gd-DTPA-SA emul-

sions. Despite this, soybean oil was used in this study because of its widespread

application. To make the droplet size of the emulsions smaller than 100 nm, as

well as to modify the emulsion surfaces, a co-surfactant, Tween2 80, HCO2-60,

Pluronic2 F68, polyoxyethylene alkyl ether (Brij2) or polyoxyethylene alkyl ester

(Myrj2), was introduced into the standard system. Figure 3.4 shows the chemical

structures of typical co-surfactants. Tween 80, HCO-60, Brij 76, 78 and 700 were

effective in reducing the particle size to below 100 nm when the co-surfactant

weight ratio (CWR), defined as co-surfactant/(HEPCþGd-DTPA-SA) (w/w), was

larger than 0.67. The particle size with Tween 80 and HCO-60 was reduced to 53

and 78 nm, respectively, at a CWR of 1.0 (w/w) (Table 3.2). To increase the gadoli-

Tab. 3.2. Formulation, Gd content and particle size of the

standard- and high-Gd-nanoLE.

Formulation

Standard-Gd-nanoLE High-Gd-nanoLE

Plain With co-surfactant

HEPC[a] (mg) 500 500 250

Gd-DTPA-SA (mg) 250 250 500

Soybean oil (mL) 2 2 2

Co-surfactant[b] (mg) – 750 750

Water (mL) 23 23 23

Gd-content[c] (mg mL�1) – 1.5 3.0

Particle size (nm) 250 78 84

aL-Phosphatidylcholine hydrogenated from egg yolk.
bHCO-60.
cTheoretical Gd content.
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nium content, the weight ratio of Gd-DTPA-SA to HEPC was increased from 1:2 of

the standard-Gd formulation to 2:1 of the high-Gd formulation (Table 3.2). The

measured particle size of the HCO-60 high-Gd emulsions was 84 nm when the

CWR was 1.0 (w/w). In this case, the calculated gadolinium content reached 3.0

mg-Gd mL�1. These results indicate that HCO-60 is an effective co-surfactant not

only in terms of particle size reduction but also with respect to gadolinium enrich-

ment.

3.4.2.2 Biodistribution of Gadolinium after Intraperitoneal Administration

of Gd-nanoLE

Tokuuye et al. have reported the effect of 157Gd concentration on tumor inactiva-

tion in GdNCT [76]. The neutron fluence required for 10% survival of the Chinese

hamster cells (V79) decreased rapidly between 0 and 100 mg-157Gd mL�1, but

leveled off above that. This result indicates that the optimal tumor inactivation

effect would be achieved around 100 mg-157Gd mL�1. To achieve this level in vivo,
Gd-nanoLEs were i.p. administrated in Greene’s melanotic melanoma (D1-179)-

bearing hamsters as a model system and the biodistribution of gadolinium was in-

vestigated [77].

The inferior surface of the diaphragm is very rich in lymphatic capillaries. The

lymphatic lumen is separated from the abdominal cavity by its own endothelium,

a fenestrated basement membrane and the peritoneal mesothelium. Hirano and

Hunt have reported that, at least in rats, most compounds of molecular weight

smaller than 20 000 were exclusively absorbed via splenic or intestinal blood capil-

laries into the portal vein [78]. In contrast, the lymphatic system was a major ab-

sorption route for compounds with a molecular weight larger than 70 000 that were

impermeable to blood capillary membranes. Klein et al. have reported that even

particles administered through the abdominal cavity were transported through

pores in the diaphragm directly to lymphatic and then to the venous system [79].

Thus, lymphatic capillaries could accommodate and transport large materials such

Fig. 3.4. Chemical structure of co-surfactants.
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as erythrocytes of about 10 mm in diameter [80] and particles with a diameter of up

to 22 mm [81]. Hirano and Hunt also reported that the use of liposomes 50–720

nm in diameter gave no size effect on absorption from the abdominal cavity [78].

These results suggested that almost all the emulsion particles so-prepared might

have the potential to be absorbed through the lymphatic system.

For our in vivo experiments, a Greene’s melanotic melanoma (D1-179) [82] frag-

ment (2� 2� 2 mm) was subcutaneously inoculated on the left thigh of Syrian

hamster. The experiments were performed at 10 d after inoculation, when the di-

ameter of the tumor mass became about 10 mm (0:81G 0:60 g) and the body

weight was 99:7G 10:6 g. Gd-DTPA derivative-containing lipid emulsion (Table

3.2) was i.p. injected at a dose of 2.0 mL per hamster (30 mg-Gd/kg BW for the

standard-Gd formulation and 60 mg-Gd/kg BW for the high-Gd formulation). Tis-

sue concentration was measured by inductively coupled plasma atomic emission

spectroscopy (ICP-AES) at 355.047 nm.

Effect of Co-surfactant In addition to HCO-60, polyoxyethylene (POE) stearyl ether

(Brij, C18POEm) and POE stearyl ester (Myrj, C18POEm 0) were also selected as co-

surfactant to build up the steric hindrance on the emulsion particle surface. Figure

3.5 shows time-courses of gadolinium levels in blood and tumor after i.p. injection

of Gd-DTPA-SA-containing plain, HCO-60, Myrj 53 (C18POE50) and Brij 700

(C18POE100) emulsions prepared in the standard-Gd formulation (Table 3.2). The

Gd levels in blood (Fig. 3.5A) with the co-surfactant-containing emulsions were

significantly higher than those with the plain emulsion. The gadolinium level in

blood with the Brij 700 emulsion was prolonged during 12–48 h at the highest

level. The high blood gadolinium level with Brij 700 emulsion is related to the sta-

ble nature of its ether linkage, in contrast to the ester linkage of the Myrj family

(Fig. 3.4).

The Gd concentration in tumor with all emulsions leveled off 24 h after i.p. in-

jection (Fig. 3.5B). Although the gadolinium level in tumor with the Myrj 53 emul-

Fig. 3.5. Effect of co-surfactant on Gd distribution after i.p.

injection of the standard Gd-nanoLE at 3 mg/2 mL. Data are

represented as the meanG SD (n ¼ 3–9).
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sion was 31 mg-Gd per g tumor (wet) at 24 h, those with the HCO-60 and Brij 700

emulsions were 59 mg-Gd per g tumor (wet) and 53 mg-Gd per g tumor (wet) at

24 h, respectively. Although gadolinium retention in blood with the Brij 700 emul-

sion was prolonged at a higher level (Fig. 3.5A), the gadolinium level in tumor in-

creased more slowly, and the final level was not higher than that with the HCO-60

emulsion (Fig. 3.5B). HCO-60 was the most effective co-surfactant for gadolinium

accumulation in tumor.

The T/B ratio at 48 h was >2.8 in every emulsion, reaching 21.4 with the HCO-

60 emulsion. T/B with the Brij 700 emulsion was as low as that with the plain

emulsion. This was related to the prolonged and higher blood gadolinium level.

The T/Sk values with the Brij 700 and HCO-60 emulsions were larger than 6.0.

Conversely, the Sk/B ratios at 24 h were low (0.05–0.5).

In NCT, thermal neutrons are irradiated from outside the body. As a result, the

T/Sk ratio, T/B ratio and/or Sk/B ratio of radiation sensitizer (gadolinium or boron)

concentration are important factors influencing in the therapeutic effects. For

BNCT, Mishima [83a] and Honda et al. [83b] have reported that when 10B-BPA

fructose complex was administered by the drip infusion method, the average T/B

ratio of 10B concentration was 3–4, T/Sk was 3–6 and Sk/B was around 1.2 [19].

The T/B ratio at 48 h in the present study using the high-Gd-DTPA-SA was far

higher (13.2), with the sensitizer concentration in tumor being kept very high

(Fig. 3.5), whereas the T/Sk and Sk/B ratios were comparable with the correspond-

ing values in BNCT. These results indicate that the methodology developed here

can be used efficiently when a high and long retention of sensitizer in tumor and

a high T/B ratio are required.

Effect of Gadolinium Content in Emulsion and Derivative Type The Gd content in

the HCO-60 emulsion could be increased while the particle size was kept small

(Table 3.2). Gadolinium levels in tumor, blood, liver and spleen with the high-Gd

emulsion were almost twice as high as those with the standard-Gd emulsion. At

48 h after i.p. injection, the Gd level in tumor with the high-Gd-DTPA-SA HCO-

60 emulsion reached 107 mg-Gd per g tumor (wet).

The amide linkages of Gd-DTPA-SA were not expected to degrade in vivo. Thus,
the stearylester derivative of Gd-DTPA (Gd-DTPA-SE) was synthesized. The Gd

levels in tumor and blood with the high-Gd-DTPA-SE HCO-60 emulsion were far

lower than those with the high-Gd-DTPA-SA HCO-60 emulsion. Conversely, gado-

linium levels in liver and spleen in the early period (2–6 h) with the high-Gd-

DTPA-SE HCO-60 emulsion were higher than those with the high-Gd-DTPA-SA

HCO-60 emulsion. However, both liver and spleen gadolinium levels decreased to

levels lower than those with the high-Gd-DTPA-SA HCO-60 emulsion thereafter.

Gd-DTPA-SA was very stable in serum: no transfer to serum proteins and no me-

tabolism to small-molecular-weight compounds occurred up to 24 h at 37 �C [74b,

84]. However, the Gd-DTPA-SE complex was not stable, showing both the transfer

and metabolism in a time-dependent manner [74b, 84]. The more rapid elimina-

tion of gadolinium from liver and spleen with the Gd-DTPA-SE emulsion could

be well explained by the faster degradation of Gd-DTPA-SE.
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The pharmacokinetic parameters of MRT, Vdss and Cltot with the standard- and

the high-Gd-DTPA-SA HCO-60 emulsion were similar. In addition, the AUC with

the high-Gd-DTPA-SA HCO-60 emulsion was twice that with the standard-Gd-

DTPA-SA HCO-60 emulsion. Since the gadolinium content in the high-Gd-DTPA-

SA HCO-60 emulsion was just twice that with the standard-Gd-DTPA-SA HCO-60

emulsion (Table 3.2), these results indicated that particles of both types of emul-

sion, with different gadolinium content, behaved similarly in vivo. This led to the

high level in tumor reaching 107 mg-Gd per g tumor (wet) at 48 h, which was the

level reported by Tokuuye et al. [76] as an optimal level for tumor inactivation

when 157Gd would be used.

3.4.2.3 Biodistribution of Gadolinium after Intravenous Administration of Gd-nanoLE

The administration route is one of the most important factors in the biodistribu-

tion and pharmacokinetics of drug carriers such as liposomes and lipid-emulsions.

Previously, the i.p. route was adopted as an administration route of Gd-nanoLE be-

cause it allows the injection of a relatively large amount and, consequently, delivers

a large amount of Gd to the tumor via the systemic circulation [85]; as a result, the

Gd concentration in the tumor reached 107 mg-Gd per g wet tumor at a dose of 60

mg-Gd per kg BW (2 mL as an administration volume of the Gd-nanoLE). How-

ever, even with i.p. injection, many factors affect the biodistribution and pharmaco-

kinetics of the drug carriers, including the absorption of these carriers from the ab-

dominal cavity and their localization in the lymph nodes, making estimation of the

in vivo fate of the drug carriers difficult. In contrast, i.v. injection delivers drugs

more simply and, therefore, has been widely employed instead of i.p. injection in

clinical treatments. Consequently, our next study aimed to evaluate i.v. as an alter-

native to i.p. injection with respect to tumor accumulation of Gd incorporated in

Gd-nanoLE.

Comparison of I.V. with I.P. Injection of Gd-nanoLE The biodistribution of Gd after

i.v. or i.p. injection of the standard-Gd-nanoLE with HCO-60 (particle size, 78 nm)

was determined at a dose of 15 mg-Gd/kg BW, half that of the previous case [85].

Table 3.3 summarizes the calculated pharmacokinetic parameters. The Gd concen-

tration in the blood after i.v. injection of the Gd-nanoLE consistently decreased

from the initial high concentration of 136 mg-Gd per mL blood at the first sampling

time, whereas i.p. injection showed a peak concentration of 50 mg-Gd per mL blood

at 4 h after administration (Table 3.3).

The AUC of Gd after i.p. injection was only 57% of that after i.v. injection (Table

3.3). It was reported earlier that the blood concentration of a marker incorporated

into liposomes containing sphingomyelin and cholesterol after i.p. injection

peaked at several hours after administration and subsequently declined [86]. In ad-

dition, some reports have shown that the absorption route of the conventional lip-

osomes from the peritoneal cavity to the bloodstream is mediated by the lymphatic

system [87, 88], and part of the i.p. injected liposomes are localized in the lym-

phatic system over 24 h [88]. These findings can probably be extended to interpret

the behavior of the lipid-nanoemulsions in the peritoneal cavity. Accordingly, the
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delayed increase of Gd concentration in the blood after i.p. injection might be as-

cribed to the transport time of the Gd-nanoLE from the peritoneal cavity to the

bloodstream through the lymphatic system. In addition, the lower AUC of Gd after

i.p. injection, compared with i.v. injection might be explained by the partial local-

ization of Gd-nanoLE in the lymphatic system, since the Gd-nanoLE remaining in

the peritoneal cavity, as determined by visual observation, was negligible at 12 h

after administration.

In terms of the tumor accumulation of Gd, i.v. injection of the Gd-nanoLE had

an advantage over i.p. injection, namely, faster accumulation. The Gd concentra-

tion in the tumor after i.v. injection rapidly increased for 6 h after administration,

and thereafter it almost leveled off. In contrast, the Gd concentration after i.p. in-

jection remained at a low level for the first 6 h. The maximum Gd tumor concen-

trations after i.v. and i.p. injections of the Gd-nanoLE were 30 mg-Gd per g wet

tumor at 24 h and 22 mg-Gd per g wet tumor at 12 h, respectively.

Effect of Repeated Dosing and Gd Content of Gd-nanoLE To achieve a higher Gd

accumulation in the tumor, two i.v. injections at a 24 h interval were made at

a dose of 15 and 30 mg-Gd/kg BW per injection by using the standard- and

high-Gd-nanoLE, respectively. Biodistribution was determined at 12 h after admin-

istration, because the tumor accumulation almost leveled off thereafter with Gd-

nanoLEs prepared with HCO-60 (Fig. 3.5) [77]. Two i.v. injections of the standard-

Gd-nanoLE made the Gd concentration in the tumor higher, reaching a level of 50

mg-Gd per g wet tumor at 12 h after the second injection. Unfortunately, Gd con-

centrations in the liver and spleen concurrently increased to almost twice those ob-

served after a single i.v. injection.

In certain cases of the repeated administration of liposomes, an accelerated

blood clearance and altered biodistribution of the liposomes were observed at the

second or later administration for a certain period after the administration, result-

ing from the induction of an immunoreaction [89]. Oussoren and Storm, though,

Tab. 3.3. Pharmacokinetic parameters after i.p. or i.v.

administration of the standard-Gd-nanoLE with HCO-60 at a

dose of 1.5 mg Gd in 1 mL.

Route Cmax
[a] (mg mLC1) Tmax

[a] (h) AUC[b] (mg h mLC1) MRI[b] (h)

i.p. 50.0 4.0 612 9.2

i.v. (135.9) (0.5) 1071 6.3

aThe maximum blood concentration, Cmax, and the time of maximum

blood concentration, Tmax, were derived directly from the mean blood

concentration–time curve.
bArea under the blood concentration time curve. Each value was

calculated from the mean values of blood concentration up to infinite

time (n ¼ 3–5).
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demonstrated that the kinetic profiles of the first and second injections of the PEG-

liposomes with a 24 h interval were virtually identical [90]. In our case, the Gd con-

centrations in tissues after two administrations of the standard-Gd-nanoLE seemed

to be almost twice as high as those after a single administration (Table 3.4). This

implied that, by employing the same schedule as Oussoren and Storm, the re-

peated administration had no significant effect on the biodistribution mechanisms

of the Gd-nanoLE.

With the administration of two i.v. injections of the high-Gd-nanoLE, the Gd

concentration in the tumor reached 101 mg per g wet tissue (Table 3.4). This was

comparable to the level achieved by a single i.p. injection of 2 mL of the high-Gd-

nanoLE at a dose of 60 mg-Gd per kg body weight per injection [85]. These results

indicated that even i.v. injection of the Gd-nanoLE whose tolerable volume was

only 1 mL could result in the accumulation of Gd in the tumor at a high concen-

tration when an appropriate dosing schedule was employed.

Many researchers have demonstrated that the charge and fluidity of the liposo-

mal membrane affect the biodistribution even in conventional liposomes [91, 92].

For instance, Nagayasu et al. [92] reported that the tumor-to-bone marrow ac-

cumulation ratio of the HEPC-containing liposomes increased remarkably with

a decrease in cholesterol content. In the present study, it was anticipated that

the membrane property of the high-Gd-nanoLE would differ from that of the

standard-Gd-nanoLE. However, the biodistribution of Gd-nanoLE after i.v. injection

of each formulation was likely to be almost identical, as it had been after i.p. injec-

tion [85]. Thus, the biodistribution of the Gd-nanoLE was hardly affected by the

membrane property. In concurrence, it was also observed that the Gd tumor con-

centration was proportional to the Gd content of the lipid particles in the Gd-

nanoLE. According to this finding, a higher Gd tumor concentration could be

Tab. 3.4. Effect of dosing frequency and Gd content of the Gd-

nanoLE with HCO-60 on blood and tumor concentrations of Gd

(mg-Gd wet tissue) at 12 h after the final i.v. administration at a

dose of 1.5 mg Gd per injection for the standard- or 3.0 mg Gd

per injection for the high-Gd formulation.

Tissue Standard-Gd-nanoLE High-Gd-nanoLE

Single (1.5)[a] Double (3.0)[a] Double (6.0)[a]

Blood 29:7G 2:8 25:3G 5:7 45:1G 11:4*

Tumor 26:9G 1:4 49:7G 30:9 100:7G 35:9**

aValues in parentheses are total dose of Gd (mg). Each value

represents the meanGS.D. (n ¼ 3–5). *p < 0:05 and **p < 0:01,

significantly different from the Gd concentration of the standard-Gd-

nanoLE injected twice.
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achieved by loading a highly lipophilic Gd compound into the core component,

though the further introduction of the Gd-DTPA-SA into the membrane of the

Gd-nanoLE led to instability of the emulsion.

3.4.3

Delivery of Gadolinium using Chitosan Nanoparticles (Gd-nanoCPs)

A major problem with previous GdNCT trials using an MRI contrast agent such as

Magnevist2 was that a sufficient quantity of gadolinium could not be retained in

the tumor tissue during neutron irradiation [53, 54]. The commercially available

gadolinium agent does not exhibit such a selective accumulation in the tumor after

i.v. injection as BPA in BNCT [17] and is eliminated rapidly from the tumor tissue

after i.t. injection. Therefore, gadolinium compounds that can be efficiently ac-

cumulated in the tumor have been sought [93]. We have developed novel Gd-

nanoCPs in order to retain gadolinium in the tumor tissue during a GdNCT trial.

As is well-known, chitosan (poly[b-(1 ! 4)-2-amino-2-deoxy-d-glucopyranose]) is

a hydrophilic, cationic polysaccharide derived by the deacetylation of chitin (Fig.

3.6), which is the second most abundant polysaccharide, next to cellulose, in the

world and a promising resource, originating from crustaceans shells and insects

[94]. Chitosan has some interesting properties such as bioadhesive (cationic), bio-

compatible (nontoxic) and biodegradable (bioerodible) capabilities. Therefore, it

has been investigated in depth and used in various industrial and medical applica-

tions [95]. Furthermore, these interesting properties make it one of the most prom-

ising biopolymers for drug delivery [96–107]. Indeed, chitosan has been studied as

a drug carrier in various forms, such as tablets, beads, granules, microparticles

and nanoparticles. In particular, micro- and nano-particles are being most widely

studied as a drug carrier for the purpose of protein, peptide, vaccine and DNA de-

livery. A wide variety of preparation methods of chitosan particles have been inves-

tigated, such as solvent evaporation techniques, multiple emulsion methods, spray

drying methods, electrostatic complex-formation with anionic materials (ionotropic

gelation) and block copolymerization. These methods often require a crosslinking

agent, such as glutaraldehyde. While such crosslinking agents afford hardened par-

Fig. 3.6. Chemical structures of chitin and chitosan (100% deacetylated).
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ticles as well as the possibility of controlling the drug-release rate through the de-

gree of crosslinking, the toxicity of the crosslinking agent would become a major

concern. In addition, it leads to low loading of anionic drugs because amino

groups in chitosan responsible for electrostatic interaction with anionic drugs be-

come unavailable due to the crosslinking reaction between the amino groups in

chitosan and aldehyde groups in crosslinking agents. As an alternative approach,

a novel emulsion-droplet coalescence technique has been developed in our labora-

tory to prepare non-crosslinked chitosan nanoparticles. In fact, this technique of-

fered a useful methodology for the preparation of Gd-nanoCPs specially designed

for GdNCT as an i.t. injectable device.

3.4.3.1 Preparation of Gd-nanoCPs

Figure 3.7 shows the preparation of Gd-nanoCPs [108, 109]. Chitosan (2.5% w/v)

was dissolved in a Gd-DTPA aqueous solution (5–15% w/v) and an aliquot (1 mL)

was added to 10 mL of liquid paraffin containing 5% v/v sorbitan sesquioleate

(Arlacel C). The mixture was then stirred to form a water-in-oil (w/o) emulsion A

using a high-speed homogenizer. Similarly, a w/o emulsion B was prepared by

adding 3 m sodium hydroxide solution (1.5 mL) to liquid paraffin (10 mL) contain-

ing 5% v/v Arlacel C. As emulsion B was added to emulsion A, they were mixed

and stirred vigorously. As a result of coalescence of droplets, chitosan was depos-

ited as nanoparticles. Gd-nanoCPs in the mixed emulsion were washed and sepa-

rated by centrifugation at 3000 rpm for 60 min using toluene, ethanol and water

Fig. 3.7. Preparation process of Gd-nanoCPs using an

emulsion droplet coalescence technique.
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successively. Finally, the Gd-nanoCPs were obtained as water suspensions or pow-

ders lyophilized after suspending in isotonic mannitol solution.

This technique utilized the fact that, when two emulsions of the same type with

the same continuous phase are mixed and stirred vigorously, droplets of each

emulsion collide at random, coalesce and split, and all of the droplets finally

become uniform in content. Thus, Gd-nanoCP generation was triggered by neu-

tralization of the acidic chitosan-dissolving droplets of emulsion A with sodium hy-

droxide in the droplets of emulsion B. Nanoparticle generation consequently oc-

curred within the emulsion droplets. The size of nanoparticles did not reflect the

droplet size.

Chitosans of grade 10B (100% deacetylated), 9B (91.4% deacetylated) and 8B

(84.9% deacetylated) (Katokichi Bio, Japan) were used. Table 3.5 shows the mean

particle diameter and gadolinium content in Gd-nanoCPs for each chitosan grade.

When chitosan 9B and 8B were used, the mean particle diameters were 594 and

750 nm, respectively, and the gadolinium contents were 4.1% and 3.3% (corre-

sponding to 14.2% and 11.6% as Gd-DTPA), respectively. Namely, as the deacetyla-

tion degree of chitosan decreased, the particle size increased gradually and, in

contrast, the Gd content decreased markedly. With chitosan 10B, Gd-nanoCPs pre-

pared using 5% and 15% Gd-DTPA solution had mean particle diameters of 461

and 452 nm, respectively, and the gadolinium contents were 7.7% and 13.0% (cor-

responding to 27% and 45% as Gd-DTPA), respectively. Thus, as the Gd-DTPA

concentration in the solution of chitosan 10B increased, the gadolinium content

increased, but the particle size was not significantly influenced.

Tab. 3.5. Mean particle size and Gd content of Gd-nanoCP.

No. of

batch

Mean particle

size (nm)[a]
Gd content (% w/w)[a]

[Gd-DTPA content (%)]

Chitosan 10B

5% Gd-DTPA soln 3 461G 15 7:7G 1:7

½26:9G 5:9�
10% Gd-DTPA soln 6 426G 28 9:3G 3:2

½32:4G 11:0�
15% Gd-DTPA soln 3 452G 25 13:0G 1:8

½45:3G 6:2�
Chitosan 9B

10% Gd-DTPA soln 3 594G 96 4:1G 1:0

½14:2G 3:4�
Chitosan 8B

10% Gd-DTPA soln 3 750G 77 3:3G 0:8

½11:6G 2:7�

aValue shows averageGS.D. of 3–6 batches.
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The crosslinking [110–115] and electrostatic interaction by anionic materials

such as alginate [116, 117] have been generally used to prepare solid chitosan par-

ticles, since it is difficult to form microparticles using only chitosan and drug. In

addition, the precipitation technique [118, 119] and block copolymerization [119]

have been studied to produce chitosan nanoparticulate carriers in recent years. A

major problem with the clinical application of nanoparticles is that the drug load

is too low to deliver an effective dose; the performance of the above chitosan par-

ticles in past studies was also unexceptional. In the present emulsion-droplet co-

alescence technique, the Gd-DTPA appears to strongly interact electrostatically

with the amino groups of chitosan in the deposition of Gd-nanoCPs. This would

contribute to the extraordinarily high Gd-DTPA content (45.3%) and their small

particle size, which was reduced to i.t. injectable size (452 nm), in Gd-nanoCPs

prepared using chitosan 10B and 15% Gd-DTPA solution.

3.4.3.2 Gd-DTPA Release Property of Gd-nanoCPs

Gd-DTPA release from Gd-nanoCPs that were prepared using chitosan 10B and

10% Gd-DTPA solution has been examined in vitro [109]. As test media, an iso-

tonic phosphate-buffered saline solution (PBS) of pH 7.4 and human plasma, as a

biological medium, were used, and the method was based on a dynamic dialysis.

The gadolinium release behavior was significantly different between Gd-nanoCPs

in PBS and those in the human plasma. Gd-nanoCPs released only 1.8% up to 7

d in PBS, whereas 67.9 and 91.5% of gadolinium were eluted from Gd-nanoCPs in

human plasma for 6 and 24 h, respectively. This again suggested strong complex

formation of Gd-DTPA with chitosan in a simple aqueous medium, because highly

water-soluble Gd-DTPA was hardly eluted for a long time in PBS. This releasing

property might be advantageous to GdNCT trial by i.t. injection into a solid tumor.

The mechanism of fast release of gadolinium from Gd-nanoCPs in human plasma

was not clear.

3.4.3.3 Gd-DTPA Retention in Tumor Tissue after Intratumoral Injection

The quantity of gadolinium in the melanoma tissue on mice after i.t. injection of

each Gd-DTPA dosage form containing 1200 mg as gadolinium has been deter-

mined [109]. In an in vivo experiment, the B16F10 malignant melanoma cell sus-

pension (0.1 mL) in an isotonic PBS containing 3� 106 cells was carefully inocu-

lated subcutaneously (s.c.) into the posterior flank of a six-week-old C57BL/6

mouse. At 10 d after tumor implantation by the above procedure, 200 mL of the

Gd-nanoCP (prepared with chitosan 10B and 10% Gd-DTPA solution) suspension

in isotonic mannitol solution (Gd 6000 ppm) was injected gently into a block of

grown tumor that was about 10 mm in diameter (Gd dose, 1200 mg per mouse).

In parallel, the dilute Magnevist2 solution (Gd 6000 ppm) was injected in the

same manner. At 5 min or 24 h after i.t. injection, mice were sacrificed and tu-

moral blocks were excised. The amount of gadolinium in the tumor tissue was an-

alyzed by ICP-AES after incineration.

When a dilute solution of Magnevist2 was administered, the quantities of gado-

linium in a tumor block were 452 mg (37.6% of dose) and 5.3 mg (0.4%) 5 min and
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24 h after injection, respectively. In contrast, 892 mg (74.3% of dose) and 821 mg

(68.4%) of gadolinium remained in the tumor block 5 min and 24 h after adminis-

tration of Gd-nanoCP suspension, respectively. Thus, since the gadolinium hardly

leaked to the surrounding normal tissues, in particular to the subcutaneous space

on tumor tissue, over 24 h, damage beyond the tumor part by GdNCT would be

kept to a minimum. No Gd-DTPA release from Gd-nanoCPs in the aqueous me-

dium might contribute to prolonged retention in the tumor tissue. This extended

retention was thought to lead to greater enhancement of the antitumor effect as

compared with past GdNCT trials using Magnevist2 [52].

3.4.3.4 In vivo Growth Suppression of Experimental Melanoma Solid Tumor

A GdNCT trial has been carried out in vivo by i.t. injection using Gd-nanoCPs pre-

pared with chitosan 10B and 10% Gd-DTPA solution [120]. The Gd-nanoCPs were

430 nm in mean particle diameter and the content of the natural form of gadoli-

nium was 9.3 w/w %. Therefore, the content of 157Gd, 15.6% of the natural form,

corresponded to 1.45 w/w %. The radioresistive B16F10 malignant melanoma was

selected as tumor model [121, 122] to demonstrate a potential for GdNCT.

When the s.c. B16F10 melanoma tumor in the five-week-old male C57BL/6 mice

(body weight, 21–27 g) grew to about 10 mm in diameter 10 d after tumor implan-

tation by the above procedure, i.t. administration of the Gd-nanoCP suspension in

isotonic mannitol solution or Magnevist2 solution as a control was started. Each

gadolinium dosage form (corresponding to natural Gd 6000 mg mL), 200 mL, was

injected twice into the block of tumor, 24 and 8 h before neutron irradiation (total

natural Gd dose, 2400 mg per mouse). The source of the thermal neutron beams

was obtained from the Kyoto University Research Reactor Institute, Japan (the

Heavy Water Facility; operating power, 5 MW; irradiation time, 60 min; operating

mode, OO-0011-F) [123, 124]. The measured average fluence on the tumor surface

was 6:32� 1012 neutrons cm�2. Neutron irradiation was performed only once.

In the gadolinium-loaded nanoparticle-administered and neutron-irradiated (Gd-

P, Nþ) group, the tumor growth was significantly suppressed despite the radio-

resistance of melanoma model [121, 122] and the long interval (8 h) until neutron

irradiation after second gadolinium administration. Its mean tumor volume was

less than 15%, compared with that in the non-gadolinium-administered and

neutron-irradiated (Gd�, Nþ) group, 14 d after neutron irradiation. The mean

time taken to reach a tumor volume ratio of 10 in the [Gd-P, Nþ] group was pro-

longed to 23.2 d, which was 227% and 374% of that in the [Gd�, Nþ] group and

the non-gadolinium-administered and non-neutron-irradiated (Gd�, N�) group,

respectively. In addition, the survival time of mice in the [Gd-P, Nþ] group was

also significantly prolonged, to 22.2 d as the mean time. Three of the six mice in

the [Gd-P, Nþ] group were alive at 28 d after neutron irradiation, while all mice in

the other groups were dead by 21 d.

Conversely, no GdNCT effect was observed in the Magnevist2 solution-

administered and neutron-irradiated (Gd-S, Nþ) group, since the change in the

tumor volume ratio and the survival time of mice did not differ from those in the

[Gd�, Nþ] group. When the gadolinium nanoparticle or solution was adminis-
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tered and there was no neutron irradiation (Gd-P or Gd-S, N�), tumor growth was

not inhibited at all: the mean time to reaching a tumor volume ratio of 10 was

about 6–7 d, which is no different from that in the [Gd�, N�] group.

The content of gadolinium in the tumor just at the starting point of neutron ir-

radiation was estimated to explain the GdNCT effect enhanced by Gd-nanoCPs.

When Gd-nanoCPs were administered in the same manner as that in the GdNCT

trial, the gadolinium content in melanoma tissue in mice was 1766G 96 mg, corre-

sponding to 74% of dose. However, following the administration of Magnevist2 so-

lution, the gadolinium content in the tumoral block was 16G 7 mg, corresponding

to only 0.7% of dose. Clearly, the strong suppression of tumor growth observed in

the present GdNCT trial with Gd-nanoCPs resulted from the excellent Gd-DTPA

retention in the tumor tissue of chitosan nanoparticles after i.t. injection.

No skin damage over the tumor was apparent in [Gd�, Nþ] and [Gd-S, Nþ]

groups. However, the skin over the tumor in the [Gd-P, Nþ] group became red

for a few days after neutron irradiation and, later, ulcer formation was observed.

This severe side effect demonstrated that the photons and/or electrons emitted by

the frequent Gd-NCR would have a sufficient destructive effect for the tumor if se-

lective gadolinium distribution in the tumor tissue and neutron fluence were con-

trolled as optimally as possible in GdNCT.

In one report on a GdNCT trial, a neutral macrocyclic gadolinium complex (Ga-

dobutrol, Gadovist2) was used as the gadolinium source and excellent results were

obtained by i.t. injection [53]. The biological half-life of the wash-out from the

tumor tissue after i.t. injection of Gadobutrol was estimated to be 50–151 min (av-

erage, 115 min) and might contribute to the assured antitumor effect, because it

was longer than that of Magnevist2 [53, 54]. In the present study, the outstanding

gadolinium retention in the tumor tissue following i.t. injection of Gd-nanoCPs

clearly led to the potent GdNCT effect even though the tumors were irradiated at

an exceptionally longer interval after gadolinium administration compared with

the usual GdNCTs with Magnevist2 and Gadovist2. This property will also con-

tribute to flexible adaptation in duration and frequency of neutron irradiation in

future GdNCT trials.

In the present GdNCT trial, the dose of natural gadolinium per a tumor block

with the nanoparticle formulation (2400 mg-Gd per tumor) was considerably

smaller than that in past trials [53, 54]. This gadolinium dose indicated that if ga-

dolinium enriched to 100% of 157Gd was used the corresponding level of growth

inhibition could be gained by about 16% of gadolinium dose (460 mg) against

B16F10 melanoma block about 10 mm in diameter [53].

3.4.3.5 Bioadhesion and Uptake of Gd-nanoCP in Three Different Cell Lines

The extracellular matrix is composed of sulfated glycosaminoglycans and polysac-

charide acids, which form hydrophilic, negatively charged gels over the cell mem-

brane. Membrane glycoproteins, most often bearing sialic acid residues, also con-

tribute to the negative charge of the cell surface. Chitosan, however, has the

characteristics of a cationic polyelectrolyte, thereby providing a strong electrostatic

interaction with negatively charged cell surfaces. Therefore, the use of cationic
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polymers, such as chitosan, in preparing particulate carriers would give rise to

higher drug retention in cells and tissues because of the electrostatic interaction

between particle surfaces and cell surfaces. Indeed, many workers have reported

that the bioadhesive properties of chitosan originate from electrostatic interaction

between positively charged amino groups in chitosan and negatively charged sialic

acid residues on the cell surface [125–127]. In addition, Chatelet et al. have demon-

strated the role of deacetylation degree of chitosan on bioadhesive properties using

chitosan film [128]. They showed that the adhesion of chitosan on fibroblasts iso-

lated from foreskins of children was increased as the deacetylation degree of chito-

san was increased. Therefore, the use of 100% deacetylated chitosan in the present

Gd-nanoCPs was expected to lead to such a bioadhesive property.

L929 mouse fibroblast cells, B16F10 melanoma cells and SCC-VII squamous cell

carcinoma were employed to evaluate the bioadhesion and uptake of Gd-nanoCPs

in cultured cells in order to clarify the mechanism of high tumor-killing effects ob-

served in our GdNCT trials [129]. Gd-DTPA incorporated in Gd-nanoCPs was

hardly released in culture medium during the experiments.

Transmission Electron Microscopy Using a transmission electron microscope

(TEM), L929 cells after exposure to Gd-nanoCPs were observed. Following expo-

sure to the autoclaved Gd-nanoCP suspension in the culture medium at 37 �C for

12 h, L929 cells were washed with phosphate-buffered saline solution (PBS) to re-

move the free Gd-nanoCPs not adhered on and not endocytosed into the cells. The

cells were then fixed with formaldehyde solution and epoxy resin, thinly sliced with

a microtome, and observed by TEM.

Transmission electron micrographs of L929 cells incubated with Gd-nanoCPs for

12 h at 37 �C indicated that Gd-nanoCPs were not so stably dispersed in the cul-

ture medium because they loosely aggregated (Fig. 3.8). However, a considerable

number of Gd-nanoCPs adhered to L929 cells and some of these were being endo-

cytosed or incorporated in the cells in the form of particles.

Effect of Gd Concentration, Incubation Time and Temperature The amount of Gd in

and on the cells after 12 h incubation was increased with increasing feed concen-

tration of Gd (ranging from 0 to 20 ppm). At 20 ppm of applied Gd concentration,

the amount of Gd reached 18 mg-Gd per 106 cells and this value was unchanged up

to 40 ppm. However, it was experimentally confirmed that no further increase in

cellular uptake and adhesion was observed beyond 40 ppm. Cationic macromole-

cules such as polylysine affect, in general, cell viability [130]. However, the cytotox-

icity of Gd-nanoCPs against L929 cells was negligible in the range 20–40 ppm.

Therefore, the following studies were performed at a Gd feed concentration of

40 ppm.

The Gd accumulation in L929 cells, B16F10 melanoma cells and SCC-VII squa-

mous cell carcinoma incubated with Gd-nanoCPs at 37 and 4 �C was determined

as a function of incubation time. The accumulation at 37 �C seemed to level off

after 12 h. When incubated with Gd-nanoCPs for 12 h at 37 �C, the total Gd

amounts were 18, 27 and 60 mg Gd per 106 cells with L929 fibroblast cells,
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B16F10 cells and SCC-VII cells, respectively (Fig. 3.9). In contrast, the Gd accumu-

lation at 4 �C where endocytic activity would not exist rapidly leveled off and was

far lower, about 5 or less mg Gd per 106 cells in all three cell lines. Thus, this sig-

nificantly higher cellular-accumulation at 37 �C, which would be attributed to en-

docytosis that was active at 37 �C but suppressed at 4 �C, indicated that endocytic

Fig. 3.8. Transmission electron micrograph of L929 fibroblast

cells after exposure to Gd-nanoCPs for 12 h.

Fig. 3.9. Uptake and adhesion of Gd-nanoCPs or Magnevist at

Gd-dose of 40 ppm in three different cell lines 12 h after

exposure to the cells under a 5% CO2 atmosphere at 37 �C.
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uptake of Gd-nanoCPs made a major contribution to the total accumulation. The

notably varied accumulation behavior of Gd in these three cell lines is attributed

to their differing endocytic activity.

The size and bioadhesive property of Gd-nanoCPs is related to the endocytic up-

take by the cells. Indeed, Green et al. have examined the particle size dependence

of endocytosis of polyethylene particles in C3H murine peritoneal macrophages

[131]. They found that polyethylene particles in the range 0.3–10 mm in diameter

were endocytosable. The size of the present Gd-nanoCPs, 430 nm, is included in

this range. In addition, Lee et al. have demonstrated that a high level uptake of

liposomes in J774 cells, a murine macrophage-like cell line, could be obtained by

altering the lipid formulation to provide an adhesive property on their surfaces, as

might be achieved by the present Gd-nanoCPs [132]. These results support the

idea that the adhesion of optimally sized Gd-nanoCPs on the cell surface might

be an important step in the subsequent uptake by endocytosis.

The cellular accumulation behavior observed in vitro may also be related to the

tumor-killing effects in vivo. B16F10 cell-bearing mice were employed in our

GdNCT trials in vivo as described earlier [120]. The tumor-killing effects observed

in SCC-VII cell-bearing mice [133] were nearly identical to those achieved with

B16F10 cell-bearing mice [120] at the same i.t. Gd dose of 2400 mg per tumor

even though the thermal neutron fluence in the GdNCT trials using SCC-VII cell-

bearing mice (3:31� 1012 neutrons cm�2) was only a half of that in the cases of

B16F10 cell-bearing mice (6:32� 1012 neutrons cm�2). From these results, at least

one reason for the relatively higher tumor-killing effects obtained with SCC-VII

cell-bearing mice in vivo would be their higher endocytic activity. Further, since

the accumulation was almost saturated at 40 ppm of Gd in the in vitro studies de-

scribed here, which was far lower than the Gd level in the previous GdNCT trials at

a dose of 2400 mg per tumor, it was suggested that most of Gd i.t. administered as

Gd-nanoCPs might exist in tumor tissue extracellularly, as might be estimated

from the TEM photograph given in Fig. 3.8, which shows the presence of agglom-

erates in the cultured cells.

Comparative Studies with Magnevist2 In a comparative study using the solution

system, the most important point to be emphasized again was that Gd accumula-

tion in all cell lines utilized in the present study was mostly achieved in the form of

particles by cell-surface adhesion and endocytosis of Gd-nanoCPs, though the

activity more or less varied. In fact, Magnevist2 solution scarcely showed intra-

and extracellular Gd accumulation in any of the cell lines (Fig. 3.9). The Gd

amount detected in the Magnevist2 group after 12 h at 37 �C was less than 1% of

that in Gd-nanoCP group (Fig. 3.9), which is probably related to the well-known

fact that Magnevist2 was eliminated from the tumor tissue immediately after i.t.

injection [120]. Conversely, bioadhesion, endocytosis and strong Gd-DTPA-binding

of optimally sized Gd-nanoCPs would significantly extend the elimination half-life

of Gd i.t. administered [120]. The present results evidenced that Gd-nanoCPs have

great potential to accumulate Gd into tumor tissue and/or cells, consequently lead-

ing to improved therapeutic efficiency in our GdNCT trials [120].
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A major concern in past GdNCT trials using cultured cells and solution systems

had been the necessity of a large amount of Gd for cell-growth suppression. Akine

et al. reported that 10% survival level of the cultured Chinese hamster cells was

obtained with a fluence of 1:55� 1012 neutrons cm�2 in the presence of Gd of

5000 ppm [58]. Tokuuye et al. have evaluated the effect of radiation released during

neutron capture reaction by 157Gd of 800 ppm, 10B of 51 ppm or their combina-

tion, using Magnevist2 and BSH, on cell survival [134] – fluences of 1.13, 1.69

and 0:95� 1012 neutrons cm�2 were required for 10% survival levels, respectively.

Further, Hofmann et al. have demonstrated, using the Gadovist2, that at a fluence

of 3:6� 1012 neutrons cm�2 a Gd concentration of 10 mmol-Gd L�1, equivalent to

1570 ppm, was required to obtain about a 52% survival level of Sk-Mel-28 cells, a

melanoma cell line of human origin [53]. A possible problem of these studies was

that they had to apply high Gd concentrations, because only Gd-agents that show

no affinity to the tumor cells, possibly including Gadovist2, were available. As a

result, cells were unable to suffer sufficient neutron-irradiation because of obstruc-

tion by the presence of excess neutron capture elements in the medium. Unlike

such a solution-based formulation, Gd would be concentrated on and in cells when

using the present Gd-nanoCPs. This situation is clearly favorable for obtaining ef-

fective cell-growth suppression.

It has been believed that a contact between the cells and Gd is not always neces-

sary for the tumor cell inactivation in GdNCT, because of the long-range g-rays

emitted as a result of Gd-NCR. Akine and coworkers, however, have proposed that

the electrons might also play an important role in the tumor-killing effect in

GdNCT [58]. Therefore, the presence of Gd in the intracellular space may be rather

desirable for GdNCT, since the electrons, especially Auger electrons, have a short-

range and a high linear energy transfer. As shown in the present study, Gd-

nanoCPs could bind to the cell surfaces, owing to their cationic nature, and subse-

quently be endocytosed. These intra- and extracellular accumulation behaviors

would provide a compatible way to accomplish the high suppression of tumor

growth in GdNCT.

3.5

Conclusions

Recently, clinical BNCT trials have often been carried out, mainly for brain tumors

in Japan. It is hopeful that BNCT has been extended to other types of cancer such

as head-neck and tongue cancers, with excellent treatment results being reported.

In the near future, lung cancer and hepatoma are to be treated by BNCT. Proton

accelerators as a source of neutron beams are also going to become a reality, in-

stead of the nuclear reactors currently used. Success in NCT, essentially, depends

on the selective tumor-accumulation of boron or gadolinium. Only BPA and BSH

are now used clinically as solutions, but their selectivity in the accumulation is not

necessarily high. We believe that applications of nanoparticulate ‘‘atom’’ delivery

technologies can contribute to NCT.
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4

Nanovehicles and High Molecular Weight

Delivery Agents for Boron Neutron Capture

Therapy1)

Gong Wu, Rolf F. Barth, Weilian Yang, Robert Lee, Werner Tjarks,

Marina V. Backer, and Joseph M. Backer

4.1

Introduction

4.1.1

Overview

Boron neutron capture therapy (BNCT) is based on the nuclear capture and fission

reactions that occur when non-radioactive boron-10 is irradiated with low energy

thermal neutrons to yield high linear energy transfer (LET) alpha particles (4He)

and recoiling lithium-7 (7Li) nuclei. For BNCT to be successful, a sufficient num-

ber of 10B atoms (@109 atoms per cell) must be selectively delivered to the tumor

and enough thermal neutrons must be absorbed by them to sustain a lethal
10B(n, a) 7Li capture reaction. BNCT primarily has been used to treat patients

with brain tumors, and more recently those with head and neck cancer. Two low

molecular weight (LMW) boron delivery agents are currently used clinically, sodium

borocaptate and boronophenylalanine. However, various high molecular weight

(HMW) agents consisting of macromolecules and nanovehicles have been devel-

oped. This chapter focuses on the latter, which include monoclonal antibodies,

dendrimers, liposomes, dextrans, polylysine, folate receptor targeting agents, epider-

mal and vascular endothelial growth factors (EGF and VEGF). Procedures for intro-

ducing boron atoms into these HMW agents and their chemical properties will be

discussed. In vivo studies on their biodistribution will be described, and the efficacy

of a subset of them, which have been used for BNCT of tumors in experimental

animals, will be discussed. Since brain tumors currently are the primary candi-

dates for treatment by BNCT, delivery of these HMW agents across the blood–

brain barrier presents a special challenge. Various routes of administration will be

discussed, including receptor-facilitated transcytosis following intravenous admin-
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istration, direct intratumoral injection and convection-enhanced delivery by which

a pump is used to apply a pressure gradient to establish bulk flow of the HMW

agent during interstitial infusion. Finally, we conclude with a discussion relating

to issues that must be addressed if these HMW agents are to be used clinically.

4.1.2

General Background

After decades of intensive research, high grade gliomas, and specifically glioblas-

toma multiforme (GBM), are still extremely resistant to all current forms of ther-

apy, including surgery, chemotherapy, radiotherapy, immunotherapy and gene

therapy [1–5]. The five-year survival rate of patients diagnosed with GBM in the

United States is less than a few percent [6, 7] despite aggressive treatment using

combinations of therapeutic modalities. This is due to the infiltration of malignant

cells beyond the margins of resection and their spread into both gray and white

matter by the time of surgical resection [8, 9]. High grade gliomas are histologi-

cally complex and heterogeneous in their cellular composition. Recent molecular

genetic studies of gliomas have shown how complex the development of these tu-

mors is [10]. Glioma cells and their neoplastic precursors have biologic properties

that allow them to evade a tumor-associated host immune response [11], and bio-

chemical properties that allow them to invade the unique extracellular environ-

ment of the brain [12, 13]. Consequently, high grade supratentorial gliomas must

be regarded as a whole brain disease [14]. The inability of chemo- and radiotherapy

to cure patients with high grade gliomas is due to their failure to eradicate micro-

invasive tumor cells within the brain. To successfully treat these tumors, therefore,

strategies must be developed that can selectively target malignant cells with little or

no effect on normal cells and tissues adjacent to the tumor.

BNCT is based on nuclear capture and fission reactions that occur when non-

radioactive 10B is irradiated with low energy thermal neutrons to yield high LET

alpha particles (4He) and recoiling 7Li nuclei. In order to be successful BNCT, suf-

ficient 10B atoms (@109 atoms per cell) must be delivered selectively to the tu-

mor and enough thermal neutrons must be absorbed by them to sustain a lethal
10B(n,a) 7Li capture reaction. The destructive effects of these high-energy parti-

cles are limited to boron-containing cells. BNCT primarily has been used to treat

high grade gliomas [15, 16], and either cutaneous primaries [17] or cerebral metas-

tases of melanoma [18]. More recently, it also has been used to treat patients with

head and neck [19, 20] and metastatic liver cancer [21, 22]. BNCT is a biologically

rather than physically targeted type of radiation treatment. If sufficient amounts

of 10B and thermal neutrons can be delivered to the target volume, the potential

exists to destroy tumor cells dispersed in the normal tissue parenchyma. Readers

interested in more in-depth coverage of other topics related to BNCT are referred

to several recent reviews and monographs [15, 23–25]. The present chapter

focuses on boron-containing macromolecules and nanovehicles as boron delivery

agents.
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4.2

General Requirements for Boron Delivery Agents

A successful boron delivery agent should have (1) no or minimal systemic toxicity

with rapid clearance from blood and normal tissues; (2) high tumor (@20 mg-
10B g�1) and low normal tissue uptake; (3) high tumor:brain (T:Br) and tumor:

blood (T:Bl) concentration ratios (>3–4:1); and (4) persistence in the tumor for a

sufficient period of time to carry out BNCT. At this time no single boron delivery

agent fulfills all these criteria. However, as a result of new synthetic techniques and

increased knowledge of the biological and biochemical requirements for an effec-

tive agent, several promising new boron agents have emerged, and these are de-

scribed in a special issue of Anti-Cancer Agents in Medicinal Chemistry (6, 2,

2006). The major challenge in their development has been the requirement for

specific tumor targeting to achieve boron concentrations sufficient to deliver thera-

peutic doses of radiation to the tumor with minimal normal tissue toxicity. The se-

lective destruction of GBM cells in the presence of normal cells represents an even

greater challenge than malignancies at other anatomic sites.

4.3

Low Molecular Weight Delivery Agents

In the 1950s and early 1960s clinical trials of BNCT were carried out using boric

acid and some of its derivatives as delivery agents. These simple chemical com-

pounds had poor tumor retention, attained low T:Br ratios and were non-selective

[26, 27]. Among the hundreds of low-molecular weight boron-containing com-

pounds that were synthesized, two appeared to be promising. One, based on aryl-

boronic acids [28], was l-4-dihydroxyborylphenylalanine, referred to as borono-

phenylalanine or BPA (Fig. 4.1, 1). The second, a polyhedral borane anion, was

Fig. 4.1. Structure of two compounds used

clinically for BNCT, dihydroxyborylphenylalanine

or boronophenylalanine (BPA, 1) and disodium

undecahydro-closo-dodecaborate or sodium

borocaptate (BSH, 2), and the isocyanato

polyhedral borane (3), which has been used to

heavily boronate dendrimers.
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sodium mercaptoundecahydro-closo-dodecaborate [29], more commonly known as

sodium borocaptate or BSH (2). These two compounds persisted longer in animal

tumors than did related molecules, attained T:Br and T:Bl boron ratios > 1 and had

low toxicity. 10B-enriched BPA, complexed with fructose to improve its water solu-

bility, and BSH have been used clinically for BNCT of brain, as well as extracranial

tumors. Although their selective accumulation in tumors is not ideal, the safety of

these two drugs following i.v. administration has been well established [30, 31].

4.4

High Molecular Weight Boron Delivery Agents

High molecular weight (HMW) delivery agents usually contain a stable boron

group or cluster linked via a hydrolytically stable bond to a tumor-targeting moiety,

such as monoclonal antibodies (mAbs) or low molecular weight receptor targeting

ligands. Examples of these include epidermal growth factor (EGF) or the mAb ce-

tuximab (IMC-C225) to target the EGF receptor or its mutant isoform EGFRvIII,

which are overexpressed in various malignant tumors, including gliomas and squ-

amous cell carcinomas of the head and neck [32]. Agents that are to be adminis-

tered systemically should be water soluble, but lipophilicity is important in order

to cross the blood–brain barrier (BBB) and diffuse within the brain and the tumor.

There should be a favorable differential in boron concentrations between tumor

and normal brain, thereby enhancing their tumor specificity. Their amphiphilic

character is not as crucial for LMW agents that target specific biological transport

systems and/or are incorporated into nanovehicles such as liposomes. Molecular

weight also is an important factor, since it determines the rate of diffusion both

within the brain and the tumor. Detailed reviews of the state-of-the-art of com-

pound development for BNCT have been published [33, 34]. The present chapter

focuses on boron-containing macromolecules and liposomes as delivery agents for

BNCT, and how they can be most effectively administered.

4.5

Dendrimer-related Delivery Agents

4.5.1

Properties of Dendrimers

Dendrimers are synthetic polymers with a well-defined globular structure. They are

composed of a core molecule, repeat units that have three or more functionalities,

and reactive surface groups (Fig. 4.2) [35, 36]. Two techniques have been used to

synthesize these macromolecules: divergent growth outwards from the core [37],

or convergent growth from the terminal groups inwards towards the core [36, 38].

Regular and repeated branching at each monomer group gives rise to a symmetric

structure and pattern to the entire globular dendrimer. Dendrimers are an attrac-
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tive platform for macromolecular imaging and gene delivery because of their low

cytotoxicity and their multiple types of reactive terminal groups [36, 39–44].

4.5.2

Boronated Dendrimers Linked to Monoclonal Antibodies

4.5.2.1 Boron Clusters Directly Linked to mAb

Monoclonal antibodies have been attractive targeting agents for delivering radio-

nuclides [45], drugs [46–50], toxins [51] and boron to tumors [52–55]. Before the

introduction of dendrimers as boron carriers, boron compounds were directly at-

tached to mAbs [53, 54]. Approximately@109 10B atoms per cell (@20 mg g�1 tu-

mor) must be delivered to kill tumor cells [55, 56]. Based on the assumption of

106 antigenic receptor sites per cell,@50–100 boron cage structures of carboranes,

or polyhedral borane anions and their derivatives must be linked to each mAb mol-

ecule to deliver the required amount of boron for NCT. The attachment of such a

large number of boron cages to a mAb may result in precipitation of the bioconju-

gate or a loss of its immunological activity. Solubility can be improved by inserting

a water-soluble gluconamide group into the protein-binding boron cage com-

pounds, thereby enhancing their water solubility [57]. This modification makes it

possible to incorporate up to 1100 boron atoms into a human gamma globulin

(HGG) molecule without any precipitation. Other approaches to enhance solubility

include the use of negatively charged carboranes [58] or polyhedral borane anions

[59], as well as the insertion of carbohydrate groups [60, 61]. A major limitation of

using an agent containing a single boron cage is that many sites must be modified

to deliver 103 boron atoms per molecule of antibody and this can reduce its im-

munoreactivity activity. Alam et al. have shown that attachment of an average of

Fig. 4.2. Structure of a boronated PAMAM

dendrimer that has been linked to targeting

moieties. PAMAM dendrimers consist of a

core, repeating polyamido amino units, and

reactive terminal groups. Each successfully

higher generation of PAMAM dendrimer has a

geometrically incremental number of terminal

groups. Dendrimers have been boronated by

reaction with water-soluble isocyanato

polyhedral boranes and subsequently attached

to targeting moieties by means of

heterobifunctional linkers.
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1300 boron atoms to mAb 17-1A, which is directed against human colorectal carci-

noma cells, resulted in a 90% loss of immunoreactivity [62].

4.5.2.2 Attachment of Boronated Dendrimers to mAb

Dendrimers are one of the most attractive polymers that have been used as

boron carriers due to their well-defined structure and multiple reactive terminal

groups. Depending on the antigen site density, @1000 boron atoms need to be

attached per molecule of dendrimer and subsequently linked to the mAb. In our

first study, second- and fourth-generation polyamido amino (PAMAM or ‘‘star-

burst’’) dendrimers, which have 12 and 48 reactive terminal amino groups, respec-

tively, were reacted with the water-soluble isocyanato polyhedral borane

[Na(CH3)3NB10H8NCO] (3, Fig. 4.1) [63, 64]. The boronated dendrimer then was

linked to the mAb IB16-6, which is directed against the murine B16 melanoma,

by means of two heterobifunctional linkers, m-maleimidobenzoyl-N-hydroxysulfo-
succinimide ester (sulfo-MBS) and N-succinimidyl 3-(2-pyridyldithio)propionate

(SPDP) [63, 65]. However, following intravenous (i.v.) administration, large

amounts of the bioconjugate accumulated in the liver and spleen and it was con-

cluded that random conjugation of boronated dendrimers to a mAb could alter its

binding affinity and biodistribution. To minimize the loss of mAb reactivity, a 5th

generation PAMAM dendrimer was boronated with the same polyhedral borane

anion, and more recently it was site-specifically linked to the anti-EGFR mAb ce-

tuximab (or IMC-C225) or the EGFRvIII specific mAb L8A4 (Fig. 4.3). Cetuximab

was linked via glycosidic moieties in the Fc region by means of two heterobifunc-

tional reagents, SPDP and N-(k-maleimidoundecanoic acid) hydrazide (KMUH)

[66, 67]. The resulting bioconjugate, designated C225-G5-B1100, contained@1100

boron atoms per molecule of cetuximab and retained its aqueous solubility in

10% DMSO and its in vitro and in vivo immunoreactivity. As determined by a com-

petitive binding assay, there was a <1 log unit decrease in affinity for EGFR(þ)

glioma cell line F98EGFR, compared to that of unmodified cetuximab [66]. In vivo
biodistribution studies, carried out 24 h after intratumoral (i.t.) administration of

the bioconjugate, demonstrated that 92.3 mg g�1 of boron was retained in rats bear-

ing F98EGFR gliomas compared to 36.5 mg g�1 in EGFR(�) F98 parental tumors

and 6.7 mg g�1 in normal brain [67] thereby indicating specific molecular targeting

of the receptor.

4.5.3

Boronated Dendrimers Delivered by Receptor Ligands

4.5.3.1 Epidermal Growth Factors (EGF)

Due to its increased expression in various human tumors, including high grade

gliomas, and its low or undetectable expression in normal brain, EGFR is an attrac-

tive target for cancer therapy [68–70]. As described above, targeting of EGFR has

been carried out using either mAbs or alternatively, as described in this section,

EGF, which is a single-chain, 53-mer heat- and acid-stable polypeptide. It binds to

a transmembrane glycoprotein with tyrosine kinase activity, which triggers dimeri-
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Fig. 4.3. Conjugation scheme for linking a boron-containing dendrimer to the monoclonal

antibody C225 (cetuximab), which is directed against EGFR [66, 69].
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zation and internalization [71, 72]. Since the EGF boron bioconjugates have a

much smaller MW than mAb conjugates, they should be capable of more rapid

and effective tumor targeting than mAbs [69, 73].

The procedure used to conjugate EGF to a boronated dendrimer was slightly dif-

ferent from that used to boronate mAbs. A fourth-generation PAMAM dendrimer

was reacted with the isocyanato polyhedral borane Na(CH3)3NB10H8NCO. Next, re-

active thiol groups were introduced into the boronated dendrimer using SPDP, and

EGF was derivatized with m-maleimidobenzoyl-N-hydroxysulfosuccinimide ester

(MBS). Reaction of the thiol groups of the derivatized, boronated dendrimer with

maleimide groups produced stable BSD-EGF bioconjugates, which contained@960

atoms of boron per molecule of EGF [74]. The BSD-EGF initially was bound to the

cell surface membrane and then was endocytosed, which resulted in accumulation

of boron in lysosomes [74]. Subsequently, in vitro and in vivo studies were carried

out to evaluate the potential efficacy of the bioconjugate as a boron delivery agent

for BNCT [73]. As will be described in more detail later below (Section 4.9.3), ther-

apy studies demonstrated that F98EGFR glioma bearing rats that received either

boronated EGF or mAb by either direct i.t. injection or convection-enhanced deliv-

ery into the brain had a longer mean survival time than animals bearing F98 pa-

rental tumors following BNCT [75–77].

4.5.3.2 Folate Receptor Targeting Agents

Folate receptor (FR) is overexpressed on various human cancers, including those

originating in ovary, lung, breast, endometrium and kidney [78–80]. Folic acid

(FA) is a vitamin that is transported into cells via FR-mediated endocytosis. The at-

tachment of FA via its g-carboxylic function to other molecules does not alter its

endocytosis by FR-expressing cells [81]. FR targeting has been used successfully

to deliver protein toxins, chemotherapeutic, radio-imaging, therapeutic and MRI

contrast agents [82], liposomes [83], gene transfer vectors [84], antisense oligo-

nucleotides [85], ribozymes and immunotherapeutic agents to FR-positive cancers

[86]. To deliver boron compounds, FA was conjugated to heavily boronated 3rd gen-

eration PAMAM dendrimers containing poly(ethylene glycol) (PEG) [87]. PEG was

introduced into the bioconjugate to reduce its uptake by the reticuloendothelial sys-

tem (RES) and, more specifically, the liver and spleen. Folate linked to 3rd genera-

tion PAMAM dendrimers containing 12–15 decaborate clusters and 1–1.5 PEG2000

units had the lowest hepatic uptake in C57Bl/6 mice (7.2–7.7% injected dose

[ID] per gram of liver). In vitro studies using FR (þ) KB cells have demonstrated

receptor-dependent uptake of the bioconjugate. Biodistribution studies with this

conjugate, carried out in C57Bl/6 mice bearing subcutaneous (s.c.) implants of

the FR (þ) murine sarcoma 24JK-FBP, demonstrated selective tumor uptake

(6.0% ID per g tumor), but there was high hepatic (38.8% ID per g) and renal

(62.8% ID per g) uptake [87].

4.5.3.3 Vascular Endothelial Growth Factor (VEGF)

There is preclinical and clinical evidence indicating that angiogenesis plays a major

role in the growth and dissemination of malignant tumors [88, 89]. Inhibition of

angiogenesis has yielded promising results in several experimental animal tumor
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models [90, 91]. The most important molecular targets have been vascular endo-

thelial growth factor (VEGF) and its receptor (VEGFR) [92, 93]. We recently have

constructed a targeting vehicle consisting of a human VEGF121 isoform fused to a

novel 15-aa cysteine-containing tag designed for site-specific conjugation of thera-

peutic and diagnostic agents [94] (Fig. 4.4). A boronated 5th generation PAMAM

dendrimer (BD), tagged with a near-infrared (IR) fluorescent dye Cy5, was conju-

gated using the heterobifunctional reagent sulfo-LC-SPDP to BD/Cy5 via reactive

SH-groups, which was generated in the VEGF fusion protein by mild dithiothreitol

(DTT) treatment. The bioconjugate, designated VEGF-BD/Cy5, contained 1050–

1100 boron atoms per dimeric VEGF molecule. VEGF-BD/Cy5 retained the in vitro
functional activity of VEGF121, which was similar to that of native VEGF. Tagging

the bioconjugate with Cy5 dye permitted near-IR fluorescence imaging of its in vi-
tro and in vivo uptake. In vitro uptake was determined by incubating VEGF-BD/Cy5

with VEGFR-2 overexpressing PAE/KDR cells and in vivo uptake was evaluated in

mice bearing s.c. tumor implants. In vitro, the bioconjugate localized in the perinu-

clear region and in vivo it primarily localized in regions of active angiogenesis. Fur-

thermore, depletion of VEGFR-2 overexpressing cells from the tumor vasculature

with VEGF-toxin fusion protein significantly decreased bioconjugate uptake, indi-

cating that these cells were the primary targets of VEGF-BD/Cy5. These studies

demonstrated that VEGF-BD/Cy5 potentially could be used as a diagnostic agent

[94]. Further studies are planned to evaluate its therapeutic efficacy using the F98

rat glioma model, which we have used extensively to evaluate both low and high

MW boron delivery agents [95].

4.5.4

Other Boronated Dendrimers

An alternative method to deliver boron compounds by means of dendrimers is to

incorporate carborane cages within the dendrimer (Fig. 4.5). Parrott et al. have

reported that 4, 8 or 16 carboranes could be inserted into an aliphatic polyester

dendrimer by means of a highly effective synthon, a bifunctional carborane deriva-

tive with an acid group and a benzyl ether protected alcohol [96]. The procedure

employed a divergent synthesis with high yield. The resulting polyhydroxylated

dendrimer was water soluble with a minimum ratio of eight hydroxyl groups per

carborane cage. Carborane-containing dendrimers potentially could be used as bo-

ron delivery agents for BNCT, since it is possible to control the number of carbor-

ane moieties and overall solubility.

4.6

Liposomes as Boron Delivery Agents

4.6.1

Overview of Liposomes

Liposomes are biodegradable, non-toxic vesicles that have been used to deliver both

hydrophilic and hydrophobic agents (Fig. 4.6) [97]. Both classical and PEGylated
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Fig. 4.4. Preparation of a vascular endothelial

growth factor (VEGF) receptor targeting

nanovehicle (VEGF-BD/Cy5). (A) A fifth-

generation (G5) PAMAM dendrimer is initially

reacted with SPDP and the near-infrared dye

Cy5-NHS dissolved in a dimethylformamide–

methanol mixture for 1 h. (B) Reaction with

the polyisocyanato polyhedral borane

Na(CH3)3-NB10H8NCO in a carbonate buffer

(pH 9.0)/9% acetone mixture for 24 h. (C) A

1.5-fold molar excess of DTT is added to the

VEGF monomer in a solution containing 20

mmol L�1 NaOAc (pH 6.5), 0.5 mol L�1 urea

and 0.5 mol L�1 NDSB-221 and incubated at

4 �C for 16 h. (D) The boronated dendrimer is

incubated with the targeting vehicle for 15 min

to produce the VEGF-BD/Cy5 [94].
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Fig. 4.5. Structure of a carborane-containing aliphatic

polyester dendrimer. Carborane cages were incorporated into

the interior of the dendrimer structure and the peripheral

hydrophilic groups improved water solubility and were available

for modification.

Fig. 4.6. Schematic structure of a liposome

that has an aqueous core and a lipid bilayer

membrane. The latter is composed of polar

head groups with hydrocarbon tails. The

liposomal surface can be modified by

PEGylation to prolong its circulation time and

can be linked to either a mAb or a ligand for

targeting.
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(‘‘stealth’’) liposomes can increase the amounts of anticancer drugs that can be de-

livered to solid tumors by passive targeting. Rapidly growing solid tumors have in-

creased permeability to nanoparticles due to increased capillary pore size. These

can range from 100 to 800 nm compared to 60–80 nm for those in normal tissues,

which are impermeable to liposomes. In addition, tumors lack efficient lymphatic

drainage, and, consequently, clearance of extravasated liposomes is slow [98]. Mod-

ification of the liposomal surface by PEGylation or attachment of antibodies or re-

ceptor ligands will improve their selective targeting and increase their circulation

time [98].

4.6.2

Liposomal Encapsulation of Sodium Borocaptate and Boronophenylalanine

4.6.2.1 Boron Delivery by Non-targeted Liposomes

Liposomes have been extensively evaluated as nanovehicles for the delivery of boron

compounds for NCT [99, 100]. In vitro and in vivo studies have demonstrated that

they can effectively and selectively deliver large quantities of boron to tumors and

that the compounds delivered by liposomes have a longer tumor retention time.

BPA is an amino acid analogue that is preferentially taken up by cells with in-

creased metabolic activity, such as tumor cells of varying histopathologic types, in-

cluding melanomas [31, 101], gliomas [102] and squamous cell carcinomas [103,

104]. Because of its low aqueous solubility, BPA has been used as a fructose com-

plex, which has permitted it to be administered i.v. rather than orally [105, 106].

Following i.v. administration of BPA, which had been incorporated into conven-

tional liposomes, there was rapid elimination by the reticuloendothelial system

(RES) with very low blood and liver boron concentrations at 3 h. In contrast, if

BPA was incorporated into liposomes composed of DSPE-PEG, therapeutically use-

ful tumor boron concentrations (>20 mg g�1) were seen at 3 and at 6 h, indicating

that PEG-liposomes had evaded the RES [107]. In addition, BPA has been incorpo-

rated into the lipid bilayer of liposomes, composed of either the positively charged

lipid 1,2-dioleoyl-3-trimethylammonium propane (DOTAP) or the zwitterionic lipid,

1,2-dioleoyl-sn-glycerol-3-phosphoethanolamine (DOPE) [108]. Cationic liposomes

have been widely used as carriers of biomolecules that specifically target the cell

nucleus [109], which would be advantageous for BNCT. Another clinically used

drug, sodium borocaptate (BSH), has been incorporated into liposomes composed

of DPPC/Chol in a 1:1 molar ratio with or without PEG stabilization [110]. The av-

erage diameter of liposomes containing BSH was in the range 100–110 nm. Both

types of liposomes resulted in a significant improvement in their circulation time

compared with that of free BSH. At 24 h following i.v. injection of PEG-liposomes,

19% of the injected dose of boron was in the blood compared with 7% following

formulation of BSH in conventional liposomes. The mean percent uptake by the

liver and spleen was not significantly different for the two types of liposomes.

However, the blood:RES ratios were higher for PEG-liposomes at all time points,

indicating that a higher fraction of the injected dose of BSH was still in the blood.

Ji et al. have reported that there were no significant differences in the in vitro up-
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take by 9L gliosarcoma cells of free BSH versus a liposomal formulation after 16 h

incubation. However, cellular persistence was increased at 12 and 24 h for BSH-

loaded liposomes [111]. BSH has also been incorporated into transferrin (TF) con-

jugated PEG liposomes (TF-PEG liposomes) [112], which then were taken up by

cells via transferrin receptor-mediated endocytosis. Intravenous administration of

this formulation increased boron retention at the tumor site compared with PEG

liposomes, bare liposomes or free BSH, and suppressed tumor growth following

BNCT. These results suggest that TF-targeted liposomes might be a useful intracel-

lular targeting vehicle.

4.6.2.2 Liposomal Encapsulation of other Boranes and Carboranes

Polyhedral boranes [34] and carboranes [113, 114] are another class of boron com-

pounds that have been used for NCT. They contain multiple boron atoms per mol-

ecule, are resistant to metabolic degradation, and are lipophilic, thereby permitting

easier penetration of the tumor cell membrane [113]. In addition to BSH, carbor-

anylpropylamine (CPA, Fig. 4.7, 4) [115] has been incorporated into conventional

and PEGylated liposomes by active loading, using a transmembrane pH gradient

[115, 116]. Although as many as 13 000 molecules of CPA were loaded into lipo-

somes having a mean average diameter of 100 nm, there was in vitro toxicity

to both the glioblastoma cell line SK-MG-1 and normal human peripheral blood

lymphocytes. Borane anions, such as B10H10
2�, B12H11SH

2�, B20H17OH
4� and

B20H19
3�, and the normal form and photoisomer of B20H18

2�, also have been en-

capsulated into small unilamellar vesicles with mean diameters of 70 nm or less

[117–120]. These were composed of the pure synthetic phospholipids, distearoyl

phosphatidylcholine and cholesterol [117]. Although encapsulation efficiencies

were only 2–3%, following i.v. injection these liposomes were selectively delivered

to tumors in mice bearing the EMT6 mammary carcinoma and had attained boron

concentrations of >15 mg-B g�1, with a T:Bl ratio of >3. Two isomers of B20H18
2�

attained boron concentrations of 13.6 and 13.9 mg g�1 with T:Bl ratios of 3.3 and

12, respectively, at 48 h following administration. The high boron retention and

prolongation of their circulation time was due to interaction with intracellular com-

ponents after it had been released from liposomes within tumor cells [117].

To examine the effect of charge and substitution on the retention of boranes the

two isomers [B20H17NH3]
3� and [1-(2 0-B10H9)-2-NH3B10H8]

3� (5) have been pre-

pared from the polyhedral borane anion [n-B20H18]
2� (6) [118, 119]. The sodium

salts of these two isomers had been encapsulated within small unilamellar lipo-

somes, composed of distearoyl phosphatidylcholine/cholesterol at a 1:1 ratio. Both

isomers of [B20H17NH3]
3� had excellent tumor uptake and selectivity in EMT 6 tu-

mor bearing mice, even at very low injected doses, and this resulted in peak tumor

boron concentrations of 30–40 mg-B g�1 and a T:Bl ratio of@5. Owing to low boron

retention of liposomal Na3[B20H19] and Na4[e
2-B20H17OH] and rapid clearance

of liposomal [2-NH3B10H9]
�, the enhanced retention of liposomal Na3[ae-

B20H17NH3] was not due to the anionic charge or substitution in the borane cage.

Rather, it could be attributed to facile intracellular oxidation to an extremely re-
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Fig. 4.7. Structures of hydrophilic and

lipophilic boron-containing compounds

incorporated into liposomes. Car-

boranylpropylamine (CPA, 4),

[1-(2 0-B10H9)-2-NH3B10H8]
3� (5), [n-B20H18]

2�

(6), [B20H17SH]4� (7), Na3[a2-

B20H17NH2CH2CH2NH2] (9) and boronated

water-soluble acridine (WSA, 11) have been

encapsulated into the aqueous core. K[nido-7-

CH3(CH2)15-7,8-C2B9H11] (8) and cholesteryl

1,12-dicarba-closo-dodecaboranel-carboxylate

(10) have been incorporated into the lipid

bilayer of liposomes.
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active NH3� substituted [n-B20H18]
2� electrophilic anion, [B20H17NH3]

�. Another

anion, [ae-B20H17NH3]
3�, also was encapsulated into liposomes prepared with 5%

PEG-2000-distearoyl phosphatidylethanolamine as a constituent of the membrane.

These liposomes had longer in vivo circulation times, which resulted in continued

accumulation of boron in the tumor over the entire 48 h, and reached a maximum

concentration of 47 mg-B per g tumor.

[B20H17SH]4� (7), a thiol derivative of [B20H18]
4�, possesses a reactive thiol sub-

stituent that can be oxidized to give the more reactive [B20H17SH]2� anion. Both

species were considered to be essential for high tumor boron retention [120] and

they have been encapsulated into small, unilamellar liposomes. Biodistribution

was determined after i.v. injection into BALB/c mice bearing EMT6 tumors. At

low injected doses, tumor boron concentrations increased throughout the experi-

ment, resulting in a maximum concentration of 47 mg-B per g tumor at 48 h,

which corresponded to 22.2% ID g�1 and a T:Bl ratio of 7.7. This was the most

promising of the polyhedral borane anions that had been investigated for liposo-

mal delivery. Although they were able to deliver adequate amounts of boron to

tumor cells, their application to BNCT has been limited due to their low incorpora-

tion efficiency (@3%).

Lipophilic boron compounds incorporated into the lipid bilayer would be an al-

ternative approach. Small unilamellar vesicles composed of a 3:3:1 ratio of dis-

tearoylphosphatidylcholine, cholesterol and K[nido-7-CH3(CH2)15-7,8-C2B9H11]

(8) in the lipid bilayer and Na3[a2-B20H17NH2CH2CH2NH2] (9) in the aqueous

core were produced as a delivery agents for NCT-mediated synovectomy [121]. Bio-

distribution studies were carried out in Louvain rats that had a collagen-induced

arthritis. The maximum synovial boron concentration was 29 mg per gram of tissue

at 30 h and this had only decreased to 22 mg g�1 at 96 h following i.v. administra-

tion. The prolonged retention by synovium provided sufficient time for extensive

clearance of boron from other tissues so that at 96 h the synovium:blood (Syn:Bl)

ratio was 3.0. To accelerate blood clearance, serum stability of the liposomes was

lowered by increasing the proportion of compound 8 embedded in the lipid bilayer.

Liposomes were formulated with a 3:3:2 ratio DSPC:Ch:8 in the lipid bilayer and 9

was encapsulated in the aqueous core. The boron concentration in the synovium

reached a maximum of 26 mg g�1 at 48 h with a Syn:Bl ratio of 2, following which

it slowly decreased to 14 mg g�1g at 96 h, at which time the Syn:Bl ratio was 7.5

[121].

Another method to deliver hydrophilic boron-containing compounds would be to

incorporate them into cholesterol to target tumor cells expressing amplified low

density lipoprotein (LDL) receptors [122–124]. Glioma cells, which absorb more

cholesterol, have been reported to take up more LDL than the corresponding

normal tissue cells [125–127]. The cellular uptake of liposomal cholesteryl 1,12-

dicarba-closo-dodecaboranel-carboxylate (10) by two fast-growing human glioma cell

lines, SF-763 and SF-767, was mediated via the LDL receptor and was much higher

than that of human neurons. The cellular boron concentration was @10–11�
greater than that required for BNCT [128].
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4.6.3

Boron Delivery by Targeted Liposomes

To improve the specificity of liposomally encapsulated drugs and to increase the

amount of boron delivered, targeting moieties have been attached to the surface

of liposomes. These could be any molecules that selectively recognized and bound

to target antigens or receptors that were overexpressed on neoplastic cells or

tumor-associated neovasculature. These have included either intact mAb molecules

or fragments, and low molecular weight, naturally occurring or synthetic ligands

such as peptides or receptor-binding ligands such as EGF. To date, liposomes

linked to mAbs or their fragments [129], EGF [130], folate [131] and transferrin

[112] have been the most extensively studied as targeting moieties (Fig. 4.8).

4.6.3.1 Immunoliposomes

The murine anti-carcinoembryonic antigen (CEA) mAb 2C-8 has been conjugated

to large multilamellar liposomes containing 10B compounds [132, 133]. The maxi-

mum number of 10B atoms attached per molecule of mAb was@1.2� 104. These

immunoliposomes bound selectively to the human pancreatic carcinoma cell line,

AsPC-1, that overexpressed CEA. Incubating the immunoliposomes with either

MRKnu/nu-1 or AsPC-1 tumor cells suppressed in vitro tumor cell growth follow-

Fig. 4.8. Proposed mechanism of intracellular

boron delivery based on receptor-mediated

tumor cell targeting. Liposomes loaded with a

boron compound (A) are conjugated to a

targeting ligand (e.g., folate, transferrin, or

anti-EGFR antibody). These bind to receptors

on the cell surface (B), and are then

internalized by receptor-mediated endocytosis

(C) into the acidified endosomal/lysosomal

compartment. The boron compound is then

released (D) into the cytosol by liposomal

degradation, endosome/lysosome disruption

or liposome–endosome/lysome membrane

fusion.
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ing thermal neutron irradiation [134]. This was dependent upon the liposomal

concentration of the 10B-compound and on the number of molecules of mAb con-

jugated to the liposomes. Immunoliposomes containing either (Et4N)2B10H10 and

linked to the mAb MGb 2, directed against human gastric cancer [135, 136] or

water-soluble boronated acridine (WSA, 11; Fig. 4.7) linked to trastuzumab, di-

rected against HER-2, have been prepared and evaluated in vitro [129]. There was

specific binding and high uptake of these immunoliposomes, which delivered a

sufficient amount of 10B to produce a tumoricidal effect following thermal neutron

irradiation.

4.6.3.2 Folate Receptor-targeted Liposomes

A highly ionized boron compound, Na3B20H17NH3, has been incorporated into

liposomes by passive loading [131, 137, 138]. This showed high in vitro uptake

by the FR-expressing human cell line KB (American Type Culture Collection CCL

17), which originally was thought to be derived from a squamous cell carcinoma of

the mouth, and subsequently was shown to be identical to HeLa cells, as de-

termined by isoenzyme markers, DNA fingerprinting and karyotypic analysis.

KB-tumor-bearing mice that received either FR-targeted or non-targeted control

liposomes had equivalent tumor boron values (@85 mg g�1), which attained a maxi-

mum at 24 h, while the T:Bl ratio reached a maximum at 72 h. Additional studies

were carried out with the lipophilic boron compound K[nido-7-CH3(CH2)15-7,8-

C2B9H11] (8). This was incorporated into large unilamellar vesicles,@200 nm in di-

ameter, composed of egg PC/chol/8 in a 2:2:1 mol/mol ratio, and an additional 0.5

mol% of folate-PEG-DSPE or PEG-DSPE for the FR-targeted or non-targeted lipo-

somal formulations [139]. Boron uptake by FR-overexpressing KB cells, treated

with these targeted liposomes, was@10� greater compared with those treated with

control liposomes. In addition, BSH and five weakly basic boronated polyamines

were evaluated (Fig. 4.9). Two of these were the spermidine derivatives N5-(4-car-

boranylbutyl)spermidine � 3HCl (12) and N5-[4-(2-aminoethyl-o-carboranyl)butyl]-
spermidine � 4HCl (13). Three were the spermine derivatives N5-(4-o-carboranylbu-
tyl)spermine � 4HCl (14), N5-[4-(2-aminoethyl-o-carboranyl)butyl]spermine � 5HCl

(15), and N 5,N10-bis(4-o-carboranylbutyl)spermine � 4HCl (16). These were incorpo-

rated into liposomes by a pH-gradient-driven remote-loading method with varying

loading efficiencies, which were influenced by the specific trapping agent and the

structure of the boron compound. Greater loading efficiencies were obtained with

lower molecular weight boron derivatives, using ammonium sulfate as the trap-

ping agent, compared with those obtained with sodium citrate.

4.6.3.3 EGFR Targeted Liposomes

Acridine is a water-soluble (WS) DNA-intercalator. Its boronated derivative WSA

has been incorporated into liposomes composed of EGF-conjugated lipids. Their

surface contained @5 mol% PEG and 10–15 molecules of EGF, and 104–105 of

the WSA molecules were encapsulated. These liposomes had EGFR-specific cellu-

lar binding to cultured human glioma cells [130, 140] and were internalized follow-

ing specific binding to the receptor. Following internalization, WSA, primarily, was
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localized in the cytoplasm, and had high cellular retention, with 80% of the boron

remaining cell-associated after 48 h [141].

4.7

Boron Delivery by Dextrans

Dextrans are glucose polymers that consist mainly of a linear a-1,6-glucosidic link-

age with some degree of branching via a 1,3-linkage [142, 143]. Dextrans have been

Fig. 4.9. Structures of five weakly basic boronated polyamines

encapsulated in FR targeting liposomes. The two spermidine

(12, 13) and three spermine derivatives (14–16), which contain

hydrophilic amine groups and lipophilic carboranyl cages, had

DNA-binding properties.
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used extensively as drug and protein carriers to increase drug circulation time [144,

145]. In addition, native or chemically-modified dextrans have been used for pas-

sive targeting to tumors, the RES or active receptor-specific cellular targeting. To

link boron compounds to dextrans [146], b-decachloro-o-carborane derivatives, in

which one of the carbon atoms is substituted by -CH2CHOHCH2-O-CH2CHbCH2,

have been epoxidized and subsequently bound to dextran, with a resulting boron

content of 4.3% (w/w) [147]. The modified dextran could then be attached to

tumor-specific antibodies [147–150]. BSH has been covalently coupled to dextran

derivatives by two methods [151]. In the first, dextran was activated with 1-cyano-

4-(dimethylamino)pyridine (CDAP) and subsequently coupled with 2-aminoethyl

pyridyl disulfide. Then, thiolated dextran was linked to BSH in a disulfide ex-

change reaction. A total of 10–20 boron cages were attached to each dextran chain.

In the second method, dextran was derivatized to a multiallyl derivative (Fig. 4.10,

17), which was reacted with BSH in a free-radical-initiated addition reaction. Using

this method, 100–125 boron cages could be attached per dextran chain, suggesting

Fig. 4.10. Preparation of EGF-targeted, boronated dextrans.

The bioconjugate was prepared by a free-radical-initiated

addition reaction between multiallyl dextran derivatives and

BSH or thiolated EGF at 50 �C using K2S2O8 as an initiator.
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that this derivative might be a promising template for the development of other

HMW delivery agents. By the second method, designed to target EGFR over-

expressing cells, EGF and BSH have been covalently linked to a 70 kDa dextran

(18) [152–154]. Bioconjugates having a few BSH molecules attained maximum in
vitro binding at 4 h with the human glioma cell line U-343 MGaC12:6. In contrast,

there was a slow increase of binding over 24 h for those having many BSH mole-

cules. Although most of the bioconjugates were internalized, in vitro retention

was low, as was in vivo uptake following i.v. injection into nude mice bearing s.c.

implants of Chinese hamster ovary (CHO) cells transfected with the human gene

encoding EGFR (designated CHO-EGFR). However, following i.t. injection, boron

uptake was higher with CHO-EGFR(þ) tumors compared to wild-type EGFR(�)

CHO tumors [155].

4.8

Other Macromolecules used for Delivering Boron Compounds

Polylysine is another polymer having multiple reactive amino groups that has been

used as a platform for the delivery of boron compounds [53, 156]. The protein-

binding polyhedral boron derivative isocyanatoundecahydro-closo-dodecaborate
(B12H11NCO

2�) has been linked to polylysine and subsequently to the anti-B16

melanoma mAb IB16-6 using two heterobifunctional linkers, SPDP and sulfo-

MBS. The bioconjugate had an average of 2700 boron atoms per molecule and re-

tained 58% of the immunoreactivity of the native antibody, as determined by a

semiquantitative immunofluorescent assay or by ELISA. Other bioconjugates pre-

pared by this method had >1000 boron atoms per molecule of antibody and re-

tained 40–90% of the immunoreactivity of the native antibody [53]. Using another

approach, site-specific linkage of boronated polylysine to the carbohydrate moieties

of anti-TSH antibody resulted in a bioconjugate that had@6� 103 boron atoms

with retention of its immunoreactivity [156].

A streptavidin–biotin system has also been developed to specifically deliver boron

to tumors. Biotin was linked to a mAb and streptavidin was attached to the boron-

containing moiety. The indirect linking of boron to the mAb minimized loss of its

immunoreactivity. BSH was attached to poly-(d-glutamate d-lysine) (poly-GL) via a

heterobifunctional agent [157]. This boronated poly-GL then was activated by a car-

bodiimide reagent and in turn reacted with streptavidin. Another approach em-

ployed a streptavidin mutant that had 20 cysteine residues per molecule. BSH

was conjugated via sulfhydryl-specific bifunctional reagents to incorporate @230

boron atoms per molecule [158]. A closomer species with an icosahedral dodecabo-

rate core and twelve pendant anionic nido-7,8-carborane groups has been developed

as a new class of unimolecular nanovehicles for evaluation as a delivery agent for

BNCT [159].
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4.9

Delivery of Boron-containing Macromolecules to Brain Tumors

4.9.1

General Considerations

Drug delivery to brain tumors is dependent upon (1) the plasma concentration pro-

file of the drug, which depends upon the amount and route of administration, (2)

the ability of the agent to traverse the blood brain barrier (BBB), (3) blood flow

within the tumor, and (4) the lipophilicity of the drug. In general, a high steady-

state blood concentration will maximize brain uptake, while rapid clearance will re-

duce it, except in the case of intra-arterial (i.a.) drug administration. Although the

i.v. route is currently being used clinically to administer both BSH and BPA, this

may not be ideal for boron-containing macromolecules, and other strategies must

be employed to improve their delivery.

4.9.2

Drug-transport Vectors

One approach to improve brain tumor uptake of boron compounds has been to

conjugate them to a drug-transport vector by means of receptor-specific transport

systems [160, 161]. Proteins such as insulin, insulin-like growth factor (IGF),

transferrin (TF) [162], and leptin can traverse the BBB. BSH encapsulated in TF-

PEG-liposomes had a prolonged residence time in the circulation and low RES up-

take in tumor-bearing mice, resulting in enhanced extravasation of the liposomes

into the tumor and concomitant internalization by receptor-mediated endocytosis

[163, 164]. Mice that received BSH-containing TF-liposomes followed by BNCT

had significantly longer survival times than those that received PEG-liposomes,

bare liposomes and free BSH, thereby establishing proof-of-principle for transcytosis
of a boron-containing nanovehicle [112].

4.9.3

Direct Intracerebral Delivery

Studies carried out by us have clearly demonstrated that the i.v. route of adminis-

tration is not suitable for delivery of boronated EGF or mAbs to glioma bearing rats

[75, 165]. Intravenous injection of technetium-99m labeled EGF to rats bearing in-

tracerebral implants of the C6 rat glioma, which had been genetically engineered

to express the human EGFR gene, resulted in 0.14% ID localizing in the tumor.

Intracarotid (i.c.) injection with or without BBB disruption increased the tumor up-

take to 0.34 to 0.45% ID g�1, but based even on the most optimistic assumptions

the amount of boron that could be delivered to the tumor by i.v. injection would be

inadequate for BNCT [165]. Direct i.t. injection of boronated EGF (BSD-EGF),

however, resulted in tumor boron concentrations of 22 mg g�1 compared to 0.01

mg g�1 following i.v. injection and almost identical boron uptake values were ob-
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tained using the F98EGFR glioma model [77]. This was produced by transfecting

F98 glioma cells with the gene encoding human EGFR. Based on our biodistribu-

tion results, therapy studies were initiated with the F98EGFR glioma in syngeneic

Fischer rats. F98EGFR glioma bearing rats that received BSD-EGF i.t. had a mean

survival time (MST) of 45G 1 d compared to 33G 2 d in animals that had EGFR-

(�) wild-type F98 gliomas. Since it is unlikely that any single boron delivery agent

will be able to target all tumor cells, the combination of i.t. administration of BSD-

EGF with i.v. injection of BPA was evaluated. This furthered increased the MST to

57G 8 d compared to 39G 2 d for i.v. BPA alone [73]. These data provide proof-of-
principle for the idea of using a combination of low and HMW boron delivery

agents.

4.9.4

Convection-enhanced Delivery (CED)

CED, by which therapeutic agents are directly infused into the brain, is an innova-

tive method to increase their uptake and distribution [166–168]. Under normal

physiological conditions, interstitial fluids move through the brain by both convec-

tion and diffusion. Diffusion of a drug in tissue depends upon its molecular

weight, ionic charge and its concentration gradient within normal tissue and the

tumor. The higher the molecular weight of the drug and the more positively

charged the ionic species, the lower its concentration, then the slower its diffusion.

For example, diffusion of antibody into a tumor requires three days to diffuse

1 mm from the point of origin. Unlike diffusion, however, convection or ‘‘bulk’’

flow results from a pressure gradient that is independent of the molecular weight

of the substance. CED, potentially, can improve the targeting of both low and

HMW molecules, as well as liposomes, to the CNS by applying a pressure gradient

to establish bulk flow during interstitial infusion. The volume of distribution (Vd)

is a linear function of the volume of the infusate (Vi). CED has been used to effi-

ciently deliver drugs and HMW agents such as mAbs and toxin fusion proteins to

brain tumors [168–170]. CED can provide a more homogenous dispersion of the

agent and at higher concentrations than otherwise would be attainable by i.v. injec-

tion [165]. For example, in our own studies, CED of 125I-labeled EGF to F98EGFR

glioma bearing rats resulted in 47% ID g�1 of the bioconjugate localizing in the

tumor compared to 10% ID g�1 in normal brain at 24 h following administration.

The corresponding boron values were 22 and 2.9–4.9 mg g�1, respectively [76].

Based on these results, therapy studies were initiated. F98EGFR-glioma-bearing rats

that received BD-EGF by CED had a MST of 53G 13 d compared to 40G 5 d for

animals that received BPA i.v. [73]. Similar studies have been carried out using ei-

ther boronated cetuximab (IMC-C225) or the mAb L8A4 [171, 172], which is specif-

ically directed against the tumor-specific mutant isoform EGFRvIII; comparable

results were obtained [173]. Direct intracerebral administration of these and other

HMW agents by CED has opened up the possibility that they actually could be

used clinically, since CED is being used to administer radiolabeled antibodies,

toxin fusion proteins and gene vectors to patients with GBM [168–170, 175–179].
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It is only a matter of time before this approach is also used to deliver both low and

HMW boron-containing agents for NCT.

4.10

Clinical Considerations and Conclusions

In this chapter we have focused on HMW boron delivery agents and nanovehicles

that potentially could be used clinically for targeting intra- and extracranial tumors.

Animal studies, carried out in glioma-bearing rats, have demonstrated that boro-

nated EGF and the mAb cetuximab, both of which bind to EGFR, selectively target

receptor (þ) tumors following direct i.c. delivery. Furthermore, following BNCT, a

significant increase in MST was observed, and this was further enhanced if BPA

was administered in combination with the HMW agents. These studies provide

proof-of-principle first for the potential utility of HMW agents and, second, the ther-

apeutic gain associated with combining them with LMW boron delivery agents. A

major question is whether any of these agents will ever be used clinically? There

are several critical issues that must be addressed if BNCT is to ever become a use-

ful modality for the treatment of cancer. First, large clinical trials, preferably

randomized, must be carried out to convincingly demonstrate the efficacy of the

two drugs that currently are being used, BPA and BSH. Once this has been estab-

lished, studies with HMW EGFR targeting agents could move forward. Both direct

i.t. injection [174, 175] and CED [170, 176–179] have been used clinically to deliver

mAbs and toxin fusion proteins to patients who have had surgical resection of their

brain tumors. These studies provide a strong clinical rationale for the direct intra-

cerebral delivery of HMW agents. Initially, the primary focus should be on deter-

mining the safety of administering them to patients prior to surgical resection of

their brain tumors. Once this has been established, then biodistribution studies

could be carried out in patients who were going to have surgical resection of their

brain tumors. Tumor and normal tissues would be analyzed for their boron con-

tent, and if there was evidence of preferential tumor localization with boron con-

centrations in the range 10–20 mg g�1 and normal brain concentrations of <5

mg g�1 then therapy studies could be undertaken. Since there is considerable vari-

ability in EGFR expression in gliomas, it is highly unlikely that any single agent

will be able to deliver the requisite amount of boron to all tumor cells, and they

would be used in combination with BPA/BSH. This general plan would also be

applicable to the other HMW delivery agents and nanovehicles that have been dis-

cussed here. The joining together of chemistry and nanotechnology [180, 181] rep-

resents a major step towards the development of effective boron delivery agents for

NCT. Nanovehicles offer the possibility of tumor targeting with enhanced boron

payloads. Potentially, this could solve the central problem of how to selectively de-

liver a large number of boron atoms to individual cancer cells.

The preceding discussion shows that the development of HMW boron delivery

agents must proceed in step with strategies to optimize their delivery and an appre-
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ciation as to how they would be used clinically. Intracerebral delivery has been used

in clinically advanced settings, but nuclear reactors, which currently are the only

source of neutrons for BNCT, would not be conducive to this. Therefore, the devel-

opment of accelerator neutron sources [24], which could be easily sited in hospi-

tals, is especially important. This would also facilitate the initiation of large-scale

clinical trials at selected centers that treat large numbers of patients with brain

tumors and would permit evaluation of new boron delivery agents. In conclusion,

as should be apparent from this review, a plethora of HMW boron delivery agents

have been designed and synthesized. The challenge is to move from experimental

animal studies to clinical biodistribution studies, a step that has yet to be taken.
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5

Local Cancer Therapy with Magnetic Drug

Targeting using Magnetic Nanoparticles

Christoph Alexiou and Roland Jurgons

5.1

Introduction

A continual problem in cancer therapy is the fact that applied drugs do not have a

selective site of action. To achieve a therapeutic concentration in the region of

interest using systemic administration it is necessary to administer high doses of

drugs. Frequently, the dose of therapeutic agents is limited by their body distribu-

tion and subsequently their negative side effects and toxicity. During the last three

decades many approaches and techniques have been developed in medicine for di-

agnosis and therapy both in vivo and in vitro to obtain a more site-specific transport

of therapeutic agents, especially anticancer drugs in local chemotherapy, so as to

increase the agent’s local concentration in specific body compartments without

harming healthy tissue [1–5]. Targeted drug delivery systems for accumulating

pharmaceuticals in specific areas can be passive, based on specific properties of

pathological tissues or specific characteristics of targeted organs [6], or active, often

magnetically directed as magnetic targeting or magnetic drug delivery, based on

various carrier systems [7]. Inflamed tissues or tumors, for example, differ from

healthy tissue concerning pH, temperature or permeability of the vascular endo-

thelium [8]. This enables the use of drug loaded pH-sensitive or thermosensitive

liposomes to achieve a high amount of the therapeutic agent in the respective tis-

sue [9–11]. Among liposomes, various substances such as peptides or proteins can

be used for targeted drug delivery. Drug-containing monoclonal antibodies can be

used for thrombolysis [12] or tumor-specific antibodies can be employed in cancer

treatment [13, 14]. In addition to reviewing magnetic nanoparticles in biomedi-

cine, this chapter overviews local chemotherapies, focusing especially on regional

cancer therapy with magnetic nanoparticles.

5.2

Local Chemotherapy

The therapeutic effectiveness of drugs, especially of chemotherapeutic agents, is

connected with their cell toxic properties [15]. This cell toxicity can cause a cell-
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depression of bone marrow or the gastrointestinal tract. Furthermore, it may

have serious consequences such as mutagenic, teratogenic or cancerogenic effects.

The occurrence of secondary tumors induced by chemotherapy is evaluated at

about 3% [16]. Targeted drug delivery may increase the therapeutic effects, reduce

the costs of therapies and, especially for patients, would mean less negative side

effects.

The easiest way of drug targeting involves local injection directly in the region of

interest, which in cancer therapy is the tumor region (Table 5.1) [17, 18].

Another possibility of local chemotherapy is the intracavital application of cyto-

statics. After systemic administration, chemotherapeutic agents reach the tumor

by the vascular system; given intracavitally the site of action is penetration of the

tumor tissue. The effectiveness of such local chemotherapy depends on a high

plasma clearance and a small cavital clearance of the chemotherapeutic agent

[19], on a good penetration of the tumor tissue and on the tumor size. With tu-

mors larger than 2 cm in diameter, penetration is less and there is no advantage

over systemic administration [20]. Application can be performed intraperitoneally

[21], intrapleurally [22] or intravesically [23].

Secondary liver tumors can be treated by the injection of cytostatics in the portal

vein [24] or in most cases in the hepatic artery [25].

Actually, regional perfusion with chemotherapeutic agents in an isolated circula-

tion is used in treating liver tumors. Furthermore, isolated perfusion is performed

in malignant melanoma of extremities [26].

A very effective palliative treatment of non-resectable hepatocellular carcinomas

is chemoembolization. The combination of embolization and application of che-

motherapeutics induces a high accumulation and a long residence time of the

drug in the tumor [27].

Intraarterial infusion of chemotherapeutics bypasses a possible so-called first-

pass-effect through liver and spleen before reaching the tumor. This results in a

higher concentration of the drug compared with systemic administration. This ef-

fect can be increased by diminishing the arterial flow rate, which can be accom-

plished by the use of balloon-catheters [28], by administration of vasoconstrictive

drugs [29, 30] or embolization [31, 32].

Tab. 5.1. Application techniques of local

chemotherapy.

1. Intratumoral (intralesional) therapy

2. Intracavital therapy

3. Intra-arterial infusion

4. Intraportal infusion

5. Regional perfusion of extremities

6. Chemoembolization
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5.3

Magnetic Drug Delivery

Drug targeting with magnetic carrier systems enables an active transport of drugs

into the respective region. Therefore, therapeutic agents such as drugs [33, 34] or

radioisotopes [35] bound to a magnetic carrier will be injected in the vascular sys-

tem. Under the influence of an external magnetic field this compound will be held

in the targeted area and concentrated in the region of interest. Magnetic particles

have been used in medicine for about 40 years and different sophisticated biomed-

ical applications have been developed. Magnetic particles are frequently used in
vitro and in vivo, depending on their size, surface and coating.

5.3.1

In Vitro Applications

For in vitro applications several biotechnological approaches have been developed.

A molecular-biological diagnostic procedure that has become increasingly impor-

tant is biomagnetic separation. Magnetic nanoparticles are bound to a ligand (i.e.,

antibodies) that can be used to target cells, DNA or bacteria. After binding of the

ligands to the targets they can be separated by the use of an external magnetic

field. Magnetic cell separation is a medical approach of this biomagnetic separation

technique that has become standard for in vitro diagnosis in cancer patients [36,

37]. By the use of superparamagnetic nanospheres (Fig. 5.1) and an automated

magnetic cell separation (MACS2, Miltenyi Biotech2) this system allows the de-

tection of disseminated tumor cells in the peripheral blood of cancer patients.

Another approach for in vitro application of magnetic nanoparticles is Magneto-

fectionTM. Gene vectors bound to starch-coated magnetic nanoparticles are at-

tracted by an external magnetic field and used to transfect cells in vitro. The respec-
tive cells show greater transfection than without the influence of an external

magnetic field [38].

Fig. 5.1. Magnetic particles with homogenous size for the

magnetic cell separation system (Dynabeads4).
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5.3.2

In Vivo Applications

For in vivo applications the magnetic particles have to be biocompatible. They can

be incorporated in, or coated with, different biological materials. Therefore, differ-

ent carriers have been used, such as magnetic microparticles, magnetoliposomes

or magnetic iron oxide nanoparticles and also ferromagnetic substances. Alksne

et al. (1966) have used carbonated iron and the influence of an external magnetic

field to occlude intracranial aneurysms [39].

McNeil et al. (1995) have described a magnetic guidance system for a promising

use in neurosurgery. Six external electromagnetic coils are able to guide magnetic

neodymium-iron-bor capsules in the brain [40].

Another drug delivery system that can target chemotherapeutic agents is mag-

netic microspheres [41, 42]. Widder et al. have used magnetic albumin micro-

spheres to increase the concentration of drugs in the tumor-region after applying

an external magnetic field to this region [43–46]. Tumor remissions in rats could

be shown [45]. These particles were about 1–7 mm in size. Because of enzymatic

breakdown of the albumin, a controlled release of the incorporated drug could not

be achieved.

Another approach is the use of activated carbonated iron [47, 48]. Allen et al.

(1997) have formulated Magnetically Targetable Carriers (MTCTM) made of iron

and activated carbon bound to the chemotherapeutic agent paclitaxel for targeted

drug delivery [49].

A magnetically targeted carrier bound to doxorubicin (MTC-Dox, FerX2, CA,

USA) has been used to treat hepatocellular carcinomas. In human patients, MTC-

Dox was administered in the hepatic artery while an external magnetic field was

focused to the tumor region. In one case, reduction of tumor size could be shown

[50]. However, another study has described a necrosis of the liver corresponding

to embolization after treatment with these particles [51]. Recently, a global multi-

center phase II/III study using MTC-Dox in human patients had to be stopped

because ‘‘the clinical endpoints of the trial could not be met with statistical signifi-

cance with the product as currently manufactured’’ (FerX2, San Diego, April 30,

2004).

Magnetoliposomes are also used for magnetically targeted drug delivery. These

colloidal particles are composed of a lipid layer and qualified as drug carriers [52].

The chemotherapeutic agent Methotrexat encapsulated in thermosensitive lipo-

somes can be accumulated in the tumor region after intravenous administration

and local hyperthermia [53]. The use of magnetic thermosensitive liposomes and

the influence of an external magnetic field placed over the tumor-region may in-

crease the concentration of the encapsulated drug [54]. Furthermore, thermosensi-

tive magnetoliposomes can also be used for local hyperthermia in cancer treatment

[55]. Whole body hyperthermia in combination with chemotherapy is a very com-

mon approach in cancer treatment. A possibility to achieve local hyperthermia with

magnetic particles is the use of magnetic iron oxide particles, which can be heated

to over 40 �C by an alternating magnetic field after intralesional injection [56].
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The size of albumin-microspheres or magnetoliposomes is in the range of mms.

As a consequence there is a risk of embolization in the capillary system because of

these particles. Also useful for magnetically targeted drug delivery and smaller in

size are magnetic nanoparticles. On nanoparticles, the surface-to-volume ratio is

much higher than on larger particles. Therefore, nanomaterials show completely

new characteristics and can be used for various new approaches. After application

in an organism, different components such as material, size, charge and coating of

the nanoparticles and the bound chemotherapeutic agent have an influence on bio-

compatibility and the biodistribution as well as the applied magnetic field and the

respective gradient [57–68]. Nanoparticles have to be small enough not to occlude

the capillary system and cause embolization, but they have to be large enough to be

attractable by an external magnetic field. Furthermore, nanoparticles over 100 nm

in diameter are more readily cleared by cells of the MPS (mononuclear phagocyte

system) than smaller particles [57]. Research on biocompatible magnetic nanopar-

ticles has focused on superparamagnetic iron oxide nanoparticles (Fe3O4). These

particles have been used as a contrast agent in magnetic resonance imaging for

lymphography [69] (Fig. 5.2).

A first clinical trial with superparamagnetic iron oxide nanoparticles bound to a

chemotherapeutic agent was performed in 1996 by Lübbe et al. [33]. For experi-

mental studies on rats and in a clinical trial on 14 human patients they used

Fig. 5.2. MR-Imaging of iliac lymph nodes in tumor-bearing

rabbits. MRI before (A) and after (B) administration of

superparamagnetic iron oxide particles. There is a

homogeneous signal in healthy lymph nodes (curved arrows)

and an inhomogeneous signal in metastatic lymph nodes [69].
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Fig. 5.3. Histological cross section of a rabbit’s VX2–

squamous cell carcinoma after treatment with intraarterial

magnetic drug targeting (MDT). Arrows show the ferrofluids in

tumor vessels. Staining: Prussian blue; magnification: 200�
[72].

Fig. 5.4. Typical multidomain-particle in the intracellular space

of tumor cells. Single particles (marked with arrows) are

surrounded by starch polymers (not visible in the electron-

microscopic picture) [73].
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starch-coated magnetic nanoparticles ionically bound to epidoxorubicin. It could be

demonstrated that these particles are biocompatible. In another preclinical study,

intraarterial Magnetic Drug Targeting (MDT) on tumor-bearing rabbits was per-

formed using a powerful external magnetic field (1.7 Tesla) placed over the tumor

region. Starch-coated superparamagnetic iron oxide nanoparticles (about 100–150

nm in diameter) ionically bound to the chemotherapeutic agent mitoxantrone

were injected in the tumor supplying artery.

Through this intraarterial MDT, complete tumor remissions could be shown

only by the use of 50% and 20% of the regular systemic chemotherapeutic dose

Fig. 5.5. Concentration of mitoxantrone in

different body compartments 60 min after the

respective injection in percent of the applied

dose. Experiments were performed on tumor-

bearing rabbits (i.a. ¼ intraarterial,

i.v. ¼ intravenous).

1 i.a. application of 5 mg m�2 ferrofluid-

bound mitoxantrone with an external magnetic

field [n ¼ 1, magnetic drug targeting (MDT)].

2 i.a. application of 2 mg m�2 ferrofluid-

bound mitoxantrone with an external magnetic

field (n ¼ 1, MDT).

3 i.v. application of 10 mg m�2 mitoxantrone

without an external magnetic field (n ¼ 1,

application of the regular systemic dose).

4 i.a. application of 5 mg m�2 ferrofluid-

bound mitoxantrone without an external

magnetic field (n ¼ 1).

5 i.a. application of 10 mg m�2

mitoxantrone without an external magnetic

field (n ¼ 1).

ts. ¼ tumor side; opp. ¼ opposite; tumor

region ¼ tumor and surrounding area (<1 cm)

[72].
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without any negative side effects [34, 70, 71]. It could be demonstrated histologi-

cally that the nanoparticles were enriched in the tumor tissue (Figs. 5.3 and 5.4).

Radioactive 59Fe-nanoparticles showed 114� more activity in the tumor region

after MDT than the control without magnetic field [72]. Furthermore, with this

system a high and specific enrichment of the bound chemotherapeutic agent in

a desired body compartment (i.e. the tumor) is possible. HPLC-analysis of the che-

motherapeutic agent after MDT revealed a 75� higher concentration of the

administered chemotherapeutic agent in the tumor region compared with the

regular systemic administration (Fig. 5.5) [72, 73]. These encouraging data will

lead to further studies on cancer patients.
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Büchler, M., Reisfeld, R.A., Schulz,

G. (eds.), Cancer Therapy Monoclonal
Antibodies, Lymphokines, New
Development in Surgical Oncology and
Chemo- and Hormonal Therapy,
Springer, Berlin, Heidelberg, New

York, 1989, pp. 201–215.

29 Hemingway, D.M., Anderson, W.J.,

Anderson, J.H., Goldberg, J.A.,

McArdle, C.S., Cooke, T.G.,

Monitoring blood flow to colorectal

liver metastases using laser Doppler

flowmetry: The effect of angiotensin

II, Br. J. Cancer, 1992, 66, 958–960.
30 Noguchi, S., Miyauchi, K.,

Nishizawa, Y., Sasaki, Y., Imaoka, S.,

Iwanaga, T., Koyama, H., Terasawa,

T., Augmentation of anticancer effect

with angiotensin II in intraarterial

infusion chemotherapy for breast

cancer, Cancer, 1988, 62, 467–473.
31 Leyland-Jones, B., Targeted drug

delivery, Semin. Oncol., 1993, 20,
12–17.

32 Schultheis, K.H., Plies, M.,

Gentsch, H.H., Chemoembolization

of liver tumors, in Berger, H.G.,
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6.1

Introduction

The enormous advances made in basic cancer research have not been paralleled by

similar improvements in treatment results. Metastatic breast cancer, late-stage

colon cancer, malignant melanoma and other forms of cancer are still essentially

incurable in most cases. Enormous efforts have been made in recent years to de-

velop ‘‘smart drugs’’ that are directed to tumor cell-specific enzymes and surface

receptors. Almost without exception, these drugs have encountered problems in

clinical trials. Today’s cancer treatment is therefore primarily based on the use of

conventional cytotoxic drugs that have adverse side effects and only limited effec-

tiveness. The gains in health that would be achieved by efficient tumor treatment

with fewer side effects (owing to specific targeting to tumor tissue) are therefore

enormous. Cancer is a group of diseases characterized by uncontrolled growth

and spread of abnormal cells. If the growth and spread of cancer cells is not con-

trolled, the disease is fatal. Though in many cases the specific cause of cancer is

unknown, in general it can be caused by several external factors (tobacco, chemi-

cals, radiation, and infectious organisms) and internal factors (inherited mutations,

hormones, immune conditions and mutations that occur from metabolism). The-

ses factors may act together or in sequence to initiate or promote carcinogenesis.

Generally, cancer is treated by surgery, radiation, chemotherapy, hormones and

immunotherapy [1]. Cancer therapy can be successful in treating solid tumors/

cancers in lesions that can be removed by surgery or treated by radiotherapy/

chemotherapy, the major treatment modalities for primary cancer/tumor and me-

tastases. Each of these cancer treatments has advantages and disadvantages, thus

the combination with other treatments is recommended to achieve the optimum

outcome.

Chemotherapy for cancer is a whole body treatment that is administered either

orally or intravenously. This results in systemic distribution of cytotoxic chemo-

therapeutic compounds that can be more effective for the treatment of micro-
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metastases. However, the systemic distribution of cytotoxic compounds results in

more severe side effects (some of which can be life-threatening) compared to sur-

gery or radiotherapy. The major goal of targeted therapies is to reduce the side ef-

fects of cytotoxic drugs, resulting in more effective control of cell growth or tumor

angiogenesis.

Presently, numerous anticancer agents are available in the clinic. These anti-

cancer agent/drugs have an elimination half-life that results in a decrease of thera-

peutic potential and side effects such as bone marrow depression and gastroin-

testinal damage [2]. For example, poly(alkyl cyanoacrylate) nanoparticles as drug

delivery systems (DDSs) play an important role in the incorporation of anticancer

drugs as they can enhance the drug’s concentration in the tumor and reduce drug

levels in the heart, thus avoiding some side effects [3]. Targeting toxic therapeutics

to tumors through binding to receptors overexpressed on the surface of cancer cells

can also reduce systemic toxicity and increase the effectiveness of the targeted com-

pounds. Small molecule-targeted therapeutics have several advantages over toxic

immunoconjugates, including better tumor penetration, lack of neutralizing host

immune response and superior flexibility in the selection of drug components

with optimal specificity, potency and stability in circulation [4].

Novel strategies have been developed to decrease the toxicity of active molecules

by targeting the specific tumor site, where the drug can selectively bind to the tar-

geted tissue at cellular and/or sub-cellular level to influence its therapeutic effects.

The chemotherapeutic activity can be enhanced by using macromolecules as a

vector to control the release rate of anticancer agents. The use of polymeric nano-

particles is mainly focused on controlling the loaded anticancer agent/drug at

the targeted lesion. Polymeric nanoparticles are a form of core–shell structure/

nanocapsule that can be loaded with therapeutic agents. Several kinds of inorganic

or metallic nanoparticles can be used due to their intrinsic physical properties

even without a core–shell structure. Superparamagnetic iron oxide nanoparticles

(SPION) in particular can be used as a transducer for active targeting by respond-

ing to both external ac and dc magnetic fields [5].

Despite major advances in the development of small-scale devices, however,

most DDSs still use small molecules administrated orally, transdermally, parenter-

ally, or through the nose or lung. The emergence of novel, biologically targeted

anticancer agents such as gefitinib (‘‘Iressa’’, ZD1839) has raised the question of

how the dose for later-stage clinical development and clinical use is best deter-

mined. For cytotoxic drugs, because toxic effects and antitumor activity often fall

within the same dose range and are dose dependent, the clinically used dose will

depend on the therapeutic window [6]. Cytostatic drug handling in hospitals is not

unproblematic. Large doses are given of compounds that are highly mutagenic.

Administration of the drugs and also disposal of patient urine etc. is therefore po-

tentially hazardous. Target-oriented, controlled drug delivery will lead to decreases

in the quantities of drugs used and will, therefore, help to reduce these problems.

The development of novel smart biomaterials is already having an enormous effect

on nanomedicine [7].
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6.2

Nanoparticles for Biomedical Applications

Modern technological realizations are concerned with the development of ad-

vanced, multifunctional, and even more ‘‘smart’’ materials for specific applications

in highly integrated biomedical approaches (Table 6.1). These novel interdisciplin-

ary concepts are recently emerging at the intersection of material science and mo-

lecular biotechnology. They are closely associated with surface chemistry and the

physical properties of inorganic nanoparticles, the topics of bioorganic and bio-

inorganic chemistry, and various aspects of molecular biology, recombinant DNA

technology and protein expression, and immunology.

Tab. 6.1. Examples of nano-sized inorganic components in

biomedical applications.

Particle

composition

Particle

size (nm)

Applications Ref.

Metals

Au 2–150 Drug and gene delivery 8

Ag 1–80 Antibody tagged marker 9

Pt 1–20 Sensors and electrodes 10

Co 1–50 Magnetic separation, drug

targeting

11

Semiconductors

CdX (X ¼ S, Se, Te) 1–20 Fluorescent labeling 12

ZnX (X ¼ S, Se, Te) 1–20 Fluorescent labeling 13

PbS 2–18 Photoluminescence 14

TiO2 3–50 Biomedical devices for nerve tissue

monitoring

15

ZnO 1–30 Photoluminescence 16

CaAs, InP 1–15 Nonlinear optics 17

Ge 6–30 Photoluminescence 18

Magnetic

Fe-O 6–40 MR contrast agent, drug delivery [19]

Fe-Pt 2–10 MR contrast agent, drug delivery [20]

170 6 Nanomaterials for Controlled Release of Anticancer Agents



6.2.1

First Generation Nanoparticles

First generation nanoparticles have been available for several years. Colloids are re-

presentative of nanoparticles stabilized in solution to prevent uncontrolled growth,

aggregation, and flocculation of the nanoparticles. Utilization of colloidal process-

ing leads to attractive new concepts for the fabrication of advanced nanostructured

materials. For this reason, many investigations have focused on colloidal process-

ing of inorganic materials through chemical methods.

6.2.2

Second Generation Nanoparticles

As a result of an increasing degree of complexity and sophistication needed

for the engineering of nanostructures for advanced applications, second genera-

tion nanoparticles have emerged. A key aspect here is the need for multifunction-

ality of these materials in which several properties are combined to achieve a

specific function. For example, certain properties could be achieved through the

reduction of building blocks to the nanometer regime, e.g., magnetite (Fe3O4)/

maghemite (gFe2O3) nanoparticles become superparamagnetic at sizes below

about 30 nm. Ferrofluids – which have the fluid properties of a liquid but are

strongly magnetized in applied fields – can be produced by suspending these

sub-30 nm nanoparticles in a suitable media. Ferrofluids are useful as active

components for enhancing the performance of many devices, e.g., mechanical

(seals, bearings and dampers) or electromechanical (loudspeakers, stepper mo-

tors and sensors, etc.). However, by combining the superparamagnetic prop-

erties of ferrofluids with functional chemical groups on the particles’ surface

there are opportunities for advanced applications in magnetically targeted drug

delivery.

For second generation nanoparticles, the surface layer (a few or several mono-

layers) is distinctly different from that of the core material (composition or struc-

ture). Again, such particles are categorized as core–shell structures. The surface

layer may be thin or thick, depending on the functionality required. Figure 6.1

shows a schematic representation of different types of second generation nanopar-

ticles with surface modifications and nanoparticles with a core–shell structure.

Broadly speaking, these particles can also be considered as composite nanopar-

ticles. However, the term nanocomposite generally refers to materials consisting

of a dispersion of nanoparticles within a suitable matrix. The most common exam-

ple of nanocomposites is the precipitation of inorganic (often metal) nanoparticles

within a nanoporous polymer structure. Interestingly, the fundamental properties

of the polymeric materials can be dramatically altered as a result of the dispersion

of few percent of inorganic nanoparticles – particularly with the addition of mag-

netic iron oxides.
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6.2.3

Advanced Generation Nanoparticles

Recently, advanced generation nanoparticles have emerged to meet the need for

the fabrication of more complex nanoparticles. Further to the core–shell struc-

ture, nanoparticles with structures similar to nanocomposites have been fabricated

(nanobeads). In these nanobeads, a single bead consists of a nanocomposite core,

where one or more smaller nanoparticles are dispersed into the matrix. Several

possible combinations of organic and inorganic particles can be dispersed within

the matrix of the core structure. Each dispersed component can be selected to

achieve a specific function or properties of the particle. The surface layer can com-

bine both physical (e.g., diffusion control) and chemical (e.g., allowing certain con-

jugation chemistries) functionality to the particles. In this way, it is possible to

‘‘program’’ the nanobeads with multiple functionalities, suitable for performing

certain tasks, that can be triggered under specific conditions. For example, it is pos-

sible to fabricate such nanobeads that can be magnetically moved or localized for

controlled drug release. The release of the drug can be controlled by diffusion con-

trol of the matrix of the bead or through the control of the porosity of a suitable

shell layer on the surface of the bead. Nanobeads can be programmed to be respon-

sive to the environment, e.g., small variations in temperature or pH. Fabrication of

these advanced generation nanoparticles requires the use of comprehensive and

detailed procedures.

The design and fabrication of biochemically functionalized superparamagnetic

iron oxide nanoparticles and near-infrared light absorbing nanoparticles is of par-

ticular interest for cancer targeting and therapy applications. Figure 6.2 illustrates

a strategy to construct magnetic drug carriers in combination with thermosensitive

polymeric materials. Target-oriented release of drugs encapsulated in polymeric

nanocapsules is presently the most active research area in this field. Processing of

Fig. 6.1. Evolution of second generation

nanoparticles: (a) Nanoparticle coated with

surfactant to form a stable suspension, (b)

nanoparticle coated with a thin metallic layer,

(c) small nanoparticle coated with a porous

ceramic layer and (d) dispersion of core–shell

combination of (a) and (c) for stable

suspension.
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nanoparticles with controlled properties, such as chemical properties (composition

of the bulk, interaction between the particles, and surface charge) and structural

properties (crystalline or amorphous structure, size, and morphology), is the main

feature in designing the nanoprecursors (nanoparticles/nanotube/nanolayer). The

development of supramolecular, biomolecular, and dendrimer chemistries for engi-

neering substances of ångström and nanoscale dimensions has been encouraged

for requirements in nanotechnology. The emerging disciplines of nanoengineer-

ing, nanoelectronics, and nanobioelectronics require suitably sized and functional

building blocks to construct their architecture and devices [21].

Nanoparticles are in the solid phase and may be either amorphous or crystal-

line. They can be constructed to absorb, conjugate and encapsulate therapeutic

agents inside or outside. Several parameters of colloidal systems developed

have been considered, such as the temperature, osmolality and pH of the poly-

merization medium, that could influence the characteristics (morphology and

morphometry, drug content, melting point transition or the enthalpy of transition)

and stability of nanospheres. On the other hand, based on their unique mesoscopic

physical, chemical, thermal and mechanical properties, nanoparticles offer great

potential for many biomedical applications, including bioanalysis and biosepara-

Fig. 6.2. Functional nanoparticles: (A) Coronary plaque

removal by nanofluid of magnetic nanoparticles under RF

magnetic field and (b) multipurpose nanovectors for target

oriented controlled drug release.
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tion, tissue-specific drug therapeutic applications, gene and radionuclide delivery

[5, 22].

To be used effectively in fighting disease, the specific surface chemistry of the

nanoparticles must be tailored for the desired biomedical applications. Magnetic

nanoparticles are also of particular interest as inhomogeneous external magnetic

fields exert a force on them, and thus they can be manipulated or transported to a

specific diseased tissue by a magnetic field gradient. They also have controllable

sizes, so that their dimensions can match either that of a virus (20–500 nm), a pro-

tein (5–50 nm) or a gene (2 nm wide and 10–100 nm long). In addition, super-

paramagnetic particles are of interest because they do not retain any magnetism

after removal of the magnetic field.

6.3

Polymer Materials for Drug Delivery Systems

The past few decades has seen considerable interest in developing biodegradable

nanoparticles as effective drug delivery devices [23]. Biodegradable polymers are

polymers that can be degraded and/or catabolized, eventually to carbon dioxide

and water, by microorganisms (bacteria, fungi, etc.) under natural environments

[24]. However, due to the development of a wide variety of synthetic biocompatible

polymers, the definition has been altered to include many artificially synthesized

polymeric materials. Needless to say, degraded components of the polymers should

not be toxic and should not promote the generation of harmful substances. Bio-

degradable polymers can be classified into three major categories:

1. Polyesters produced by microorganisms.

2. Natural polysaccharides (i.e., chitosan [25–29], dextran [30]).

3. Artificially synthesized polymers, especially aliphatic polyesters, {i.e., polylactide

(PLA) [31, 32], poly(lactide-r-glycolide) (PLGA) [33], and poly(e-caprolactone)

(PCL) [34]}, polyamide (i.e., poly l-lysine [35]), and others such as poly(methyl

methacrylate) (PMMA) [36] and poly(ethyl-2-cyanoacrylate) (PECA) [37], which

have also been developed as nanoparticles for the same purpose.

Biodegradable polymers are not only limited to medical devices and wound dress-

ing, but are also used for the fabrication of scaffolds in tissue engineering [38], and

as DDSs for controlled release of 5-fluorouracil [39], cisplatin [40], lidocaine [41–

43], indomethacin [32, 34], taxol [44], 4-nitroanisole [45], dexamethasone [46],

radioactive compound [47], peptides [48], and proteins [49–54] at characteristic

rates and specific target sites. For DDS, interest has focused on the use of particle

formations prepared from aliphatic polyesters due to their biocompatibility and re-

sorbability. In terms of these required characteristics, numerous workers use poly-

esters produced from glycolic acid and lactic acid polymers, which are approved by

the FDA. These polymers do not require surgical removal after the completion of

drug release [55].
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6.4

Design of Drug Delivery Vectors and Their Prerequisites

The development of micro/nanospheres for novel drug delivery systems has be-

come and important area of research as such systems enable the controlled release

of toxic drugs into the target organs. They also make it possible to deliver useful

drugs into sites of inflammation or tumor cells. One of the most important charac-

teristics required by these materials to be suitable for biomedical applications is

their biocompatibility, especially with respect to their surface chemistry.

Biocompatibility of nanospheres can be further improved by modifying the ter-

minal groups located on the polymer surface as well as its structure. Obviously, it

is important to stabilize the nanospheres sterically by a coating process or chemical

modification so as to minimize recognition by phagocytic cells in the reticuloendo-

thelial system (RES). The most promising materials for this purpose are polymeric

drug carriers. In general, a polymer that tends to lose mass over time within a

living organism is called an absorbable, resorbable, or bioabsorbable, as well as a

biodegradable polymer. In comparison with the strict definition, biodegradable

polymers require enzymes of microorganisms for natural hydrolytic or oxidative

degradation. Regardless of its degradation behavior, this terminology applies to

both enzymatic and non-enzymatic hydrolysis.

The physiochemical properties of the materials should be considered to develop

nanoparticles as vectors for controlled DDS. Toxins must be removed from the

drugs in the patient’s body as quickly as possible. Engineered nanoparticles are

strong candidates for drug detoxification because the particle size is the key to pre-

venting further damage to the patient’s healthy organs [33].

6.4.1

Polymeric Nanoparticles

Numerous factors should be considered when designing a DDS. The first genera-

tion of polymeric vectors is simple core–shell structures/capsules within which the

therapeutic agents are loaded. The second generation of polymeric vectors aims to

enhance degradation rates by synthesizing block copolymers with more than two

different species and by varying the molecular weight of the polymer components.

Obviously, the release time of the therapeutic agents can be effectively improved in

this way by understanding the physiochemical properties of the human body. Even

though the drugs are effectively incorporated into the vectors, the nanoparticles

can be easily agglomerated after dosing via various routes of administration (i.e.,

oral, intravenous, intramuscular, subcutaneous, etc.).

A particular consideration to take into account when designing nanoparticles for

these applications is that the body’s fluids are composed of quite complex compo-

sitions such as water, hormones, plasma (e.g., erythrocytes, leukocytes, platelets),

fats, protein (e.g., albumin, globulin, fibrinogen), and numerous ions etc. For ex-

ample, stable colloidal suspensions of DDS can be prepared simply in water-based

solvent. However, the nanoparticles, once administrated into the blood stream, typ-
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ically create a serious blockage of blood flow due to their agglomeration and parti-

cle growth through interactions with compounds in the blood. Moreover, many

kinds of biological substances are hydrophilic and water soluble, and cannot there-

fore pass through the hydrophobic lipid bilayer membranes. For example, MPEG

has uncharged hydrophilic residues and a very high surface mobility, leading to

high steric exclusion. Therefore, it is expected to effectively improve the biocompat-

ibility of nanoparticles and to possibly avoid accumulation in the RES or the mono-

nuclear phagocyte system. Obviously, it is important to stabilize the nanospheres

sterically by a coating process or chemical modification so as to minimize recogni-

tion by phagocyte cells in the RES.

The most advanced generation of polymeric DDSs has been developed to re-

solve the above-mentioned problems for multifunctional applications. This can be

achieved via the use of nano-biotechnology to fabricate nanovectors with a higher

degree of complexity based on the design and fabrication of bio-active and biocom-

patible, functionalized nanofluids using nanoparticles with several chemistries rel-

evant to specific biological/medical activities.

Surface functionalization of nanovectors is designed to perform the following

tasks:

1. Carrier for certain functional compound, e.g., drug(s) and other materials.

2. Formation of stable suspension in physiologically compatible solutions.

3. Controlled targeting to an organ or tissue within the body of a living animal or

human subject.

4. Keeping the particles in a given location for a desired period.

5. Controlled release of drugs or chemicals through the pores of the shell accord-

ing to defined conditions.

As one of the stimuli-sensitive polymers (SSPs), PNIPAAm is well known as a

thermosensitive polymer due to its distinct phase transition at a specific lower crit-

ical solution temperature (LCST) of 32 �C in water [56–60]. PNIPAAm is hydro-

philic below the LCST but becomes hydrophobic when it is heated up above the

LCST. PNIPAAm has been consistently investigated as it has ‘‘smart’’ characteris-

tics and is being developed for biomedical applications in the form of micelles [56],

tablets [59], and hydrogels.

A new class of temperature-programmed ‘‘shell-in-shell’’ structures with two dif-

ferent copolymers synthesized by a modified-double-emulsion method (MDEM)

has been reported as an advanced generation nanovector [31]. In this approach,

thermosensitive inner shells composed of poly(N-isopropylacrylamide-co-d,l-
lactide) (PNIPAAm-PDLA) with a lower critical solution temperature (LCST) can

be fabricated. This novel concept can effectively load any hydrophilic proteins into

a polymeric DDS and construct an adequate vector together with the programma-

ble release rate. The release rates are governed by several key parameters, which

only involve the PLLA-PEG outer shell, such as the volumetric ratio between the

organic phase and aqueous phase, the interaction parameter between the therapeu-

tic agents and the core domain, tacticity of the copolymer, the encapsulation

efficiency, etc. Figure 6.3 shows a schematic representation of ‘‘shell-in-shell’’
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structures produced by a MDEM. Generally, a hydrophilic protein such as bovine

serum albumin (BSA) can be encapsulated in the polymeric spheres using a

double-emulsion method (DEM), a so-called ‘‘water-in-oil-in-water’’ (w/o/w) emul-

sion method [51, 60, 61]. However, the DEM has a disadvantage with respect to

the stability of amphiphilic polymer spheres because both the inner shells and the

outer shells are composed of the same species of copolymer. Instead, as for the

MDEM, two different kinds of copolymers are sequentially incorporated in the or-

ganic phase to promote enhanced stability of the spheres. In this way, the inner

shells can be prepared with PNIPAAm-PDLA diblock copolymers and the outer

shells can be prepared with PLLA-PEG diblock copolymers.

For another class of thermosensitive nanocarriers, poly[(NIPAAm-r-AAm)-co-
lactic acid] (PNAL) has been reported [62]. As schematically illustrated in Fig.

6.4(b), Au nanoparticles can be directly self-assembled on the surface of PNAL

nanospheres by virtue of primary amino groups coming from acrylamide (AAm)

molecules of the PNAL diblock terpolymer. The primary amino groups can be

strongly bound to noble metals such as gold or silver. Therefore, the ‘‘shell’’ do-

main of Au@PNAL becomes an affinity site for biomolecules to be conjugated.

Furthermore, the LCST of poly(N-isopropylacrylamide-r-acrylamide) (PNA) was

modulated from 32 up to approximately 36 �C through the manipulation of the ra-

tio between N-isopropylacrylamide (NIPAAm) and AAm units. This nanostructure

is expected to serve as a synchronous delivery system by virtue of its Au-modified

surface and hydrophobic inner core site (Fig. 6.4).

Figure 6.5 shows TEM images of the ‘‘shell-in-shell’’ spherical structures of

PLLA-PEG@PNIPAAm-PDLA (parts a and b) and Au@PLLA-PEG@PNIPAAm-

PDLA (c and d). The well-defined PLLA-PEG@PNIPAAm-PDLA can be prepared

by MDEM and the Au nanoparticles are further deposited by self-assembly, result-

ing in hybrid nanosphere, i.e., Au@PLLA-PEG@PNIPAAm-PDLA. The bright

contrast in the TEM images shown in Fig. 6.5(b) can be identified by a distinct

difference in gray scale, which infers the ‘‘shell-in-shell’’ structures are properly

fabricated. By increasing the temperature above the LCST, the inner shell of

Fig. 6.3. Schematic of the fabrication of

Au@PLLA-PEG@PNIPAAm-PDLA: (I)

Formation of the hydrophilic protein-loaded

PNIPAAm-PDLA sphere; (II) construction of

PLLA-PEG@PNIPAAm-PDLA dual-shell

structure via a MDEM; (III) functionalization of

PLLA-PEG@PNIPAAm-PDLA dual-shell

structure with 3-aminopropyltrimethoxysilane

(APTMS); (IV) in situ reduction of Au3þ for the

self-assembly of Au nanoparticles on the

surface of PLLA-PEG@PNIPAAm-PDLA; (V)

completion to load a protein in Au@PLLA-

PEG@PNIPAAm-PDLA by elimination of the

PNIPAAm-PDLA inner shell.
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PLLA-PEG@PNIPAAm-PDLA undergoes the phase transition, resulting in elimi-

nation of the inner shell. Finally, PLLA-PEG@PNIPAAm-PDLA dual-shell struc-

tures are changed to the simple core–shell structure.

Hydrolyzable diblock copolymers of poly(ethylene glycol)-poly(l-lactic acid)

(PEG-PLA) or poly(ethylene glycol)-poly(caprolactone) (PEG-PCL) have been pre-

pared and loaded with doxorubicin for controlled release of the anticancer agent.

The release rates of doxorubicin from the hydrolyzable vector can be modulated

by increasing the amount of PEG in the polymeric systems, and also increased

linearly with the molar ratio of degradable copolymer blended into the non-

degradable membranes. In both nano- (100 nm) and micro-size vectors, the aver-

age release time reflects a highly quantized process in which any given vector is

either intact or retains its encapsulant. Poration occurs as the hydrophobic PLA or

PCL block is hydrolytically scissioned, progressively generating an increasing num-

ber of pore-preferring copolymers in the membrane. The kinetics of this evolving

detergent mechanism underlies the phase behavior of amphiphiles, with transi-

tions from membranes to micelles allowing controlled release [63].

Fig. 6.4. Strategy to fabricate Au@PNAL

spheres: (a) Synthetic pathway to PNAL

diblock terpolymer: (1) NIPAAm; (2) AAm;

(3) PNA; (4) hydroxyl-terminated PNA; (5)

l,l-lactide; (6) PNAL. (b) Schematic of direct

self-assembly of Au nanoparticles on PNAL

nanospheres: step (I) PNAL nanospheres; (II)

direct self-assembly of Au nanoparticles to the

primary amide groups of Aam; (III and IV)

completion of the self-assembly of Au

nanoparticles.
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Chitosan is a polysaccharide obtained by alkaline deacetylation of the naturally

occurring abundant polysaccharide chitin. It is biodegradable, biocompatible, non-

immunogenic, and non-carcinogenic, making it suitable for pharmaceutical appli-

cations [64]. Chitosan tripolyphosphate (TPP) microspheres have been prepared

by spray-drying methods using acetaminophen as a model drug substance. Such

Fig. 6.5. TEM images of PLLA-PEG@PNIPAAm-PDLA

(negatively stained with 2 wt.% ammonium molybdate aqueous

solution for 2 min) (a and b) and Au@PLLA-PEG@PNIPAAm-

PDLA (without staining) (c and d).

6.4 Design of Drug Delivery Vectors and Their Prerequisites 179



ionically crosslinked chitosan-TPP microspheres afforded slower release rates. The

vectors can be prepared using a higher concentration of chitosan, higher volume of

TPP solution, a higher molecular weight chitosan and/or higher drug loading. In

this study, acetaminophen release rates were mainly controlled by the chitosan-

TPP matrix density and by the degree of swelling of the hydrogel matrix. The over-

all release trend of acetaminophen from spray-dried chitosan-TPP microspheres is

a two-step biphasic process, with an initial burst followed by subsequent slower re-

lease [65]. A complex composite of proteins glycoproteins and proteoglycans has

provided an important model for the design of biomaterials [66, 67]. Recent prog-

ress in the development of methods for incorporating non-natural amino acids into

recombinant proteins using DNA technology points the way to an alternative strat-

egy for preparing new types of drug deliver systems (DDSs).

6.4.2

Inorganic Nanoparticles

Inorganic porous materials are emerging as novel host systems. Owing to some in-

teresting features, such as their biological stability and their drug-releasing proper-

ties, there is a significant and increasing interest in these potential vectors. Several

porous materials have been used, including synthetic zeolites and silica xerogel

materials. MCM 41 is typical mesoporous, templated silica that has been widely in-

vestigated. This material presents nanosized pores that allow the incorporation of

therapeutic agents. The release properties of ibuprofen-loaded MCM 41 show the

feasibility of such systems as vectors for DDS [68].

Porous calcium hydroxyapatite is also used as a vector for anticancer drugs (cis-

platinum). The slow release of cis-platinum from the inorganic vector has been

confirmed by in vitro experiments [69]. When the drug-loaded vector was im-

planted into normal back muscle, or the tibia, sustained release of cis-platinum

was observed during the subsequent 12 weeks. The diffusion rate of cis-platinum

into the blood and other organs (liver, kidney, brain) was <10% of that at the

implanted site. The vector administered into tumors of mice also showed a steady

release of cis-platinum for more than three months. Inhibition of tumor growth

was more obvious after local implantation of the cis-platinum-loaded inorganic

vector than after intraperitoneal administration of cis-platinum. Based on these re-

sults, this novel mesoporous vector shows great potential as controlled DDS of

anticancer agents. It is more attractive in bone tumors because the mechanical

strength of calcium hydroxyapatite permits partial surgical excision and replace-

ment of the bone defect at the same time.

Porous CuX zeolite has been synthesized as an inorganic vector to incorpo-

rate cyclophosphamide (CP). Biochemical and anatomopathological evaluations of

antitumoral effects by oral administration of the CP-loaded CuX zeolite show that

the intensity of the antitumoral effects is similar to that with normal administra-

tion of CP. An advantage of the CP-loaded CuX zeolite is the maintenance of a

CP concentration ranging between 100 and 1000 ng per mL of plasma in the blood

[70].
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6.4.3

Metallic Nanoparticles

Recently, the immobilization of biomolecules, ligands and therapeutic agents onto

the surface of metallic nanoparticles has been the focus of intense activity in bio-

logical engineering and biotechnology [71–77]. Especially, amine groups and cys-

teine residues in the proteins can be bound onto the surface of Au nanoparticles

and can be stabilized electrostatically [71, 75]. In parallel with this work, several

groups have focused on the fabrication of Au nanoparticles-organic/inorganic hy-

brid structures with polyurethane (PU) [71], silica [78–80], polystyrene (PS) [81],

and stimuli-sensitive polymers (SSPs) [31, 62, 82].

Colloidal Au can be used as a vector for therapeutic agents as well as an indicator

for immunodiagnostics. However, the use of these Au nanoparticles for in vivo
DDS was not well established. A colloidal gold (cAu) nanoparticle vector has been

used to target the delivery of tumor necrosis factor (TNF) to a solid tumor growing

in mice [83]. The optimal vector, designated PT-cAu-TNF, consists of molecules of

thiol-derivatized PEG (PT) and recombinant human TNF that can be directly

bound onto the surface of the Au nanoparticles. Following intravenous administra-

tion, PT-cAu-TNF rapidly accumulates in MC-38 colon carcinoma tumors and

shows little to no accumulation in the liver, spleen (i.e., the RES) or other healthy

organs of animals. PT-cAu-TNF was less toxic and more effective in reducing tu-

mor burden than native TNF since maximal antitumor responses were achieved

at lower drug doses. Svarovsky et al. have described the synthesis of Au nano-

shells encapsulated with up to 90 units of the Thomsen-Friedenreich (TF) tumor-

associated carbohydrate antigen (TACA) disaccharide (Galbeta1-3GaINAc-alpha-O-

Ser/Thr) as well as the assembly of a suitably linked designer glycopeptide as a

precursor to similar multivalent presentations on Au. The TF-coated Au nanopar-

ticles are highly stable, water soluble, and easily handled. Improvements in the

linker technology used to attach the disaccharide to the Au nanoparticles led to a

robust multivalent platform. The antigen retains all recognition characteristics

while displayed on this template, as shown by several in vitro assays. This approach
can be used to develop novel therapeutic agents that inhibit protein–carbohydrate

interactions [84].

6.5

Kinetics of the Controlled Release of Anticancer Agents

In vivo treatment requires the release of therapeutic agents into the body; this is

followed by absorption, metabolism, distribution, and elimination of the therapeu-

tic agents that are administered, and subsequent target organ effects, both thera-

peutic and toxic. The process of release followed by absorption, distribution, me-

tabolism, and elimination is referred to as ‘‘pharmacokinetics’’ – a process

commonly represented by a mathematical description of the behavior of a drug,

and possibly its metabolites, in the system. Pharmacokinetics are frequently
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described as what the body does to the drug. A major goal of clinical pharmacology

is to integrate pharmacokinetics and pharmacodynamics so that their relationships

can be understood, and so that drug treatment can be optimized based upon such

an understanding [85].

The release rate of DDS predicted by the diffusion- and the dissolution-based re-

lease systems can be applicable for the controlled-release of drugs during circula-

tion in the blood stream or localization at the target site. Diffusion models are de-

fined literally as a mass transfer process of the individual substance, brought about

by random molecular motion and associated with a concentration gradient. In

monolithic devices, the drug is uniformly mixed within a polymeric matrix and is

present either in a dissolved or dispersed structure.

Generally, the release model of the devices where the drug is dissolved follows

Fickian kinetics. When the drug is dispersed in a polymeric matrix, the rate of re-

lease follows the square root of time kinetics until the concentration of the drug

decreases below the saturation value. In addition, the preferred release profiles of

the drug in bulk degrading systems can be manipulated by adjusting the molecular

weight of the polymer, copolymer composition, crystallinity, loading amounts of

the drug, and interactions between polymer and drug, etc. Generally, drug release

may be diffusion controlled or dissolution controlled, depending on parameters

such as the permeability of the polymer to water, the solubility of the drug in the

polymer and in the water phase, the molecular weight of the drug, etc. With

methotrexate-loaded gelatin nanoparticles, the drug release follows a diffusion-

controlled mechanism [86].

Polakovič et al. have made a significant contribution to the investigation of the

release profiles of model drugs for spherical shapes of DDS [42]. They suggested

that two main models, consisting of the diffusion and the dissolution, should be

considered to determine the release rate of the drug from polymeric spheres. Gen-

erally, drug release mechanisms from micro/nanoparticles should be assumed

based on (a) surface desorption, (b) diffusion through particle pores, (c) diffusion

through intact polymers, (d) diffusion through water swollen polymers and (e) sur-

face or bulk erosion of polymeric matrix [87]. The last phenomenon partly repre-

sents a mechanism of drug-release. However, other factors will change the mor-

phologies of the platforms, resulting in changes to the rate of diffusion for drug

release [42].

6.5.1

Diffusion Model

The release of a drug from a polymeric matrix generally follows Fick’s second

law. The concentration gradient of the spherical particles follows the form given by

Eq. (1).

qc

qt
¼ D

q2c

qr2
þ 2

r

qc

qr

� �
ð1Þ

where c is the local drug concentration at time t and the distance r from the center
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of the particle and D is the diffusion coefficient of the drug in the polymeric

matrix.

Therefore,

c1
c1y

¼ 1�
Xy

n�1

6ðaþ 1Þa
ð9þ 3aþ q2na

2Þ e
�ðq2n=R2ÞDt ð2Þ

a ¼ V=ðVsKpÞ; where V is the bulk liquid volume of the surrounding medium, Vs

is the total volume of the particles qn ¼ lR where l is eigen value and R is radius

of particles.

6.5.2

Dissolution Model

The dissolution model can be expected when a solid drug is dissolved in media.

The dissolution rate of a drug can often be the rate-determining step when the ab-

sorption rates are faster than the dissolution rates (e.g., as with steroids). If the

drugs are not dissolved before they are removed from the intestinal absorption

site, the proper effects can not be expected due to a limited residence time at the

absorption site. Therefore, the rate of the dissolution should be considered rather

than the diffusion model for drugs that are poorly soluble. For this reason, the

dissolution rate of drugs in solid dosage forms is an important parameter in the

design of proper DDSs.

Drug release by the dissolution model can be defined by Eq. (3).

rd ¼ � dc

dt
¼ kðc � Kpc1Þ ð3Þ

where rd is the rate of drug dissolution and k is the dissolution coefficient. The

drug concentration is eliminated after introducing the mass balance and its deriva-

tive in Eq. (3). Integration of the rearranged equation provides the relationship of

c1 with time given in Eq. (4).

c1 ¼
c0

Kpðaþ 1Þ 1� exp � aþ 1

a
kt

� �� �
ð4Þ

Kp ¼ cy=c1y is the partition coefficient characterized by the concentration ratio

of the concentration inside the particles to the bulk liquid drug concentration in

thermodynamic equilibrium.

6.5.3

Kinetics of the Indomethacin (IMC, 1-[p-chlorobenzoyl]-2-methyl-5-methoxy-3-

indoleacetic acid) Release

The release kinetics of IMC as a model drug have been examined with parameters

obtained by comparing the diffusion and dissolution kinetic models. Table 6.2
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summarizes the codes of IMC-loaded PLA-PEO spheres for in vitro experiments on

the controlled-release of IMC. Figure 6.6(a–d), representing LL1, LL2, LL3, and DL1
respectively, shows four different kinetic behaviors. The results of LL1 and DL1 are

in a good agreement with the diffusion model only. However, the release profiles

gradually shift from the diffusion model towards the dissolution model as

c1yVr=c0 decreases. Figure 6.6(b) shows the release profile of LL2, which is more

dissolution-dependent than that of LL1.

A similar phenomenon can be observed in LL3, which shows the greatest

dissolution-dependent characteristics with the lowest c1yVr=c0. Consequently, LL2
has intermediate behavior between the two different models, showing that the in
vitro release profile is located between the diffusion and the dissolution profiles.

This demonstrates that the kinetic models are strongly dependent upon c1yVr=c0.
A high c1yVr=c0 can directly affect the diffusion kinetics. Therefore, a high appar-

ent efficiency ðzÞ can result in an intermediate characteristic between the diffusion-

and dissolution-dependent mechanisms. In addition to the parameters mentioned

above, other parameters should be considered during the fabrication of nano-

spheres for DDS. Yang et al. have reported a correlation between the release behav-

ior and surface porosity of microspheres [61]. They also reported that the organic

phase used for the fabrication of the nanospheres by emulsion/evaporation tech-

niques plays a critical role in determining the overall release characteristics of the

drugs. The fabrication temperature also becomes a critical factor because the shell

of the nanospheres is vulnerable to evaporating solvents with a low-boiling point

such as chlorine-based solvents (i.e., methylene chloride and/or chloroform). The

release rate is increased owing to a larger pore size on the surface of the spheres

when the DDS has a lower Vr. The release profiles of LL1 and DL1 show initial fast

release rates. In contrast, the initial ‘‘bursting’’ behaviors of LL2 and LL3 are less

pronounced. This phenomenon explains that Vr can affect the release rates at

the initial stage, especially within a short period, i.e., as soon as exposed to the

surrounding medium. From the mathematical modeling and in vitro experiments,

we should not use only one model to predict the release behavior of therapeutic

agents because the releasing environments are usually more complicated than ex-

Tab. 6.2. Different series of IMC-loaded PLA-PEO spheres.

Code Organic phaseRatio

(o/w)

Ratio

(drug/

polymer)

Water

phase

(mL) PLA soln

(mL)

IMC soln

(mL)

LL1 0.11 1 3 0.165 0.165

LL2 0.22 1 3 0.330 0.330

LL3 0.33 1 3 0.660 0.660

DL1 0.11 1 3 0.165 0.165
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pected. Thus, proper assumptions and possible variables should be considered for

both theoretical and practical applications.

6.6

Controlled Release of Anticancer Agents

Although biomaterials (biologically derived components) are useful for new medi-

cal treatments, critical problems in biocompatibility, mechanical properties, degra-

dation and numerous other issues remain. Stealth properties and responsiveness

to factors such as pH, temperature, specificity and other critical problems have to

be resolved. The possibility of delivering cytotoxic agents directly into tumor cells

has several advantages: drug losses in the bloodstream and upon liposome–cell in-

teraction are minimized and the preparation of drug-loaded nanoparticles becomes

simpler. To be effective, a material must possess several attributes, including the

ability to condense therapeutic molecules to a size of less than 150 nm so that it

can be taken up by receptor-meditated endocytosis, the ability to be taken up by

endosomes in the cell and to allow therapeutic molecules to be released in active

form, and to enable it to travel to cell’s nucleus. Moreover, gene therapy is gaining

in popularity as a medical treatment for cancer, tumors, Alzheimer’s diseases, dia-

betes etc.; however, the clinical efficacy is lower than expected due to the detergent

effect. When administered directly into the blood vessel or lesion, the therapeutic

molecules are taken up by other healthy organs/cells and the residual time in bio-

logical systems is less than 2 h, and thus the pharmacological action is diminished.

In addition, it has been reported that therapeutic molecules taken up by healthy

organs/cells undergo mutation and may cause other, more serious diseases, in-

cluding cancer. Also, most antitumor agents are hydrophilic compounds and,

therefore, cannot be retained within the membrane. Thus, the use of prodrug

forms of anticancer agents to alter the phase behavior of the chemicals is becom-

ing more popular.

6.6.1

Alkylating Agents

Alkylating reagents are chemical reagents that have an alkyl group such as propyl

in place of a nucleophilic group. They include several cytotoxic drugs, some of

which react specifically with N7 of the purine ring, resulting in depurination of

DNA. These alkylating drugs interact with DNA and prevent the division of the

cells.

The alkylation of DNA bases can disrupt the replication mechanism of the cell.

The nitrogen bases in DNA molecules are nucleophilic and can be easily alkylated.

If the N–H groups are replaced by N–R groups then the DNA base pairing is dis-

rupted and can lead to cellular dysfunction. This should have an effect on the

replication of cancerous cells, thus leading to a slow-down or stoppage of growth

of the cancer.
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6.6.1.1 Chlorambucil

Chlorambucil (pronounced ‘‘klor-AM-byoo-sill’’) is a well-known anticancer agents

for blood cancers and acts to reduce the number of blood cells. It is also used to

treat other cancers such as lymphomas. Chlorambucil is an aromatic derivative of

mechlorethamine and is closely related in structure to melphalan. The therapeutic

effects are the slowest acting and generally least toxic among the alkylating agents.

Alkylation of DNA results in breaks in the DNA molecule as well as crosslinking of

the twin strands, thus interfering with DNA replication and transcription of RNA.

Like other alkylators, chlorambucil is cell cycle phase-nonspecific [88, 89].

Leroux et al. have demonstrated that polymeric nanoparticles can be loaded with

chlorambucil (8.52% m/m) with an entrapment efficiency of 60%. Polymeric nano-

spheres have been prepared by emulsification of a benzyl alcohol solution of a

polymer in a hydrocolloid-stabilized aqueous solution followed by dilution of the

emulsion with water. Nanoparticles as small as 70 nm in diameter can be produced

by increasing the percentage of poly(vinyl alcohol) to 27.5% in the external phase.

The particle size can be controlled by using gelatin instead of poly(vinyl alcohol)

and the smallest nanoparticles, with an average size of 70 nm, can be obtained

[90].

Chitin-based biodegradable microspheres have also been investigated for their

ability to encapsulate chlorambucil as a model drug. The polymer sphere can be

prepared by directly blending chitin with different contents of poly(d,l-lactide-co-
glycolide 50:50) (PLGA 50/50) in dimethylacetamide–lithium chloride solution,

followed by coagulating in water via wet phase inversion. Chlorambucil-loaded

chitin/PLGA (50/50) has a two-step release mechanism. In the initial stage, the

drug release rate increases with increased chitin content due to hydration and sur-

face erosion of the hydrophilic chitin phase; however, the subsequent slow release

is sustained for several days, mainly due to bulk hydrolysis of the hydrophobic

PLGA phase [91].

6.6.1.2 Cyclophosphamide

Cyclophosphamide is a cyclic phosphamide ester of mechlorethamine. It is trans-

formed via hepatic and intracellular enzymes into active alkylating metabolites,

acrolein and phosphoramide mustard. Cyclophosphamide prevents cell division

primarily by crosslinking DNA strands. This anticancer agent is applicable to

breast cancer, lung cancer, multiple myeloma, mycosis fungoides, neuroblastoma

and retinoblastoma etc. It must be handled carefully as it is considered to be

highly carcinogenic in humans. Cyclophosphamide-loaded poly(butyl cyanoacry-

late) nanospheres have been investigated to obtain a suitable and tolerated ocular

delivery device for therapeutic applications, involving treatment of severe ocular in-

flammatory processes that localize in the anterior chamber of the eye [92, 93].

Local delivery of 4-hydroperoxycyclophosphamide (4HC derived from cyclophos-

phamide) has been carried out via a controlled-release biodegradable polymer

to determine whether the use of a polymer vector can enhance efficacy. Ninety

Fischer 344 rats implanted with 9L or F98 gliomas were treated with an intra-

cranial polymer implant containing 0–50% loaded 4HC in the polymer. The 20%
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4HC-loaded polymers caused minimum local brain toxicity and maximum sur-

vival. These polymers were then used to compare the in vivo efficacy of 4HC to

BCNU in rats implanted with 9L glioma. Animals with brain tumors treated with

4HC had a median survival of 77 days compared to that of 21 days in BCNU-

treated animals and 14 days in untreated animals. Long-term survival for more

than 80 days was 40% in the 4HC-treated rats versus 30% in the BCNU-treated

rats.

In conclusion, 4HC-impregnated polymers provide an effective, safe local treat-

ment for rat glioma [94].

6.6.1.3 Carmustine

Carmustine [BCNU, 1,3-bis(2-chloroethyl)-l-nitrosourea] is a highly lipophilic ni-

trosourea compound that undergoes hydrolysis in vivo to form reactive metabolites.

These metabolites cause alkylation and crosslinking of DNA. Nitrosoureas gener-

ally lack cross-resistance with other alkylating agents [88, 89]. The US Food and

Drug Administration (FDA) approval of Gliadel1 in 1996 represented the first

new treatment approved for brain tumors in over 20 years. It has also been ap-

proved by numerous regulatory agencies worldwide.

Gliadel1 is a polymer–drug combination that delivers the chemotherapeutic

agent carmustine directly to the site of a brain tumor via controlled release from a

biodegradable matrix [95]. To compare the effectiveness of lipid microspheres with

Gliadel1, Takenaga has incorporated a BCNU into lipid microspheres by homoge-

nizing a soybean oil solution of BCNU with egg yolk lecithin. Compared with the

corresponding conventional dose of BCNU, the lipid microsphere-encapsulated

BCNU significantly enhanced antitumor activity with reduced toxicity in mice

with L1210 leukemia. Lipid nanospheres with an average size of 50 nm also

showed a similar level of in vivo antitumor activity. In this report, [14C]triolein up-

take by L1210 leukemia cells was increased by incorporation into microspheres.

The nanospheres showed a longer in vivo half-life due to the avoidance of cellular

uptake by the RES, resulting in higher accumulation at the tumor sites [96].

6.6.2

Antimetabolic Agent

6.6.2.1 Cytarabine

Cytarabine is metabolized intracellularly into its active triphosphate form (cytosine

arabinoside triphosphate). This metabolite then damages DNA by multiple mecha-

nisms, including the inhibition of a-DNA polymerase, inhibition of DNA repair

through an effect on b-DNA polymerase, and incorporation into the DNA. The

latter mechanism is probably the most important. Cytotoxicity is highly specific

for the S phase of the cell cycle [88, 89]. Ellena et al. have investigated the distribu-

tion of phospholipid and triglyceride molecules in the membranes forming the

nonconcentric vesicular network within a multivesicular lipid particle (MLP). MLP

formulations exhibited controlled release of encapsulated pharmaceuticals on time

scales of a few days to a few weeks. The MLP can be synthesized by a double emul-
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sification process with a neutral lipid such as a triglyceride. MLP formulations with

the antineoplastic agent cytarabine encapsulated in the aqueous compartments

have been prepared that further contained [13C]carbonyl-enriched triolein. This

rational approach can be used to develop MLP formulations with variable rates of

sustained release, modulated by changes in the distribution of various phospholi-

pids and triglycerides [97].

6.6.2.2 Fluorouracil (FU)

Fluorouracil was developed in 1957 based on the observation that tumor cells uti-

lized the base pair uracil for DNA synthesis more efficiently than did normal cells

of the intestinal mucosa. It is a fluorinated pyrimidine that is metabolized intracell-

ularly to its active form, fluorodeoxyuridine monophosphate (FdUMP). The active

form inhibits DNA synthesis by inhibiting the normal production of thymidine.

Fluorouracil is cell cycle phase-specific (S phase) [88]. 5-Fluorouracil (5-FU)-loaded

poly(l-lactide) (PLLA) or its carbonate copolymer microspheres have been prepared

by a modified oil-in-oil (o/o) emulsion solvent evaporation technique. The dis-

persed phase was a solvent mixture of N,N-dimethylformamide (DMF) and

acetonitrile, and the continuous phase was liquid paraffin containing 1–10% (w/v)

Span 80(R). Using this modified process, microspheres with various particle sizes

can be prepared with high 5-FU entrapment efficiency (@80%). In vitro drug

release experiments showed a burst release of 5-FU from PLLA microspheres,

followed by a sustained release over 50 days. With other vectors, poly(l-lactide-

co-1,3-trimethylene carbonate) (PLTMC) and poly(l-lactide-co-2,2-dimethyl-1,3-

trimethylene carbonate) (PLDTMC), the drug release rate can be prolonged to

over 60 days [98].

Roullin et al. have developed 5-FU-loaded poly(l-lactide-co-glycolide) (PLGA) mi-

crospheres to deliver therapeutic agents into the CNS for stereotactic intracerebral

implantation [39]. In vivo experiments with C6 glioma-bearing rats showed prom-

ising results – the median survival time was doubled [99]. A phase I–II pilot study

was conducted on eight patients with high-grade glioma who underwent surgical

removal before 5-FU-loaded microspheres were implanted. After 18 months the pa-

tients’ survival rate and welfare was improved [100]. Microsphere fate and the 5-FU

diffusion area from these particles in the brain was also investigated, depending on

the inserted locations of the drug-loaded microspheres. [3H]5-FU microspheres

were used to evaluate diffusion areas from the implantation site [39].

Another approach for controlled DDSs into the brain has also been developed

using implantable, biodegradable microspheres. The strategy was evaluated ini-

tially to provide localized and sustained delivery of the radiosensitizer 5-FU after

patients underwent surgical resection of malignant glioma [101].

6.6.2.3 Methotrexate

Methotrexate and its active metabolites compete for folate-binding sites of the en-

zyme dihydrofolate reductase. Folic acid must be reduced to tetrahydrofolic acid by

this enzyme for DNA synthesis and cellular replication to occur. Competitive inhi-

bition of the enzyme leads to blockage of tetrahydrofolate synthesis, depletion of

6.6 Controlled Release of Anticancer Agents 189



nucleotide precursors, and inhibition of DNA, RNA and protein synthesis. Metho-

trexate is cell cycle phase-specific (S phase) [88, 102]. Methotrexate can be widely

employed for breast cancer, bladder cancer and head and neck cancer, etc.

ABA-type triblock copolymers of poly(trimethylene carbonate)-poly(ethylene

glycol)-poly(trimethylene carbonate) were synthesized by ring-opening polymeriza-

tion. The anticancer drug methotrexate was loaded into a core–shell structure of

polymeric nanoparticles 50–160 nm in diameter. Generally, the release rate of

methotrexate from the nanoparticles was comparatively faster than that of micro-

sphere systems due the higher surface area and smaller particle size [103].

Hydrophilic gelatin nanoparticles have also been prepared that incorporated the

methotrexate by solvent evaporation techniques based on a single water-in-oil (w/o)

emulsion with glutaraldehyde as a crosslinking agent. The mean diameter of the

methotrexate-loaded gelatin particles was 100–200 nm [86].

6.6.3

Anticancer Antibiotics

6.6.3.1 Actinomycin D

At low concentrations actinomycin D inhibits DNA-directed RNA synthesis and

at higher concentrations DNA synthesis is also inhibited. All types of RNA are af-

fected, but ribosomal RNA is more sensitive. Actinomycin D binds to double-

stranded DNA, permitting RNA chain initiation but blocking chain elongation.

Binding to the DNA depends on the presence of guanine. It is applicable to the

treatment of testicular, ovarian, and germ cell cancers. Isobutyl cyanoacrylate nano-

particles loaded with actinomycin D were shown to concentrate preferentially in rat

mesangial cells and to increase the drug’s uptake in these cells in vitro and in vivo,
as compared to the free drug. Drug targeting by nanoparticles to renal cells and

macrophages may be possible, resulting in a lowering of the critical level of drug

dosage in tubular cells and a reduction of tubular toxicity [104].

The effects of atinomycin D-loaded poly(methyl cyanoacrylate) nanoparticles on

the growth of a transplantable soft tissue sarcoma has also been investigated in a

rat model. Actinomycin D-loaded poly(methyl cyanoacrylate) nanoparticles showed

a greater inhibitory action than the free drug on the growth of the S250 sarcoma

but the nanoparticles alone did not demonstrate any significant antitumor effect

[105]. This study demonstrated that, 24 h after injection, adsorbed actinomycin D

is 5.6-, 44- and 64-fold more concentrated than the free drug in muscle, spleen and

liver, respectively [106].

6.6.3.2 Bleomycin

Bleomycin is an antineoplastic antibiotic. It is used to treat several types of cancer,

including cervical and uterine cancer, head and neck cancer, testicular and penile

cancer, and certain types of lymphoma. Bleomycin causes DNA strand scission

through formation of an intermediate metal complex requiring a metal ion cofac-

tor such as copper or iron. This action results in inhibition of DNA synthesis and,

to a lesser degree, in inhibition of RNA and protein synthesis. The drug is cell
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cycle-specific for G phase, M-phase and S phase [107]. Manipulation of the physi-

cochemistry of water-soluble polymers such as glycolchitosan can be used to create

hybrid materials for drug delivery and gene delivery with biocompatibility. Glycol

chitosan modified by the attachment of a strategic number of fatty acid pendant

groups (11–16 mol%) assembles into unilamellar, polymeric vesicles in the pres-

ence of cholesterol. An ammonium sulfate gradient bleomycin (MW 1400), for ex-

ample, can be efficiently loaded onto these polymeric vesicles to yield a bleomycin-

to-polymer ratio of 0.5 units mg�1 [108].

Bleomycin has been conjugated to carbon nanoparticles as a new DDS for the

treatment of digestive cancer. In this way, higher levels of anticancer drug can be

localized to the regional lymph nodes and at the injection site compared with dis-

tribution of the drug in aqueous solution. In 12 patients with histologically proven

carcinoma, bleomycin-conjugated carbon nanoparticles were injected endoscopi-

cally into the primary lesions. Endoscopic injection of this dosage formulation

shows that it can control these digestive cancers in patients in whom operation is

contraindicated [109].

Formulations of ultra-deformable liposomes containing bleomycin (BleosomeTM)

also have been reported and proposed for topical treatment of skin cancer [110].

BleosomeTM exerted a lethal effect on human keratinocytes cell lines and a cell

line derived from a primary carcinoma in vitro when loaded with sufficient bleomy-

cin. The cell line, derived from squamous cell carcinoma, seemed to be more sus-

ceptible to BleosomeTM than HPV-immortalized keratinocytes (NEB-1) [111].

6.6.3.3 Daunorubicin

Daunorubicin is an anthracycline antibiotic that damages DNA by intercalating

between base pairs, resulting in uncoiling of the helix, ultimately inhibiting DNA

synthesis and DNA-dependent RNA synthesis [112]. DaunoXome2, a tumor-

targeting daunorubicin liposome, is commercially available and its beneficial ef-

fects are well reported. It is a formulation of daunorubicin in small unilamellar

vesicles (SUVs) composed of highly pure distearoylphosphatidylcholine (DSPC)

and cholesterol in a 2:1 mole ratio. Several countries have approved DaunoXome2
for use in for treating Kaposi’s sarcoma (KS) in HIV-positive patients. Preclinical

investigations indicate that DaunoXome2 increases in vivo daunorubicin tumor

delivery by about ten-fold over conventional drugs, yielding a comparable increase

in therapeutic efficacy [113].

6.7

Future Directions

Although many trials on different types of DDS have been reported, these labora-

tory experiments still remain far from clinical application due to matters of their

reproducibility and production. New strategies for the design of DDS vectors

should be developed to move these systems into the clinic by decreasing the toxic-

ity of anticancer agents and targeting them to malignant tissues. Furthermore,
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novel techniques for the effective loading of active molecules and surface activation

(i.e., antibodies and functional groups) for active targeting are essential to improve

the therapeutic effectiveness by reducing both the dose and the side effects. Several

functions should be considered, such as effective targeting, maximum uptake and

retention at the target sites, and rapid clearance after finishing the mission. For

this reason, the generation of intelligent smart biomaterials (ISB) based on nano-

technology is being intensively investigated for controlled DDS of anticancer

agents and is already having an enormous effect on nanomedicine as a new re-

search field.

While many of nanoparticle synthesis techniques have focused on the empirical

basis for controlled release of anticancer agents, increasing demand for multifunc-

tional vectors represents a major fabrication challenge. These vectors should be

designed to integrate several aspects: (a) theoretical and practical considerations of

the evolution of novel phenomena coming from their composition and size, (b) de-

sign of complex or composite structures with given morphology required for multi-

functionality, (c) generation and assembly of new molecular and macromolecular

structures using suitable processing routes, (d) incorporation of drugs to be deliv-

ered to the target cells, and (e) modification of the nanoparticulate surfaces and in-

terfaces, rendering them suitable for interaction with the target.

To develop artificial synthetic biomaterials based on nanotechnology for cancer-

oriented drug delivery systems (CoDDS), we should consider the extracellular ma-

trix biology, cell receptors and immunology, and how the body responds to specific

materials. These novel vectors should incorporate hydrophobic/hydrophilic drugs

with active surface modifications by the attachment of active functional ligands

for passive targeting at specific target organs, receptors, etc.

Moreover, novel concepts of ISB for CoDDS can be developed based on core–

shell, mesoporous nanotechnology. These vectors can be programmed to respond

to external environmental conditions, e.g., pH, ionic strength, temperature, ultra-

sound, radiation, magnetic fields, UV-light, etc. The development of suitable nano-

structures, methodologies for drug incorporation, methodologies for controlling

releasing rates, and acceptable biological activity should be considered in the de-

sign process.

Targeting is also an important concept for CoDDS. Passive and active targeting to

specific lesions, degradation/release rates, and surface activation/functionalization

should be considered for optimization of these systems. Toxicology and pharmaco-

logical evaluation are also important factors. Thus, the therapeutic compounds,

loading methods, quantity and efficacy, etc. should all be carefully considered dur-

ing the design proper vectors.
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7

Critical Analysis of Cancer Therapy using

Nanomaterials

Lucienne Juillerat-Jeanneret

7.1

Introduction

The treatment of diseases such as cancer is challenging because these pathologies

involve dysregulation of endogenous and often essential cellular processes. Cancer

cells replicate faster than most non-tumoral cells, and the vast majority of pres-

ently used therapies capitalize on these differences. More selective therapies, such

as anti-angiogenic therapies, are under development and/or clinical evaluation,

whereas a few targeted therapies are in clinical use, such as antiestrogen therapies

in estrogen receptor-positive breast cancer. With targeted approaches, not only pa-

tient survival will increase due to improved treatment efficiency, but also the qual-

ity of life of patients will improve by decreasing side effects to normal cells. Most

solid tumors possess unique features, such as extensive angiogenesis, defective

vascular architecture, increased vascular permeability, impaired lymphatic drain-

age, which can also be used as therapeutic targets. Nanoparticles can take advan-

tage of these features and act as a vehicle to selectively and specifically deliver anti-

cancer drugs to tumors, either by using passive mechanisms such as increased

vascular permeability or acting as drug reservoir in a defined location, or by using

active targeting. These combined approaches would result not only in increased ef-

ficacy but also in decreased collateral side effects. However, targeting strategies and

chemical synthesis routes need to be improved, and the mechanisms of interac-

tions of these functionalized nanostructures with living materials need to be better

understood.

This chapter describes not only the tools of nanoparticle technology that can be

used to treat cancer, as many excellent reviews (indicated below the section head-

ings) have been published, but rather critically reviews and discusses the advan-

tages and drawbacks of nanoparticles for the targeted delivery of anticancer agents

to defined cells of human cancers. Approaches that have been developed or are un-

der development to achieve improved cancer therapy using nanoparticles as target-

ing delivery agents for anticancer drugs are reviewed, and the problems and issues

that need to be answered to validate these approaches are summarized. Section 7.2

reviews the characteristics of human tumors that can be used to develop anticancer
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treatments. Section 7.3 covers the characteristics of already developed nanopar-

ticles, considering the chemical, biophysical and biological demands of such de-

vices. Information from the previous two sections is combined in Section 7.4 to

review the characteristics of already developed, or under development, nanopar-

ticles for anticancer treatments using drugs employed in clinics or under develop-

ment, photodynamic and gene therapy approaches, or magnetically controlled de-

livery. Section 7.5 describes the defects and characteristics of human tumors that

can be used to develop targeted anticancer treatments using nanoparticles, via

cancer-associated cells, cancer cell molecules, or by achieving intracellular delivery,

and also describes the chemical challenges involved in preparing these nanovec-

tors. Section 7.6 hypothesizes how nanoparticles may result in the delivery of anti-

cancer drugs in drug-resistant human cancers. Issues not yet resolved issues con-

cerning the potential toxicity of nanoparticulate vectors to patients and the general

population are covered in Section 7.7. Finally, Section 7.8 describes what might be

the ideal nanoparticle in the context of targeted treatment of human cancer using

nanodevices.

7.2

Anticancer Therapies

For a more extensive review see Ref. [1] and references herein. Effective therapies

of cancer capitalize on differences between diseased and healthy tissues that can be

targeted with drugs. Cancer drugs used in patients target the cell cycle, DNA repli-

cation, and cytoskeletal assembly. The general toxicity to the whole body of current

anticancer chemotherapeutic treatments, resulting in important side effects such

as sterility, loss of digestive capacities and appetite, loss of hair, defects in immune

functions, etc., is a challenge facing the development of new modalities of cancer

treatment. In addition, combination therapies or scheduled therapies improved pa-

tient response to chemotherapy regimen. One of the main challenges in cancer

treatment is no longer the development of efficient drugs but the improvement of

drug selectivity. More recently, the targeting of growth receptors and cellular sig-

naling pathways, ‘‘targeted therapeutics’’, has became a new approach in cancer

treatment. However, even targeted and combined therapies suffer from side effects

that result from imperfect selectivity for diseased tissue. The availability of novel

molecular targets and drug delivery systems that distinguish diseased from healthy

cells could vastly amplify therapeutic opportunities. The identification of new

disease-associated changes in cellular biology, and the development of associated

tools, that may be used to improve selectivity in diagnosis, treatment and evalua-

tion of response to treatment will be the next challenges in cancer therapy. Most

cancer-related deaths occur as a consequence of metastasis, and the major problem

facing oncologists treating cancer is metastatic disease. Metastasis of tumor cells to

organs distant from the original primary tumor site involves about half of all can-

cers and is generally detected only at an advanced stage of metastatic disease.

Successful eradication of metastatic lesions still depends on the early detection of
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metastases, which only rarely happens. Therefore, devising new means to detect

metastatic tumor lesions at the earliest possible stage, and at the same time to be

able to treat them, would be an important breakthrough in cancer treatment. Mag-

netic nanoparticles can be used for this purpose. Therefore, one goal in the field of

cancer is to develop chemically derivatized nanoparticles able to target tumor cells

and tumor-associated stromal cells via specific recognition mechanisms, and dual

cancer detection such as magnetic resonance imaging and cancer therapy using

cell-directed drugs.

Neoplastic tissue can be divided into three compartments, vascular, interstitial

and cellular, and cancers are constituted of several cell types:

� Endothelial cells and pericytes, either overnumbered or undernumbered;
� immune/inflammatory cells, including macrophages and lymphocytes, and fi-

broblasts and myofibroblasts;
� normal cells and tumor cells derived from these normal cells;
� and by the absence of a well-defined lymphatic network.

Tumor vasculature is highly abnormal, proliferating, activated, tortuous, and pre-

senting increased permeability and gaps, with pores between 350 and 800 nm,

and a cutoff around 400 nm. Tumor vascularization is generally poorly perfused.

Tumor interstitium is predominantly constituted of a protein network, including

collagens, elastin, proteoglycans and glycoproteins, forming a hydrophilic gel and

producing high interstitial osmotic pressure, leading to an outward convective fluid

flow. The tumor environment is oxidative and acidic, and thus ionization of basic

drugs may decrease their interstitial transport and oxidation destroy their anti-

cancer properties. The transport of drugs in the interstitium will thus be governed

by interstitial osmotic pressure and the relative chemical composition and charac-

teristics of drugs and the interstitium.

Therefore, the delivery of a therapeutic agent to tumor must:

1. Resist hydrostatic, hydrophilic/hydrophobic and biophysical/biochemical bar-

riers;

2. resist cellular resistance to treatment;

3. resist biotransformation, degradation and clearance mechanisms;

4. reach its treatment target: extracellular or intracellular compartments, tumor

cells or vascular cells, etc.;

5. achieve distribution in all tumor areas even with low vascularization, or poor

perfusion;

6. and be active in tumors at efficient concentrations, without unacceptable side

effects to non-tumoral cells.

Both tissue- and cell-distribution of anticancer drugs can be controlled and im-

proved by their entrapment in colloidal nanoparticles, increasing anti-tumor effi-

cacy, reversing resistance mechanisms and decreasing side effects. Active tumor

targeting with long-circulating nanoparticles decorated with targeting agents is the
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main development required to achieve these goals. The association of drugs with

colloidal nanoparticles may be a way to overcome many of these resistance mecha-

nisms of tumors to treatment and increase selectivity. In this context, nanoparticles

are defined as submicroscopic colloidal systems, which may act as a drug vehicle

either as nanospheres (a matrix system in which the drug is dispersed) or nanocap-

sules, which are reservoirs in which the drug is confined in a hydrophobic or hy-

drophilic core surrounded by a single polymeric membrane. The structure of the

polymer and the method of trapping the drugs in the nanoparticles will define the

drug release kinetics and characteristics. The necessary characteristics to be useful

in cancer treatment, and the drug–nanoparticle systems that have reached clinical

use, are under clinical evaluation or are under development will be reviewed.

7.3

Characteristics of Nanoparticles for Cancer Therapy

For more extensive reviews see Refs. [2–6] and references herein. The treatment of

cancer is limited by the inability to deliver therapeutic agents in such a way that

most drug molecules will selectively reach the desired targets, with only marginal

collateral damage. To achieve such efficient treatments, two main goals must be

met:

� Increasing targeting selectivity for defined organ, tissue or cells.
� Devising a therapeutic formulation able to overcome the biological barriers that

prevent drugs efficiently reaching their targets.

However, the realization of such a system faces formidable challenges, which in-

clude:

� Identification of neoplastic biomarkers as biological targets, and their evolution

over time.
� Development of biotechnologies to develop biomarker-targeted delivery of multi-

ple therapeutic agents, coupled to the possibility to avoid biological barriers and

various resistance mechanisms.

Nanoparticles are interesting for medical application since they present a large sur-

face for functionalization with drugs compared to larger particles made of the same

materials, and hopefully achieve targeted drug delivery. They can pass epithelial

and vascular barriers. Thus, nanoparticles have the potential to provide opportuni-

ties to meet the challenges of cancer therapy, and also of therapeutic approaches

for other disorders.

The dawning era of polymer therapeutics started with improved knowledge of

polymer characteristics and the development of polymer chemistry (reviewed in

Ref. [3]). Initially, polymer–drugs, polymer–proteins, and, in particular, PEGylated

derivatives and HPMA [N-(hydroxypropyl)-methacrylamide] copolymers have been
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used in the context of anticancer therapy [7], and are the precursors of nanoparti-

culate systems. Self-assembling block-copolymers were then evaluated to deliver

drugs to cancer. A pluronic block copolymer-doxorubicin was able to circumvent

Pgp [8, 9], and PEG-polyAsp-doxorubicin accumulated preferentially in tumors

due to vascular leakage [10, 11], while the increased size prevented back-diffusion

and renal clearance when evaluated in clinical trials. These approaches opened the

way to nanotechnology for drug delivery.

7.3.1

Nanovectors

Nanotechnology implies that the drug delivery device is man-made, and of dimen-

sions in the nm range (sub-cellular size), which includes nanovectors such as lip-

osomes or monomeric or block copolymeric nanoparticles for the (targeted) deliv-

ery of anticancer drugs, imaging contrast agents such as gadolinium or iron-oxide

nanosized magnetic resonance imaging contrast agents (cf., for example, Chapters

3 and 5), or quantum dots. First, basic definitions for the various nanoparticulate

systems in the context of cancer are given as they will be developed in this chapter.

Nanoparticles are non-viral solid nanovectors made of one or several different

materials, including water-soluble polymers, whose upper size limit is <1 mm, gen-

erally <100 nm. These nanostructures have unique properties, such as modifica-

tion of the properties, spacing and arrangement of surface atoms, and physics

and chemistry compared to larger particles of the same material, and they also

have a large surface area to volume ratio. Nanoparticles may be built of polymeric

drugs (nanosuspensions), polymer–drug conjugates, polymer–protein conjugates,

polymeric drug-micelles, etc. Micelles are self-assembling colloidal aggregates of

amphipathic molecules–polymeric block copolymers to give polymeric micelles,

which occurs when the concentration reaches the crucial micelle concentration

(c.m.c.). Polyplexes are polyelectrolyte complexes formed by a polycation and an

anionic molecule, generally an oligonucleotide. Dendrimers are macromolecule

that contain symmetrically arranged branches arising from a multifunctional core,

to which a precise number of terminal groups are added stepwise. Drug nanosus-

pensions are insoluble nanocrystals of drugs, generally coated with a surfactant.

Rational approaches in design and surface engineering for site-specific delivery

of drugs, genetic material and diagnostic agents, to tissues, cells and intracellular

cell compartments, after intravascular, parenteral, intraperitoneal, etc., administra-

tion, include:

� Liposomes: closed vesicles formed by hydratation of phospholipids above their

transition temperature. Nanoliposomes are bilayer structures of less than 100

nm, surrounding the drug entrapped in the aqueous space. Drugs can also be

contained in the lipid space between bilayers. Surface modification is possible,

and nucleic acids are adsorbed on cationic liposomes by ion-pairing. These struc-

tures have been the first to reach clinical use.
� Micelles: amphiphilic aggregates, <50 nm, made of hydrophilic (A) and hydro-
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phobic (B) block copolymers (AB or ABA), in which hydrophobic or hydrophilic

drugs are physically trapped or covalently bound. Drugs may include nucleic

acids for transfection and gene therapy.
� Nanospheres: made of polymer (synthetic or natural) aggregates (tens to hun-

dreds nm size) in which the drug is either dissolved, entrapped, encapsulated or

covalently attached. Surface modification is possible.
� Superparamagnetic iron oxide crystals: made of an iron oxide core (5–10 nm) ob-

tained by coprecipitation of Fe2þ and Fe3þ, and coated with a polymer [dextran,

poly(ethylene glycol), poly(vinyl alcohol), etc.]. Surface modification is possible by

covalent links or adsorption (drug, antibodies, nucleic acid, targeting agents).

These nanostructures have mainly been used for cancer detection, and are now

developed to couple detection with drug delivery.
� Carbohydrates-ceramic nanoparticles: core composed of calcium phosphate or

ceramic, surrounded by a polyhydroxyl oligomeric film, on which drugs are

adsorbed.
� Dendrimers: highly branched three-dimensional macromolecules that grow by

outward–controlled polymerization; drugs are covalently bound at the surface.

Therapeutic agents (chemically synthesized therapeutic small or large drugs, ther-

apeutic peptides or proteins, nucleic acids for gene therapy) can be entrapped,

encapsulated, adsorbed, covalently bound either to the surface or at the interior of

biodegradable polymeric nanoparticles (Table 7.1). These approaches can improve

drug solubility, and also achieve better drug selectivity. Drugs can be made to form

small aggregates, surrounded by a water- and bio-compatible, biodegradable poly-

Tab. 7.1. Biological characteristics of the polymers.

Polymer Efficient for

PEG Increases biocompatibility, increases circulating time, decreases

uptake by macrophages

Dextrans Increases circulating time, decreases aggregation and opsonization,

decreases uptake by macrophages

Poly(vinylpyrrolidone) Increases circulating time, decreases aggregation and opsonization,

decreases uptake by macrophages

PVA Decreased aggregation/coagulation

Polyacrylates Biostabilization, biocompatibility, increases bioadhesion

Polypeptides Targeting

Poly(dl-lactide) Increases biocompatibility, decreases cytotoxicity

Chitosan Increases biocompatibility, increases hydrophilicity
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meric thin layer, improving the biodistribution and bioavailability of drugs. Surface

or polymers functionalization with appropriate ligands can allow the targeting of

these nanostructures to defined cells, tissues or body locations, depending on the

chosen specificity and selectivity of the ligand, improving the therapeutic effective-

ness and decreasing side effects of drugs. Finally, the polymer properties may also

be defined to respond to changes in pH or redox state, chemical environment, heat

(either internal or external), or an external physical stimulus, therefore allowing

choice for the rate and location of drug release, e.g., acidic intracellular organelles

such as the lysosomes.

The development of nanovectors has given birth to what has been called ‘‘nano-

medicine’’: the applications of nanotechnology for the rational delivery and target-

ing of pharmaceuticals, therapeutics and diagnostic agents. The next challenges in-

clude:

� Identification of precise targets for selective delivery.
� Choice of appropriate nano-carriers.
� Avoidance of mononuclear phagocytes and the reticuloendothelial system, to se-

lectively target either angiogenic cancer-associated endothelial cells or cancer

cells, which are key targets in cancer.

7.3.2

Biological Issues

Injection in the blood and lymphatic vessels, but also inhalation or intraperitoneal

injection, etc., are possible routes of administration for the delivery of therapeutic

nanoparticles. The stability, extracellular or cellular distribution of nanoparticles

depend on their surface properties, chemical composition, morphology and size.

The main challenges for intravenously injected nanoparticles are rapid opsoniza-

tion and clearance by the reticuloendothelial system (RES) of the liver and the

spleen or excretion by the kidneys (Fig. 7.1). Opsonization by complement pro-

teins, vitronectin, fibronectin, immunoglobulins, lipoproteins, etc. renders nano-

particles recognizable by the major defense systems of the body, the RES and the

mononuclear phagocyte system, depending on the surface properties of nanopar-

ticles, their size (< or >200 nm) and surface characteristics. Nanoparticles with a

largely hydrophobic surface are efficiently coated with plasma components, trapped

in the liver and rapidly removed from circulation, while smaller particles can stay

in circulation. More hydrophilic nanoparticles can resist coating process to a vari-

able extent and are more slowly cleared from the blood stream [2]. Therefore, clear-

ance kinetics depend on the chemical and physical properties of the nanoparticles:

surface charges and charge density, lipophilic/hydrophilic area ratio, presence of

functional and chemically reactive groups. Consequently, successful drug delivery

requires careful control of the physicochemical properties (size and surface) of

nanovectors. Suppression of opsonization will increase the retention of nanopar-

ticles in locations other than macrophages and so afford a longer circulatory time.

In addition, macrophages are heterogeneous, in different tissues and within a tis-
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sue. PEGylation [the coating of the surface by poly(ethylene glycols)] of nanopar-

ticles has been the main approach up to now to solve opsonization problems and

short circulation times. PEG coating decreases liver, spleen, lung, or kidney clear-

ance. A large surface area is also an issue in the aggregation of nanoparticles in a

biological environment, determining the effective clearance rates and mechanisms.

7.3.3

Nanoparticle Targeting: Passive or Active

Long circulation times are efficient in both treating circulatory disorders and vascu-

lar imaging. Passive targeting depends on vascular leakage and passive diffusion

[enhanced permeability and retention (EPR) effect] of nanovectors to achieve drug

delivery. Nanoparticles escape from the vasculature compared with virus behavior

and is restricted to endothelial fenestration (between 150 and 300 nm) of leaky

areas in inflammation or tumors, or splenic filtration for non-deformable nanopar-

ticles (200–250 nm). Initially, targeting was passively achieved at the organ/tissue

level by virtue of particle size, 50–200 nm carriers restricting the distribution vol-

ume to the blood compartment.

Active (ligand-targeting, cationic lipids or polymers cytotoxic and low circulating

times) delivery using selective recognition mechanisms can be achieved with more

recent nanoparticles, and is presently under development and evaluation. There-

fore, the surface engineering of nanoparticles is a crucial determinant of their

biological behavior, and much effort is presently undertaken to improve these mod-

ifications (see below). A thorough understanding of the elaborate cell transport ma-

Fig. 7.1. Fate and distribution in the body of intravenously

injected nanoparticles – their uptake by different organs,

according to the particles’ size and surface.
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chinery as well as an understanding and the finding of targets to achieve selective

delivery will be necessary to fulfill the potential of nanobiotechnologies in cancer.

Many drugs are agonists and antagonists of chemicals inappropriately produced

by diseased cells. Intelligent systems should respond to differences in concentra-

tion of these chemicals or changes in external biological conditions, e.g., by modi-

fication of the polymer lattices, allowing increased or decreased release of drugs,

dependent on a biosensor to achieve ‘‘intelligent therapeutics’’. Delivery of thera-

peutic agents precisely where and when they are needed in the human body is be-

coming realistic due to rapid, tremendous progress in physiology, nanoparticle and

nanobiotechnology. Nanoparticles can improve the targeting of cytotoxic drugs to

cancer only if they can be directed to cancer areas and maintained there for long

time periods with their drug cargo for selective and local release of drugs such as

alkylating agents, 5-fluorouracyl, platinum derivatives, taxol derivatives, and more

selective kinase inhibitors. Chemical bonding, ionic or hydrophobic adsorption or

embedding of drugs into nanoparticles have been devised to be sensitive to cancer

tissue properties, including high proteolytic or glycolytic activity, high metabolism,

low pH, and high oxidative environments in tumors, to further ensure selective re-

lease of the drug in the tumor area. The discovery and design of intelligent mate-

rial wills be the next drug-delivery system generation for chronic diseases. These

approaches will now be reviewed.

7.4

Nanovectors in Biomedical Applications: Drug Delivery Systems (DDS) for Cancer

For general reviews see Refs. [6, 12] and references herein. Present treatments for

cancer include various unique or combined approaches, encompassing total or par-

tial surgical excision of tumor tissue, chemotherapy and radiotherapy. Anticancer

chemotherapeutic drugs are generally administered intravenously, leading to gen-

eral systemic distribution. As drugs used in cancer chemotherapy are mostly non-

selective for tumor or tumor-associated cells, important and deleterious side effects

result from their use [2, 13, 14]. These secondary effects in patients result in loss of

quality of life and necessitate drugs to alleviate them. Therefore, means are needed

to deliver drugs to specific areas of the body, maximizing drug action (exclusively

in diseased cells), together with minimizing side effects, and consequently increas-

ing treatment efficiency. Selective or targeted DDS, and in particular nanoparticles,

have the potential to achieve the goals of drug-targeted delivery:

� Delivery to a particular organ;
� to a specific cell type (differentiation from tumor and normal cells);
� to a structure within a cell (such as the nucleus in gene therapy, where targeting

to the nucleus is a prerequisite of gene expression).

They use (a) physicochemical, (b) biological or (c) chemical methods to control the

distribution of drugs to improve the outcome of chemotherapy.
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7.4.1

Physicochemical Drug Delivery

Polymers and colloidal nanocarriers (nanoparticles) can be used for passive or

active drug delivery. Passive targeting implies a physiological uptake mechanism

(filtration or macrophage sequestration), while active methods involve the use of a

recognition ligand.

7.4.2

Biological Drug Delivery

With biological targeting a specific marker (a target) is selectively expressed on dis-

eased cells and not, or at a much lower level, in normal cells. The targeting agent,

such as antibodies, a ligand for a receptor or a lectin, is covalently conjugated via

an appropriate spacer to the nanoparticle. It can be directed towards an antigen or

receptor residing on or within the target tissue.

7.4.3

Chemical Drug Delivery

Chemical methods involve the use of modified forms of active drugs, e.g., prodrugs,

by exploiting differences in pathophysiological conditions within target tissues

(e.g., pH, redox state, enzyme content) and normal tissues.

The efficiency of drug delivery depends strongly on the nanovector size and sur-

face characteristics, controlling the fate of a drug in the organism, and the selective

delivery of drugs. The size, zeta potential (surface charge, coating), release charac-

teristics (polymers and linkers), biodegradability and cytotoxicity and encapsulation

efficiency are the main factors determining efficient drug delivery. Expression at the

surface of nanovectors of cell-specific ligands can further increase selectivity. Con-

trol of the release of a drug, in a defined localization in an organism, organ, tissue,

at the cell surface or intracellularly, and the kinetics of drug release must also be

characterized. Finally, the stability, cytotoxicity, mechanisms of cell uptake and the

biodegradation of the nanovectors are also important. Passive (EPR effect) versus

active (ligand-targeting, cationic lipids or polymer cytotoxicity and poor circulating

times) delivery is also a choice to consider for efficient delivery, and must be dic-

tated by the characteristics of the cancer to be treated, whether a marked angiogen-

esis is present or not.

Various nanovectors are available to achieve drug delivery, such as liposomes,

micro/nanospheres, nanoemulsions and micro/nanocapsules. They can be used

to deliver hydrophilic drugs, hydrophobic drugs, proteins, nucleic acids, vaccines,

biological macromolecules, etc. Nanovectors, such as liposomes, protect drugs

from degradation and biological metabolism; however, liposomes have a low en-

capsulation efficiency, poor storage stability, and rapid leakage of water-soluble

drugs in the blood. As such, their ability to control the release of many drugs is

not optimal. Nanoparticles made of colloidal suspensions and biodegradable poly-
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mers offer better stability than liposomes and allow controlled release. Finally, the

efficiency of drug delivery is increased by using magnetic vectors, which can be tar-

geted with an external gradient magnetic field; such vectors also have the potential

to record the drug delivery sites as contrast agents in magnetic resonance imaging

(MRI) for diagnostics (see below). The characteristics, composition, etc. of nano-

particles (which are in clinical use, in clinical trials or under development) neces-

sary to achieve targeted delivery of anticancer agents to treat human cancers will be

reviewed as a function of their physicochemical properties and the chemical and

biological properties of the drug, or the cancer type characteristics. However, this

chapter is not an extensive review of all the published information available.

7.4.4

Nanoparticles for Anticancer Drug Delivery

For more extensive reviews see Refs. [6, 12, 15]. What has been attempted and what

are the next challenges of the nanoparticulate approach to drug delivery in cancer?

7.4.4.1 Existing Systems

Colloidal Delivery Systems Encapsulation of therapeutic agents in colloidal car-

riers, including liposomes, emulsion, solid lipid nanoparticles, polymeric particle

and polymeric micelles, form colloidal delivery systems.

Liposome Nanoparticles These nanoparticles are biodegradable and flexible, have

an aqueous core containing the drug, and are bilayer amphipathic lipids. Drugs

encapsulated in liposomes under evaluation or in clinics include paclitaxel, lurtote-

can, platinum derivatives, vincristine, doxorubicin (see below).

Emulsion/Solid Lipid Nanoparticles Here an oily core, either liquid or solid lipids

at body temperature, or a monolayer of amphipathic lipids contains the drug.

Drugs under evaluation include protoporphyrin IX, for photodynamic therapy,

and taxol (see below).

Polymeric Nanospheres Polymers [such as poly(lactide-co-glycolide), poly(vinylpyr-
rolidone), poly(e-caprolactone)] and entrapped drugs allow controlled drug release

from the polymer.

Polymeric Micelles Biodegradable polymeric micelles with the drug in the core

have been prepared from di-block copolymers (one core-forming segment, one

shell-forming segment).

Drug-conjugated Delivery Systems In these systems drugs are covalently bound to

the polymer and are either active when coupled to the polymer or after release

(acid-sensitive, enzyme-sensitive bonds) or polymer degradation.

Lipid-based or polymer–drug conjugate-based nanoparticles (<200 nm) can im-
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prove the pharmacological properties, pharmacokinetics and biodistribution, and

sustained release of free drugs. But they also present new challenges and issues

[12] that need to be taken into account for the DDS to reach clinical use, including

potency (the fewer the carrier can carry, the more potent the drug must be), the

stability of the drug carrier (either shelf or biological stability), solubility of the

drug, size of the carrier and the cargo (e.g., proteins and small carriers), charge,

carrier biocompatibility, cytotoxicity, degradation products, drug survival to chem-

ical procedures and coupling routes, rates and efficacy of drug release in the tumor

space (e.g., for schedule-dependent anticancer drug therapies drugs must stay

above minimal efficacy levels for several hours or days, for schedule-independent

drugs a large burst is more important than constant release), hypersensitivity reac-

tion to the carrier–drug conjugates. A drug linked to a carrier may have the same

activity as the free drug or, alternatively, its pharmacological properties may be

modified, e.g., the toxicity of liposomal vincristine is similar to that of the free

drug, but its potency is augmented, liposomal topotecan is protected from bio-

degradation, and doxorubicin-linked N-2-hydroxypropyl methacrylamide copolymer

displays a slow release and an increased maximal tolerated dose.

7.4.4.2 Systems under Development and Challenges

Targeted Drug Delivery Nanoparticulate Systems These are the most recent devel-

opment, presently only at the initial stages. Drugs are conjugated to ligands/

antibodies or incorporated in carriers bearing ligands/antibodies for recognition

by cell surface receptors expressed by target cells, e.g., doxorubicin-nanoparticles

targeting HerB2/neu for breast cancer. Major obstacles for the delivery of anti-

cancer drugs include the definition of selective cell-specific targets and physio-

logical barriers, in particular the epithelial and blood–brain barriers. For example,

approaches using LDL-mimic nanoparticles targeting the LDL receptors on brain

endothelial cells [16] or galactose-HPMA copolymer bearing doxorubicin for the

asialoglycoprotein receptors in liver tumors, which is under clinical trial [17], have

been attempted. One major problem in these approaches is to identify relevant tar-

geting entities in cancers compared with normal cells of the whole body. A few

have been identified and evaluated in preliminary trials, e.g., folate receptors and

PSA-doxorubicin conjugates for PSA-positive prostate cancer.

Intracellular Delivery For maximal efficacy, cancer drugs must reach their appro-

priate targets, in the appropriate location within cells, which are mainly located ei-

ther in the cytosol, the nucleus, and more recently in cell organelles such as mito-

chondria. Therefore, either drug-loaded carriers must be transported intact inside

cells, then carriers must release their cargo, or carriers must release their cargo at

the targeted-cell surface, and free drug must be transported inside cells. Colloids

and nanoparticles are mostly taken up by endocytosis in cancer cells, via the

endosome/lysosome pathway. Therefore, the drug must be released intact from

the lysosomal compartment. Most approaches have used the acidic characteristics

of this compartment to dissociate the drug from its carrier, e.g., HPMA copolymer,
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liposomes, polymeric micelles, cationic lipids and photosensitizers [18–22], and re-

lease into the cytosol; more recently, the presence of lysosomal enzymes have been

used to release covalently bound drug from a carrier system. Nuclear delivery is

also necessary for many drugs, mainly nucleic acid or protein drugs. In this case

tagging with a nuclear location signal is necessary.

Avoiding Drug Resistance Mechanisms Resistance of tumor cells to chemothera-

peutic agents is a major cause of treatment failure in cancer therapy, mainly medi-

ated by families of energy-dependent ATP-driven efflux pumps (MDR, Pgp). Lipo-

somes, polymer conjugates, polymeric micelles have the potential to overcome

resistance mechanisms, and positive results in this direction have been obtained

(reviewed in Ref. [23], and see below).

Methods of delivery and tumor targeting are key areas for the future of nanotech-

nology in anticancer therapy. For this, innovative nanotechnological methodologies

have been initiated, are under active development and will be further improved, to

achieve better, more efficient and less aggressive therapies of cancer for the whole

organism.

7.4.5

Nanoparticles for Drug Delivery in Clinical Use or under Clinical Evaluation

More extensive reviews are given in Refs. [6, 12, 24]. Several polymer–drug conju-

gates are in clinical use or under clinical evaluation as anticancer agents (Table 7.2).

Hydrophilic drugs can be easily entrapped with high efficiency in the aqueous

core of liposomes whereas hydrophobic weak bases, such as doxorubicin or vincris-

tine, are loaded by pH and chemical gradients across the liposome bilayer. Conse-

quently, as many of the agents active against cancer are hydrophobic molecules,

most presently used DDSs in clinics are liposomes, and many have been decorated

with PEG to increase their bioavailability (decreased opsonization, decreased

clearance by the RES, increased circulation time), e.g., PEGylated doxorubicin-

liposomes.

7.4.5.1 Doxorubicin Family

Liposomes encapsulating doxorubicin are the archetypal, simplest and first form of

nanoparticles used for cancer therapy. Doxorubicin-liposomes were the first to be

used clinically and ameliorated versions, such as PEGylated doxorubicin lipo-

somes, have been in clinical use for breast and other cancers for several years.

Doxorubicin belongs to the anthracyclines and is used to treat breast, ovarian,

bronchial cancers by inhibiting the synthesis of nucleic acids in cancer cells, but at

the price of cardiotoxicity and myelosuppression and a very narrow therapeutic in-

dex. Doxorubicin-liposomes of phosphatidylcholinum-carbamoyl-cholesterol coated

(glycosylated) with methoxypoly(ethylene glycol) (MPEG) (100 nm particles) to

form an hydrophilic layer that protects against phagocytosis by macrophages and

increases the circulation half-life, extravasation via defective tumor vessels and re-

lease of doxorubicin chlorhydrate selectively in tumor vicinity are in clinical use.
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Conjugates of doxorubicin and dextran have been encapsulated with chitosan (100

nm size particles) or conjugated to PLGA, PCAA or poly(g-benzyl-l-glutamate)/

poly(ethylene oxide) nanoparticles (200–250 nm), resulting in long-term in vitro
release of the drug [25] and in vivo suppression of tumor growth in in vivo
experimental models [26], proving efficacy. Efficacy was also suggested to be

macrophage-mediated [27]. Brain delivery of doxorubicin has also been obtained

by biodegradable poly(butyl cyanoacrylate)-polysorbate 80-coated nanoparticles

[28]. Recent developments of nanoparticles for doxorubicin include the develop-

ment of lecithin lipid core-drug/pluronic [poly(ethylene oxide)-poly(propylene

oxide)-poly(ethylene oxide) triblock copolymer]-shell nanoparticles, obtained by a

freeze-drying procedure [29]. In addition, solid lipid nanoparticles of cholesteryl

butyrate of doxorubicine with paclitaxel, which had additive effects [30], and nano-

particles of poly(isohexyl cyanoacrylate) able to overcome MDR and increase sensi-

tivity to doxorubicin [31], have also been developed recently.

7.4.5.2 Paclitaxel (Taxol)

Paclitaxel (taxol) is a microtubule-stabilizing agent that causes polymerization of

tubulin and cell death. Paclitaxel is used in ovarian, breast, colon, non-small cell

lung carcinomas. Paclitaxel is poorly aqueous soluble, but soluble in organic sol-

vents, and is presently formulated in Cremophor EL (polyoxyethyleneglycerol

triricinoleate 35) or polysorbate (Tween) 80 (polyoxyethylenene-sorbitan-20-

monooleate), which have important side effects and drawbacks. Strategies have

Tab. 7.2. Some nanoparticulate drugs under clinical use or

evaluation. (Adapted from Ref. [12] with modifications.)

Nanoparticulate drug Clinical use or evaluation

Doxorubicin-liposome/PEG Breast and ovarian carcinoma

Zinostatin-styrene Hepatocellular carcinoma

Liposomal-vincristine non-Hodgkin’s lymphoma

Liposomal all-trans-retinoic acid non-Hodgkin’s lymphoma

Polyglutamate-paclitaxel non-Small cell lung carcinoma

Liposomal paclitaxel Advanced solid tumors

Liposomal oxaliplatin Colorectal cancer

Liposomal lurtotecan or irinotecan Solid tumors, ovarian, small cell lung cancer

N-(2-Hydroxypropyl)methacrylamide

copolymer doxorubicin

Breast, colon, lung cancer

N-(2-Hydroxypropyl)methacrylamide

copolymer doxorubicin-galactosamine

Liver cancer
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been developed to formulate taxanes in Cremophor and Tween 80 based on phar-

maceuticals such as albumin nanoparticles, emulsions, liposomes, polyglutamates,

and prodrugs strategies [32]. New formulations that have been developed in-

clude biodegradable nanoparticle formulations (140 nm mean diameter) using

poly(lactic-co-glycolic) and nanoprecipitation in acetone, showing efficiency and

high incorporation loading [33, 34], poly(ethylene glycol)-poly(lactide) (PLGA)

nanoparticles (<100 nm) [35–38] and d-a-tocopheryl PEG as an emulsifier. In addi-

tion, the use of methoxy poly(ethylene glycol)-poly(lactide) (MPEG-PLA) results in

a slow and long-lasting release after an initial burst [39]. More recently, entrap-

ment of paclitaxel by hydrophobic forces in micelles of block copolymers (NK105)

led to increased blood stability, bioavailability and anticancer drug efficacy, ex-

tended in vivo antitumor activity and reduced the neurotoxicity of paclitaxel [40].

7.4.5.3 5-Fluorouracil

5-Fluorouracil is used in the treatment of rectum, colon, breast, stomach, pancreas,

liver, uterus, ovarian and bladder cancers. Intravenous injection of an aqueous so-

lution of 5-fluorouracil inhibits cell growth by blocking thymine (5-methyluracile)

formation, and DNA synthesis, and the formation of aberrant RNA; however, the

drug is very short-lived under this route of application. For clinical formulation,

5-fluorouracil has been incorporated in dendrimers of poly(amidoamine) modified

with mPEG-500 by simple incubation due to the hydrophilicity of the drug, achiev-

ing longer-lasting release than the free drug. The in vivo half-life of 5-fluorouracil, a
clinical problem necessitating continuous infusion for several hours, has been in-

creased by drug formulation by a diafiltration procedure in biodegradable amphi-

philic PEG-poly(g-benzyl-l-Glu) micelles (180–250 nm) and an hydrophilic shell of

30 nm [41].

7.4.5.4 Tamoxifen

Tamoxifen is a non-steroid inhibitor of estrogen receptors mainly used to treat

breast cancer. For clinical use, tamoxifen is encapsulated within PEG-coated nano-

spheres and located at the nanosphere surface, resulting in immediate drug release

[23]. More recently, tamoxifen was encapsulated in poly(ethylene oxide)-modified

poly(e-caprolactone) nanoparticles of an average diameter of 150–250 nm, for tar-

geted delivery of tamoxifen to breast cancer. The primary site of accumulation in
vivo was the liver; however, 26% of the total drug-loaded nanoparticles were recov-

ered in the tumor at 6 h post-injection, increasing further with time. Extended

presence in the circulation was also observed. Therefore, these nanoparticles

achieved preferential tumor-targeting and a circulating drug reservoir [42]. Anti-

estrogens were also incorporated at high amounts in nanocapsules [polymers

with an oily core and coupling with PEG] displaying enhanced anti-tumoral activity

toward breast cancer cells [43].

7.4.5.5 Cisplatin

Platinum derivatives (cisplatin and carboplatin) are inorganic metallic complexes

of the Pt2þ cation and pairs of chloride and amino ligands in the cis position for
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cisplatin. Their mechanism of action resembles that of alkylating agents active on

DNA, independently of the cell cycle. Cisplatin, alone or in combination with other

drugs, is used to treat testicular, ovarian, bladder, prostate, respiratory carcinomas,

and lymphoma, sarcomas and melanoma. Platinum derivatives have a short half-

life in the biological environment and are frequently associated with drug resis-

tance in many cancers and, therefore, their entrapment in liposomes has been

attempted to enhance efficacy – these formulations are presently under clinical

evaluation [44–47].

7.4.5.6 Campthotecins

Campthotecins (irinotecan and topotecan) are cytostatic drugs that act as specific

inhibitors of DNA topoisomerase I, active in S phase and on P-glycoprotein

(MDR)-positive cells, with activity that depends on exposure time; they induce

single-strand lesions in DNA and inhibition of replication. They are in clinical

use mainly for advanced colorectal cancer in conjunction with 5-fluorouracil, but

are extremely hydrophobic. Lipid-based nanoparticles (100–375 nm) of irinotecan

have been prepared and their activity was size-dependent: 375 nm irinotecan-

nanoparticles > irinotecan > 100 nm irinotecan-nanoparticles > no treatment [24].

7.4.5.7 Methotrexate

Methotrexate is a cytotoxic antagonist (antimetabolite) of folic acid during the S

phase of the cell cycle of actively proliferating cells, acting by competitive inhibition

of dihydrofolate reductase and blocking the reduction of dihydrofolic acid (FH2)

into tetrahydrofolic acid (FH4), and hence the synthesis of pyrimidine and purine

bases and amino acids, and of DNA, RNA and protein synthesis. Methotrexate has

been entrapped in triblock poly(trimethylene carbonate)-PEG-poly(trimethylene

carbonate) copolymer core–shell type nanoparticles (50–160 nm) by ring-opening

polymerization [48]. Very recently, in a very elegant approach, polyamidoamine

(PAMAM) dendrimers (<5 nm size), conjugated to folic acid for tumor targeting

and methotrexate as anticancer agent for tumor treatment, injected i.v. into folate

receptor-positive human KB tumor-bearing immunodeficient mice displayed in-

creased anti-tumor activity of methotrexate and markedly decreased toxicity, allow-

ing a tumor drug dosage not possible with the free drug [49].

7.4.6

New Experimental Drugs and Therapies

7.4.6.1 Proteins, Peptides, their Inhibitors and Antagonists

� The cysteine protease cathepsin B inhibitor cystatin, potentially active as an

anticancer drug, has been incorporated in poly(lactide-co-glycolide) nanoparticles
(300–350 nm size), preserving its cathepsin B inhibitory activity; it was internal-

ized and was cytotoxic for tumor cells whereas free cystatin was not [50, 51].
� Conjugation of an anti-EGF receptor monoclonal antibody to colloidal gold nano-
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particles increased their selectivity toward cancer cells versus non-cancer cells,

suggesting their utility in both detection and targeted delivery [52].
� Magnetic nanoparticle-loaded anti-Her2 immunoliposomes have been developed

for a combination of antibody therapy with hyperthermia [53].
� Increased transmembrane transport has been observed using positively charged,

membrane translocation-inducing poly-d-Arg and Tat-peptide crosslinked to dex-

tran nanoparticles (30 nm) [54].

7.4.6.2 New Drugs

� All-trans retinoic acid incorporated in solid lipid nanoparticle powder displayed

increased stability, decreased hemolytic toxicity, and efficacy was maintained

against human cell lines [55].
� Clinical application of cucurbitacin in poly(lactic acid) nanoparticles (85 nm di-

ameter), as anticancer targeting against metastasis foci of cervical lymph nodes

in patients with oral carcinoma, displayed enhanced efficacy, decreased side ef-

fects and a long-lasting high concentration of the drug in lymph nodes [56].

7.4.6.3 New Therapeutic Approaches: Photodynamic Therapy (PDT)

Ceramic-based nanoparticles entrapping water-insoluble photosensitizing anti-

cancer drugs have been developed as a novel drug-carrier system for the PDT of

tumor cells [57]. Methylene blue, as a photosensitizer and a source of singlet oxy-

gen in PDT, has been encapsulated in polyacrylamide, sol–gel silica or organically

modified silicate sub-200 nm nanoparticles. Of these three matrices, polyacryla-

mide was the most efficient delivery system but its content in methylene blue was

low, whereas the opposite was true for the sol–gel nanoparticles. PDT treatment of

cells was demonstrated to be efficient [58]. PDT protocols have also been developed

using photosensitizers incorporated in PLA-PEG nanospheres and tumor irradia-

tion (EMT-6 cells). However, the large (>900 nm) particle size did not allow high

enough intra-tumoral accumulation [59]. Therefore, the nanoplatform represents a

functional system for decreasing the side effects in detection and therapy of cancer

in PDT protocols.

7.4.7

Gene Therapy

Viral vectors are very efficient but present the inherent risk that the inactivated

virus reverts to wild-type and that viruses induce immunogenic reaction. There-

fore, attempts have been made to replace viruses by synthetic vectors with im-

proved safety, greater flexibility and easier manufacturing. Synthetic polymers

(mainly cyclodextrin-modified, branched polyethyleneimine) are generally cationic

molecules to which negatively charged DNA or RNA molecules electrostatically

bind, forming polyplexes of a few tens to hundreds of nm in diameter, but with

excess cationic charges maintained to favor cell uptake. Serum stability, aggrega-

tion, and clearance of polyplexes depend on the packaging polymer and surface
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modification. Surface modification with a hydrophilic polymer, such as PEG, N-

2(hydroxypropyl)methacrylamide, oligosaccharides and sugars or proteins, can in-

crease serum compatibility and provides a basis for chemically grafting target

addresses, which include membrane receptors, lectins, transferrin, antibodies,

lectins. Targeting efficacy depends on the conjugation chemistry, the length and

chemical composition of the spacer between the polyplex and the ligand, the ki-

netics characteristics and the number of interactions between the ligand and recep-

tor. Intracellular trafficking and endosomal escape are also important factors for

targeting approaches.

Polymers used for gene delivery include polylysine, branched polyethylenei-

mine, poly(amidoamine) dendrimers, membrane-disrupting pH-responsive or

pH-degradable acrylate-based polymers, allowing lysosomal escape, peptides, cyclo-

dextrins and non-cytotoxic biodegradable polymers of l-glycolic acid (for a discus-

sion of the advantages/disadvantages of the various polymers see the reviews in

Refs. [60–62]). However, whereas substantial progress has been made in vitro, their
utilization in clinics remains to be evaluated. Moreover, the much lower efficacy of

all synthetic vectors than that of viruses makes them generally considered as un-

acceptable for clinical applications.

7.4.7.1 Nanoparticle for Gene Delivery: Non-chitosan and Chitosan-type Polymers

Progress in gene therapy has relied on the emergence of polymeric and non-

polymeric nanoparticles that have been investigated for their ability to deliver

genes, mainly encompassing two families: chitosan-related and chitosan-unrelated

materials.

Non-chitosan Polymers

� Polyethyleneimine-DNA complexes (39–1200 nm) linked to PEG coated with

transferrin or EGF have achieved 10–100� higher tumor selectivity over other

organs in mice [24].
� Dextran-SPION plasmid as a model for gene carrier (59 nm effective diameter)

has achieved efficient transfer in a human bladder cancer cells line [63].
� Positively charged calcium phosphate nanoparticles (30 nm) were able to transfer

foreign DNA with high transfection efficiency and were less cytotoxic than DNA

liposomes [64].

Chitosan-type Polymers The inclusion of poly(propyl acrylic acid), which disrupts

lipid bilayer membranes at defined pH incorporated in chitosan-DNA plasmid, in-

creased delivery from the endosomal to cytoplasmic compartment for non-viral

gene delivery [65].

7.4.8

New Approaches

Recent, new and innovative approaches have been aimed mainly at (a) improving

existing systems, by enhancing biocompatibility, biodegradability and biological
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characteristics of existing systems, and (b) developing novel nanotechnological ap-

proaches for drug–nanoparticle preparation as anticancer agents (for more detailed

reviews see Refs. [6, 23]).

7.4.8.1 Improvement of Biological Characteristics

Conventional Drug-loaded Nanoparticles These nanoparticles are rapidly opson-

ized in the circulation and cleared by the RES, mainly macrophages, in the liver,

spleen, lungs, bone marrow where drug accumulates. Conventional nanoparticles

induce some cytotoxic effects against phagocytes, and drugs accumulate in bone

marrow and result in myelosuppression, an unfavorable event. Nephrotoxicity has

also been observed. However, the drug-nanoparticle toxicity profile is more favor-

able than the free drug toxicity profile, in particular for the cardiotoxicity of doxor-

ubicin. The accumulation of nanoparticle-doxorubicin in the lysosomes of Kupffer

cells in the liver, but not in tumor cells, acts as a long-term active drug delivery sys-

tem [66]. For example, in mice treated with doxorubicin-poly(isohexyl cyanoacry-

late) (PIHCA) nanospheres [67] the drug accumulates in the liver, spleen and

lungs, but a reduction of hepatic metastasis and a longer life span were also ob-

served [68] compared with free doxorubicin. The same was seen for actinomycin

D adsorbed on poly(methyl cyanoacrylate) (PMCA) and lung accumulation [69],

and for actinomycin D adsorbed on the more slowly degradable poly(ethyl cyano-

acrylate) (PECA) and small intestine accumulation [70] or vinblastine incorporated

into PECA and accumulation in the spleen [70]. Therefore, as both the polymer

composition and the drug chemical characteristics, as well as the location in the

nanoparticle (adsorbed or incorporated), are important for tissue localization these

factors have been modified.

An ideal drug carrier should be a system that can reside in vivo for long periods,

targeting particular cell types, compartmentalizing a large set of molecules and re-

leasing them in the appropriate environment at the appropriate rate and dose. Cre-

ating a toolbox of molecules that hierarchically assemble in ordered structures, spa-

tially and chemically controlled, is requisite to making them attractive and efficient

for encapsulating and delivering drugs. The chemistry used to achieve biomimetic

assemblies, which consist of the polymer, a linker and a bioactive molecule, has

been reviewed [71]. Di- or tri-block copolymers with low polydispersity can be ob-

tained via anionic polymerization. Subsequent manipulation involves self-assembly

at concentrations favoring spherical micelles, controlled crosslinking using radical

chemistry to obtain a hydrogel shell and polymer micelle architecture, followed by

conjugation with a biological molecule to achieve targeting, such as peptides via a

carboxyl end group on the polymer. The most commonly incorporated polymer

is PEG [poly(ethylene glycol)], a flexible water-soluble molecule that can be end-

functionalized to obtain aldehyde, methacryloyl, hydroxyl, primary amine, acetal,

mercapto groups, and copolymerization with other polymers [72–74]. The chem-

ical procedures available have been outlined [71].

Factors controlling the rate of drug release are not well understood but depend

on the assembly morphology, drug molecular weight, chemical composition, etc.

These factors have also been addressed. Biodegradable polymers are preferred for
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controlled drug delivery systems, and are made of natural or synthetic polymers,

which have the advantage over natural polymers in that they can be tailored to ob-

tain defined properties. They must match the mechanical properties and degrada-

tion rates required for the application. Commonly used biodegradable polymers for

biomedical applications include polyglycolic acid, l-, d-, dl-polylactic acid, poly(cap-

rolactone), poly(dl-lactide-co-glycolide), and poly(vinyl alcohol). These polymers

have features such as controllable mechanical properties, controllable degradation

rates, minimal toxicity and immune responses [75].

Long-circulating Biocompatible and Biodegradable Drug-loaded Nanoparticles To es-

cape the RES, stealth nanoparticles that are ‘‘invisible’’ to macrophages, and which

are long-lasting in the blood compartment, need to be designed. For this, modifica-

tion of the surface (hydrophilic/hydrophobic) and a small size (<100 nm) of the

colloidal carrier are essential [23]. The hydrophilicity of the carrier and sustained

drug release are also important. A previous breakthrough was the use of PEG or

polysaccharides to coat the nanoparticle surface and, thereby, repel plasma pro-

teins. Hydrophilic polymers are either adsorbed at the surface of nanoparticles or

are block copolymers. Finally, covalent linkage of amphiphilic copolymers is the

preferred way to obtain a protective hydrophilic coat, using poly(lactic) (PLA),

poly(caprolactone), or poly(cyanoacrylate) copolymers chemically coupled to PEG.

Controlled drug-delivery systems are generally based on either diffusion or degra-

dation of the polymer. The choice of polymer depends on potential interactions

with the drugs, surface characteristics, the hydrophilic–hydrophobic balance, sur-

face charges, and the biological properties of the target. Novel approaches to solve

the drug release problems have been addressed.

The preparation and characterization of biodegradable/bioerodible polymers for

the controlled targeted release of proteic drugs (interferon or growth factors for tis-

sue engineering) have been described. Bioerodible polymeric matrices are hemiesters

of alternating copolymers of maleic anhydride with alkyl vinyl ethers of oligo(ethy-

lene glycol). Hydrophilic shell coating to minimize opsonization was achieved with

grafted b-cyclodextrins. Coprecipitation was used for formulation, based on drop-

wise addition of synthetic polymer in water-miscible organic solvent to aqueous

protein solution under stirring, followed by the addition of the glycolipid. Particles

130–150 nm diameter were obtained, with b-galactose residues exposed at the sur-

face. Biodegradable polymer matrices solve the issue of removal of the device after

drug delivery. Among them, poly(malolactonates) are biocompatible, degrading to

malic acid, and contain reactive side-chain carboxyl groups that can be esterified

[76] for adjustment of the hydrophilic–hydrophobic balance [76–81]. The starting

components are commercially available and nanoparticles of 100–150 nm can be

obtained by coprecipitation (reviewed in Ref. [82]).

The effects of the following surface modifications have also been evaluated:

� Poly(lactic-co-glycolic acid) nanoparticles coated with vitamin E TPGS [82, 83], or

polysaccharide-decorated nanoparticles [84].
� Poly(alkyl cyanoacrylate) nanoparticles [85].
� Amphiphilic poly(lactic)-pluronic block copolymers, which can release either hy-
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drophobic anthracene and hydrophilic procaine drugs due to slow hydrolytic deg-

radation of poly(lactic acid) [86].
� Poly(ethylene oxide)-b-poly(N-isopropylacrylamide) nanoparticles with crosslinked

cores as hydrophobic drug carriers [87].

7.4.8.2 New Technological Approaches

Local Administration and Long-time Delivery Small particles injected locally in the

tumor vicinity infiltrate gradually the lymphatics, representing a tool for lymph

node metastases, and locoregional adjuvant therapy, for breast cancer for example.

In this model the size and choice of the carrier are of fundamental importance

to avoid clogging of small lymphatic vessels. For this purpose magnetic systems

would be a good choice (see below).

Polymer gels have been designed for controlled release and as systems for modu-

lated delivery. The hydrophobic–hydrophilic balance of a gel carrier can be modu-

lated to provide useful diffusion characteristics for periods up to months. Current

polymer network drug delivery systems incorporate the pharmaceutical agent by

imbibition, equilibrium partitioning after the network is formed, before or after

polymerization depending on the drug stability to UV light. Reference [88] gives a

more extensive review of the features of these devices.

New Materials Evaluated as Carriers: Thermoresponsive or Oxidation-sensitive Materi-

als The preparation and characterization of ‘‘intelligent’’ core–shell nanoparticles

has been described. Thermoresponsive, pH-responsive and biodegradable nanopar-

ticles of poly(d,l-lactide)-graft-poly(N-isopropyl acrylamide-co-methacrylic acid) have

been developed as a core–shell type nanoparticle with high drug loading capacity.

A hydrophilic outer shell and a hydrophobic inner core, with a phase transition

above 37 �C, have been prepared. Heating above the phase transition temperature

or pH modification caused leakage of the drugs, demonstrating the potential of

these nanoparticles as drug carriers for intracellular delivery of anticancer drugs

[89]. Monodisperse polymeric nanoparticles of polyacrylic/isopropyl acrylamide,

prepared by seed-and-feed method, displayed inverse thermogellation at 33 �C.

Therefore, drug–polymer mixtures that are liquids at room temperature become a

gel at body temperature without chemical reaction, allowing the sustained release

of drugs [90]. Oxidation-sensitive polymeric nanoparticles of crosslinked polysul-

fides have also been developed as oxidation-sensitive vehicles for hydrophilic or hy-

drophobic drugs able to release drugs in the more oxidative environment of cancer

and inflammation [91].

7.4.9

Superparamagnetic Iron Oxide Nanoparticles (SPIONs) as Magnetic Drug

Nanovectors

Nanovectors able to both detect cancer and deliver drugs have also been developed,

mainly using the outstanding superparamagnetic properties of iron-oxide nanopar-

ticles. Superparamagnetic iron oxide nanoparticles (SPIONs) are usually used as
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magnetic nanovectors since their superparamagnetic properties, depending on their

nanoscale size, make them magnetic in the presence of an external magnetic field,

but no magnetic remanence remains after removal of this external field. Magnetic

nanoparticles offer additional attractive possibilities in biomedicine since their mag-

netic properties allow them to be manipulated by an external magnetic field gradi-

ent, further improving chemical and biological drug delivery strategies, in addition

to magnetic resonance imaging (MRI) contrast enhancement detection of their sites

of localization. Previous experiments using this approach have been performed by

some groups with magnetic particles or magnetic liposomes, ranging from 10 mm

to 100 nm, loaded with chemotherapeutic agents [92–94]. Some positive effects

were obtained, in particular a decreased general toxicity, due to lower dosages, of

the agents. This approach has the advantage of being non-invasive and efficient.

Biocompatible superparamagnetic nanoparticles have been developed for in vivo
biomedical application, mainly in magnetic resonance imaging [63, 95, 96], and

have been only preclinically evaluated in the tissue-specific release of therapeutic

agents [97]. Dextran-SPIONs have been used in gene transfer experiments in a hu-

man bladder cancer cell line [98]. SPIONs combined with albumin [99] or as lip-

osomes with antibodies targeting Her2 have been used for combination of anti-

body therapy with hyperthermia [53]. Surface modification of the PEG film of

SPIONs with folic acid decreased their uptake by mouse macrophages and in-

creased their uptake by human cancer cells [100]. Anionic SPIONs, coated with al-

bumin, were taken up by cells [101], and anionic to cationic surface charge in the

acidic lysosomal compartment may allow escape from the endo-lysosomal com-

partment to the cytosol [102]. Dextran-coated SPIONs of 150 nm, but not of 10

nm, were taken up by macrophages involving type I and II scavenger receptor

SR-A-mediated endocytosis [103]. For the latter application, the internalization of

nanoparticles into specific cells is the critical step, but is limited by non-specific

targeting and a low efficiency of internalization of the endocytosed ligands grafted

on the nanoparticles [104]. Clearly, this step needs to be improved to enhance effi-

ciency. Few published studies have addressed the uptake by cells or the cell-surface

binding of functionalized superparamagnetic nanoparticles [105]. Therefore, a

firm theoretical foundation of magnetic drug targeting is still lacking.

Interactions of magnetic nanoparticles with cells may have an impact on cell

functions. Macaque T cells labeled with monocrystalline SPIONs following adsorp-

tive pinocytosis or receptor-mediated endocytosis and which localized in the cyto-

plasm did not cause any measurable effects on T cell functions [106]. Conversely,

transferrin magnetic nanoparticles localized to the cell membrane without induc-

ing endocytosis, but this surface localization induced the expression of several

genes of the cytoskeleton and cell signaling pathways [107].

7.5

Targeting

Detecting and treating cancer by targeted means at the earliest possible stage of

cancer will improve the quality of life and the life expectancy of patients. The use

of nanoparticles has a bright future towards achieving these goals. Probably the
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most promising features of nanovectors are related to the possibility of modifying

their properties, mainly their surface, to achieve organ-, tissue- and cell-specific

and -selective delivery of anticancer drugs, to increase drug efficacy and decrease

side effects, and ultimately improve the quality of life and survival of patients.

Technical problems of developing targeting nanoparticles include the increased

complexity/size of the nanoparticles, as well as the increased risks of adverse reac-

tions, while advantages include the fact that more drug will reach the target, selec-

tivity is increased, the delivery of multiple agents at the same site will become

possible for targeted combination therapies, and the ability to bypass biological bar-

riers.

Cancer targeting using drug-loaded nanovectors may be achieved in three ways:

1. Using the tissue characteristics of cancer, mainly the leaky vessels associated

with many human cancers – what has been called passive targeting.

2. Using the characteristics of cancer cells, mainly increased metabolism and active

cell proliferation, and active circumstantial targeting.
3. Using molecular markers overexpressed by either cancer cells or cancer-

associated cells, mainly the neo-angiogenic endothelium of cancer tissue, and

active molecular targeting.

Active targeting of drugs to cancer is probably the most challenging bio-

nanotechnological approach. To achieve these goals it will be necessary to:

1. Define valid targets: markers of tumor and tumor-associated cells and vascula-

ture.

2. Develop the necessary chemistry to bind drugs to nanovectors: validate synthetic

routes.

3. Release the drugs at the right place and time from the carrier: develop intelli-

gent linkers.

4. Achieve intracellular delivery: define cell penetration means and organelle ad-

dresses.

The greatest challenge in designing strategies for targeting is to define the optimal

targeting system, able to selective bind to tumor or tumor-associated cells, then to

trigger internalization of the drug cargo (for a more extensive review see Ref. [24]).

Most studies have used a modification of the nanoparticle surface, e.g.,

� covalently-linked antibodies,
� tumor vascular markers (RGD and integrins, VEGF-R, EGF-R),
� and permeation-enhancing agents.

The endothelium is a very attractive tissue for drug targeting using nanoparticles

in cancer. Surface properties of the nanocarrier may provide passive–active target-

ing to endothelium, e.g., polystyrene nanoparticles arrest in bone marrow endothe-

lium, followed by receptor-mediated endocytosis [108], while polysorbate 80-coated

nanoparticles arrest in the blood–brain barrier vasculature [16, 28]. Cationic lipo-
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somes are internalized within 1 h in endothelial cells, according to an organ- and

vessel-specific manner [109], and these effects are likely mediated by vessel-type

specific properties. Recent approaches have also provided information concerning

specific molecules expressed by the various endothelia. Issues to consider in target-

ing tumor vasculature include the fact that tumors are poorly perfused, tumor vas-

culature destruction is not enough to totally destroy tumors, that high intratumoral

osmotic pressure will result from antiangiogenic therapies, and it has to be consid-

ered that the destruction of tumor vasculature will also result in the loss of access

to the tumors.

7.5.1

Passive Targeting

Passive targeting utilizes tissue features that are characteristics of cancer, mainly

the defects of the cancer vascular system, enhanced permeability and retention

time of tumor vasculature and tissue [24], avoiding trapping in the RES, or kidney

clearance. Heterogeneity of blood flow in a tumor is also a challenge, but the leaki-

ness of tumor vasculature and the poor lymphatic drainage of human cancers may

be advantageous, allowing an enhanced permeation and retention (EPR) effect.

Following systemic administration, drug delivery devices to solid tumors must be

transported through blood vessels, across the vascular wall into the surrounding

tissues, and through the interstitial space within a tumor. These processes are de-

termined both by the characteristics of the drug and of the delivery system, and by

the biological properties of tumors. Functional and morphological differences exist

between normal and tumor-associated blood and lymphatic vasculature, offering

therapeutic opportunities and windows for the delivery of therapeutic agents [110,

111].

Tumors smaller than 2–3 mm in diameter receive nutrients, oxygen, etc. from

the surrounding host tissue by diffusion and do not develop their own vasculature,

and will not be targeted by passive targeting. The growth of tumors results in the

development of their own vascularization, which is more heterogeneous and heter-

ogeneously distributed, larger, tortuous and permeable than that of normal tissue,

depending on the tumor. In a tumor, defects in tumor vasculature result in in-

creased resistance to flow, lower blood flow and decreased perfusion of tumor tis-

sue. In tumors the lymphatic system, which returns the interstitial fluid to blood

circulation, is defective. The lack of lymphatic drainage in solid tumors also results

in decreased water clearance and the retention of high molecular weight compo-

nents (>40 kDa), but at the price of increased interstitial pressure and decreased

extravasation from blood vessels. The extravasation of molecules is accompanied

by fluid movement across the leaky vessel walls by passive diffusion or convection,

dependent on the hydrostatic and osmotic pressure differences between blood and

interstitial space. Small molecules mainly diffuse whereas large molecules are

transported by convection/pressure differences. In a tumor, convection is directed

out of the tumor. Macromolecules, extracellular matrix and cell density are impor-

tant factors in the repartition of therapeutic agents in the tumors.
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Thus, in cancer, blood perfusion is heterogeneous, the vascular wall frequently is

collapsed and the intratumoral hydrostatic pressure high; therefore, nanoparticle

distribution is unpredictable. Passive diffusion of nanoparticles (20–150 nm) at

sites of vascular leakage in cancer is possible. Drug release, near the cancer, by

the carrier must follow extravasation and drug therapeutic dosages must be

achieved. The release rates depend on both the drug and chemical and biophysical

properties of the nanomaterials and on the biological characteristics (pH, redox,

etc.) of the tissue where the drugs has to be released and be active. Drug release

from the nanocarrier remains an issue – some polymeric materials do not allow

drug release at levels and rates that are compatible with those necessary for treat-

ment efficacy.

7.5.2

Active Targeting

Actively targeted treatment of cancer and tumor-specific targets include nanopar-

ticle delivery systems selective either for cells forming tumor angiogenic vessels

and stroma or tumor cells.

7.5.2.1 Targeting Cancer-associated Cells

Human cancers are heterogeneous entities, made of several different cell types: the

tumor cells, the normal cells from which tumor cells have evolved, the cells form-

ing the normal and the tumor-associated vascular system, fibroblasts and tumor-

associated fibroblasts, and immune cells and cancer-associated immune-cells

(mainly macrophages and lymphocytes). Theoretically, all these cells may be useful

for drug targeting, but presently the cells forming the tumor vasculature have been

evaluated in most experimental approaches.

Targeting Cancer Vasculature The molecular signature of the endothelial surface is

tissue- and disease-specific, allowing one to direct functionalized nanoparticles to

selected sites through vascular markers, via appropriate ligands, receptors, and en-

zymes. Drugs in cancer may be targeted using angiogenesis-associated molecules,

such as the receptors for VEGF/VPF, bFGF, PDGF, or proteases associated with

invasion, such as the matrix metallo- and serine-proteases. The use of angiogenesis

inhibitors as drugs, including IFNa, -b, or g, thrombospondins, TIMPs, and anti-

VEGF antibody (Avastin), has been investigated. The inhibitors approach allows

one to combine drug targeting and anti-angiogenic therapy. Gene therapy using

liposome and poly(N-vinyl-2-pyrrolidone) delivery [112, 113] with the integrin avb3

and lipid-based cationic nanoparticles to target a mutant of Raf [114] has been

shown to be a potential approach only in animal models. A web site exists that lists

the clinical trials and molecules under evaluation [24].

Macrophages In cancer, macrophages have been used in the detection of lymph

node metastasis with SPIONs (see Section 7.4.9). The targeting of tumor-

associated macrophages for therapy has been little attempted to date, but might in
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the near future become an option since these cells are involved in cancer progres-

sion. The lessons gained from knowledge acquired of immune, inflammatory, in-

fectious and vascular disorders may be important.

7.5.2.2 Targeting Cancer Markers

To achieve active targeting and drug delivery to the right cells based on molecular

recognition processes, including ligand–receptor and antibody antigen, high ex-

pression at the tumor cell-surface of cancer-specific molecules is to be used. How-

ever, such molecules are frequently cancer-type specific and not expressed by all

cancer cells in human cancers, resulting in resistance mechanisms. Pro-drugs,

whose activation depends on specific biological properties of cancer cells, can also

be useful in achieving treatment selectivity. Among these approaches, peptidase- or

acid-sensitive linkers have been evaluated. For example, adriamycin conjugated to

PEG via a linker containing Ala-Val, Ala-Pro, Gly-Pro sequences that can be cleaved

by proteolytic enzymes displayed tumor cell selectivity [115]. Liposomes may be

destabilized by enzymes, e.g., phospholipases or proteases, which are highly ex-

pressed and secreted in many cancers; depending on the lipid composition and

structure, pH changes or the high redox potential associated with the cancer envi-

ronment can also be useful for this purpose.

To achieve these goals, the methods of assembling recognition molecules on the

surface of nanoparticles, through adsorption or chemicals linkages, must be devel-

oped and validated. The surface density, orientation, presentation, spacing, and

conformation of ligands on the surface of nanoparticles are crucial for the success

of the ligand–receptor binding and, therefore, targeting and drug delivery. Particle

stability, aggregation, and degradability may become problematic. If intracellular

delivery of therapeutics is the goal, the choice of the ligand–receptor pair is of the

upmost importance (phagocytosis, endocytosis, lipid rafts, receptor-mediated, etc.)

for efficiency of internalization, the cellular localization of the nanoparticle pay-

load, and the pattern of activation of cell signaling pathways.

These approaches may bypass multidrug resistance systems, but drug release

from the carrier in a biological situation is still a major problem.

Folate and Folate Receptor One of the most investigated approaches involves the

folate receptor, which is expressed at the surface of many cancer cells. Targeting

may be obtained with folate linked to PEG to target folate receptors overexpressed

on cancer cells, such as ovarian, lung, colorectal cancers, and internalization of the

nanocarrier by this receptor [116]. Folate-PEGylated cyanoacrylate nanoparticles

have been developed [104] and high affinity was achieved, probably due to in-

creased multivalent interaction of folate-nanoparticles with the clustered folate

receptors on the cell surface. As a consequence, increased internalization of encap-

sulated drug was achieved. Monodisperse (10 nm) magnetite nanoparticles, deriv-

atized with PEG-folate, were more efficiently taken up than PEG or folate nano-

particles by breast cancer cells [117]. Folate-mediated uptake of folate-conjugated

albumin nanoparticles (mean diameter 70 nm) prepared by a coacervation method

and chemical crosslinking has been demonstrated in ovarian SKOV3 cancer cells
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[118]. Polyamidoamine (PAMAM) dendrimers, <5 nm, conjugated to folic acid

and methotrexate as anticancer agent were injected i.v. into folate receptor-positive

human KB tumor-bearing immunodeficient mice. The folate-derived dendrimers

concentrated in the tumor and methotrexate was internalized into tumor cells.

The anti-tumor activity of methotrexate was increased and toxicity markedly de-

creased, allowing a tumor drug dosage not possible with the free drug [49].

Antibodies Targeting via monoclonal antibodies (listed in Table 7.1 of [24]) has

been attempted, either as direct therapeutic agents or as carriers for drug delivery

systems, to exploit differences between the expression of the corresponding anti-

gens in cancer and normal cells [119].

Breast cancers express high levels of estrogen and EGF receptors, and prostate

cancers express androgen receptors, which can also be used to achieve targeting.

The ERB-2 receptor, a growth factor receptor belonging to the EGF receptor family,

is overexpressed in about one-quarter of human breast cancers. An experimental

study has used commercial liposomal doxorubicin, incubated with an anti-ErbB2

antibody coupled to modified PEG, to induce faster and greater tumor regression

[120]. Chemical conjugation of mitoxantrone-loaded nanospheres and anti-C-erbB-

2 monoclonal antibodies to nanospheres (665 nm mean diameter) prepared by

an emulsion heating solidification technique displayed selective binding to breast

cancer cells [121]. The conjugation of an anti-EGF receptor monoclonal antibody

to colloidal gold nanoparticles increased their selectivity toward cancer cells versus

non-cancer cells, suggesting their utility in both detection and targeted drug deliv-

ery [52]. Interaction of immunotargeted nanoshells, optically active nanoparticles,

whose relative dimensions allow either the scattering or absorption light and,

therefore, the imaging or photothermal destruction of target tissue, has been dem-

onstrated in Her2-positive breast cancer cells [122].

Carbohydrates Liver cells express asialoglycoprotein, a galactose ligand, that has

been evaluated as a target for primary or metastatic liver cancers. Nanoparticles

based on biotinylated diamine-terminated PEG and using the galactose moiety of

lactobionic acid as targeting agent and A11-transretinoic acid as drug have afforded

a constant drug release in vitro over one month [123, 124].

Transferrin Receptors Transferrin receptors are overexpressed at the surface of

many tumor cells, and have been used for liposomes or PEGylated liposomes of

doxorubicin or cisplatin for intracellular targeting of tumor cells [125].

7.5.3

Intracellular Drug Delivery

Nanoparticles (nanovesicles, nanocontainers, liposomes) are generally internalized

into cells via fluid phase endocytosis, receptor-mediated endocytosis or phagocy-

tosis, resulting in the potential delivery of the nanoparticles in different cell com-

partments [125–128]. Efficient cytoplasmic delivery of drugs is important for drugs
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whose action is intracellular, and sustained cytoplasmic delivery of drugs with intra-

cellular receptors can only be envisioned using biodegradable nanoparticles [129].

Nanoparticle made from poly(dl-lactide-co-glycolide) can rapidly (of the order of

minutes) escape the endo-lysosomal compartment, in intact form, after internal-

ization, and reach the cytoplasm [102]. This escape mechanism is related to

the anionic to cationic surface charge in the acidic environment of endosomes-

lysosomes. pH-Sensitive liposomes have been designed using phospholipids/pH-

sensitive polymethacrylate [130, 131], which become unstable at the acidic pH of

lysosomes. Therefore, to date most approaches have involved pH effects between

cellular compartments and surface-functionalized drug-loaded nanoparticles. Chi-

tosan nanoparticles uptake was inhibited by chlorpromazine, suggesting clathrin-

mediated endocytosis [132]. Wheat-germ agglutinin-PLGA nanoparticles were

taken up by lung carcinoma cells according to a receptor-mediated, caveolae-

dependent mechanism [133]. Exocytosis and intracellular retention are also factors

that may control the efficacy of cellular delivery. A study using PLGA nanoparticles

has shown that uptake is an endocytic, concentration, time and energy-dependent

process [134]; however, a large proportion of the endocytosed nanoparticles were

excreted from cells by an energy-dependent exocytic process as early as 30 min

later [134].

Nanoparticle surface manipulations may be performed to increase cytoplasmic

delivery, in particular with protein-transduction domain peptides [54, 135, 136]

such as HIV-TAT peptides, or poly-Arg. These effects are related to the interaction

of positively charged peptides with negatively charged heparan sulfate proteogly-

cans and sialic acid-containing glycoproteins, resulting in cell internalization of

the complex by lipid-raft pinocytosis [137]; this is receptor independent, and then

destabilization of the complex and release into the cytoplasm of the nanoparticle

payload arises without fusion with lysosomes. However, cytotoxicity issues of the

carrier have been raised.

Gene transfer by carrier destabilization via surface charge modification has also

been used. Negatively charged nucleic acid material is adsorbed onto cationic poly-

meric nanoparticles, such as poly(ethyleneimine), and the complexes then undergo

endocytosis. In the low pH of endosomes, the polycation–nucleic acid complexes

are then released into the cytoplasm. Virus- or bacterial toxin-mimicking nano-

particles have been also used to achieve membrane disruption or forced-

internalization. The viral components are intercalated between the lipid bilayer of

150 nm vesicles, and the structure is destabilized at the acidic pH of lysosomes.

Gold particles modified with nuclear localization signal peptides were able to target

the nucleus [96].

7.5.4

Development of the Necessary Chemistry: Synthetic Routes and Linkers

for Conjugation

Active targeting requires that selective ligands for defined tumor or tumor-

associated cell markers are presented in adequate configuration and concentration
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at the surface of nanoparticles. But this means that reactive groups must exist at

the surface of nanoparticles for chemical coupling. PEG has been widely used to

coat the surface of polyester or poly(alkyl cyanoacrylate), delaying phagocytosis by

macrophages, and making them compatible for passive targeting by the increased

vascular permeability associated to cancer [126, 138]. Polysaccharide (e.g., chito-

san) coating may be a valuable alternative to PEG for this purpose, having the ad-

ditional advantages of providing targeting by themselves for saccharide cell surface

receptors, of being biocompatible and biodegradable [84], and being able to control

the interactions with cells:

1. Dextran, pullulan and glycolipid, or sialic acid, decrease macrophage uptake;

2. hyaluronic acid provides bioadhesive properties;

3. functionalized dextran allows vascular targeting;

4. galactose-containing copolymer achieves liver targeting;

5. polysaccharide modified by vitamin H and biotin improved cancer targeting.

Preparation methods include (reviewed in Ref. [84]):

1. Adsorption on preformed nanoparticles. This depends on the relative polysac-

charide and nanoparticle surface characteristics and chemical composition: hy-

drophobic, hydrophilic, covalent photopolymerization.

2. Incorporation during nanoparticle preparation: nano-coprecipitation or emul-

sion solvent evaporation (water–organic solvent) and stabilization with a surfac-

tant (PVA or modified dextrans), diafiltration and sequential layering.

3. Copolymerization: alkyl cyanoacrylate chain elongation under basic conditions,

or radical polymerization. A stabilizing agent (dextran) may be necessary and is

important for particle characteristics, drug release.

4. Using preformed copolymer: polysaccharide backbone grafted with preformed

polyester chains, and a core–shell structure.

In many situations, drugs have to be linked to the nanocarriers via linkers, several
of which have been evaluated (Table 7.3).

7.6

Overcoming the Mechanisms of Resistance to Therapy of Cancers

One important mechanism of resistance of tumors to treatment involves the poor

distribution of drug into the tumor, high intratumoral osmotic pressure and/or

short residence times at the tumor site. Another problem associated with cancer

chemotherapy is the concentration of the active compounds to be reached in the

tumor tissue at the expense of massive toxicity to the rest of the body, representing

an obstacle to effective anti-tumor therapy. Most drugs currently used are active on

cells in the process of cell division or proliferation. However, at any given time, a

proportion of tumor cells are in a resting state and are, therefore, irresponsive to
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Tab. 7.3. Some examples of linkers.

Linker Ref.

Peptides

Peptidyl spacers designed for cleavage by the lysosomal thiol-dependent

(cysteine) proteases (Gly-Phe-Leu-Gly)

153, 154

Glu-Lys (cleaved with bovine trypsin) 155

Leu, Ala or Leu-Ala 154

Trp-Ser-Gln 156

Valine (less prone to ester hydrolysis) 157

Chemical

4-Acyl-oxy-3-carboxybenzyloxy moiety (recognized by a specific lipase) 155

C4-Chain spacer tetramethylenediamine (TMDA, MW ¼ 88) 158

Diaminated poly(ethylene glycol) (PEG, MW 3400) 158

Ester linker, formed between a hydroxyl-containing drug and a mercaptoacid 159

Ethylene glycobis(succinimidylsuccinate) (EGS): used to link particles having

amino groups with each other via an ester linkage

160

Glutaraldehyde (crosslinker) 161

N-Hydroxysuccinimidyl active ester linker (synthesis with dianhydride) 74

Phenylacetyl derivatives, phenylacetamide moiety 162, 155

Scissile linkers 155

Succinic acid, glutaric acid 163

3-Sulfanylpropionyl 159

4-Sulfanylbutyryl 159

Triazene 164, 165

Dual linker systems 166

Coupling agents for peptide synthesis:

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) N-succinimidyl 3-(2-

pyridyldithio) propionate (SPDP) N-hydroxysuccinimide

N,N 0-methylene bis-acrylamide

115
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the drug. Thus it is necessary to maintain the drugs for a long period at the tumor

site. Nanoparticles with long, controlled drug release may thus ameliorate this de-

fect in anticancer treatment.

A second important mechanism of resistance of cancer cells to therapeutic drugs

is the simultaneous resistance mechanisms linked to ATP-driven efflux pumps

(MDR, Pgp) able to efflux positive drugs (such as doxorubicin) out of cells. Resis-

tance may appear at the onset of therapy, or later during treatment. It is mainly

linked to ATP-driven cell membrane efflux pumps on the tumor cells or the

tumor-associated vascular cells, or as detoxifying enzymes expressed by these cells.

Increased efficacy of PIHCA-doxorubicin was dependent on an increased adsorp-

tion of nanoparticles to the cell surface, and to increased diffusion of doxorubicin

forming ion pairs between the drug and cyanoacrylic monomer degradation prod-

uct [139]. This effect was initially observed with cyanoacrylate polymers. Inhibitors

of Pgp (verapamil, amiodarone, cyclosporine), or the encapsulation of drugs into

colloidal carriers, shield drugs from Pgp, which recognizes drugs associated to the

membrane but not in the cytoplasm. Inhibitors for pumps, or for detoxifying en-

zymes, may be co-administered, or anticancer drugs delivered using nanoparticles

able to overcome the resistance of pumps. Since the amino sugar of doxorubicin is

a substrate for Pgp, doxorubicin was covalently coupled to PEG-poly(Asp) (MW

14 400 and 3500 kDa, respectively) block copolymer before micelle formation or to

gelatin, but without success, probably due to poor diffusion of the drug out of the

carrier. Co-encapsulation of the Pgp inhibitor cyclosporin with doxorubicin into

PICBA inhibited efficiently growth of doxorubicin-resistant tumor cells, by contin-

uous and simultaneous release of both drugs by polymer biodegradation [140, 141].

Doxorubicin encapsulated in poly(alkyl cyanoacrylate) PIHCA nanoparticles was

able to kill Pgp-positive tumor cells, but not PIBCA nanospheres, which are more

rapidly degraded and do not enter cells [139, 142–144]. This effect requires direct

contact between the carrier and tumor cells and was mediated by poly(alkyl cyano-

acrylate) degradation products, which formed ion-pairs with the drug, and the dox-

orubicin concentration was increased in tumor cells. Pgp remains active. The same

effect was obtained by encapsulating doxorubicin in the core and expressing cyclo-

sporin A at the surface of the nanoparticles. Pluronic block copolymer may inhibit

the efflux pumps (MDR/P-glycoproteins), and their gene expression, on the endo-

thelial cells forming the blood–brain barrier (BBB) [145, 146] that protects the brain

from unwanted chemicals, but which are also involved in the resistance of brain

tumors to chemotherapeutic agents. Therefore, they may be of interest in the treat-

ment of brain cancer only if they can be made selective to tumor-associated endo-

thelium.

7.7

Toxicity Issues

For more extensive reviews see Refs. [5, 6]. Nanoparticles interact differently with

organs, tissues and cells than do larger particles made of the same components.
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Therefore, the evaluation of toxicity performed with larger particles cannot be ex-

trapolated to nanoparticles without control. The hazards of inhaled micro- and

nanoparticles in air pollution are well established, epidemiological and toxicolog-

ical studies have coherently demonstrated pro-inflammatory and prothrombotic ad-

verse effects in diverse organs. There is virtually no toxicological data available, for

patients, researchers or medical workers concerning the new types of nanoparticles

under development for drug delivery. Size and surface modification may modify

biocompatibility and biodistribution, and a combination of drugs, devices and bio-

logical agents may behave differently than each agent separately – therefore combi-

nation approval must be obtained from drug control agencies. The exact mecha-

nisms of interaction of nanovectors and cells have been determined in very few

situations. Therefore, coordinated studies will be rapidly needed to address these

issues. Nanostructures can minimize solubility and stability problems, and im-

prove the negative impact of drugs to collateral non-tumoral tissues and organs.

However, nanomaterials themselves may be cytotoxic [147, 148] or induce and/or

potentiate cell death [149, 150] or immunogenic reactions, or nanoparticle aggre-

gates may clog small blood vessels. For example, micelles of cisplatin differently

induced gene expression than cisplatin alone [149], and degradation products

from poly(l-lactic acid) were cytotoxic for immune cells [150].

Gene therapy with viruses has had poor success and many problems have

been linked to immunogenic reaction to the viral vector constituents, and random

integration in the genome. Therefore, cationic nanoparticle vectors have been de-

signed to complete viral vectors. Polycations are cytotoxic for cells, inducing

mitochondria-mediated necrosis and/or apoptosis or membrane destabilization

and pore-formation meditated by interactions of polycations with negatively-

charged cell-surface glycoproteins or actin [151]. The interactions of cationic poly-

mers with mitochondria need to be better understood, in particular with the

proteins of the bcl-2 family. Hypersensitivity reactions secondary to complement

activation and induced by infusion of PEG-modified liposomes [152] may be a

potential problem with these materials. Careful design of the polymer formula-

tion and surface functionalization is needed to reduce these side effects. There-

fore, nanoparticle design and polymer formulation and functionalization for

gene therapy in vivo must be carefully optimized before such treatments can be

envisioned.

To gain wide acceptance of nanovectors as anticancer delivery agents, the follow-

ing toxicity issues need to be addressed:

� The ultimate biological fate of nanomaterials, and their degradation products,

particularly non-biodegradable nanomaterials such as functionalized poly(ethyl-

ene glycol).
� The immunological and pharmacological activities and toxicities.
� Possible interferences with cellular machineries, gene expression, protein pro-

cessing.
� Short- and long-term consequences of exposure to nanovectors.
� How in vitro studies translate to in vivo application.
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7.8

Conclusions

In summary, medical benefits can be expected within the next 10 years from the

branch of nanotechnology named ‘‘Nanomedicine’’. However, for drug delivery,

nanocarriers have to become smarter, and the biophysical, biochemical and biolog-

ical processes and the mechanisms associated with the interaction of nanoparticles

with living tissue, at large, must be understood in detail to design optimized mate-

rials for defined therapeutic goals. This includes carrier stability, targeting, extra-

cellular and intracellular drug release mechanisms, overcoming mechanisms of

resistance to biological barriers and to anticancer agents, and understanding the

immunogenic reaction mechanisms of the nanodevices, and toxicity issues in great

detail. The future of nanomedicine will in part depend on the rational design of

smart nanoparticles.

7.8.1

Opportunities and Challenges of Nanomedicine in Cancer

1. Passive targeting effects can enhance the amounts of drug at tumor sites, but

circumstantial or active targeting can be designed to improve the selectivity

and specificity of drug delivery; therefore, combining these approaches may

greatly increase the quality of cancer treatment.

2. Targeted drug delivery systems can improve the therapeutic index of approved

drugs.

3. New drugs that are macromolecules, proteins, peptides, oligonucleotides or

plasmids will need such delivery systems to achieve an efficient local concentra-

tion.

4. Externally activated (ultrasound, irradiation, magnetic field, photodynamic ther-

apy, etc.) drug delivery of therapeutic agents can be designed to control the tim-

ing of drug delivery and administration schedules, without multiple injections.

5. Overcoming of the biological barriers:
� Including tight junctions (BBB) and epithelial barriers.
� Using permeation enhancers: tight junction opening agents, osmotic shock.
� Avoiding the RES: using surface modification of nanoparticles, e.g., by

poly(ethylene glycol)s.
� Controlling sensitization reactions: protein-dendrimers are highly immuno-

genic.
� Overpassing intratumoral increased osmotic barriers: limit to the diffusion of

nanoparticles and drugs.

6. Challenges also include the control of drug release and bioavailability at the tu-

mor site, enhancing selective targeting, and achieving controlled and efficient

intracellular delivery, together with acceptable toxicological hazards.

Therefore, an ideal nanovector should look as shown in Fig. 7.2. One representa-

tion of the ideal goal is an injectable nanoparticle for targeted drug delivery, with-

out, or with highly reduced, collateral toxicity, and with a reporter device.
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8

Nanoparticles for Thermotherapy

Andreas Jordan, Klaus Maier-Hauff, Peter Wust, and

Manfred Johannsen

8.1

Introduction

The biological effectiveness of heat in treating cancer has been known for decades

and many of the corresponding molecular mechanisms are understood. Elevation

of tissue temperature to above 40–41 �C is termed hyperthermia. It alters the func-

tion of many structural and enzymatic proteins within cells as a function of time

and temperature, which in turn alters cell growth and differentiation and can in-

duce apoptosis [1, 2]. Modest temperature rises are particularly effective against

cells that tend to be resistant to radiation, cells in the S phase of the cell cycle and

nutrient-deprived, low pH hypoxic cells [3]. Hyperthermia inhibits repair of suble-

thal radiation damage and also induces increasing radiosensitivity due to tumor re-

oxygenation [4, 5]. Treatments with tissue temperatures above 46 �C are termed

thermoablation and have direct cytotoxic effects.

Thermotherapy is a physical therapy with fewer limitations than chemotherapy

or radiotherapy and is typically used in combination with both of these therapies

[6–8]. This allows a greater number of repeated treatments without accumulation

of toxic side effects.

Although successful clinical trials have been conducted, thermotherapy is not yet

established in clinical routine. This discrepancy probably derives from technical

limitations in achieving effective temperature distributions in the depth of the hu-

man body rather than from a general lack of biological effectiveness [9].

Common thermotherapy techniques use different energy sources for generating

heat in body tissue: Electromagnetic waves radiated by antennas (radiofrequency-

or microwave-hyperthermia) [10, 11], ultrasonic sound [12, 13], magnetically ex-

cited thermoseeds as well as tubes with hot water [14, 15]. For reviews see Refs.

[16, 17].

The major problem with all present conventional thermotherapy systems is

achieving a homogenous heat distribution and deep regional therapeutic tempera-

tures in the treated tumor tissue. According to this hypothesis, treatment failure

results from an insufficient temperature rise in parts of the tumor, enabling tumor

Nanotechnologies for the Life Sciences Vol. 6
Nanomaterials for Cancer Therapy. Edited by Challa S. S. R. Kumar
Copyright 8 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31386-9

242



regrowth. However, excessive intratumoral temperatures might on the other hand

induce damage of adjacent structures.

The heating of tissues using magnetic nanoparticles as a new treatment modal-

ity for interstitial thermotherapy has the potential to overcome these shortcomings.

When describing the properties of magnetic nanoparticles for thermotherapy,

one has to consider that the magnetic properties are influenced to a large extent

by the size and shape of the particles. Although there has been much progress re-

garding nanoparticle synthesis, the control of particle size and shape on the nano-

scale level remains a synthetic challenge. Nevertheless, nanoscaled particles have

several advantages over larger particles that favor their application in biomedicine.

One advantage arises because particles change their magnetic properties when en-

tering the size regime below approximately 20 nm, giving rise to distinct mecha-

nisms of heating in alternating magnetic fields.

The use of magnetic nanoparticles for heating purposes was investigated com-

prehensively by Jordan et al. in 1993 [18]. Different studies have revealed that the

specific absorption rate (SAR) of magnetic nanoparticles depends strongly on the

diameter of the particle core [19–22]. In general, the heat production of magnetic

nanoparticles in alternating magnetic fields can be attributed to hysteresis and re-

laxation losses, the latter being more pronounced in particles below 20 nm. Hyste-

resis losses play a role in larger particles, which consist of more than one magnetic

domain and magnetization reversal occurs due to motions of the domain bound-

aries. In this case, the energy produced is proportional to the coercivity of the par-

ticles [19]. Magnetic fluids are dispersions of ultrafine magnetic particles, which

are mostly superparamagnetic, meaning that each particle has only a single mag-

netic domain. For these so-called subdomain particles (SDP), coercivity is zero and

magnetization reversal is only possible by relaxation processes. In alternating mag-

netic fields heat can be produced by two distinct relaxation mechanisms, Brownian

and Néel relaxation. The first can be attributed to the rotation of the single-domain

particle, which is related to the Brownian motion. The second corresponds to rota-

tion of the magnetization vector in the crystal, if the particle is considered to be

immobile [18].

To date, all magnetic nanoparticles intended to be used in vivo are composed of

magnetic iron oxides. The main reason for this is their low toxicity and the known

pathways of metabolism. The only two clinically relevant materials used are mag-

netite (Fe3O4) and maghemite (g-Fe2O3). The crystal structures of both oxides are

based on a cubic dense packing of oxide atoms, but they differ in the distribution

of Fe ions in the crystal lattice. Magnetite is the most common ferrite and has an

inverse spinel structure, Fe(ii)Fe(iii)2O4.

Pure iron-oxide nanoparticles have a high tendency to agglomerate and thus to

build larger structures even in the absence of a magnetic field, which has a strong

influence on the biomedical and magnetic properties of the particles. To prepare

magnetic fluids for biomedical applications, the iron-oxide particles have to be

coated with a protecting shell that prevents agglomeration. Furthermore, the pro-

tecting shell is responsible for the interaction of the particles with its surrounding

(e.g., tumor tissue) and can provide functional domains that are useful for the cou-
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pling of biomolecules or drugs to the surface. Common shell materials are poly-

mers such as dextran, starch or poly(ethylene glycol).

Most techniques established so far concerning the use of magnetic particles for

thermotherapy are basically based on direct instillation of magnetic fluids into the

tumor tissue followed by exposure to an externally applied alternating magnetic

field.

Ferromagnetic embolization hyperthermia is another technique for the local ap-

plication of nanoparticles, in which the arterial supply of certain body regions is

used as a pathway to carry magnetic particles directly into the tumor area.

8.2

Thermotherapy following Intratumoral Administration of Magnetic Nanoparticles

Magnetic particles suspended in a carrier fluid can be injected directly into tumor

tissue and subsequently be heated in an alternating magnetic field.

The history of magnetic particles for selective heating of tumors had already be-

gun in 1957, when Gilchrist et al. used magnetic particles a few micrometers in

size for inductive heating of lymph nodes in dogs [23].

In 1979, Gordon et al., for the first time, used magnetic fluids of dextran-coated

magnetite-particles (often referred to as ‘‘dextran-magnetites’’) for hyperthermia of

implanted mammary tumors of rats [24]. After systemic application of the nano-

particles with a core size of up to 6 nm and exposition to an alternating magnetic

field, the authors demonstrated histological evidence of tumor necrosis after intra-

tumoral temperature increases of 8 �C.

Direct injection of microscaled ferromagnetic particles into renal carcinomas of

rabbits and subsequent hysteresis heating in an alternating magnetic field was re-

ported by Rand et al. in 1981 [25]. They measured tumor surface temperatures of

55 �C, leading to destruction of most of the treated tumor tissue within 3 days.

Direct injection of ‘‘truly nanoscaled’’ magnetic particles into tumors was first

reported by our group in 1997 [26]. We studied single high dose thermotherapy

on intramuscularly implanted mammary carcinoma of mice. Dextran-coated mag-

netite particles with a core size of approximately 3 nm were injected intratumorally

20–30 min before excitation and trapped by magnetic targeting (50 mT), which

yielded a 2.5-fold enhancement of the intratumoral iron concentration. An intratu-

moral steady state temperature of 47 �C was maintained for 30 min with whole-

body alternating magnetic fields of 6–12.5 kA m�1 at 520 kHz. The study demon-

strated that a single high thermal dose was able to induce local tumor control in

many of the treated animals within 30 days after therapy. Histological examina-

tions of tumor tissue after thermotherapy showed widespread tumor necrosis. Tu-

mor growth after thermotherapy was heterogeneous; some tumors did not show

evidence for regrowth after 50 days whereas others had grown rapidly. This was

most probably due to inhomogeneities of the intratumoral particle distribution,

which was also confirmed qualitatively by magnetic resonance imaging (MRI).

In 2002 Hilger et al. injected colloidal suspensions of coated nanoparticles with
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average total particle sizes of 10 nm and 200 nm into human breast adenocarci-

noma implanted into immunodeficient mice (4–18 mg magnetite per 100 mg tu-

mor tissue) [27]. During exposure to an alternating magnetic field temperature

increases between 12 and 73 �C in circumscribed areas within the tumor could be

induced (termed ‘‘magnetic thermal ablation’’). Histological examination revealed

the presence of early stages of coagulation necrosis in the treated tumor cells.

Ohno et al. have investigated a new type of magnetite for interstitial hyper-

thermia [28]. They inserted stick-type carboxymethylcellulose-magnetite containing

nanoparticles (Fe3O4, average particle size approximately 10 nm) stereotactically

into gliomas of rats and exposed the animals to an alternating magnetic field.

This investigation revealed a characteristic spreading of the magnetite particles

through the tumor after three heat treatments and an approximately three-fold pro-

longation of survival time.

Groups at the University of Nagoya in Japan have developed ‘‘magnetic cationic

liposomes’’ (MCLs) with improved adsorption and accumulation properties and

demonstrated the efficacy of this approach in several animal tumor models:

Induction of antitumoral immunity to rat glioma by intratumoral hyperthermia

using these particles was investigated by Yanase et al. in 1998 [29]. For intratu-

moral hyperthermia, the cationic liposomes containing magnetite (Fe3O4 core with

approximately 10 nm diameter) were directly injected into glioma tissue trans-

planted subcutaneously into the thigh of rats. Three subsequent treatments in an

alternating magnetic field led to killing of the tumor cells and to the induction of a

host immune response, which could be demonstrated by suppressed tumor growth

after rechallenge with glioma cells 3 months later. In similar experiments using

the same tumor model and the same particles, published one year later [30], com-

plete tumor regression was observed in about 90% of the animals.

Le et al. have described successful tumor control (over two weeks) after hyper-

thermia of 43 �C using immuno-targeted magnetoliposomes [31].

In 2003, Ito et al. investigated the effect of intratumoral hyperthermia in combi-

nation with an immunotherapy of melanoma in mice [32]. After direct injection of

MCLs into the tumors, the animals were exposed to an alternating magnetic field

that raised the tumor temperature up to 43 �C; 24 h later, in a second treatment,

interleukin-2 (IL-2) or granulocyte macrophage-colony stimulating factor (GM-

CSF) was injected directly into the melanomas. In 75% (receiving IL-2) and 40%

(receiving GM-CSF) of the animals treated by both therapies complete regression

of the tumors was observed, while no tumor regression was observed in mice re-

ceiving only one of the treatments.

In 2005, Tanaka et al. investigated the therapeutic effects of tumor-specific hyper-

thermia using MCLs combined with an immunotherapy (intratumorally injected

immature dendritic cells) on mouse melanoma [33]. Complete regression of tu-

mors was observed in 60% of the mice and the cured animals rejected a second

challenge of melanoma cells.

Kawai et al. have used the same liposomes to heat prostate cancer cells injected

subcutaneously into the flank of rats [34]. They reported on tumor regression after

generating intratumoral temperatures of 45 �C in an alternating magnetic field.

8.2 Thermotherapy following Intratumoral Administration of Magnetic Nanoparticles 245



Carcinoma of the prostate represents an attractive target for minimally invasive,

interstitial treatments due to its relatively easy accessibility via the transrectal or

transperineal route.

To explore the potential of magnetic nanoparticle thermotherapy in an orthotopic

prostate carcinoma, we have carried out experiments using the Dunning R3327 tu-

mor model (MatMyLu-subtype), an established rat model developed to study pros-

tate cancer progression [35]. This model resembles the human prostate with re-

spect to physiological blood supply and local growth and may thus allow a more

accurate analysis of the effects of a local hyperthermia treatment than a heterotopic

model. In a preliminary in vivo evaluation, the feasibility and good overall tolerabil-

ity of this technique in prostate cancer could be demonstrated [36].

Thermotherapy was carried out using an alternating magnetic field applicator

system for small animals, operating at a frequency of 100 kHz and variable field

strength of 0–18 kA m�1.

Thermoablative temperatures of 50 �C were achieved at a field strength of 15

kA m�1. Iron measurements were carried out to determine the percentage of nano-

particles present in the prostate tumors at different time points following intra-

tumoral application. Without thermotherapy, 7 days after injection of magnetic

fluid into the rat prostates, 53% of the injected amount of iron oxide was still pres-

ent in the prostates. At 4 and 13 days after application 79% and 64%, respectively,

of the injected amount of iron was still retained in the prostates after two sequen-

tial thermotherapy treatments. This difference in iron content between untreated

and treated animals was attributed to the so-called ‘‘thermal bystander effect’’,

which describes a hyperthermia-induced spread of coated nanoparticles in the

target tissue, where they seem to escape rapid removal by macrophages [26]. This

effect could also be demonstrated by means of histopathology. After magnetic

fluid application alone, a loose distribution of nanoparticles within the tumor tis-

sue with deposits in capillaries could be seen in sections of rat prostate tumors,

whereas homogeneous distribution and co-localization of nanoparticles with ne-

crotic areas could be demonstrated in animals that had undergone thermotherapy.

In a further systematic in vivo analysis using a more concentrated magnetic

fluid containing approximately 112 mg-iron mL�1, as well as a slightly modified

aminosilane-based coating, intraprostatic temperatures of 70 �C could be achieved

at a maximum magnetic field strength of 18 kA m�1 in the same tumor model

[37]. Up to 0.5 mL of magnetic fluid per mL of tumor volume was injected into

the prostate tumors in these experiments. The animals received two thermotherapy

treatments carried out 48 h apart to avoid heat shock protein-induced thermoresis-

tance. At a constant field strength of 12.6 kA m�1, mean minimal intratumoral

temperatures during the first and second thermotherapy sessions were 41.2 and

41.4 �C, respectively, whereas mean maximal temperatures were 54.8 and 54.2 �C

(averaged over 12 animals). In this study, animals were sacrificed on day 20 after

tumor cell inoculation (10 days following the first thermotherapy treatment) to

compare tumor weights in the treatment and control groups and for iron measure-

ments. A significant inhibition of prostate cancer growth of 44–51% over controls
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was demonstrated in the thermotherapy group. Mean iron content of the prostates

of treated and untreated control animals was 81.6% and 83.7%, respectively,

whereas 7.6% and 2.3% of the injected dose of iron was found in the liver. No de-

tectable amount of iron was found in the blood stream. While thermal treatment

itself had a significant impact on intratumoral distribution and stable deposition

of nanoparticles in the previous pilot study, no such effect was observed using the

modified magnetic fluid. In fact, intratumoral deposition of the MFL AS particles

was the same with or without thermotherapy treatment. Histological analysis re-

vealed a co-localization of nanoparticles with areas of necrosis, but a rather incon-

sistent pattern of intratumoral distribution, which appeared less homogeneous

than with the previously used magnetic fluid preparation.

Further experimental studies have investigated the effect of combined magnetic

nanoparticle thermotherapy and external irradiation in the Dunning tumor model

[38].

Mean maximal and minimal intratumoral temperatures obtained in these experi-

ments were 59 (centrally) and 43 �C (peripherally) during the first thermotherapy

and 55 and 42 �C, respectively, during the second of two treatment sessions. Com-

bined thermotherapy and radiation with 20 Gy was significantly more effective than

radiation with 20 Gy alone and reduced tumor growth by 88% versus controls,

achieving an equal tumor growth inhibition as irradiation alone with 60 Gy. As in

the previous experiments, sequential heat treatments were possible without re-

peated injection of magnetic fluid. The mean iron content in the prostates on day 20

was 88% of the injected dose of ferrites, whereas only 2.5% was found in the liver.

In conclusion, thermotherapy using magnetic nanoparticles achieved significant

growth inhibition, but not tumor control or eradication in the orthotopic Dunning

tumor model of the rat. The results of preclinical evaluation of magnetic nanopar-

ticle thermotherapy suggest that this technique may, in principle, be suitable for

both local hyperthermia and thermoablation of prostate carcinoma, since the de-

sired treatment temperatures can be freely selected by modulating the magnetic

field strength [39].

However, for complete thermal ablation of the prostate, homogeneous infiltra-

tion of the whole prostatic tissue with magnetic nanoparticles would be required

and high magnetic field strengths would have to be applied. In view of the syner-

gistic effects of hyperthermia and radiotherapy, a combination of magnetic nano-

particle thermotherapy with irradiation may also be an attractive option for the

treatment of prostate cancer.

In a rat model of glioblastoma multiforme we could also demonstrate the high

efficacy of our new technique, leading to an up to 4.5-fold prolongation of survival

[40]. The animals received two thermotherapy treatments within 48 h after a single

stereotactic injection of the magnetic fluid into the tumor. Intratumoral tempera-

tures between 43 and 47 �C correlated well with prolonged survival. As in our pros-

tate tumor model, the application of aminosilane-coated nanoparticles led to the

formation of stable deposits in the brain, thus allowing for repeated magnetic field

treatments without repeated applications of the particles.
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8.3

Ferromagnetic Embolization Hyperthermia

Another technique of using magnetic nanoparticles for thermotherapy is ferromag-

netic embolization hyperthermia, in which a feeding artery is used to carry ferro-

magnetic particles into a tumor.

The technique seems to be well suited for the treatment of hepatic malignancies

due to the differences in blood supply of hepatic tumor cells and normal liver pa-

renchyma. Liver tumors mainly derive their blood supply from the hepatic arterial

system, while the normal liver parenchyma receives most of its blood supply from

the portal venous system [41]. Hence any substance infused into the arterial sys-

tem will have the potential to preferentially target liver tumors [42].

Several preclinical studies have reported on arterial embolization hyperthermia

of liver cancer.

Moroz et al. have demonstrated successful ferromagnetic embolization hyper-

thermia of rabbit hepatic carcinomas after arterial infusion of magnetic nanopar-

ticles suspended in lipiodol [43, 44].

In 1994, Mitsumori et al. tested the thermotherapeutical properties of dextran-

coated magnetite particles suspended in lipiodol or in degradable starch micro-

spheres [45]. The study reported an increase of over 12 �C after 10 min of heating

after embolization of the renal artery and selective heating of the embolized kidney

by exposure to an alternating magnetic field. The authors followed up this work

with a study in 1996 [46], in which hepatic carcinoma-bearing rabbits were arteri-

ally infused with the same sub-domain sized particles (75 nm in diameter with a

7.4 nm magnetite core). Slight tumor temperature increases were recorded in vivo.
In a study performed by Minamimura et al. a novel preparation of microspheres

incorporating a dextran magnetite complex was used for arterial embolization and

inductive hyperthermia of liver tumors in rats [47]. Tumor temperatures of around

43 �C were maintained for 30–40 min and three days after treatment the increase

of tumor volume in the treated animals differed significantly from that of the con-

trol groups.

Jones et al. have achieved positive temperature differences between tumor and

normal liver and consequent therapeutic responses in experimental rabbit liver

tumors after arterially infused ferromagnetic microspheres [48]. Heating to over

42 �C for 20 min by exposure to an alternating magnetic field resulted in large

areas of tumor necrosis 14 days after treatment.

After arterial infusion of iron-oxide particles suspended in lipiodol into rabbit he-

patic carcinoma, Moroz et al. have found that an iron concentration of 2–3 mg per

gram of tumor was necessary to produce heating rates up to 11.5� greater than

those in adjacent normal liver parenchyma [43]. The authors reported a mean tu-

mor to normal liver iron concentration ratio of 5.3.

Further work by this group employing the same tumor model and infusion reg-

imen has shown that large hepatic tumors are more amenable to thermotherapy

after arterial embolization than small tumors [44]. The authors concluded from

their data that, for a given tumor iron concentration, larger tumors heat at a
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greater rate than small tumors, owing to poorer tissue cooling and better heat con-

duction in the necrotic regions of large tumors.

In a later study the authors investigated the clearance of ferromagnetic particles

from the liver [49]. The normal liver of pigs was arterially embolized with g-Fe2O3

particles (150 nm) suspended in lipiodol and polymer microspheres (32 mm) con-

taining ferromagnetic particles suspended in 1% Tween-water. Both types of par-

ticles were extensively phagocytosed in the liver and there was no significant re-

duction in the hepatic iron concentration in either treatment group 28 days after

infusion. The suspension of 150 nm ferromagnetic particles in lipiodol was too

vaso-occlusive for use in hepatic tissue, while the suspension of 32 mm spheres

was safe and well tolerated.

Although few preclinical studies have been described, arterial embolization hy-

perthermia has demonstrated encouraging results. The technique seems to be par-

ticularly well suited for the treatment of hepatic malignancies. Potential advantages

are a very selective local heat deposition and a more homogeneous tissue tempera-

ture distribution than other hyperthermia techniques.

8.4

First Clinical Experiences with Thermotherapy using Magnetic Nanoparticles:

MagForce Nanotherapy

The pathways developed so far for thermotherapy using magnetic nanoparticles

have in common that they deliver the magnetic material directly into or adjacent

to the tumor tissue. To facilitate cellular uptake by tumor cells, the particle coatings

often were modified with targeting ligands such as antibodies or peptides.

Magnetic fluids can be instilled into tumor tissue percutaneously under CT, ul-

trasound or fluoroscopy guidance. Owing to inductive excitation of the nanopar-

ticles this technique allows very precise heating of almost every part of the body.

A major advantage of direct intratumoral application of the particles is the good

control of deposition, leading to high concentrations of the magnetic material

within the tumor while healthy tissue can be spared. The magnetic fluid can be

distributed in very small portions and, therefore, almost continuously within the

targeted area. Therefore, the requirement of maximal heat deposition within

the target area while sparing neighboring healthy tissue can be met.

MagForce Nanotherapy, formerly designated magnetic fluid hyperthermia, has

been developed at Charité – University Medicine Berlin over the last 15 years. Our

preclinical studies have demonstrated that this innovative approach has the poten-

tial to improve heating capabilities with certain cancer types and thus overcome ex-

isting prejudices against routine application of heat to treat cancer.

It is the first nanotechnology-based local thermotherapy to enter clinical trials.

Beginning in 2003, we started four different clinical studies to investigate the

feasibility of our new thermotherapy approach on different tumor entities.

The magnetic fluid MFL AS used in these studies is manufactured by MagForce

Nanotechnologies, Berlin, and consists of superparamagnetic iron-oxide nanopar-
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ticles in aqueous solution with an iron concentration of 2 mol L�1. The iron oxide

core is covered by an aminosilane-type shell and has a diameter of approximately

15 nm. The particles generate heat in an alternating magnetic field by Brownian

and Néel relaxation processes.

Thermotherapy is performed in a magnetic field applicator (MFH2 300F, Mag-

Force Nanotechnologies, AG, Berlin, Germany), generating an alternating mag-

netic field (100 kHz) and a variable field strength of 0–18 kA m�1 (Fig. 8.1). This

applicator meets the safety and practicability criteria for medical use imposed by

the respective European authorities. Owing to its universal design, it can be used

for treatment of malignancies in every location of the human body. Fixation or an-

esthesia of the patients during treatment is not necessary.

Minimally invasive measurement of treatment temperatures is carried out by

fiber-optic thermometry probes as part of the therapy system.

8.4.1

Feasibility Study on Thermotherapy using Magnetic Nanoparticles

in Recurrent Glioblastoma Multiforme

From March 2003 to June 2004 we performed the world’s first phase I trial on

tumor thermotherapy using magnetic nanoparticle, with 14 glioblastoma multi-

forme patients.

Malignant gliomas (anaplastic astrocytoma and glioblastoma multiforme, WHO

grades III and IV, respectively) have an incidence of approximately 5 in 100 000 per

year and represent approximately 40% of primary brain tumors in adults, with

50% of them belonging to the most malignant phenotype, glioblastoma multi-

forme. Clinically, they are highly problematic due to their widely invasive nature,

which makes complete resection almost impossible. Median overall survival after

first-line therapy does not exceed 12–15 months [50, 51] and no significant in-

Fig. 8.1. Thermotherapy treatment of a glioblastoma

multiforme patient in the magnetic field applicator MFH4 300F

(MagForce Nanotechnologies, AG, Berlin, Germany).
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crease has been achieved over the last decade, despite modern diagnostics and

treatments with surgery, radio- and chemotherapy.

All patients of our trial received stereotactic injection of the magnetic fluid into

the tumor area. Before starting thermotherapy, the position of the instilled nano-

particles was determined by computed tomography (CT). These data were matched

to presurgical MR images using specially designed software (MagForce Nano-

Plan2, not commercially available), thus allowing calculation of the expected heat

distribution within the treatment area in relation to the magnetic field strength

[52].

The preoperatively planned and neuro-navigationally guided procedure led to an

almost atraumatic instillation of the magnetic fluid and rise of intracranial pres-

sure could be avoided by slow injection of the magnetic fluid.

Patients received 4–10 thermotherapy sessions where intratumoral temperatures

of 42–49 �C could be measured; body temperatures increased by 1.0–1.5 �C.

All patients tolerated the instillation of the nanoparticles without complications

and side effects such as headache, nausea, vomitus or allergic reactions were not

observed. Neurological deficits or infections did not occur.

As documented by CT-scans and thermometry measurements, a high stability of

the nanoparticle deposits can be assumed. In fact, reproducible intratumoral tem-

peratures could be achieved during the therapy, even several weeks after adminis-

tration.

Data of the trial concerning overall survival and time to progression suggest that

intracranial thermotherapy using magnetic nanoparticles can be safely applied

with therapeutic temperatures and without side effects [53]. A phase II study is in

progress to evaluate the efficacy of this treatment approach.

8.4.2

Feasibility Study on Thermotherapy using Magnetic Nanoparticles in Recurrent and

Residual Tumors

Another phase I trial started in February 2004, which enrolled 21 patients suffering

from non-resectable and pre-treated local relapses of different tumor entities (e.g.,

rectum, ovarian, prostate, and cervix carcinoma as well as soft tissue sarcoma). All

patients received thermotherapy in combination with radio- or chemotherapy [54].

The objectives of the study were treatment planning, application and subsequent

control of magnetic fluid distributions in circumscribed lesions (<4–5 cm) and,

furthermore, assessment of safety, quality and feasibility of the heating patterns

achieved in situ.
Patients with metallic implants <30 cm from the treatment area had to be ex-

cluded. Teeth amalgam fillings or gold crowns had to be replaced by ceramics if

involved in the treatment field (head and neck, upper thorax). Metallic clips or

seeds several millimeters long and <1 mm in diameter were permitted due to their

very low power absorption capacities.

Two principally different techniques for the instillation of the magnetic fluid

were evaluated.
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The first strategy implied a prospective planning of the ‘‘ideal’’ nanofluid distri-

bution on the basis of a three-dimensional CT dataset performed in treatment po-

sition. This dataset is then transferred via the radiological information system into

a software platform to calculate the temperature distribution during thermotherapy

within the treatment area (Fig. 8.2).

The second implantation technique consisted of intraoperative injection under

visual control. In this case prospective planning is not possible, because after tu-

mor debulking an individual (non-resectable) tumor rest or an area at risk (R1/2-

situation) has to be infiltrated. Cervical cancer recurrences at the pelvic wall (after

primary treatment) are typical clinical examples.

Nanofluid concentration in the target area was claimed to be as high as possible.

In these patients a retrospective planning based on a post-operative CT dataset was

performed.

Direct temperature measurements via implanted catheters were suitable to esti-

mate a mean perfusion and to calculate the temperature distributions in and

around the target volume.

Tolerated H-fields were limited by local discomfort to 3–6 kA m�1 in the pelvic

region and up to 7.5 kA m�1 in the upper thorax.

From our experience with brain tumor patients we know that magnetic fields of

10–14 kA m�1 are technically achievable and tolerated well. The H-field limitations

are related to the periphery of the body where the accompanying electric fields and

the current densities are highest. The larger the cross section, the lower the toler-

ated H field strength (comparing pelvis with head). However, treatment-limiting

Fig. 8.2. Thermotherapy using magnetic

nanoparticles of a patient suffering from

metastases of a cervical carcinoma. Three-

dimensional reconstruction of a pelvis sliced

by a CT scan: The calculated temperature

distributions (isotherms) during thermotherapy

decrease from orange to blue. White spots

within the colored lines show the magnetic

nanoparticle deposits.
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hot spots arise from skin folds, where the current path narrows and the current

density, therefore, increases.

We also observed relative temperature maxima at tissue boundaries such as the

anal sphincter and pelvic floor. These locations were, however, never treatment-

limiting during our study, but are a typical problem during RF hyperthermia,

where the E-fields are considerably higher.

One particular advantage of MagForce Nanotherapy is the option to plan the

magnetic fluid distribution prospectively and to control the heat distribution there-

after to a high degree of reliability, thus increasing the safety of the application sig-

nificantly.

Another major advantage of the new treatment is that, owing to the stability of

the nanoparticle deposits, it can be repeated over weeks without additional injec-

tion of the magnetic fluid. This enables multimodal treatment concepts.

The heat treatments were tolerated well with only moderate side effects. The

follow-up showed encouraging results for severe oncological diseases. Several strat-

egies are available to further improve the effectiveness of treatment, e.g., to elevate

the H-field (after modification of the applicator) or to increase the amount of mag-

netic fluid in the target.

8.4.3

Feasibility Study on Thermotherapy using Magnetic Nanoparticles

in Recurrent Prostate Carcinoma

Despite much progress in the development of hyperthermia application and treat-

ment planning systems for prostate cancer, clinical hyperthermia of this deep-

seated organ is still a challenging problem [55].

Reported mean intraprostatic temperatures obtained with conventional heating

methods have been between 40 and 42 �C, rarely reaching or exceeding the critical

temperature of 43.0 �C, where a measurable cytotoxic effect is documented for var-

ious cell types [56, 57].

The first published report on thermotherapy treatment of human cancer using

magnetic nanoparticles describes the preliminary experience with this technique

in patients with locally recurrent, radioresistant prostate cancer [58]. In this inves-

tigation, treatment planning based on computerized tomography of the prostate

preceded intraprostatic application of magnetic fluid. The number and position of

magnetic fluid depots required for sufficient heat deposition was calculated accord-

ing to the anatomy of the prostate and the estimated SAR of magnetic fluids in

prostatic tissue. Nanoparticle suspensions were injected transperineally into the

prostate under transrectal ultrasound and fluoroscopy guidance and six weekly

treatments were delivered in an alternating magnetic field. Temperatures of up to

48.5 �C with a minimum of 40.0 �C were achieved in the prostate during the 1st

treatment at a field strength of 4–5 kA m�1, whereas during the 6th treatment, in-

traprostatic temperatures between 42.5 and 39.4 �C were recorded by means of in-

vasive thermometry. Maximum and minimal temperatures, respectively, measured

in the urethra were 42.4 and 38.0 �C whereas in the rectum 42.1 and 37.9 �C were
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recorded. Treatment was well tolerated without anesthesia. Since the injected mag-

netic fluid depots appear as signal-intense areas on the CT-scan, it could be docu-

mented that nanoparticles are retained in the prostate well beyond the treatment

interval of 6 weeks. Thus, further applications of magnetic fluid are unnecessary

for effective thermal treatments and at least hyperthermic temperatures can be

achieved many weeks following intratumoral injection of nanoparticles.

Further refinement of the technique appears necessary regarding several impor-

tant aspects. Firstly, the intraprostatic application and homogeneous distribution of

nanoparticles appeared suboptimal due to fibrotic changes induced by the previous

radiotherapy and may be improved. Most importantly, however, only one-third of

the available power was used in these first clinical treatments, since an increase of

magnetic field strength beyond 5 kA m�1 led to substantial patient discomfort in

the perineum and the groin. This may be due to accompanying electric fields and

current densities, which are highest in skin folds and at areas with the largest

cross-sectional volume such as the pelvis. Since SAR increases quadratically with

the magnetic field strength, significantly higher treatment temperatures can be

achieved in the prostate by applying higher magnetic field strengths. Interposition

of devices for focusing of the magnetic field may improve tolerability of treatment

in the future. Furthermore, non-invasive temperature calculations based on evalu-

ation of CT data are another area of ongoing research.

A phase I study evaluating feasibility, toxicity and quality of life during hyper-

thermia using magnetic nanoparticles, involving ten patients with radio-recurrent

prostate carcinoma, is nearing completion. Preliminary clinical results suggest that

thermotherapy using magnetic nanoparticles may be suitable for thermoablation

of the prostate, since intratumoral temperatures well above 44 �C were achieved at

low magnetic field strengths. However, further technical developments regarding

the magnetic field applicator may be necessary to fully exploit the potential of this

technique as a monotherapy. In addition, this treatment modality may also be com-

bined with interstitial or external irradiation in patients with localized prostate

cancer.
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9

Ferromagnetic Filled Carbon Nanotubes as

Novel and Potential Containers for Anticancer

Treatment Strategies

Ingolf Moench, Axel Meye, and Albrecht Leonhardt

9.1

Introduction

Especially during recent years, the discovery of various species and modifications

of carbon nanotubes (CNTs) have stimulated research on their applications, includ-

ing in human medicine. The success of these applications depends significantly

on the physical, chemical and biological properties of the CNTs and their mod-

ifications. For application in the human body, CNTs must be pure and biologically

inert.

The development and testing of novel and alternative therapeutic concepts

against cancer are needed, especially for advanced tumor types were no curative

conservative treatment option is established. Attractive novel and potential tools

for anticancer treatment strategies are nanoparticles (e.g., for hyperthermia) and

nano-scaled tubes (e.g., for targeted drug release).

Here, we propose novel types of functionalized and ferromagnetic filled multi-

walled CNTs (ffff-MWCNTs) with various advantages for application in human

medicine, especially in anti-tumor therapeutic concepts. These structures represent

multifunctional nano-scaled containers for possible use in different medical treat-

ments, including (a) magnetically guided hyperthermia, (b) heat-inducible drug

delivery/carrier and stepwise drug release and enhancement systems, (c) internal

tracer/drug carrier systems for the detection and/or (d) combinational applications

with conservative treatment modalities. Such ffff-MWCNT containers are schemati-

cally illustrated in Fig. 9.1. These structures combine the advantages of ferromag-

netic containers (for hyperthermia or other mechanisms of heat transfer) with

those from a broad spectrum for encapsulations and modifications within the car-

bon tube as well as outside.

Presently, human prostate cancer (PCa) – the most abundant tumor in men –

with the well-known limitations of conventional therapies serves as an attractive

model object for developing and optimizing treatment concepts based on and/or

associated with ffff-MWCNTs. First, a short overview and a clinical introduction

about this tumor entity are given, followed by the different methods and tech-

niques of synthesis and characterization of the MWCNTs, including novel tech-

niques for their modification and functionalization. The treatment concept pro-
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posed will be realized by principles of nanotechnology; therefore, the magnetic

properties of nano-scaled objects and materials are introduced. Furthermore, we

discuss the relevant parameters for and mechanisms of heat transfer as well as of

the specific absorption rate.

Recent knowledge of modified MWCNT will be summarized, including our own

results for synthesis strategies for ffMWCNT, (bio)functionalization for the in vitro
and in vivo transfer into different cellular systems and the accumulation in target

cells and tissues. Future steps in the development of these nanocontainers are also

discussed. These containers must fulfill numerous criteria, especially basic safety

and efficacy requirements, before being used in humans.

For a potential future application in vivo, fundamental issues that need to be

resolved include the homogeneity (uniformity of the carbon multi-wall sidewall,

grade and composition of the ferromagnetic and additional filling materials)

and purity of the MWCNT at the various stages of intrinsic and extrinsic function-

alization.

This chapter describes the feasibility of different applications using MWCNTs,

e.g., as heat mediators for hyperthermia of solid tumors. The extraordinary poten-

tial of the proposed MWCNTs is shown by their functionality as multiple con-

tainers. These therapies are based on heat dissipation in the ferromagnetic fill-

ing material of the MWCNTs. Therefore, the requirements for the heat transfer of

the nanocontainer are related to those of the hyperthermia. Thus, the material

requirements were derived from the knowledge of hyperthermia but are not lim-

ited to this application field. For this reason it is difficult to present a complete

and comprehensive overview of all modifications and variants of functionalized

MWCNTs, and so for technical and medical reasons the focus here will be on novel

types of ffff-MWCNTs and the model system of prostate cancer.

9.2

Prostate Cancer

9.2.1

Incidence, Risk Factors and Diagnostic Criteria

Prostate cancer (PCa) is the most commonly diagnosed cancer in men of western

countries. However, except for the risk factors of age, race, geographic dependence,

Fig. 9.1. Schematic of a multifunctional nanocontainer. (Modified from Ref. [232].)
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and family history of PCa, the etiology of this tumor entity remains poorly under-

stood. PCa is primarily a tumor of older men. The incidence rate for men over the

age of 65 is about 20-fold greater than that for men between 50 and 54. Less than

1% of PCa are diagnosed in patients in their first three decades of life. About 2–3%

of all male deaths are attributable to PCa.

A familial history of PCa, per definitionem an affected father or brother with an

association with at least a two-fold increase of disease, remains a consistent and

important risk factor. About 40% of PCa cases are estimated to have a genetic com-

ponent. However, PCa is a outstanding example of a tumor entity characterized by

tumorbiological and genetic heterogeneity (reviewed in Ref. [1]). The prostate of

a man diagnosed with PCa contains an average of five apparently independent

lesions [2], and this multifocality is independent of familial history.

In the general population of the U.S., the risk of PCa is highest in African-

American men, being approximately double that of their Caucasian counterparts.

Moreover, Caucasians and African-American men in the U.S. have a PCa incidence

that is 5–50� greater than that of Japanese men residing in Japan, and the inci-

dence of PCa on Japanese immigrants to the U.S. is four times that of their native

Japanese counterparts. This marked racial and cultural disparity indicates that

dietary factors might affect PCa onset and growth.

As a serum tumor marker, prostate specific antigen (PSA), a serine protease be-

longing to the human glandular kallikrein family, has revolutionized the detection

and management of PCa like no other marker in the history of oncology. With early

identification of PCa using serum PSA, less than 10% of PCa with distant meta-

stases are now diagnosed, a stage with five-year survival of only about one-third.

A patient’s serum level of PSA, clinical tumor stage and Gleason grade provide

valuable information to clinicians. The Tumor-Node-Metastases (TNM) classifica-

tion system is used for the staging of PCa, whereas the Gleason score system is

used for histologic grading characterizing the aggressiveness of this malignancy.

Classification of PCa is based on size, invasion of the prostate capsule, and clinical

stage. PCa develops in two different regions of the gland, with about 80% being

found in the periphery, whereas the remaining cancers are found in the periure-

thral region, termed transitional zone (Fig. 9.2).

Primary PCa growth is characterized by an extremely heterogeneous and multi-

focal pattern. Initially, the tumor growth is an androgen-dependent and mediated

by the androgen receptor. Despite an initial sensitivity, PCa become more or less

quickly androgen-independent. Then the PCa becomes metastatic and, finally, hor-

mone refractory [3].

The entity of PCa represents a significant public health problem and under-

scores the need for the development of improved diagnostic markers [4] as well as

of treatment modalities.

9.2.2

Treatment Options, Outcome and Limits

The serum marker PSA improves the detection of clinically important tumors

without significantly increasing the detection of unimportant tumors; most PSA-
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detected tumors are curable using current techniques, but there is no cure for

metastatic disease. Treatment options, mostly radical prostatectomy, external

beam radiation and brachytherapy, have become increasingly used to manage local-

ized disease.

Contemporary methods of radical prostatectomy for patients with clinically local-

ized disease are generally associated with excellent outcomes (reviewed in Ref. [5]).

The cancer specific survival 10 years after radical perineal prostatectomy for pa-

tients with organ confined disease is approximately 90%. Crude survival rates at

10 and 15 years after surgery were similar to those of age-matched men from the

general population without PCa. However, about 30–50% of patients thought

to have organ-confined PCa at the time of surgery are later found to have disease

beyond the prostate based on a careful review of the surgical specimen [5].

Neoadjuvant therapy with hormonal ablation has been evaluated in several

studies and resulted in reduced positive surgical margins, and decreased volume

of the PCa, equivalent to a pathological down-staging [6].

Virtually all recurrent clinical and metastatic diseases are preceded by a rising

PSA, and only a few sporadic cases of recurrence have been reported in the ab-

sence of a detectable serum PSA. Biochemical failure is defined as either the per-

sistence of detectable PSA after surgery or the development of detectable PSA in

those with previously undetectable postoperative level.

For advanced disease, ablating androgenic hormones is the mainstay of therapy

(reviewed in Ref. [7]), and will result in tumor response in about 80% of men.

For men considered to be at high-risk of treatment failure after local therapy

alone, multimodal treatment strategies, for instance the combination of radiother-

apy followed by hormonal therapy, may result in improved cancer-control out-

Fig. 9.2. Staging modality section of the

prostate. The prostate gland with a branched

structure can be divided in four distinct

regions that reveal a different incidence of PCa:

the anterior zone is purely fibro-muscular, the

central zone contains the ejaculatory ducts

(8% of cancers), the transitional zone (25% of

cancers) is characterized by two lateral lobes,

together with the periurethral glands, and the

peripheral zone gives rise to 67% of cancers.
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comes. The benefit of neoadjuvant or adjuvant hormonal and/or chemotherapy

followed by radical prostatectomy in high-risk patients is unclear but is the subject

of ongoing or planned Phase III clinical trials. These studies will help to examine

the role of multimodal treatment strategies in these high-risk patients.

In summary, alternative therapeutic strategies are needed for the treatment, es-

pecially, of locally advanced and metastatic PCa.

9.2.3

MWCNT Model

Figure 9.1 depicts a schematic diagram of a multifunctional nanocontainer that is

possibly applicable for future anticancer therapy. The main component is a multi-

wall carbon nanotube, filled with a ferromagnetic material, with an external diam-

eter of 20–60 nm and a length of approx. 100–10 000 nm, as required. The case is

made up of a pre-defined number of graphene layers (2–20), which guarantee an

extremely high chemical stability. The external case is already filled during produc-

tion. Iron [8–12], nickel [11], cobalt [13, 11], or FeCo [11, 14] may be used as ferro-

magnetic materials. The deposits can grow without a substrate in powder form [8,

9] or on substrates [10, 12], which is of particular technological advantage. Of these

materials, we favor iron as a filling material for future application in antitumor

therapy, owing to the possible toxic side effects of Ni, Co or FeCo alloys. Even at

this early stage, the ff-MWCNT can be put to practical use as part of a therapy.

One particularly notable consideration is magnetic particle hyperthermia. The

basic effectiveness of this therapy and the biological compatibility of the material

system have been confirmed in animal testing (mice). With regard to superpara-

magnetic particles (SPM, see Chapter 8) also discussed for these applications –

using magnetite and maghemite – the different mechanism for heat generation

must be born in mind.

The primary field of application is the single ‘‘magnetic particle hyperthermia’’

(MPH) or in combinations with other treatment modalities. Therapeutic efficacy

and the biocompatibility of ff-MWCNTs have been confirmed in cell culture and

animal experiments in recent years by our group.

For these applications and in comparison with other nanoparticles, especially

superparamagnetic particles containing magnetite or maghemite (see Chapter 8),

the function of ff-MWCNTs is based on a completely different mechanism of heat

induction.

Apart from the basic functionality (for hyperthermia), the container system pro-

posed allows a broad spectrum of further applications. Since the ferromagnetic fill-

ing is often partial and the ff-MWCNTs can be opened after synthesis, a secondary

filling with an additional agent and a subsequent defined closing is applicable. The

agents could be (a) enhancer substances for hyperthermia, (b) chemotherapeutics

with better efficiency at higher temperatures (e.g., cisplatin). Furthermore, mini-

malized sensors can be integrated for contact-free measurement of local tempera-

tures. The inclusion of rare elements for the localization of ff-MWCNT within the

body has been suggested.
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The opened ff-MWCNT is re-closed by the chemical reconstruction of the carbon

tube or by addition of foreign materials such as heat-inducible and biocompatible

polymers. Moreover, specific functionalization increases the accumulation within

the target tissue and can stimulate the uptake by the target cells [15]. The proposed

nanocontainers are suitable (a) alone for hyperthermia, (b) as adjuvant therapeutics

or (c) alone or in combination with other nanoparticles (e.g., g-Fe2O3 as SPM) for

heat-inducible drug-releasing containers.

9.3

Carbon Nanotubes

9.3.1

General Remarks

After detailed systematic studies of very thin carbon filaments in a high-resolution

transmission microscope Iijima reported the existence of SWCNT and MWCNT in

1991 [16, 17]. Since then there have been intensive investigations into the synthe-

sis, structure and properties of these new nanostructured materials. Their unique

electrical, thermal, optical and mechanical properties have already generated great

interest for applications in many different fields. They have shown increasing po-

tential for use as field emission devices, nanoscale transistors, tips for scanning

microscopy or components for composite materials [18]. Moreover, CNTs filled

with ferromagnetic metals such as Fe, Ni, or Co represent a fascinating new mate-

rial. Owing to their size and enhanced magnetic coercivities these carbon-covered

ferromagnetic nanowires have significant possibilities in different areas too. They

can be used in magnetic recording media or, as individually filled ff-CNTs, as sen-

sors for magnetic force microscopy [19]. In addition to pure CNTs, derivative nano-

tubes with attached chemical or biochemical groups have been prepared that

should find applications in biomedicine [20].

Two types of CNTs can be distinguished, single-walled (SWCNTs) and multi-

walled (MWCNTs). They can be described as cylindrically shaped molecules made

of rolled up single or multilayer sheets of graphitic planes. Typical diameters are

approximately 1 nm for a SWCNT and 10–100 nm for a MWCNT and a length

reaching up to the centimeter-range (Fig. 9.3). Besides catalytic chemical vapor de-

position (cCVD) [21, 22], electric discharge [17, 23] and laser ablation methods

[24], various types of plasma-enhanced chemical vapor deposition methods [25–

27] are practicable and controllable methods for the preparation of CNTs.

The electrical and electronic properties of carbon nanotubes depend on their

geometrical structure and, for SWCNTs, on the so-called chirality. SWCNTs can be

either metallic or semiconducting. CNTs are among the strongest and most resil-

ient materials in nature.

The properties of MWCNTs strongly depend on the structure of their shells. Es-

pecially, the electrical conductivity varies between nearly metallic and insulator.

The quality of shells depends on the synthesis method used.
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Both SWCNTs and MWCNTs consist of two regions: the first is the sidewall of

the tube and the second is the cap of the tube. By using different chemical and

physical methods, the end caps can be opened and caps and sidewalls can be deriv-

atized with different functional groups, radicals or molecules. Such manipulable

nanotubes are well suited for application in biology and/or medicine. With a spe-

cial material as filling (e.g., a ferromagnetic metal) CNTs can play an important

role as a multifunctional nanocontainer in the diagnosis and therapeutic treatment

of different diseases.

The next section describes the synthesis of f-MWCNTs and shows the unusual

magnetic properties and possibilities of functionalization and manipulation (open,

fill, close).

Fig. 9.3. Schematic and TEM images of SWCNT (single-walled

carbon nanotubes) bundles and MWCNT (multi-walled CNT

carbon nanotubes). (Modified from Ref. [233].)

9.3 Carbon Nanotubes 265



9.3.2

Preparation and Structure of Filled Multi-walled Carbon Nanotubes

9.3.2.1 Synthesis of Ferromagnetic Filled Multi-walled Carbon Nanotubes

f-MWCNTs can be synthesized by various methods. We classify two general ver-

sions: the first is an ‘‘in situ method’’, in which the formation of the CNTs and

their filling with different elements or compounds take place simultaneously. The

other method is a ‘‘step by step process’’: synthesis of empty CNTs – opening the

tubes by chemical treatment – depositing and diffusion of filling material using

different methods, mostly by wet chemical techniques – and, finally, closing the

filled nanotubes by redeposition with a polymer or other carbon-containing phases

(post-filling method).

In the following we only deal with ‘‘in situ techniques’’ for which there are phys-

ical and chemical methods. A physical, promising method is the ‘‘arc discharge’’.

This method delivers long, relatively continuous nanowires of many different ele-

ments, e.g., transition metals (Cr, Ni, Re, Au) rare earth metals (Sm, Gd, Dy, Yb)

and other elements (S, Ge, Se, Sb) [28, 29]. The alternative, well-established

method for synthesizing CNTs filled with metals as Fe, Co or Ni is catalytic chem-

ical vapor deposition (cCVD). Different groups world-wide have used this method

in a similar way.

With the suitable precursors, cCVD can deliver well-defined MWCNTs with a

relatively high grade of filling and on a large scale, especially with elements of the

iron triad. Compounds of the organometallic complex family ‘‘metallocenes’’ are

such precursors. They have a ‘‘sandwich structure’’ of two parallel cyclopentadienyl

rings and a metal in the center between these rings [M(C5H5)2 with M ¼ Fe, Co,

Ni]; they are solid at room temperature, readily applicable, soluble in different or-

ganic solvents but also show suitable decomposition behavior in the temperature

range 600–1150 �C. Pyrolysis of these metallocenes (Fe, Co, Ni) has been analyzed

by Dyagileva et al. [30]. They showed that the decomposition is a complex process

of homogeneous–heterogeneous nature of a series of consecutive, parallel and cat-

alytic reactions.

Thus, the synthesis process of ff-MWCNTs, based on the decomposition of

metallocenes, will also be catalytically determined and, consequently, a support

(substrate) covered (completely or partially) with an active catalyst material will pro-

mote the formation of filled nanotubes.

In principle, all known methods for manufacturing (Fe,Co,Ni)-filled CNTs have

the same basic concept. Figure 9.4 shows a typical synthesis (two-band) reactor, as

used by different groups of researchers.

Sen et al. reported the first experimental results for the synthesis of f-MWCNTs

[31]. The pyrolysis of metallocenes (ferrocene, cobaltocene, nickelocene) was car-

ried out in a quartz tube located in a two-stage furnace system. In a typical experi-

ment a defined quantity of a metallocene was placed in a quartz boat, placed inside

a furnace and a mixture of argon and hydrogen passed through the quartz tube

(in some experiments acetylene is used as additional gas-phase component). The

furnace temperature was increased to 200 �C, leading to the generation of the met-
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allocene vapor, which was carried by the Ar/H2-stream into a quartz tube main-

tained at 900 �C in a second furnace. Depending on the deposition conditions, par-

tially filled CNTs were unoriented or aligned deposited on the quartz tube walls,

and no substrate was positioned in the reactor. Sen et al. have recognized that this

method is a real alternative to previously known methods (arc discharge) [31].

Grobert et al. at Cambridge University (Kroto’s group) has synthesized iron and

Invar (iron/nickel alloy) f-CNTs in an aligned structure by using a mixture of ferro-

cene and fullerene (C60) in the temperature range 900–1050 �C [9]. For the first

time, the Cambridge group could also show the enhanced magnetic properties in

such iron nanowires inside the CNTs. Later, Grobert used the aerosol-technique for

the decomposition of ferrocene [32]. Here, a benzene solution containing ferrocene

is nebulized by an aerosol generator in an argon flow and is injected in the reactor

through a nozzle directly (Fig. 9.5).

In a further study the same group have prepared aligned, partly filled MWNTs

(30–130 mm long) in high yield by using a compressed gas Ar driven atomizer

Fig. 9.4. Typical two-band furnace for the synthesis of filled

carbon nanotubes, based on the decomposition of

metallocenes. (Modified from Ref. [12].)

Fig. 9.5. Aerosol-technique for the injection of ferrocene in the

deposition zone. (Modified from Ref. [32].)
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[33]. They demonstrated that the yield of filling is proportional to the ferrocene

concentration, but complete filling could be not achieved.

In 2002, Satishkumar et al. from Rao’s group observed, besides increased coer-

civity, Barkhausen jumps with 5 emu g�1 steps in Fe-filled CNTs [34]. The ff-

MWCNTs were prepared by pyrolysis of ferrocene along with acetylene. Selected

area diffraction patterns of the nanowires show spots due to (011) planes of an a-

phase, the ferromagnetic modification of iron. Additional X-ray investigations

revealed g-Fe and, as the minor phase, cementite (Fe3C).

In our laboratory we have synthesized ff-MWCNTs on precoated substrates [10,

12]. On oxidized Si-wafers, thin layers (few nm) of the iron triad group (the catalyst

material) have been deposited by using the sputter technique. Before beginning

the deposition process, the pre-coated substrates were annealed at 900–1000 �C, di-

rectly in the deposition apparatus for a short time (few minutes). The annealing

yielded some nm-sized islands on the substrate surface, which act as a source for

nanotube growth. Hence, both iron from the surface in a solid or liquid-like state

and the iron from the gas phase (ferrocene pyrolysis) deliver the material for the

filling, causing a higher yield of filling than obtained by the groups of Kroto and

Rao. With the higher filling yield the magnetic properties were also improved.

The aligned-grown nanotubes show a pronounced magnetic anisotropy, with the

easy axis perpendicular to the substrate plane and parallel to the axis of the aligned

MWCNTs. Coercivity for the magnetic field direction perpendicular to the sub-

strate amounts to 44.56 kA m�1 (m0H ¼ 56 mT) compared with 19.89 kA m�1 (25

mT) for the direction parallel to the substrate. For comparison, the coercivity of

bulk iron amounts to 0.072 kA m�1 (0.09 mT).

X-Ray diffraction analysis indicated the presence of bcc-Fe (a-Fe), fcc-Fe (g-Fe)

and, as minor phase, Fe3C with a relatively strong h011i texture. An annealing

process below the transition temperature of g-Fe to a-Fe led to an increase of the

ferromagnetic phase (a) and an enhancement of magnetization saturation [35].

Similar results could be realized in the same group for Co- and Co/Fe-filled

MWCNTs. In the latter, the filled material enhanced coercivities to about 103.5

kA m�1 (130 mT) [14, 36].

Recently, our group has explored various means of improving the deposition

procedure in regard to increasing the grade of filling and the abundance of ff-

MWCNTs. We have also investigated aligned and relatively small, short f-CNTs

that are suitable for special applications.

Figure 9.6 illustrates a so-called two-stage reactor. It shows a first conveyor belt

system for a constant and reproducible transport of the ferrocene precursor. The

ferrocene is dissolved in cyclopentane and dropped on the moving band continu-

ously. In the first part the solvent is vaporized and the ferrocene is transported

alone in the reactor at a defined temperature and constant transport velocity. In

the deposition reactor a second moving band, populated with Fe-precoated sub-

strates is positioned. In principle, such an apparatus can work continuously [37].

By using this equipment, very strong aligned f-MWCNTs can be synthesized with

extremely high magnetic anisotropies and coercivities. The tube lengths are lin-

early dependent on the concentration of ferrocene in the solvent cyclopentane and
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range between a few mm to 40 mm. In contrast, the diameter of filled nanotubes is

independent of ferrocene concentration and constantly in the range < 10–50 nm

[inner (Fe-wire) diameter] and 20–180 nm (outer tube diameter).

9.3.2.2 Crystallographic Structure of Core Material in Filled Multi-walled

Carbon Nanotubes

Some research groups have determined the structure of the core material in

f-MWCNTs. Detailed results exist about Fe-filled tubes, which we only report on

here. Figure 9.7 shows typical TEM images of CNTs with a partial and a complete

Fig. 9.6. A two-stage reactor for continuous deposition of filled

carbon nanotubes. (Modified from Ref. [37].)

Fig. 9.7. Partly and completely filled multi-walled carbon nanotubes (MWCNT).
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iron filling. The core material seems to be homogeneous. But which crystallo-

graphic phases does this material consist of? Several studies have investigated the

X-ray-diffraction patterns of Fe-filled carbon nanotubes synthesized by cCVD in the

temperature range 830–900 �C [33, 38, 39]. In most cases, the basic-centered cubic

phase of iron (a-Fe) is the main component of the core material and is h100i-
textured along the tube axis.

Only Che et al. have reported that the filling material is amorphous if the cooling

rate is very high after the synthesis process [40]. A post-annealing leads to crystal-

line a-iron. In addition, Pichot et al. have shown that inside their aligned grown

MWCNTs carpets faced-centered cubic iron (g-Fe) is the dominant phase, with a

h110i texture parallel to the tube axis [41]. Finally, if the argon transport gas con-

tains small amounts of oxygen (@1%) it is also possible that the filling consists of

iron oxides such as hematite or magnetite [42]. These partly contrary results de-

served detailed study. Recently, Kim and Sigmund have examined the crystallo-

graphic structures and orientations of iron nanowires inside carbon nanotubes

with and without heat treatments at various temperatures [43]. The core material

was found to consist of both bcc- and fcc-iron, in general, with their ratio depen-

dent on the post-annealing temperature (without post-annealing and at room tem-

perature the ratio g=a is <1; after post-annealing at 1000 �C the ratio is near 1.0

and at 1400 �C approx. 2.3). Interestingly, the high temperature g-Fe remains sta-

bile in a large quantity at room temperature. The reason why is explained below.

The bcc-structure of iron is oriented in the h001i or h111i directions, while the

fcc-structure is aligned only in the h110i directions, along the axis of CNTs.

Besides the two modifications of iron a third phase, the thermodynamically un-

stable iron carbide phase Fe3C, is often detected as a core material component.

This phase plays a decisive role in the growth of empty and filled carbon nanotubes

[44, 45]. Both Kim [43] and Shaper [45] have found that the iron carbide is en-

riched in the tips of the aligned CNT, and Shaper concluded that this iron carbide

is an important intermediate in the catalyst-mediated growth of the tubes.

The application of iron-filled CNTs as nanomagnets requires complete filling

with ferromagnetic iron, namely the bcc-phase a-Fe.

As reported, at a synthesis temperature of 850–920 �C the core material consists

of a- and g-Fe in various ratios, depending on the temperature, and a small amount

of Fe3C. Comparison with the FeaC phase diagram shows that we do not have a

thermodynamically stable state. The g-Fe and Fe3C cores are in a ‘‘frozen’’ state.

Therefore, for the paramagnetic g-phase to be transformed into the ferromagnetic

a-phase, a post-annealing process at a temperature below the eutectic line at 723 �C

is needed. However, the g ! a transformation is connected with a 9% volume dila-

tation and if the g-Fe is in a tight contact with the carbon shells it cannot expand

and transform into a-Fe because of the high elastic modulus of CNTs. Neverthe-

less, such a post-annealing has been realized at 645 �C for 20 h by our laboratory

[46]. After this treatment the fcc-phase was completely transformed into the bcc-

phase, as proved by X-ray diffraction.

Investigations of the crystallographic structures of core material, especially filled

with iron, have led to differing views on the growth mechanism of empty and filled

MWCNTs.
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9.3.2.3 Growth Mechanism of Multi-walled Carbon Nanotubes

The growth mechanism of MWCNTs, especially of filled MWCNTs is still under

discussion. However, some experimental facts are certain. First, growth is always

carried out by a catalytically determined process, which means that a catalyst mate-

rial is absolutely necessary. Secondly, tubular MWCNTs grow by a vapor–liquid–

solid (VLS) mechanism with the catalyst particle in a liquid-like constitution, in

contrast to the bamboo-like structures produced with a solid catalyst particle (VSS

growth mechanism, see Fig. 9.8) [47, 48].

When a CNT is grown on a substrate, two types of growth modes are ob-

served: so-called tip growth and the base or root growth mode (Fig. 9.9). The

actual mode depends on the contact forces between the particle and the substrate.

Strong adhesion promotes the base or root growth mode – it is often observed on

plain substrates.

Fig. 9.8. Tubular MWCNT with a spherical catalyst (a, b) and a

bamboo-like nanotube with a conic-shaped catalyst (c, d).

(Modified from Ref. [230].)
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The diameter of the growing nanotubes depends on the size of catalyst particle

on the substrate and on the size of a stable catalyst particle on the Young contact

angle between substrate and particle. Figure 9.10 shows an example.

Catalytic acting metals are mainly the iron triad group, i.e., iron, cobalt and

nickel. Thus, metallocenes of these elements are used as precursors for the syn-

thesis of CNTs. An effective, well-known method for the preparation of tubular

MWCNTs is the injection method [49, 50] using ferrocene dissolved in a hydrocar-

bon (e.g., xylene or benzene). This mixture is injected in the hot zone of the

reactor chamber. By spontaneous decomposition of both ferrocene and xylene a

rapid and aligned growth of MWCNT is performed on the reactor walls or on a

used substrate.

Dyagileva et al. have investigated the decomposition behavior of (Fe, Co, Ni)-

metallocenes and ascertained that their thermal stability decreases in the order

Cp2Fe > Cp2Co > Cp2Ni [30]. Furthermore, ferrocene decomposes mainly into

H2 and CH4 above 500 �C, in contrast to the Co- and Ni-metallocenes, which

mainly decompose to give cyclopentadiene (C5H6) and less H2 and CH4. This de-

composition behavior of ferrocene is advantageous for growth because by hydrogen

formation the Cp-complex is completely cleaved and carbon is released for tube

shell growth. The hydrogen produced additionally reduces fresh ferrocene in the

Fig. 9.9. Tip and root growth modes of a CNT (carbon nanotube) on a substrate [231].

Fig. 9.10. Calculated Young contact angles for Fe and Co on

oxidized silicon. Iron has a lower surface energy and a lower

viscosity than cobalt. (Modified from Ref. [54].)
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gas flux and inhibits oxidation of the iron and carbon. In fact, Dormans has ob-

served the reduction of ferrocene at between 673 and 1173 K in a hydrogen atmo-

sphere, whereas no decomposition was detected up to 1173 K in helium [51].

Consequently, the first step of the CNT growth mechanism is the homogeneous

gas-phase decomposition of ferrocene:

FeðC5H5Þ2 ! Feþ 2C5H5 ! H2 þ CH4 þ C5H6 þ � � � ð1Þ

As additional carbon feedstock the solvent xylene or benzene is used in the injec-

tion method. For the hydrocarbon xylene, a derivative of benzene, Endo et al.

have considered two gas-phase and four surface reactions and found very good

agreement between experimentally determined and calculated production rates of

MWNTs allowing for these six elementary equations [52].

Xylene reacts with the hydrogen formed by ferrocene decomposition to afford

toluene which then yields benzene:

C8H10 þH2 ! C7H8 þ CH4 ð2Þ

C7H8 þH2 ! C6H6 þ CH4 ð3Þ

These four hydrocarbons (xylene, toluene, benzene, methane) will decompose on

the catalyst particle surface, and Eqs. (2) and (3) are named as the second step in

the growth mechanism of MWNTs.

Promotion of reactions according to Eqs. (1–3) is always observed on the walls

of the reactor chamber or on an inert substrate, positioned in the hot zone of the

oven, because a heterogeneous reaction, two-dimensional nuclei formation, is al-

ways energetically favored. At relatively low temperatures (820–850 �C) such heter-

ogeneous reactions are exclusively dominant.

It is assumed that the iron particles impinge on the substrate and solve the car-

bon. The solved carbon diffuses through the particles and precipitates again as

tube shells. As mentioned above, a tip or root growth mode can be observed, de-

pending on the adhesion forces on the exclusive substrate material. Wafers com-

posed of oxidized silicon are often as substrates. The tip growth mode is often

realized on such materials, where the catalyst material is deposited by a sputter

technique on the substrate before nanotube growth is started. Nanometer-sized

droplets are subsequently formed by a thermal pre-treatment of these very thin

sputtered layers (a few nm thick) in either an argon or hydrogen atmosphere [12,

52]. The subsequent CNT growth is affected by the introduction of a catalyst-free

hydrocarbon in the reaction chamber. In contrast, using spray pyrolysis of ferro-

cene dissolved in a hydrocarbon, spontaneous deposition on the reactor walls leads

to base growth [53].

Normally, a grown MWCNT has only one catalyst particle on either the base or

tip. The core of tube is hollow and free of inclusions.

By using the ferrocene pyrolysis technique with and without an additional hydro-

carbon the synthesized carbon nanotubes show a partial filling with catalyst mate-
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rial; the tubes exhibit multiple particles or wires along the middle of the tube (Fig.

9.11).

Investigations aiming to explain this phenomena have shown that the root or

base growth mode is a suitable model for describing the growth of such partially

ff-MWCNTs [50, 52, 53]. Figure 9.12 shows the initial state schematically. Short

catalyst-containing tubes deposit on the reactor wall or on the substrate. The tubes

always show an open tube end (root growth). With continued growth the gas-phase

delivered carbon and iron and iron particles can fall into these open tube ends. Si-

multaneously, carbon dissolves in the particle and graphite precipitation occurs

into the wall of the CNT, thereby increasing the tube length. The particle is de-

formed due to the squeeze of the tip. As the distance between the open tube end

and the catalyst particle increases, it becomes harder for carbon to reach this parti-

cle. After a defined time, a new iron particle falls on the open end and growth is

continued. The model explains not only the growth of partially filled tubes but

also the growth of very long tubes.

Is it is possible to influence the yield of filling by deposition conditions? Cer-

Fig. 9.11. Continued growth of partially filled carbon nanotubes. (Modified from Ref. [234].)

Fig. 9.12. Initial state of growth of partially filled carbon

nanotubes when using the spray technique with continuous

catalyst addition. (Modified from Ref. [53].)
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tainly, the catalyst addition rate plays an important role. This addition rate can be

increased by a higher Fe/carbon ratio in the gas phase (ferrocene decomposition

without hydrocarbon) or by first and additional catalyst particles on the substrate.

Using latter method we have reached a filling yield of nearly 50 vol% [46]. In doing

so, we could prove that both the catalyst material from the substrate and from the

gas phase participates in the filling of nanotubes. Furthermore, the deposition of

filled tubes using cobaltocene as catalyst and a carbon feedstock was realized

on an iron pre-coated substrate. The result was a carpet of aligned Fe/Co filled

MWCNTs. The iron could be detected in the tips of tubes, meaning that it diffused

into the Co filling material that was delivered from the gas phase.

As mentioned above, the open tube end model can explain the rapid growth of

super long MWCNTs. Nevertheless, with longer deposition times the growth rate

decreases and more Fe particles and no nanotubes are formed [11, 54]. This means

that although new catalyst material is supplied again and again the catalytic reac-

tion at a tube material will be ever more deactivated. This effect of catalyst deacti-

vation is well known and is indicated by an overcoating of the iron particles with

an amorphous carbon layer. It is caused by a momentary supersaturation of carbon

on the surface of the catalyst particle due to too high a carbon supply from the gas

phase.

9.3.3

Post-treatment: Opening, Filling and Closing of MWCNTs

The application of ff-MWCNTs as multifunctional nanocontainers (for instance in

the medicine) requires the ends of these tubes to be opened, further filled with

drugs or agents and, finally, re-closed (cf. Fig. 9.1).

The opening process of both SWCNTs and MWCNTs is relatively well controlled.

This procedure is often connected with a necessary purification of the synthesized

nanotube material. CNTs are effectively purified and opened by an oxidation pro-

cess, either by a treatment in an oxidizing atmosphere at increased temperature

(O2 annealing or treatment in a O2-containing Ar-plasma [55–57]) or by a wet-

chemical post-treatment in an oxygen acid (HNO3) [58, 59].

Tsang et al. first published the method of wet-chemical opening with HNO3 in

1993 [60, 61] and today this method is used by many research groups. However,

all these procedures, which are primarily developed for the purification of CNTs,

i.e., as means of eliminating of amorphous carbon and metal particles, are very ag-

gressive. They not only remove the ends of the carbon nanotubes, they also dam-

age parts of the tube walls. Such defects in the tube walls reduce the mechanical

properties and limit the application fields. Recently, Raymondo-Pinero have re-

ported on the simultaneous purification and opening of MWCNTs by using of

solid NaOH [62]. By such a solid–solid reaction between NaOH and as-grown car-

bon nanotubes the MWCNTs will be purified and opened without defects in the

tube shells (Fig. 9.13).

The next necessary step for the construction of a nanocontainer is to fill the

opened carbon with the desired agents, drugs or sensor materials. In principle,
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this is generally possible because the hollow interior can serve as a nanometer-

sized capillary.

Ajayan and Iijima could already show in 1993 that CNTs can be filled with mol-

ten material through such a capillary action (Pb and Bi melts) [63]. By using a sim-

ple wet chemical method (suspending the CNTs in a nitric acid solution containing

nickel nitrate), Tsang et al. have filled the CNTs with Ag [61]. In 1996, Chu et al.

described a two-step method for filling CNTs with silver and gold metal with a high

grade of filling [64]. Ugarte et al. have studied in detail the wetting and capillarity

by metal salts by a similar two-step method [65]. First, nanotubes were opened by

oxidation in the air and, subsequently, nanotubes were immersed a in molten salt

(e.g., AgNO3).

Wu et al. have successfully prepared Fe-Ni alloy nanoparticles inside carbon

nanotubes by wet chemistry [66a]. Using nitrates of iron and nickel, filling lengths

of up to 50 nm were reached. Gao and Bando have developed a special nanother-

mometer by filling carbon nanotubes with liquid gallium [66]. Gallium has one of

the greatest liquid ranges of any metal and has a low vapor pressure and a high

thermal expansion coefficient. Such a thermometer can be used over a wide tem-

perature range.

Besides filling with metals or salts, CNTs can be also filled with oxides [67, 68]

Fig. 9.13. TEM images of carbon nanotubes: (a, b) as grown

and (c, d) after reaction with NaOH at 800 �C for 1 h.

(Modified from Ref. [62].)
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and halides [69, 70]. Recently, CNTs have been filled controllably with fluorescent

particles by immersion in liquid ethylene glycol, by the complementary action of

capillary forces and evaporation of the liquid [71]. In addition, Korneva et al. have

described a simple capillary action technique to fill CNTs with paramagnetic iron

oxide particles using commercial ferrofluids (particle size@ 10 nm) [72].

Both of the latter results show important progress and that filling a CNT with

solid particles (up to 10 nm diameter!) is generally possible. This is one of the

most important requirements for filling CNTs with drugs or agents and thus for

possible application as a nanocontainer to transport these drugs to specific loca-

tions in the human body.

After the post-filling process it is necessary to re-close the nanotubes. This

can be achieved by reaction with different reagents such as ethylene glycol or by

treatment with benzene or another hydrocarbon vapor in a reducing atmosphere

of argon and hydrogen at increased temperatures [73].

Another possibility is an additional thermal treatment with a biocompatible

monomer that will polymerize at higher temperatures.

9.4

Magnetism in Nano-sized Materials

9.4.1

General Remarks

The principles suggested here for putting the multifunctional nanocontainer to use

can only really become effective when it is produced on a nm scale. Understanding

the difference between bulk and nm materials and the changes in properties they

cause is the main condition for appreciating how magnetic materials can be used

in biomedical applications [74, 75]. To better understand the special uses of ferro-

magnetic materials, especially those with geometric forms at the nm scale, some

fundamental magnetic parameters, and dimension-related changes where neces-

sary, must be briefly elaborated. These relations are, however, highly complex and

extensive, meaning that only some selected challenges can be briefly described

at this point. For complementary, continuing deliberations, reference should be

made to the relevant standard works on magnetism [76–80], and to studies that

deal specifically with physical characteristics specific to nanoscale arrays of ferro-

magnetic materials [81–86]. For an immediate understanding of the problem, we

explain briefly some of the parameters necessary for the suggested therapy plan us-

ing a nanocontainer to be effective. In particular, these include those that affect

heat development by AC heating. Magnetic reorientation is responsible for losses

in ferro- or ferrimagnetic materials such ff-MWCNT. The reorientation depends

on the type of demagnetization process. These processes are determined by intrin-

sic magnetic properties such as magneto crystalline anisotropy and magnetization,

on the one hand, and extrinsic properties such as shape, particle size and aspect

ratio on the other hand. The size and shape dependence of Hc are well known.
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Hc will be maximized when the size reaches a critical low size (single domain par-

ticle). In the same way, it can be enhanced for particles having large aspect ratios

[75]. To study these dependences in detail, the challenge of producing uniform

nanomagnets must be solved. To prepare nanomagnets, complex technologies are

often used, not only based on conventional thin film or CVD technology but also

on a combination of wet chemical methods and special technology. One technique

that has proved particularly valuably is the electrolytic deposition of ferromagnetic

materials in the pores of suitable substrates (e.g., Al2O3) [82–85, 87, 88].

Another point that needs to be explained is that the preferred ferromagnetic met-

als (iron, cobalt and nickel) are, for example, susceptible to oxidation [89–92] and

that the oxides may have different magnetic characteristics than the pure metal. If

the characteristics of nanoparticles with diameters of <100 nm are to be deter-

mined and used, the volume/surface ratio detrimental to oxidization must be

considered here. The improvement of biocompatibility is often the reason why

nanoparticles are coated with paramagnetic materials. For this purpose, Al or

Al2O3 [93–95], Au [96], Si or SiO2 [97–99], and other materials are discussed. Sev-

eral groups suggest the use carbon [92, 100–104]. In the case of the ff-MWCNT,

protection from oxidation is guaranteed by the carbon [9]. Even a small number

of graphene layers provide excellent protection against chemical changes. The

magnetic characteristics do not change over a long time, even in unfavorable con-

ditions [9]. For example, Fe-filled MWCNTs can be stored in acids and brines [105]

with no demonstrable reaction and thus no demonstrable change in their magnetic

characteristics. This avoidance of oxidation is acquired at the cost of possible lim-

ited biodegradability, however. Nonetheless, these external cases/coatings can also

indirectly have an (sometimes positive) effect on the magnetic qualities, e.g., by

mechanical stresses [106], even if these case materials are paramagnetic by nature.

As well as the applications described here, magnets in the desirable single-domain

state generally demonstrate a wide range of potential uses in biomedicine [107], if

the challenges of production can be solved.

9.4.2

Magnetization in Nano-sized Materials

Ferromagnetism is the result of an ordered alignment of the atomic magnetic mo-

ments. Fe, Co, Ni and their alloys are the most important substances of this mate-

rial class. Ferromagnetic materials are materials that can remain magnetized after

application of an external magnetic field. This external field is typically applied by

another permanent magnet, or by an electromagnet. If the temperature of a ferro-

magnetic material is raised above a certain point, called the Curie temperature (Tc),

the ferromagnet loses its long-range magnetic order that establishes the spontane-

ous magnetization and becomes simply paramagnetic [108].

The magnetic behavior of a ferromagnetic material can be illustrated in a plot of

the magnetization (M) versus the applied field (H). For ferromagnets, which are

the focus of this work, the ‘‘hysteresis loop’’ [109] is the most evident distinction.

The remnant magnetization (Mr), the saturation magnetization (Msat) and the co-
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ercive field (Hc) are important magnetic properties (Fig. 9.14). Mr is the magneti-

zation of the sample in the absence of an external applied field and is often used in

relation with Msat (i.e., Mr=Msat). Hc is the applied field in the direction opposite to

the current magnetization direction, which is necessary to bring the global magne-

tization to zero [79]. This does not imply that M ¼ 0, but the magnetization breaks

up into domains that are magnetically oriented such that the integration over the

entire sample disappears. Table 9.1 shows the values of some magnetic character-

istics for bulk Fe, Co and Ni.

In contrast to bulk material, enhanced values of the coercivity have been ob-

tained for ferromagnetic nanoparticles [110, 111] or nanowires encapsulated inside

a carbon envelope, where the coercivity reaches tens of millitesla [9]. Generally, the

origin of this phenomenon is related to the small size and the single domain na-

ture of the encapsulated metal crystals [9].

9.4.3

Influence of the Dimensions on the Magnetization Distribution

Without a magnetic field applied, a piece of a ferromagnet often assumes a state

with global magnetization vanishing. Such behavior indicates the presence of do-

main closures inside the material. The overall magnetization Moverall of the mag-

netic object is given by Eq. (4).

Moverall ¼
1

Voverall

X

i

MiVi ð4Þ

where Mi and Vi are the magnetization and the volume of the domain, respectively,

and Voverall is the volume of the ferromagnet.

Fig. 9.14. Typical hysteresis loop (M vs. H) for ferromagnetic materials.
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Figure 9.15(a) depicts a ferromagnet consisting of many domains with an overall

magnetic moment (Moverall) equal to zero. At zero applied fields, a domain circuit

or closure is created to approach the lowest energy state and the minimum demag-

netizing field [78]. In the following, we consider the changes in domain state that

depend on the diameter of the ferromagnetic material (Dp) relative to the critical

diameter Dcr for a single domain state.

When Dp of a magnetic nanowire is larger than Dcr, the creation of more mag-

netic domains or a strong non-uniform magnetization (‘M0 0) allows a more sta-

ble lower energy state. When Dp is less than the critical single domain diameter,

the magnetization of the nanowire is almost uniform (‘MA0) and spreads along

the wire axis (Fig. 9.15b). Micromagnetic calculations for magnetic nanowires with

an aspect ratio (length/diameter) of A 3 have shown the following dependence:

Tab. 9.1. Some magnetic characteristics of the ferromagnetic

elements Fe, Co and Ni (bulk and nano-sized materials).

Fe (bcc) Co (hcp) Ni (fcc)

Bulk material

Curie-temperature Tc (
�C) 770 1131 355

Saturation

magnetization

Ms (emu cm�3) 1710 1422 484

First anisotropy

constant

K1 (erg cm�3) 4:6� 105 45� 105 �0:5� 105

Exchange constant A (erg cm�1) 2:5� 10�6 1:3� 10�6 0:86� 10�6

Coercive field (bulk) Hc (A m�1) 71.6 795.8 159.2

Nano-sized material

Coercive field

(nano-sized)

Hc (A m�1) 31 830 [96]

127 337 [54]

99 470 [11]

21 200 (par.) [136]

37 900 (perp.) [136]

6446 [110]

49 800 [111]

9700 [166]

24 020 [166]

270 572 [171]

55 900 [111]

47 100 [36]

1190 [172]

1800 [111]

Critical diameter Dcr (nm) 32 (l=dA3) [84]

45 (l=dA2) [86]

85 (l=dA5) [86]

140 (l=d ¼ 10) [86]

28 (l=dA3)

[84]

140 (l=d ¼ 10)

[86]

64 (l=dA3)

600 (l=d ¼ 10)

[86]
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where A is the exchange constant (Table 9.1). Estimated Dcr for Fe, Co and Ni are

32, 28 and 64 nm, respectively. The critical diameter should also increase with in-

creasing aspect ratio (length/diameter). These dependences for Fe, Co, and Ni have

been determined by Sun et al. using micromagnetic calculations [86]. They re-

ported critical diameters (Fe) of A 45 nm (aspect ratio ¼ 2), A 85 nm (aspect ratio

5) and 140 nm (aspect ratio 10).

Figure 9.16 shows several magnetization configurations and their respective hys-

teresis curves, which depend on the nanowire diameter. Magnetic nanowires with

a diameter significantly larger than Dcr break into domains of uniform magneti-

zation to approach the lowest energy state (Fig. 9.16a). The overall remnant mag-

netization of this multidomain state is negligible. When the nanowire diameter

decreases down to Dcr, the formation of a domain wall will not be energetically fa-

vored and no domains are formed. In this case, the magnetization is non-uniform.

Such a magnetization configuration is called a ‘‘flower’’ [112] (Fig. 9.16b).

Another configuration observed in this type of magnetic material is the ‘‘vortex’’

structure. There is a flower–vortex transition that depends on the particle size and

the aspect ratio. Micromagnetic calculations for Ni nanowires (aspect ratio < 3)

made by Ross et al. point to the existence of a ‘‘flower-state’’ magnetization for

small diameters [113]. As the diameter increases, a gradual transition to a ‘‘vortex’’

state occurs.

For ff-MWCNTs with filler diameters of 10–70 nm and aspect ratios of 1 ! 100

(Fig. 9.7), from the point of view of magnetism we are in the transitional area from

Fig. 9.15. Magnetization in magnetic elements: (a) multi- and

(b) single-domain particle. (Modified from Ref. [84].)
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single domain to ‘‘flower/vortex’’ structures. For specific applications it seems of

advantage, in the long run, to aim for a single domain structure. However, to carry

out alternating field heating with this single domain material, taking into consider-

ation the limiting values for magnetic fields in medical applications, a specific al-

teration is necessary; seen from the point of view of the maximum values attained

on the material we synthesized, it is a reduction of Hc a 15 kA m�1 (18.8 mT).

When the nanowire diameter is <Dcr, the magnetization is almost uniform and

is oriented along the wire axis (Fig. 9.16c). In this case, the hysteresis loop for the

direction along the nanowire axis has the form of a rectangle. As the nanowire size

continues to decrease within the single domain range, another critical threshold is

reached, at which the remnant magnetization and the coercivity go to zero. When

this happens, the material becomes superparamagnetic (Fig. 9.16d). Superpara-

magnetism occurs when the wire becomes so tiny that random thermal vibrations

at room temperature cause them to lose their ability to hold their magnetic orien-

tation, resulting in a spontaneous reversal of the magnetization. The geometric

dimensions at which this transition from the ferromagnetic to the superpara-

magnetic state takes place are known as the superparamagnetic limit (SPL). For

Fig. 9.16. Schematic magnetization configuration and

hysteresis loops of ferromagnetic materials of different sizes.

(Modified from Ref. [84].)
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iron [114, 115] and carbon-wrapped Fe wires [116], arranged in an array, these di-

mensions have been estimated at <10 nm.

9.4.4

Anisotropy and Interaction

Magnetic anisotropy is another characteristic evident from the hysteresis. This is

described as the tendency of a ferromagnetic material to have a preferential direc-

tion, ‘‘easy axis’’, of magnetization [80]. For Fe, which has a bcc structure, the (100)

axis is the easy axis, whereas the (110) and (111) axes correspond to the medium

and hard axis, respectively. The anisotropy of magnetic nanowires is usually deter-

mined by the form of the ferromagnetic material and its crystal structure. In our

experience, the crystal structure of the filler is a given fact. As described above,

ff-MWCNT filler consists mainly of monocrystal a- or g-Fe. The g-Fe phase can be

transformed into ferromagnetic a-Fe(110) by subsequent heat treatment.

In addition to the magnetocrystalline anisotropy, the preferential direction of

magnetization can be determined by the shape of the material (i.e., a wire prefers

the easy axis to be along its large dimensions) – shape anisotropy. The essential

anisotropy contribution in thin metal nanowires is the shape anisotropy with the

easy axis of magnetization parallel to the wire axis [117]. This anisotropic contribu-

tion can be decisively influenced by production technology, by means of the filler

diameter and length. The shape anisotropy of a ferromagnetic nanowire is deter-

mined by the stray field energy of each nanomagnet, the decisive factor being the

stray field vector HD, which determines the easy magnetic direction. According to

Eq. (6) the local stray field energy density ED is lowest when M points in the direc-

tion of the stray field determined by the nanomagnet.

ED ¼ � 1
2 jHD
�!j � jM!j � cos b ð6Þ

To estimate the stray field energy, the conventional model of Stoner and Wohlfarth

is often drawn upon [118]. This model assumes that the cylinder (ff-MWCNT

filler) can be approximately represented by a homogeneously magnetized rotation-

ally symmetric ellipsoid. The aspect ratio of a Stoner–Wohlfarth particle, a ¼ l=Dp,

is decisive for its shape anisotropy energy. With further simplifications, such as

presuming an aspect ratio of g1 and the orientation of the magnetic moment

along the axis, the effect of the stray field can be described in a simplified manner

as an additional anisotropy field HD of the shape anisotropy. HD is given by Eq. (7).

HD ¼ 2pMsatf1þ 3=a2½1� lnð2aÞ�g ð7Þ

This means it is possible to determine the magnetic field necessary to rotate the

magnetization in the axis 180�. In the borderline case of infinitely long nanowires,

HD approaches the value given in Eq. (8).

HD;y ¼ 2pMsat ð8Þ

9.4 Magnetism in Nano-sized Materials 283



The model of Stoner and Wohlfarth drawn upon here can only describe a simple

estimation, but clearly shows the principal influencing variables.

For HD we examined a single nanomagnet. When a collection of several nano-

wires is involved, they affect each other interactively.

In terms of material production, a distinction must be made here between the

conditions of the production of ff-MWCNTs on a substrate and the conditions of

ff-MWCNTs in tumor tissues. Whereas magnetic nanowires on a substrate are

very closely packed in great numbers, once they are detached and transferred into

the tissue they spread out. The magnetostatic interaction of the nanomagnets with

the external field is described by the Zeeman therm.

Ezee ¼ �HMsatV cosF ð9Þ

In Eq. (9), F is the angle between the magnetic field and the magnetization. When

the magnetic field is realized along the easy axis of the nanomagnet, the hysteresis

loop is rectangular. The coercivity Hc is equal to the anisotropy field (HA, Eq. 10).

HA ¼ 2Ku

Msat
ð10Þ

In evaluating the magnetic properties of nanomagnets like ff-MWCNTs we have

to differentiate between the properties of structures arranged on a substrate and

disordered in a tissue. Here it is meaningful to appropriate an ensemble of

non-interacting and randomly oriented Stoner–Wohlfarth particles. Averaging

over all possible spatial direction results in a hysteresis loop characterized by

Mr ¼ 0:5Msat and Hc ¼ 0:48Hsat. Hysteresis losses are reduced by a factor of

A 0:25 in comparison with the aligned situation [119, 120]. These differences

mean that the hysteresis loops of a single material can be markedly different on

the substrate (after production) and after being transferred to biological systems.

For further examination of this problem, reference should be made to the relevant

technical literature.

9.4.5

Magnetic Reversal

The mechanisms of magnetic reversal are also important for future therapy op-

tions using ff-MWCNTs. What is of significance here is the relative size of the

nanomagnets expressed by the DP=Dcr ratio (as in Fig. 9.16). To turn the magneti-

zation in a nanomagnet around 180�, a reversal field, HSW, is necessary. This field

depends mainly on the stray fields and the anisotropic contributions. For the mag-

netic reversal of particles with the dimensions examined here, a homogeneous ro-

tation is mostly discussed [86, 118] or, by Curling’s rotation [86, 121], an inhomo-

geneous rotation. The magnetic bipolar moments remain in parallel alignment

in the case of homogeneous rotation during magnetic reversal. They rotate to the

new orientation together. This mechanism is often adopted for mesoscopic, single-
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domain ferromagnets with a uniaxial anisotropy. The accompanying magnetization

curve is rectangular when the external magnetic field Hex is parallel to the axis of

the nanomagnets; it is a linear function of the external field in the case of a per-

pendicular field direction. Curling’s inhomogeneous rotation is discussed for

DP bDcr, i.e., for flower structures, for example. At the ends of the ferromagnetic

cylinder, vortex structures are expected to form and then spread out across the cyl-

inder as the opposing field increases. In practice, especially when a very high num-

ber of nanomagnets are spatially randomly dispersed and interact with one an-

other, magnetic reversal can not be satisfactorily described using a model. It must

be assumed that all energy contributions according to Eq. (11) are moving towards

a common minimum; EK is the magnetocrystalline anisotropic density, EA is the

exchange energy density, Ezee is the magnetostatic energy density (Zeeman energy),

and ED the stray field energy density.

Eges ¼ EK þ EA þ Ezee þ ED ð11Þ

9.4.6

Magnetic Properties of Filled Multi-walled Carbon Nanotubes

The effects described above are crucial for ff-MWCNTs as a material system, which

is the central element of the proposed multifunctional nanocontainer. In evaluat-

ing the magnetic properties, we must take into account the following aspects:

1. The fillers are mainly produced in a monocrystalline form (Fig. 9.17). They may

exist not only as a-Fe but in some cases also as g-Fe or Fe3C. In the present case,

a-Fe is the desired ferromagnetic phase. A transformation of g ! a is partly pos-

sible using temperature treatment. The higher volume of the a-phase may in

some cases change the mechanical stress state. By this means the shape of the

magnetization curve and Hc could sometimes be influenced.

Fig. 9.17. TEM image and SAED pattern of a partly filled Fe-MWCNT.
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2. Consideration must be given to variation in the level of filling in general, the

filler diameter and the length of the ferromagnetic nanoparticles (aspect ratio

1 ! 100, see Fig. 9.7). Because of these, both single domain and flower/vortex

states may be achieved in nanotubes from one batch.

3. During therapy, the ff-MWCNTs are no longer arranged parallel to one another

in the form of up to 109 tubes per cm2, but face in all directions in a statistically

even manner. This affects the way the ff-MWCNTs interact magnetically.

4. The number of carbon shells can vary considerably, which is another reason

why the influence of mechanical stresses on magnetic properties can not be

ruled out.

These few points suffice to make it clear that many different variables must be

considered when evaluating the magnetic properties of ff-MWCNTs. Much funda-

mental research is still necessary for a complete understanding of these relations.

Rising to this fascinating challenge is important not only for the biomedical appli-

cations discussed but also for a whole array of other interesting applications.

CNTs filled with most different materials have numerous applications in differ-

ent areas. These unique nanostructured materials with a nanowire as material in-

side and the carbon shell around are receiving increasing attention. The closed

CNT saves the sensitive core material by their relatively chemically inert carbon

shells against oxidation or reduction. Therefore, the material will open up new ap-

plications, e.g., in nanoelectronics. ff-MWCNTs have attracted increasing interest.

‘‘Saved magnetic wires’’ are fascinating objects in itself, revealing unusual mag-

netic properties [122, 123], e.g., they will find application as magnetic electrodes in

future molecular spintronic devices or as new material for high-density magnetic

recording media [124]. As already mentioned, one very interesting application

area is their utilization as magnetic nanoparticles in medicine, as material for hy-

perthermic therapy of cancer tissues.

The major advantage of filled CNTs is that their catalyst materials, the metals of

the iron triad group (Fe, Co, Ni), are ferromagnetic over a wide temperature range.

Thus, the catalyst and the necessary ferromagnetic material are identical (Section

9.3.2.1).

All three metals are suitable for hyperthermic application at temperatures up to

45 �C as they are all ferromagnetic in this temperature range.

Nevertheless, the ferromagnetic properties of the filling material are determined

by the presence of the ferromagnetic Fe-phase (a-Fe). Therefore, the synthesis tem-

perature is one of the most important parameters. Conforming with the phase di-

agram, unsurprisingly, at a synthesis temperature of 850 �C the Fe filling consists

of both para- and ferromagnetic iron and, particularly in the presence of carbon,

iron carbide too. Complete transformation into the ferromagnetic phase is not

possible, because the transformation of paramagnetic (fcc lattice) into the ferro-

magnetic phase (bcc lattice) is associated with a 10% volume dilatation. Iron tightly

embedded in the nanotube would cause a permanent strain on the carbon shells;

however, that is not possible due to the high elastic modulus of CNTs. The alterna-

tive is, necessarily, destruction of the nanotubes.

Several groups have investigated the magnetic properties of ff-MWCNTs. Figure
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9.18 shows a typical hysteresis loop of an ff-CNT carpet on a silicon substrate. The

measurements always reveal a uniaxial magnetic anisotropy with the easy axis

along the tube axis. The magnetic characteristics saturation magnetization (Msat)

and coercivity (HC) depend not only on the synthesis parameters and the g=a-Fe

ratio, as mentioned above, but also on the alignment level, the diameter and the

length of the CNTs on the substrate (Fig. 9.19). For instance, Satishkumar et al.

have found that these magnetic properties are significantly dependent on the used

hydrocarbon [34] (Table 9.2). This is because of the different diameters, lengths

and alignment levels produced as a result of the significantly different growth rates

obtained with different hydrocarbons. The higher the growth rate the stronger

the alignment. With elongation of the aligned CNTs the magnetic anisotropy in-

creased. This means that the aspect ratio determined the magnetic anisotropy too

(so-called shape anisotropy). This phenomenon causes the extremely high coer-

civities observed in such CNT carpets.

Table 9.3 summarizes experimentally determined coercivities parallel to the tube

axis. The values were determined using superconducting quantum interference

devices (SQUID), an alternating gradient magnetometer (AGM) and a vibrating-

sample magnetometer (VSM). As can be seen, the single values differ greatly, but

are always higher at low temperature. In addition, the coercivities are far higher

than in bulk material [HCðFe-bulkÞ ¼ 0:072 kA m�1 (0.09 mT), HCðNi-bulkÞ ¼ 0:159

kA m�1 (0.2 mT) and HCðCo-bulkÞ ¼ 0:796 kA m�1 (1 mT)]. This is due to the shape

anisotropy and to the aligned arrangement of the CNTs on Si substrates.

Figure 9.19 illustrates clearly that at a strong alignment the anisotropy and the

HC values are very high in contrast to the case of sub-optimal alignment, where

the shape anisotropy is weak and the HC values are identical. This very interesting

behavior is typical for arrangement on a substrate. After removal from the sub-

Fig. 9.18. Typical hysteresis loops of Fe-MWCNTs grown on a

silicon substrate (parallel ¼ magnetic field parallel to the

substrate on which the Fe-MWCNTs are in perpendicular

positions).
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strate the ff-MWCNs lose their alignment. To study this effect, the removed nano-

tubes were transferred into human cancer cells [15] on a sample holder substrate.

Figure 9.20 shows a typical hysteresis loop for this situation. The measured

curves for magnetic fields in the x, y, and z directions are almost identical.

This is most likely due to the statistical random orientation of the ff-MWCNTs.

The Hcs for the individual directions in kA m�1 are Hcx ¼ 18:35 (23 mT),

Fig. 9.19. Comparison of hysteresis loops of strong and sub-

optimal aligned fCNT on Si-substrates. Left: strong, optimal

alignment; right: sub-optimal alignment.

Tab. 9.2. Magnetic properties of Fe-filled carbon nanotubes

obtained from the pyrolysis of ferrocene–hydrocarbon mixtures.

Hydrocarbon Ar flow (sccm) MS (emu gC1) HC (kA mC1)

Methane (50 sccm) 950 20 40.9

Acetylene (50 sccm) 950 29 45.4

Butane (50 sccm) 950 48 46.2

Acetylene (100 sccm) 900 90 45.4
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Hcy ¼ 18:43 (23.1 mT) and Hcz ¼ 18:83 (23.6 mT). These values give the relation

Hc_perpendicular=Hc_parallelA1:02, which is significantly smaller than for parallel

aligned nanotubes on a Si substrate. Hc_par=Hc_perp for ff-MWCNTs grown on a

wafer lies in the range 1.8–6. The magnetic characteristics determined for ferro-

magnetic filled nanotubes in cells and tissues are much more representative for

Tab. 9.3. Coercivities of filled carbon nanotubes.

Filling material HC (5 K) (kA mC1) HC (300 K) (kA mC1) Ref.

Fe 85.2 34.2 9

Fe 74.8 27.7 199

Fe 111.4 63.7 39

Fe a79.6 200

Fe 52.5 24.4 38

Fe 46.2[a] 6.4[a] 136

Fe 87.6 31.8 19

Fe 52.5 34

Fe 42.2[a] 11

Fe 44.6[a] 46

Fe 127.3[a] 54

Fe/Co 100.3[a] 14

Co 47.0[a] 36

Co 26.6 201

Ni 14.6 202

Ni 3.2 203

aAligned ff-MWCNTs on Si-substrates, measured along the tube axis.

Fig. 9.20. Hysteresis loop of Fe-MWCNTs in cancer cells on a sample holder substrate.
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applications in therapy than those obtained for ff-MWCNTs on a substrate. Our

data – based on hysteresis loops, holographic experiments (Fig. 9.21) and MFM

measurements – strongly suggest that single nanotubes can display switching be-

haviors as single-domain element. Because of the large number of tubes in an issu-

ing batch it is possible to find different filling diameters and different aspect ratios.

In the present state of technology, you can produce particles with an aspect ratio in

the range 1 ! 100 in one batch (Fig. 9.7). The fraction of single domain and

flower/vortex structures is not well-defined. The present state of technological

knowledge is insufficient to predetermine the fraction of single domain and

flower/vortex structures in one batch. Remarkably, concerning Fe-MWCNTs there

is a gap in the evidence regarding the general transferability of results, because

either 1 or >104 tubes have been evaluated. It is a challenge to transfer the results

from one area to another. Study of the intermediate area should be expanded exper-

imentally. Detailed investigations would be important in addressing these issues.

9.5

Heat Generation

9.5.1

General Remarks

When exposing materials in alternating magnetic fields, apart from the qualities of

the materials, the geometric conditions and the frequency applied, we may in some

Fig. 9.21. Electron holography images of a single Fe-filled

MWCNT. (a) Reconstructed intensity distribution and (b)

reconstructed phase distribution outside the structure. The

phase shift reflects the enclosed magnetic flux line pattern.

(Modified from Ref. [122].)
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cases also have to take into account several heating principles, which differ due to

their individual dependency on frequency ( f ) and modulation (B̂B) [120, 125–127].
The possible heating principles do not generally all occur at the same time in the

different applications. What are principally seen are relaxation losses, dielectric

losses, hysteresis losses and eddy current losses. In the technical literature, differ-

ent formulae are sometimes used for the dependencies that apply, according to

whether the work is of a magnetic or biomedical nature. Here, we mainly use

the formulae that have become established in the biomedical literature. For hyper-

thermia using superparamagnetic (very small) particles, Rosenszweig has refined a

model that was originally developed to describe dielectric dispersion in polar

liquids [128].

For small field amplitudes, and assuming minimal interactions between the par-

ticles, the response of the magnetization to an AC field can be described in terms

of the its complex susceptibility w ¼ w 0 þ iw 00. Both parts, w 0 and w 00, are frequency

dependent. The out-of-phase w 00 components result in heat generation, given by Eq.

(12) [128].

Pspm ¼ m0pw
00H2 ð12Þ

This can be interpreted physically as meaning that if M lags H there is a positive

conversion of magnetic energy into internal energy. This simple theory compares

favorably with experimental results, e.g., in predicting a square dependence of Pspm

on H, and the dependence of w 00 on the driving frequency.

As this heating principle does not play a decisive part in the ferromagnetic par-

ticles we favor, for further considerations and a detailed description of the depen-

dencies reference should be made to Chapter 8 (Jordan et al.) of this book. Another

principle considered is that of dielectric losses. These result in Eq. (13).

PdA c1 f
3B̂B ð13Þ

For a concrete example of the application of ff-MWCNTs in alternating magnetic

fields <20 kA m�1 (<25.1 mT) with frequencies of up to 250 kHz (the operating

range we prefer for ferromagnetic filled nanocontainers) the dielectric losses and

the energy transfer in the tissue are also not the determining factor. They are only

of importance for far higher frequencies [129–134]. In the application suggested

here, the heating of ferromagnetic materials (e.g., ff-MWCNTs) with dimensions

above the superparamagnetic limit, the determining heating principle is assumed

to be that of heating by hysteresis losses. The general view is that the such losses

are determined according to Eq. (14).

PFM ¼ m0 f

ð
H dM ð14Þ

Apart from the frequency used, the area under the magnetization curve is also an
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especially decisive factor in heat transfer. Equation (14) is sometimes also used in

the form of Eq. (15).

PFMA c2 f HcBr ð15Þ

From this it can be seen that the hysteresis losses of different materials can be

compared using the material parameters Hc and Br. To achieve the high heat trans-

fer desirable in the application of hyperthermia, it appears expedient to choose a

material with a high Hc and a high Br. However, in this case, notably, the applica-

tion of very high magnetic fields is not possible for medical reasons (meaning hard

magnetic materials can be considered only to a limited extent) and, physiologically,

not all possible materials can be used. For example, the elements cobalt and nickel

and their alloys, which are often used for magnetic materials, must be considered

toxic and therefore questionable [135]. For this reason we prefer to discuss the use

of iron as a possible material. The magnetic parameters that characterize iron have

been investigated in many studies and determined with great precision. The coer-

civity of bulk Fe is considered verified at 0.072 kA m�1 (0.09 mT). As described

above, the dimensionality of the ferromagnetic materials has a significant influ-

ence on the parameters examined [9, 19, 136]. In Fe-CNTs synthesized by our

group, as the filler mainly consisted of single-domain particles, and because of the

shape anisotropy, we were able to verify values from 103.45 kA m�1 (130 mT) [11].

This rise by a factor of >1300 compared with the Hc of the bulk material has a di-

rect influence, according to Eq. (15), on the energy transfer that can be achieved

and is therefore of fundamental importance. Pure iron can only be considered as

a possible material for hyperthermia when there is a rise of Hc compared with

the bulk material values and in particular when the shape of the magnetization

curve is specifically modified. Iron with any other magnetic configuration (multi-

domain particles) does not allow sufficient energy transfer [137]. Furthermore, the

demands on the magnetizing field concerning the field strength needed also de-

pend on the Hc and Br of the material to be re-magnetized. For an isotropic dis-

persal of magnetically uniaxial particles, BrA Js=2, where Js is the saturation polar-

ization. The magnetic field amplitude should fulfill the condition of Eq. (16) in

order for the material to be nearly entirely re-magnetized (see also Ref. [120]).

Hext > Hc þ 1
3 m0 Js with m0 ¼ 4p� 10�7 Vs m�2 ð16Þ

The magnetic reversal losses of various hard magnetic materials have been studied

[138]. At a diameter of 30 mm, the particle size was such that eddy current losses

are no longer negligible. Nonetheless, it was still possible to show that the condi-

tions of Eq. (16) must be fulfilled to achieve high-performance yields. In Ref. [120]

this is also confirmed for the use of magnetite.

According to Eq. (15), as well as the aspect that can be technologically influenced

(shape of magnetization curve), the energy transfer is linearly dependant on the

frequency of the alternating field applied.

As well as the alternating magnetic field losses discussed above, one last sub-
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stantial contribution in particular must be considered, namely energy transfer due

to eddy current losses that occur. This heating, known technically as inductive

heating, occurs when conductive materials – even non-magnetic ones – are sub-

jected to an alternating field. Several important parameters, including conductivity,

essentially determine the possible energy transfer. As the human body also pos-

sesses an appreciable degree of electrical conductivity it too can be heated accord-

ing to this principle. Considering these losses is extremely important as they di-

rectly determine the boundary conditions of the alternating field heating actually

desired. For inductive heating, both the geometric dimensions and electrical con-

ductivity are determining factors. There are great differences between the factors

to be considered. While ff-MWCNTs are geometrically very small (101 nm) and ex-

hibit very high electrical conductivity, biological tissue displays only low electrical

conductivity, but the dimensions of a real patient are significant (108 nm). For

this reason, both systems reach the limiting values when considered as a whole

and both materials connect differently. It therefore seems advisable to examine

these cases separately, taking that of ff-MWCNTs first. In the usual technical dis-

cussions on inductive heating, the losses that occur are generally described by

Eq. (17).

PeddyA c3 f
2B̂B2d2se ð17Þ

In Eq. (17), f is the frequency, B̂B the working induction, s is the penetration depth,

and c is a parameter that depends on the materials and geometry; d represents the

work-piece diameter.

An essential difference between the heating methods discussed here is the

frequency dependency of the energy transfer. Whereas alternating field losses in-

crease linearly with frequency during magnetization reversal processes, the square

of the frequency is a determinant of eddy current losses. Figure 9.22 presents these

Fig. 9.22. Variation of both hysteresis losses and eddy current

losses with frequency. (Modified from Ref. [204].)
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ratios for iron with large geometric dimensions. Clearly, above approx. 70 kHz –

i.e., in the area of interest for a therapy – the eddy current losses very quickly

come to dominate in the case of electrical conductivity and dimensions on a mm

level. A special feature of inductive heating is that energy transfer tends to occur

more in the outer areas of the work piece. Because of the skin effect, eddy current

flow is mostly on the surface of the material. The depth at which the energy den-

sity drops to 1/e ¼ 0.368 is known as the current penetration depth. Some 86% of

the energy is transformed between the edge of the work piece and s, and the rest

heats lower-lying layers.

The penetration depth itself depends on the electrical conductivity of the mate-

rial to be heated. For energy transfer to be very effective, the geometric conditions

must be optimally adjusted. The most important (influencable) parameters here in

particular are the work-piece diameter d and the construction of the coil system.

Once the boundary conditions, which can be technically altered, have been opti-

mized, the ratio work-piece diameter d to penetration depth s is of decisive impor-

tance for the energy transfer that can be achieved. Table 9.4 illustrates the effect of

this parameter on energy transfer. Whereas energy transfer still reaches 10% at a

d=s ratio of 1, at a ratio of 0.4 it already drops to 1%. When Fe-containing ff-

MWCNTs are used a d=s ratio of A10�4 is achieved. Figure 9.23 illustrates these

dependencies. The figure 9.23(a) shows a screw with a diameter of 10 mm 10 s

after start of AC-heating. The induced increase in temperature was >500 K. More-

over, the so-called ‘‘skin’’ effect is clearly seen. The large temperature difference

was mediated by the high electric conductivity and the nearly optimal geometry.

Figure 9.23(b) shows a substrate placed at the same site (10� 10 mm) with aligned

Fe-MWCNTs. In this case and under the same conditions no change in tempera-

ture was found. The difference between the two cases is based on the geometry be-

cause both consist of the same material (Fe).

Gilchrist et al. have already dealt with this challenge in their fundamental publi-

cation describing the initial application of magnetic particle hyperthermia [130].

They were able to show that, in metallic powders, the eddy current loss becomes

negligible at a level of <5 mm. With the ff-MWCNTs the diameter of the magnetic

particles is not 5 mm but only 0.015 mm. This seems to verify the assumption that

eddy current heating does not dominate in nanoparticles of this dimension; an as-

Tab. 9.4. Dependence of the degree of efficiency on the ratio

d=s (d=s ¼ 0:4–8). (Modified from [204].)

d=s 8 6 4 2 1 0.6 0.4 0.0001

(Fe-MWCNTs)

Degree of efficiency (%) 95 85 65 30 10 4 1 f1*

* f1 is a postulation, but the value could not be determined experimentally.
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sumption shared by other authors [120, 125, 128, 139]. Taking these results into

consideration, we conclude that for hyperthermia using Fe-containing MWCNTs,

eddy current losses are negligible and magnetic alternating field losses can be as-

sumed to dominate.

The other borderline case with eddy current heating is the direct heating of hu-

man tissue. In the biomedical literature, the modification of the Eq. (17) written as

Eq. (18) has become established [131, 133, 140], where sT is the conductivity of tis-

sue and r is the distance from the central axis of the body.

Ptissue ¼
p2m2m2

0sTr
2ð f 2H2

0 Þ
2

ð18Þ

Fig. 9.23. Schematic images and photographs of AC-heating

experiments using iron in the cm- (a) or nm-range (b).
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Equation (18) is valid only for H0 ¼ const and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðosm0rmaxÞ

p
f 1 [135]. Biological

tissue fulfills this condition because of its low electrical conductivity.

In principle, this heating method can also be used to treat patients. It has not

become established as defined localized heating, e.g., in lower-lying tissue, is only

possible to a very limited extent. Instead, the objective is to concentrate the heat

precisely in the tumor tissue. For thermoseed treatment, Stauffer et al. called for a

performance ratio of at least 10:1 [131].

When therapy focuses on magnetization reversal heating it is, therefore, wise to

find ways to minimize eddy current heating. According to Eq. (18) r, f and H are

the alterable parameters. As the square of the radius is a determinant of perfor-

mance rate, an undesirably high level of heating is most likely to occur if the body

is surrounded by the coil system at its widest point (the chest cavity). The problem

is then lessened if treatment can be carried out in the extremities with far smaller

radii. Theoretical calculations and experiments have shown that an H � f product

of a 4� 108 A m�1 s�1 can be safely applied when treating tumors in the chest

cavity. Higher values can be achieved if the radius can be reduced. Hilger et al.,

for example, specify an H � f product of 1:5� 109 A m�1 s�1 when treating breast

cancer (coil diameter 150 mm) [141]. For this very important boundary value to

be determined with certainty, however, in our opinion too few experimental data

are as yet available.

9.5.2

Requirements for the Development of Materials for Hyperthermia and Magnetism

The use of magnetic nanoparticles in hyperthermia goes back to Gilchrist et al.,

who treated different tissue samples with particles of g-Fe2O3 (20–100 nm) in a

magnetic field of up to 20 kA m�1 (25.1 mT) and a frequency of 1200 kHz [130].

Since then, numerous different materials and technical boundary conditions have

been proposed.

The concept of locally and contact-free heating in the tumor tissue itself by

raising the temperature up to >42 �C for 30 min to influence apoptosis and/or to

destroy the tumor is fascinating, but requires reproducible conditions for particle

production as well as reproducible heat dispersal in the tumor. At the same time,

the therapeutic effects on humans depends on the actual conditions in the appro-

priate target tissue and organ. In particular, heat transport in different kinds of tis-

sue and the differing blood supply in the organs mean that only limited theoretical

predictions can be made. What is more, the temperature rise required for long-

term therapy success has been estimated at varying levels. Hilger et al., for exam-

ple, have suggested implementing temperatures around 55 �C, the thermoablative

level, when treating breast cancer, as when the temperature is limited to 44 �C

approx. 50% of the tumors recur [142].

Since the pioneering work of Gilchrist et al. [130] various materials have been

suggested for hyperthermia using magnetic nanoparticles. These can be classified

conveniently according to their magnetic condition at the temperature of applica-

tion (41–55 �C). There is a differentiation between:
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1. Particles that are in a superparamagnetic state under the application conditions

due to their geometric dimensions or their physical properties. These include

Fe3O4 (magnetite) or g-Fe2O3 particles (maghemite) with small dimensions

and

2. Particles that are in a ferri- or ferromagnetic state under the application condi-

tions due to their geometric dimensions or their physical properties, e.g., g-

Fe2O3 particles (maghemite) of large dimensions, multidomain ferrite or ferro-

magnetic materials.

Several interesting studies have been carried out using materials of these two

groups [120, 130, 137, 140–156]. This summary of different studies can not

be complete. It reflects the different goals concerning the material and the heating

mechanism. Many different materials – such as alloy-based systems – have been

used by other groups. Our focus is directed towards pure iron or some iron

compounds.

Another interesting alternative option in terms of heat generation, although with

geometric dimensions at the mm or mm scale, is:

3. ‘‘Self-regulating thermoseeds’’ with a Curie temperature of >42 to approx. 57 �C

[157–160], i.e., above the Curie temperature these materials change their prop-

erties and the energy transfer is greatly reduced. This strategy shows that self-

regulation mechanisms can be achieved by optimizing material properties –

here the Curie temperature – in a targeted manner. If the AC losses of these

types of alloys can successfully be raised considerably in moderate fields, then

this principle of temperature limiting could also be of interest for magnetic par-

ticle hyperthermia.

Materials can only be sorted into categories (1) and (2) above as suggested because

the materials of one composition can be placed in either group solely on the basis

of their geometric dimensions. For maghemite and magnetite particles, it is not al-

ways possible to state unequivocally that the material is in a superparamagnetic

state. The division does, however, take into account the fact that the mechanism

for heat transfer is fundamentally different [120, 161], meaning that different steps

must be taken to selectively develop the material. Based on this division, we now

confine this review to particles with ferromagnetic properties. With regard to

superparamagnetic nanoparticles, which are very important for hyperthermia, the

reader is referred to Chapter 8 by Jordan et al., which describes this point in detail.

As the first, simplest application of ff-MWCNTs – note that this principle only

applies here – we begin from a therapeutical point of view by focusing on the treat-

ment of urological carcinomas, including PCa. These are diseases that are, statisti-

cally, more likely to occur in later life. It must be taken into account that quite a

substantial number of patients may already be fitted with metal implants, e.g., hip

prostheses. This means that the use of high frequencies is only possible and/or
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practical in a limited way due to the occurrence of eddy current heating [129, 132,

133, 157]. For this reason, within the limits of the admissible H � f product [133,

141], we focus our attention on higher fields and not the commonly-implemented

higher frequencies. According to the conditions described in Section 9.5.1, high

frequencies produce eddy current losses on a mm scale, and thus possibly very

high temperatures (Fig. 9.23) that can result in serious health problems.

For the successful therapeutic application of magnetic particle hyperthermia, the

key data contained in Table 9.5 must be taken as a starting point. In the last

few years, superparamagnetic material (SPM) particles have increasingly been dis-

cussed, as they are attributed with better heat generation. This judgment is based

on the magnetic values of the materials in a multidomain state [137]. The produc-

tion, for instance, of Fe nanoparticles that are, magnetically, in the desirable single

domain or flower condition constitutes a technological challenge. For example, Fe

Tab. 9.5. SAR values of different materials.

Material Diameter (nm) SAR (W gC1) Frequency (kHz) H (kA mC1) Ref.

Magnetite (Fe3O4)

Fe3O4 7.5 400 6.5 143

Fe3O4 950 410 10

Fe3O4 50–200 410 6.5 161

Fe3O4 <0.1–45 300 6.5 161

Fe3O4 10 a45 300 14 120

Fe3O4 350 a75 300 14 120

Maghemite (g-Fe2O3)

g-Fe2O3 210 880 7.2 176

g-Fe2O3 12

240

240 880 9.3 177

g-Fe2O3 250–370 1100 6.84 205

g-Fe2O3 100–150 42 880 7.2 175

g-Fe2O3 6–12 12–240 880 7.2 175

g-Fe2O3 20–160 a400 410 11 206

g-Fe2O3 3.3

13.1

120

146

520 13.2 137

Pure metals

Fe 1000–2500 21 880 7.2 175

Fe 20–50 100[a,b] 230 20 188

Fe 20–50 720[a,c] 230 34 188

aSAR [W g(a-Fe)�1].
bQuality: high grade.
cQuality: best grade.
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as a favored material is susceptible to oxidation [89] and at this particle size a sub-

stantial proportion of the volume has been transformed into Fe oxides. Further-

more, iron is pyrophoric [162], meaning that conventional production techniques

such as milling, which is often used in industry, can only be used to a limited ex-

tent and/or after further technological measures have been taken. Only the much-

used wet-chemical, dry-chemical methods or thin film technologies, sometimes

with the implementation of extra protective coatings where applicable, have led to

any obvious progress [92, 102, 111, 163–171]. Materials with unusual magnetic

properties are described in these studies.

These materials have are also been rendered interesting for this kind of appli-

cation by alternative nanotechnology processes. Natural nanostructures, such as

magnetotactic bacteria, are not the focus of our interest. Using these particles, a

defined influencing of the magnetic properties is hardly possible. Useful magnetic

nanostructures can also be obtained by the production of ff-MWCNTs using CVD,

affording > 1000� higher Hcs, magnetization properties that are more favorable to

this kind of application compared with bulk material, and permanent oxidation

protection. However, notably, the characteristics of the nanoparticles are always

partly determined by structure and by production-caused contamination, mechani-

cal stresses, etc.

Several parameters play an important role in optimizing a material; some pa-

rameters affect, negatively or positively, optimization of the magnetic properties.

For example, the nickel nanoparticles encapsulated in graphite by Hwang et al.

showed distinctly lower Hcs than in bulk material [172]. Pirota et al., however,

showed from the example of magnetic-phase multilayer microwires at the mm scale

that by adding another coating to the microwires the hysteresis loop could be

clearly improved towards single-domain characteristics [106]. Thus, production

technology is of decisive importance, and the hysteresis loops can and must be ad-

justed. On the basis of these methods of influencing magnetic parameters and

their effect on heat generation, it must again be underlined that the therapeutic

method we suggest using the multifunctional nanocontainer is only made possible

when the entire system, or the decisive parameters, is optimized (not maximized).

Taking as a basis an H � f product of 1:5� 109 A m�1s�1 [141], the maximum

that can be applied during therapy, a magnetic field that can usefully be applied

is at most approx. 20 kA m�1 (25.1 mT). As the hysteresis loop must be modulated

to exceed Hc for heat to develop, seen from this angle it appears pointless to try to

achieve Hcs higher than 100 kA m�1 (125.3 mT), even though this is possible with

the ff-MWCNTs (Table 9.3). The point is much rather to influence the shape of the

magnetization curve, as in Fig. 9.24, with an Hc of approximately 15 kA m�1 (18.8

mT). To do this, it is advantageous to provide a material in a single domain state.

This, again, means that the aim should be a Fe filler diameter of between approx.

10 nm (<10 nm SPL) and approx. 32 nm [84] or approximately 45 nm [86] (no

single-domain particles). As mentioned above, the higher values depend on the

aspect ratio. The given values are representative for d=la 3. For favorable shape

anisotropy, the particles should have a length/diameter ratio of b 2, requiring a
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nanoparticle length of at least 20–60 nm. Furthermore, as high a magnetization as

possible should be guaranteed. Based on these benchmark figures, high heat dis-

persion is possible in the case of single-domain-ff-MWCNT. However, this remains

a distant goal.

Our data strongly suggests that single ff-MWCNTs can display switching behav-

iors as a single-domain element. Because of the large number of tubes in an

issuing batch the fraction of single domain and flower/vortex structures is not

well-defined. The present state of knowledge is insufficient to determine the

optimal conditions (single domain, flower/vortex or mixing) for heat generation.

To answer this question the conditions of the therapy must be considered.

Single-domain elements can generate a large amount of heat only in magnetic

fields Hext > ðHc þ DHÞ. From a medical viewpoint, the therapy might need be

performed in a low magnetic field. Under this condition the application of another

type of ff-MWCNTs could be advantageous. Detailed investigations are important

in further answering these questions.

The ff-MWCNTs described at present are, most likely, not yet entirely in a single-

domain state. Because of the magnetization behavior and the varying diameters,

we must assume that significant proportions of the materials are in a flower/vortex

condition. Nonetheless, considerable heat dispersion could be proved.

9.5.3

Specific Absorption Rate (SAR)

A characteristic parameter is necessary to evaluate the effectiveness of a material

system. For hyperthermia two processes must be considered. In principle, we

have to evaluate the process of heat generation. It is determined by the loss power

or specific heating power of the material. We also have to consider the process of

heat absorption by a biological tissue. The specific absorption rate (SAR), the mass-

normalized rate of energy absorption by a biological body, in W g�1, has become

Fig. 9.24. Schematic of well- and ill-conditioned hysteresis

loops for medical applications (e.g., hyperthermia).
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the most important parameter in characterizing the effectiveness of a material sys-

tem in hyperthermia. It is determined according to Eq. (19) [140, 173], where c is
the specific heat capacity.

SAR ¼ c dT=dt ð19Þ

For water, cwater ¼ 4:118 J g�1 K�1. For better comparability with different magnet-

ic materials, some groups have used a particular SAR that is related to the active

magnetic component [174–177]. This SAR of iron is given by Eq. (20), with m tot

the total mass of the specimen, and mFe the mass of the iron content.

SARFe ¼ SARðm tot=mFeÞ ð20Þ

This means the specific absorption rate SARFe allows comparison of the efficien-

cies of different types of magnetic particles. In the description of our own material,

we use this type of evaluation too.

With ff-MWCNTs, magnetic reversal losses are assumed to dominate for the

mechanism of heat generation. On account of the opinion sometimes raised in

the literature that sufficient heat transfer is not possible by this means with com-

patible magnetic fields [137, 139], it seems expedient to start with a calculated esti-

mate. According to Eq. (21), the amount of heat generation per unit volume can be

obtained by the frequency multiplied by the area of the hysteresis loop [75, 139].

PFM ¼ m0 f

ð
H dM ð21Þ

Here, the substantiated assumption is made that the magnetization curve in the

area examined is not dependent on frequency.

Under these conditions, PFM can be readily determined from quasi-static mea-

surements of the hysteresis loop [120, 139, 150] using an AGM, VSM or SQUID.

To make these estimates, Fe-MWCNTs were transferred into tumor cells [15] and

washed, and 50 000 cells were separated using fluorescence-activated cell sorting

(see below). A defined volume of this solution was transferred onto a suitable sub-

strate material. The magnetic properties of samples of this kind were studied by

recording hysteresis loops in an alternating gradient magnetometer (AGM, 2900

MicroMag). As well as measuring complete hysteresis loops (major loops) the

minor loops, which are decisive for the conditions of application, were also deter-

mined. For this purpose, when recording individual minor loops the maximum

magnetic fields were limited to Hmax (kA m�1) ¼ 0.796, 1.591, 9.549, 12.732,

15.915, 39.788, 59.683, 79.577, 119.366, 159.155, 198.943, 397.887, 238.732,

318.310, 477.464, 557.042, 636.620, 716.197, and 795.775 (1 mT–1 T). Typical mag-

netization curves are presented in Fig. 9.25. Notably, the curves shown here are not

those of Fe-containing ff-MWCNTs in parallel alignment on substrates, but of Fe-

containing ff-MWCNTs at a random spatial orientation in tumor cells. Where a

parallel magnetic field orientation is mentioned this means, in this case, parallel

to the substrate and no longer parallel to the tube axis. Because of the random ori-
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entation, to some extent an averaging-out of all the spatial axes takes place. This is

reflected in the directional dependence of the magnetization curves, which is now

only weak. By determining the areas of the magnetization curves and multiplying

them with an assumed frequency, the energy dissipation calculated for each mag-

netic field was estimated at 0.796–796 kA m�1 (1 mT–1 T). For the calculated

frequency, we drew upon the limiting frequencies of 50 and 1200 kHz generally

accepted in the literature as well as our favored frequency of 250 kHz. Figure 9.26

shows the results obtained. Based upon quasi-stationary measurements, suffi-

ciently high energy losses can already be achieved with magnetic fields of 10

kA m�1 (12.5 mT). Energy losses > 250 W (g-a-Fe)�1 are, however, only to be

expected for this material from above 30 kA m�1 (37.7 mT). Although fields of

20 kA m�1 (25.1 mT) at 1200 kHz [130] or 45 kA m�1 (56.4 mT) at 53 kHz [153]

have been used for hyperthermia treatments, lower magnetic fields are often pre-

ferred, in the range of the recommended f �H product of 4:85� 108 [133] to

1:5� 109 A (m s)�1 [141]. The range of possible combinations of frequency and

magnetic field that result from this fit in with the range defined as acceptable for

clinical applications by Pankhurst et al. [139], f ¼ 50–1200 kHz and H ¼ 0–15

kA m�1 (0–18.8 mT). Based on these first fundamental assertions on the possible

achievement of high energy losses by magnetic reversal, in a further step the SAR

was also determined experimentally.

Determination by measurement often takes place using a calorimetric (time-

resolved) method, with certain boundary conditions concerning technology and/or

Fig. 9.25. Hysteresis loops of Fe-MWCNTs in cancer cells.

Outermost line: major loop; inner lines: minor loops.
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measuring techniques due to the high-frequency alternating fields. As illustrated

in Fig. 9.27, the set-up we used consists of a high-frequency generator with an

impedance matching network and the magnetic coil system. Water-cooled copper

tubes are wound into a coil system (e.g., 4–10 turns, diameter of bore 20–100

mm, l ¼ 60–120 mm) in which the sample to be examined is placed. The sample

must have good heat insulation and the coils must be sufficiently cooled. The sam-

ple in the coil system is heated by applying an alternating magnetic field. The

temperature change per time unit is determined using an appropriate device.

Fiber-optic systems such as the FLUOROPTIK2 Thermometer have proven effec-

tive for high-frequency magnetic fields: these metal-free systems are not affected

by the alternating magnetic field and eddy current effects do not occur. With these

systems, the temperature can be measured in situ. The output resolution and the

accuracy also meet the demands posed, at 0.001 �C andG0.2 �C respectively.

Another notable point is that the magnetic field amplitudes are often determined

by measuring the coil current and then calculating H. This is possible with suffi-

cient precision in the case of coil geometries, which are generally simple. For the

simplest case of a single circular conductor loop with radius R in the x–y plane (if

the origin is the center of the circle) we obtain Eq. (22) for the field components in

the z direction, with I the current passing through the conductor.

Fig. 9.26. Variation of specific absorption rate (SARFe) of Fe-

MWCNTs with magnetic field (lines: calculated from hysteresis

loops; symbols: experimental measurements).
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Hz ¼
1

2
IR2 1

ðR2 þ z2Þ3=2
ð22Þ

Clearly, for zgR the field decreases at about 1=z3, and therefore outside the coil

there is only slight stress on the tissue during treatment. For therapy the field is of

importance within a long coil. It applies to Eq. (23), where n is the number of

turns and l is the length of the coil.

H ¼ nI

l
ð23Þ

Initial attempts to determine the SAR experimentally used water, physiological salt

solution and agarose gel blocks, to each of which was added a defined quantity of

ff-MWCNTs. Heat insulation of the sample is extremely important, as mentioned

above. When simple glass vessels were used we observed a distinct time depen-

dency of the determined SAR. As shown in Fig. 9.28, the values vary from about

750 W (g-a-Fe)�1 (30 s measuring time) up to 150 W (g-a-Fe)�1 (900 s measuring

time). We ascribe these differences to an unfavorable ratio of sample volume/

sample surface at the time and, in particular, to heat conduction from the sample

into the sample vessel. After the geometry of the materials used was optimized and

heat conduction was minimized, this problem was reduced. It was possible to in-

crease the accuracy and to realize the well-known t–T characteristics. The initial

slope was used to determine the SAR.

Figure 9.26 shows the SAR obtained by experiment under these altered condi-

tions at a frequency of 250 kHz, depending on the magnetic field strength for

the mid-quality material used for the quasi-static measurements. The figure also

shows the SAR curves calculated for this material. The material used was from

Fig. 9.27. Experimental setup for time-dependent calorimetric measurements.
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one batch but was not that used for the magnetic measurements. Clearly, the

values obtained by experiment in a magnetic field area of up to about 28 kA m�1

(35.1 mT) tend to be lower than expected from the quasi-static measurements.

What is more, there is distinct scattering of the measured results in all magnetic

fields. We ascribe this scattering to instrument-related problems in controlling the

HF current, as when the HF transmitter was at full drive, values were determined

that could easily be reproduced. The SARs determined by experiment at 34 kA m�1

(42.6 mT) came out at 286, 280, 286, 292, 286, and 292 W (g-a-Fe)�1 in a series of

measurements, for example. At the level of magnetic fields <12 kA m�1 (<15 mT)

it was not yet possible to obtain any sufficiently firm measured values. One reason

could be the switching behavior of single-domain particles. To throw light on

the real cause, further equipment-related improvements and basic studies of the

switching characteristics of individual ff-MWCNTs must be carried out. The results

already gathered by experiment, however, tend to confirm the expected course. In

the range that can be applied in therapy, up to approximately 20 kA m�1 (25.1 mT),

we were able to verify SARs ofa100 W (g-a-Fe)�1 for this not yet optimized mate-

rial. However, clearly, far higher values could be obtained in the range >30 kA m�1

(37.6 mT). From this, central questions emerge concerning:

1. The maximum H � f product that is possible to use;

2. how these values appear in relation to the superparamagnetic particles;

3. whether the present situation achieved is sufficient for treating urological

tumors.

Fig. 9.28. Variation of specific absorption rate (SARFe) of Fe-

MWCNTs with time (H ¼ 30 kA m�1). Different colors

represent data points from independent experimental series.
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Table 9.5 lists typical SARs for the most important material systems, magnetite

and maghemite, as well as for iron. The differing values for the frequencies and

magnetic fields must be taken into account when comparing the results. Even after

numerical correction of the SARs to ‘‘standard frequencies’’ and ‘‘standard mag-

netic fields’’ in accordance with the known dependences given by Eqs. (12) or

(15), a great deal of scattering still clearly takes place within each material system.

One reason for this can be found in the dependence of the energy loss on particle

diameter and working frequency. As shown by Hergt et al. (Figs. 9.29 and 9.30),

when using superparamagnetic nanoparticles, a distinct reduction in energy trans-

fer achieved can be expected, even from a deviation of aroundG1 nm from the op-

Fig. 9.29. Grain size dependence of the loss power density for

small ellipsoidal particles of magnetite (H ¼ 6:5 kA m�1).

(Modified from Ref. [120].)

Fig. 9.30. Dependence of magnetic loss power density on

particle size for magnetite (H ¼ 6:5 kA m�1). (Modified from

Ref. [120].)
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timal diameter [120]. With ferromagnetic particles up to the superparamagnetic

limit, however, only a relatively minor change occurs depending on the diameter.

Here too, the marked influence of technology on the results that can be obtained

is apparent. As has already been established, controlling heat conduction in the tu-

mor and the surrounding tissue is of decisive importance in connection with the

SAR achieved. The group of Andrä, Hergt and Hilger [141, 143, 178] have stated

more precisely results [143] for the range of thermoablation (T ¼ 51–55 �C). The

calculations imply that the specific heating power needed to achieve the required

rise in temperature in the tumor goes up sharply as the diameter of the tumor

falls. With thermoablation, the target is a temperature difference of 15 K.

Figure 9.31 shows the specific heating power required for this for three different

concentrations of magnetite, depending on the tumor diameter. The low and high

concentrations of 0.001 and 0.1 g cm�3 are approximately the limiting values that

are usefully applicable in practice. From the graphic representation, the required

specific heating power clearly varies by several orders of magnitude, depending

on the concentration of particles achieved. According to this, for an average particle

concentration of 0.01 g cm�3 and 100 W g�1 (Table 9.5), tumors from a diameter of

about 1 cm can be treated. By analogy, a higher particle concentration results

in a size of 4 mm. These observations apply to the range of thermoablation. For

hyperthermia, the proportions are slightly more favorable due to the lower temper-

ature difference required. As only slight differences can be made to the heat con-

ductivity conditions in the tumor tissue, one urgent task for materials development

is to raise the performance of the material. The heat condition problem, on the one

hand, and the amount of heat generated by a few magnetic nanoparticles inside a

biological cell, on the other hand, are the background for the discussion: Is hyper-

thermia on a cellular level possible [137, 141, 179]?

Fig. 9.31. Power requirements of magnetic nanoparticles. (Modified from Ref. [120]; 3 curves.)
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Taking as a basis the SARs for Fe-containing ff-MWCNTs at the level used in ther-
apy of approx. 100 W (g-a-Fe)�1, the minimum SARs postulated in the literature to

achieve the necessary temperature rise in the tissue, it can be concluded that this

ferromagnetic material in a single-domain state should be suited for the treatment

of a diagnosed PCa with an extension of at least several millimeters. Assuming this

to be the case, experiments have been made in heating model systems. Beef was

used as a model substance for the first heating experiments (specimen 7� 7� 7

mm). Fe-MWCNTs were injected into this tissue (see Fig. 9.32a) and the sample

was heated (at H ¼ 20 kA m�1 and f ¼ 250 kHz). Figure 9.33 shows the tempera-

ture curve within the muscle tissue (43 �C after 7.5 min AC-heating). By compari-

Fig. 9.32. AC-heating using model tissue: (a) Muscle tissue

containing Fe-MWCNTs (black), (b) muscle tissue: before and

after AC-heating.

Fig. 9.33. Temperature development during AC-heating.
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son, without an injection of Fe-MWCNTs no temperature difference was measured

for at least 15 min after the start of magnetic induction. Figure 9.32(b) shows typi-

cal photographs of model specimens/tissues before and after AC-heating. Based on

these results, further experiments were carried out on cell cultures, tissue and

organ samples and animals.

9.6

Study Results for In Vitro and In Vivo Applications of ff-MWCNTs

9.6.1

Efficient Endocytosis In Vitro, Lipid-mediated Could Enhance the Internalization Rate

and Efficiency

Using different types of ff-MWCNTs we have studied the uptake by different uro-

logic cancer cell lines. In cell culture experiments an efficient delivery into human

EJ28 bladder cancer cells after complex formation of the ff-MWCNTs with cationic

lipids was detected [15]. Our original conclusion was that the lipid is necessary for

efficient uptake of ff-MWCNTs by cancer cells in our settings. However, systematic

investigations of several cancer cell lines indicated that the ff-MWCNTs with differ-

ent sizes (1–10 mm long) were also internalized without lipid addition. Therefore,

we hypothesized that lipid addition in vitro can stimulate the internalization, prob-

ably via endocytosis. Internalization by cancer cells under optimal growth condi-

tions in vitro guarantees an efficient transfer in the cytoplasm of most of the cells.

Our data implicate a potential direct association between the proliferating capacity

of the individual cell type and the rate of internalization, which is in accordance

with an active uptake mechanism. Further analyses should clarify this point in

more detail because of its potential importance for the development of future ther-

apeutic concepts.

Using TEM we have detected clusters of ff-MWCNTs mainly in the cytoplasm of

the PCa model cell line PC-3. This uptake had no influence on the cell viability

quantified by WST-1-assay in the first three days after short-term (4 h) treatment

with ff-MWCNTs. These data confirm several reports for unfilled SWCNT [180–

186] and also indicate that ff-MWCNTs appear non-toxic once internalized into

mammalian cells of malignant (PCa and bladder cancer cells) and non-malignant

origin, and without adverse effects to cell viability.

Beside the intracellular detection of ff-MWCNTs in the form of clusters or bun-

dles the association with cells was further evaluated by flow cytometry. The results

indicate that clusters of ff-MWCNTs are detectable in solution by FSC-SSC scatter

flow cytometric analyses (FACS) (Fig. 9.34). They can be discriminated from can-

cer cells because of their higher granularity and smaller size (cf. Fig. 9.34b). After

addition of ff-MWCNTs in serum-free culture medium to the cancer cells for 2 h,

FACS analysis revealed a high percentage of cells characterized by a larger granu-

larity, indicating an association between cells and ff-MWCNTs. Cells with internal-

ized ff-MWCNTs and those with ff-MWCNTs at their surface can not be differenti-
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ated by this technique. However, the detection of a broad spectrum of increasing

granularity confirms the TEM studies, showing that cancer cells have internalized

different amounts of ff-MWCNTs. Moreover, on repeating the flow cytometry two

days later, the same percentages of cells associated with ff-MWCNTs were found.

Summarizing these experiments, clearly, by addition to the culture medium an in-

tracellular accumulation of ff-MWCNTs takes place within a few hours, especially

as cytoplasmic localized aggregates (Fig. 9.35). In addition, cell-associated and in-

ternalized ff-MWCNTs have the same magnetic properties as ff-MWCNTs in solu-

tion without cells.

A pilot animal study has checked the distribution of Fe-MWCNTs in mice [187,

188]. Briefly, male mice at 8 weeks of age were narcotized, and different doses of ff-

MWCNTs were injected once intraperitoneally (i.p.) or intravenously (i.v.; via the

tail vein). The animals were sacrificed 20 h after treatment. Tissue samples of dif-

ferent organs were conserved for TEM and histological analyses. Mice without

treatment were used as controls. The remaining but treated animals were observed

over a period of 150 days. For several mice of this treatment group, the injections

were repeated. All animals survived and showed no abnormalities in their behavior

or food consumptions. Remarkably, one mouse with a five-fold injection over a

period of 3 months was treated with a total of >1 g ff-MWCNTs per kg of body

weight.

In sacrificed animals, large agglomerates of ff-MWCNTs were detected at various

organs in the retroperitoneum for the i.p. treatment but not in the i.v. treatment

group. This indicates that most of the intraperitoneally administrated ff-MWCNTs

is retained within the retroperitoneum over several weeks. Interestingly, the macro-

scopically visible agglomerates were attached in most cases to the surface of organs

and penetrated to the peripheral zone of different organs, including kidney and

liver. So, remarkably, magnetic force was transferred to the organs (Fig. 9.36).

The amount of magnetic material required to produce the appropriate tempera-

ture for hyperthermia or thermoablation depends to a large extent on the method

of in vivo administration. Intra- or peritumoral injection or deposit allows for sub-

Fig. 9.34. Representative results of flow

cytometric analyses of human PC3 cells

without MWCNT transfection (b). In

comparison, 4 h after incubation of cells with

Fe-MWCNTs (c) the granularity and size of the

cells have increased. Remarkably, bundles of

Fe-MWCNTs are also detectable in solution (a).
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stantially greater amounts of magnetic material to be concentrated in a tumor than

do other methods employing intravascular, intradermal or intraperitoneal adminis-

tration and/or targeting. A general assumption is the concentration of at least 5 mg

of the magnetic material within 1 cm3 of target (tumor) tissue.

Fig. 9.35. Representative TEM photographs

showing the internalization of ff-MWCNT by

the PCa cell line PC-3. Black structures

represent an accumulation of Fe-MWCNTs. (a)

One large complex with many single CNTs was

detected within the cytoplasm (magnification

�7000); (b) intracytoplasmatically localized

CNTs with different grades of ferromagnetic

filling (dark) (magnification �12 100); (c)

different types of complex formation within the

cytoplasm of PC-3 cells containing many CNTs

(4 h after incubation, magnification each

�7000).
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9.6.2

Production of Two Types of ff-MWCNTs for In Vivo Application

ff-MWCNTs can be synthesized by two different types of CVD. The first, solid

source CVD (SSCVD), uses a simple quartz-tube gas flow reactor inside a two-

zone furnace system [12]. Ferrocene, Fe(C5H5)2, is sublimated in the first zone at

about 150 �C. Decomposition is then realized in the second, the hot, zone at about

830 �C in an Ar flow on oxidized Si-wafers.

The second CVD system (so-called liquid source CVD, LSCVD) consists of a

band evaporator with continuous action and a hot wall reactor with a tape on which

the precoated substrates are positioned. This tape can be moved through the hot

zone of the reactor. Here the ferrocene is solved in cyclopentane and drops contin-

uously on the moving band evaporator. At 45 �C the solvent evaporates, at 270 �C

the ferrocene is completely sublimated and, finally, the vapor is transported into

the CVD reactor. At 900 �C the precursor decomposes and ff-MWCNTs are depos-

ited on the precoated substrates directly. The CVD system has been described in

detail previously [189].

Therefore, this method has the important advantage of producing filled nano-

tubes continuously and is, thus, favorable for a large-scale application.

The nanotube material was investigated by scanning (SEM, XL 30, Philips) and

transmission electron microscopy (TEM; TECNAI F30 with GiF 200). Thermal

gravimetric analysis (TGA, RUBOTHERM) in an Ar/O2 atmosphere up to 450 �C

was used to determine the thermal stability and the filling grade of the nano-

tubes (oxidation of nanotubes up to the remaining Fe2O3). Alternating gradient

magnetometry (AGM) revealed the ferromagnetic behaviors of the filled nanotube-

ensembles on the Si-substrates.

Depending on the deposition conditions, the length, structure, filling grade and

the magnetic properties of the CNTs varied. Here, two different batches of ff-

MWCNTs were used. One batch was synthesized by SSCVD, affording ff-MWCNTs

about 10 mm long (type 1), with a filling yield of 25–30 wt.%. The ff-MWCNTs of

Fig. 9.36. Transfer of magnetic force to tissue.
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the other batch (type 2), produced by LSCVD, were about 15 mm long (Fig. 9.37),

with filling yields of 30–35 wt.%. Both types had the same diameter distribution,

i.e., 10–30 nm (inner) and 20–130 nm (outer). The number of carbon shells

ranged between 20 and 100.

9.6.3

Outlook/Next Steps in Evaluation of these ffff-MWCNTs

The future goal is the design and optimization of biofunctionalized ff-MWCNTs for

different anticancer applications (Table 9.6). These multifunctional nanocontainers

are finely regulated regarding the site of action, the temperature induced by exter-

nal magnetic field application, and the step-by-step release of different drugs. In

addition to therapeutic applications, nanocontainers could also be functional units

for diagnostic and therapeutic monitoring purposes. They fulfill all the criteria for

nanoscaled mediators of anticancer treatment with an optional intrinsic sensoric

unit. The latter can function both for the detection of small tumor lesions as well

as for the control of therapeutic effects. Note that either all of the individual char-

acteristics can be incorporated in a single MWCNT species or a combination of dif-

ferent species with various behaviors can be synthesized, produced on a large scale,

and applied under standardized conditions.

In our view, a variable experimental model is needed to test these possibilities.

Therefore, we suggest a chamber model for the administration and characteriza-

tion of in vitro and in vivo effects using a standardized device (Fig. 9.38).

Potential applications (Tables 9.6 and 9.7) of improved functionalization of ff-

MWCNTs include:

1. Selective tumor-targeting by coupling of specific antibodies to the sidewall or

the ends of ff-MWCNTs.

2. The formation of complexes with suitable lipids for better internalization of ff-

MWCNTs inside target cells and tissues.

Fig. 9.37. SEM image of Type 1 ff-MWCNTs used for administration studies in mice.
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3. Conjugation with other nanomaterials (nanoparticles, nanotubes, nanowires)

characterized by other intrinsic biological, chemical or physical properties for

an enhanced effect in diagnosis and treatment of malignant tumors.

4. Biofunctionalization and/or labeling of the ends of CNTs.

5. Potential as dual container (intrinsic chambers) and cargo system (functional-

ization, e.g., conjugation at the sidewall and at both ends of ff-MWCNTs).

Kam and coworkers have described recently the overall potential of functionalized

CNT for anticancer therapies in general because of the intrinsic advanced physical

and biological properties of these nanomaterials [185]. They reported that short

(A150 nm long and A1:2 nm in diameter) and unfilled HIPCO-SWCNT solubi-

lized in the aqueous phase by noncovalently and strongly adsorbing either fluores-

cently labeled 15-mer oligonucleotides (ODN) or phospholipid-PEG-grafted folic

Fig. 9.38. Principle of the chamber used to analyze the

interaction between ff-MWCNTs and tissues or organs.
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Tab. 9.6. Advantages of CNTs and particles.

Parameter/behavior CNT Particles (and SWCNT?)

Functionality Filling with diagnostics and therapeutics

in defined chambers

Possibility of different locations of the

anti-tumor substances (as intrinsic filling)

and the tumor/tissue targeting system (as

extrinsic bio-functional units)

Minimum of ferromagnetic filling (for

necessary magnetic properties and energy

transfer)

High energy transfer within a target cell

and tissue

Low(er) immunogenecity and/or toxicity?

Relatively inert tissue distribution of

deposed long CNT (>1 mm long)

Morphology Length–width ratio Optimal surface area–

diameter ratio

Intrinsic depot function

Compared to the filling volume, a

relatively large and single surface area/

sidewall for functionalization or coupling

to other structures and molecules; f.e.

MWCNT offer a higher available surface

for interaction with DNA (compared with

SWCNT and round beads)

Possibility of defined (and temperature-

dependent) release of filling substances in

two directions

Relative flexibility of the tubular structure

Inert covering by the carbon multi-wall

Relatively large surface area improves

functionality as shuttling system/vector

(cf. Singh et al. 2005 [196])
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acid were internalized inside folate-overexpressing HeLa cancer cells by simple

incubation in cell culture medium at 37 �C (Fig. 9.39). This was in contrast to the

results of the same experiment at 4 �C, which indicated that uptake is based on

receptor-mediated and energy-dependent endocytosis. The SWCNT were heated by

external near-infrared laser pulses, resulting in an intracytoplasmic release of ODN

Tab. 9.7. Reported examples of studies with functionalized

CNTs.

Type of

functionalization

Methods and results Ref.

Drug/vaccine

delivery

Delivery of nucleic

acids and proteins

Crossing the cell membrane and

cytoplasmic accumulation enhance the

immune (ab) response against peptides

with no cross-reactivity to CNT, SWCNT

as molecular cargoes into cells by

noncovalently and non-specifically bound

proteins to the nanotube sidewall and

intracellular delivery by endocytosis,

delivery of plasmid DNA by binding and

condensation onto ammonium-

functionalized SWCNT and MWCNT

and onto lysine-functionalized SWCNT,

selective targeting and destruction of

tumor cells

180, 182–186, 190–193,

207–212

Usage as new types

of biosensors based

on DNA or proteins

Examples: CNT functionalized with PNA

bind DNA containing a complementary

sequence, nanoassembly by DNA–DNA

interaction

213–220

Complement

activation and

protein adsorption

Description only for SWCNT and double-

wall CNT

221

Imaging of cells, use

in atomic force

microscopy

By covalent linkage to visible-wavelength

fluorophores or as Pluronic SWCNT

fluorophores through near-infrared

microscopy

180, 181, 192, 222, 223

Enzyme

immobilization,

usage as ion channel

blockers

224, 225

Molecular

electronics

Formation of nanoassemblies useful as

molecular switches

226–229
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from the SWCNT and translocation into the nucleus. Note that radiation of the

aqueous SWCNT solution (25 mg mL�1, without cells) by an 808 nm laser (1.4

W cm�2) continuously for 2 min caused heating toA70 �C. The authors suggested

that the SWCNTs can act as tiny ‘‘heaters’’ in living cells overexpressing the recep-

tor molecule (folate receptor) targeted by the functionalized SWCNTs. Selective tar-

geting and induction of necrosis of HeLa cells was observed after the same laser

pulse treatment, without harming receptor-free normal cells. Dying cells released

the ODN cargoes and were mixed with cell debris in black aggregates.

The same properties should be transferred and adapted to our ffff-MWCNT

model because of the intrinsic heating function of the ferromagnetic filling. In

general, new PCa-specific antigens recognized by PCa-specific receptors can be ap-

plied for a selective ffff-MWCNT-based hyperthermia in the histologically remark-

ably heterogeneous PCa tissue containing also receptor-negative stromal and nor-

mal prostatic cells.

A major advantage of using ff-MWCNTs would be the external control available

for localization and intrinsic heating. Note that the finely-regulated, slow and

controlled induction of heating should also improve the internalization of ffff-

Fig. 9.39. Selective targeting and killing of tumor cells using

functionalized SWNT. After internalization of modified SWCNT

via folate receptor (FR) binding on FR expressing tumor cells

laser radiation induces selective tumor cell death. (Modified

from Ref. [191].)
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MWCNTs by target cells that did not primarily take them up; this implies a possi-

ble multiplicity of anticancer therapeutic efficacy once or in multiple treatments:

stepwise (a) heating, (b) improvement of uptake within the target tissue, (c) release

of drug from the container at a defined temperature, (d) repeating the hyperther-

mia as secondary local treatment and release of other drug classes by realization

of higher temperatures than at the time of primary hyperthermia.

Biocompatibility is a major concern when introducing a therapeutic agent inside

the human body. For different, mainly short and pure, species of unfilled SWCNT

no adverse or toxic effects have been reported by various groups on testing the

cellular viability and the proliferation [180–182, 184–186, 190].

Studies with SWCNTs indicate that simple mixing of oxidized SWCNT with so-

lutions of various types of proteins resulted in covalent and non-covalent bonds to

the sidewall [191]. The sidewall was functionalized with oxygen-containing groups

was by refluxing and sonication of SWCNTs in nitric acid. Interestingly, the ad-

sorption of proteins with a molecular weight ofa 80 kDa (bovine serum albumine

and cytochrome c) on SWCNTs imparts hydrophilicity to the CNTs. The spontane-

ously formed nanotube–protein conjugates were internalized by different cell types

of non-malignant as well as malignant origin. While single proteins were unable to

cross the cell membranes by themselves, SWCNTs efficiently traffick protein car-

gos inside the cells. An energy-dependent endocytosis mechanism for the uptake

of the conjugates was proposed [191].

However, other mechanisms as the dominant internalization processes in vitro
have also been discussed recently in the literature, including uptake of the CNTs

by insertion and diffusion through cellular membrane phagocytosis [181, 182,

184, 190, 192]. The detailed uptake mechanisms and efficacy for the different tar-

get and non-target cells should be evaluated in various animal models.

Kam et al. have further described the release of internalized conjugates with

SWCNTs and proteins from endosomes by adding the membrane-passing base

chloroquine to the culture medium [191]. The functionality of adsorbed protein

was shown for cytochrome-c because, after release of this protein from the endo-

somes, cells died by active apoptosis (mediated by the delivered cytochrome c).

Recently, derivatization of unfilled MWCNTs with N-protected amino acids based

on a cycloaddition reaction to the external sidewall was described by Georgakilas

et al. [193]. The modified MWCNTs had a lower solubilization than functionalized

SWCNTs. However, 12 mg mL�1 of functionalized MWCNTs gave a clear solution

in water. The authors conclude that this result represents the basis towards the

synthesis of peptide-based CNTs.

Other reports have shown the interactions between SWCNT (HiPco tubes) and

nucleic acids. Refs. [194, 195] describe the extremely strong binding of short single

stranded DNA (oligonucleotide) by p-stacking. The binding of the oligonucleotide

was realized by helical wrapping with right- and left-hand turns or simply by

adsorption at the sidewall with linearly extended structures. This DNA coating

of bundled SWCNTs was effectively dispersed in water by sonication. Moreover,

subsequent functionalization was made by labeling one terminus of the oligo-

nucleotides with biotin.
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Ammonium-functionalized SWCNTs and MWCNTs facilitate the delivery of

plasmid DNA in different murine [180, 196]. Complexes of DNA and unfilled,

ammonium-functionalized MWCNTs formed aggregates >4 mm and possessed a

planar lattice structure, whereas the double-stranded plasmid molecules formed a

planar structure with MWCNTs buried within. Compared with SWCNTs, the side-

wall of MWCNTs had a higher charge density and an increased surface, resulting

in a closer DNA association with the MWCNTs. The authors found >96% of plas-

mid DNA is condensed by ammonium-functionalized MWCNTs at a charge ratio

of 1:1.

Future developments in this fascinating application spectrum will depend on

whether the specific synthesis methods and, afterwards, the defined functionaliza-

tion for CNTs of a desired structure can be realized (Tables 11.6 and 11.7). Accord-

ing to the planned therapeutic application of ffff-MWCNTs, the focus should be on

the stepwise shortening of the length of the sidewall, the definition of a feasible

amount of sidewall. In addition, the dependence of chemical reactivity on the de-

tailed MWCNT structure is particularly interesting.

As well as investigation of the general toxicities of ff-MWCNTs, the principal bio-

distribution has been studied in a mouse model for the i.v. and i.p. administration

route. For biological TEM analyses, different organs were fixed immediately after

removal from sacrificed mice by fixating them in glutaraldehyde. Ultrathin slices

were prepared as described recently by us [187]. Additionally, other samples of the

same tissues were also collected, fixed in formaldehyde and embedded in paraffin

for routine H&E staining and subsequent histological analyses.

The major goal of these studies was to investigate the short-term accumulation

and distribution of the containers within the body. Furthermore, by histopatholog-

ical investigations potential toxic effects after single or multiple in vivo administra-

tions were assessed.

Recent results of both TEM and histological light microscopy studies indicate

that aggregated to form clusters, independently of the localization site in vivo
[187]. The aggregation can be observed even macroscopically after sonication and

during injection. Therefore, the ff-MWCNTs can reach different tissues by diffus-

ing through capillaries. The cluster sizes, detected by TEM, ranged from 0.5 to sev-

eral microns. The structure of these clusters was identical to those found in cell

culture incubation experiments. From the calculated sizes each cluster, mainly de-

tected intracellular, may consist of several to hundreds or thousands of individual

ff-MWCNTs. Remarkably, the tendency of in vivo formation of such large clusters

did not influence the health conditions of the animals, and did not reduce survival.

All animals (n ¼ 14) treated with different dosages of MWCNTs of both subtypes

(once or several times) survived 150 days.

In several animals injected once with one of both types of ff-MWCNTs, the CNTs

were detected within different cell types of different organs, including lung, heart,

liver, colon or accumulated within the tissues (Fig. 9.40). Only in the minority of

TEM positive samples were individual ff-MWCNTs found.

Moreover, after i.p.-injection low amounts of bundled ff-MWCNTs were also de-

tected in feces. This observation needs further detailed investigation.
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Fig. 9.40. Representative results of ff-

MWCNTs detected by TEM analysis in different

mouse organs 20 h after injections (i.v. or i.p.).

(a) Lung section collected 20 h after i.v.

injection of type 2 (mouse No 8, 9 weeks of

age); magnification �7000. (b) Liver section

collected 20 h after i.v. injection of type 1

(mouse No 4, 9 weeks old); magnification

�7000. (c) Diaphragm section derived from

the same mouse as (b); magnification �7000.

(d) Colon section collected 20 h after i.p.

injection of type 1 (mouse No 6, 9 weeks old);

magnification �7000. (e) Same as (d) but at

magnification �32 000. (f ) Heart section col-

lected 20 h after i.v. injection of type 1 (mouse

No 3, 9 weeks old); magnification �4700. (g)

Faeces collected 20 h after i.p. injection of type

1 (mouse No 15, 9 weeks old).
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Other animals injected once or several times with doses of approximately 100–

400 mg ff-MWCNTs per injection survived more than 150 days without any indica-

tion of toxic or other adverse events. Analysis of the body weight indicated no influ-

ence of the administration of ff-MWCNTs on health condition.

Moreover, for example, several animals were sacrificed 6 weeks after first injec-

tions and analyzed by an experienced pathologist for potential alterations caused

by the accumulation of ff-MWCNTs. In general, 6 weeks after the first injection ff-

MWCNTs were detected cell-associated in most cases. Several microphotographs

revealed an association of ff-MWCNTs accumulation with macrophages.

No formation of giant cells or granuloma was detected, indicating the absence of

inflammation signs. The unrestricted localization of bundles and clusters of ff-

MWCNTs was not associated with encapsulation of the accumulated tubes within

the different tissues and organs. Especially in lung tissue specimens, the clusters

were found near the alvealoe and beside microvessels (Fig. 9.41). Interestingly, af-

ter i.p.-administration, in some cases tubes were also detected in the lung but in

significantly lower amounts and number than after the i.v. administration.

Fig. 9.41. Detection of Fe-MWCNTs by H&E-

stained histological slices of different mouse

tissue 6-weeks after i.v. or i.p. administration.

Black structures represent an accumulation of

Fe-MWCNTs. Lung section at a magnification

of (a) �100, (b) �1000, (c) �10000, and (d)

with accumulation of ff-MWCNTs in the alveole

at �1000.
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The determined long-term accumulation of ff-MWCNTs in different organs and

tissue indicated the biocompatibility of this compound over several weeks without

dramatic toxicity. The comparable patterns of accumulation between short- and

long-term treated animals showed the injected ff-MWCNTs can accumulate within

hours and persist in these depot tissues without encapsulation.

Partially needle-like formations of bundles were detected. In the liver, low num-

bers of clusters of ff-MWCNTs were localized at the sinus.

In an additional experiment series the principle of ff-MWCNTs-mediated hyper-

thermia was tested using freshly explanted mouse tissue specimens. At seven

months of age, one untreated mouse was sacrificed, and one kidney and muscle

from the leg (5� 3� 3 mm) was collected for heating analyses. After injection of

approximately 10–20 mL of freshly sonicated 0.9% saline containing type 1 ff-

MWCNTs (20 mg mL�1) the heating potential was tested immediately using the

device described in Section 9.5.3. A magnetic field of 20 kA m�1 was realized at a

frequency of 230 kHz. The explanted tissue specimens were incubated in the mag-

netic field. The temperature was measured in the centre of the treated specimens

at the beginning, after 5 and 10 min (Table 9.8). Remarkably, for both explanted

tissues an increase of >10 K was detectable after 10 min of treatment with <400

mg of ff-MWCNTs. In comparison with control experiments (applying the same

magnetic field for equivalent tissue specimens without injections of ff-MWCNTs)

the heat injection clearly confirmed our working hypothesis that ff-MWCNTs are

useful for hyperthermia purposes. These pilot experiments ex vivo clearly showed

that doses of lower than the mg range of ff-MWCNTs can mediate an intrinsic tem-

perature shift to >40 �C after a couple of minutes of treatment.

The traditional approaches to hyperthermia, including radiofrequency, micro-

wave and ultrasound, showed only limited efficacy in clinical studies because of

(a) mediating of inhomogeneous temperature conditions, (b) difficulties in focus-

ing in the target tissue, and/or (c) relatively high absorption of the heat by the in-

tratumoral capillaries and connective tissues. The prostate as the target organ for

local treatment primary PCa represents an extraordinary example because of the

anatomy of the pelvis and the high perfusion of this gland.

Jordan et al. (Magforce GmbH, Berlin) have developed amino-silane-coated iron-

oxide superparamagnetic nanoparticles with a mean diameter of 15 nm.

Tab. 9.8. Temperature developed during AC-heating in mouse

tissue containing Fe-MWCNTs.

Time (min) Mouse muscle (T/̊ C) Kidney from mouse (T/̊ C)

0 28.0 29.2

5 40.5 40.0

10 42.6 40.7
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Aqueous ferromagnetic fluid (nanoparticles at a concentration of 120 mg mL�1)

were injected directly in the target tissue and subsequently heated by intracellular

hyperthermia. The particles were taken up efficiently by endocytosis. The so-called

magnetic fluid thermotherapy (MFH) was proposed in principal as suitable for

both local hyperthermia and thermoablation of PCa, since the intratumoral tem-

perature conditions can be selected over a broad range by modulating the magnetic

field. Moreover, in contrast to E-field dominant systems used for regional hyper-

thermia, the boundaries of differently conductive tissues do not interfere with

power absorption in the MFH treatment.

In a subsequent animal study using orthotopically implanted MatLyLu-cells

(Dunning R3327 model), magnetic fluid (200–400 mL) was injected into the pros-

tate tumors (0.5 mL per cm3 of tumor). Immediately after injection, an AC field

was applied (100 kHz, 0–18 kA m�1; gradually increased field strength from 45%

to 70% over a period of 17 min, heat treatment at 70% field strength for 30 min)

using the MFH 12-TS (MagForce Nanotechnologies GmbH, Berlin) [197, 198]. By

intratumoral temperature control, the authors described mean maximal tempera-

tures of up to 58 �C. The observation that >85% of the nanoparticles were retained

in the prostate 10 days after injection indicates that repeated thermal treatment is

possible. Afterwards, external radiation of 20 Gy was applied. Combined thermora-

diotherapy resulted in a higher inhibition of tumor growth than radiation with the

same dose alone. The combinational treatment was as effective in tumor growth

control as radiation therapy alone with a three-times higher dose.

Recent data from a phase I clinical study has been used to evaluate the toxicity

and tolerability of MFH using a novel hyperthermia- and thermoablation-system

(MFH 300F) [174] in PCa patients [147]. To our knowledge, this is the first report

of the clinical application of interstitial hyperthermia using magnetic nanoparticles

in the treatment on human carcinomas. A patient with locally progressive growing

PCa following a high dose brachytherapy received a total of 12.5 mL of magnetic

fluid in 24 depots (each of 0.5 mL) in the prostate (intraperineal injection under

rectal ultrasound control and fluoroscopy guidance) with an approximate volume

of 35 mL. Thermotherapy was applied using an initial magnetic field strength of

2.5 kA m�1, which was gradually increased to 5 kA m�1, and was kept constant

for one hour. Five subsequent MFH applications took place at weekly intervals.

The maximum intra-prostatic temperatures determined (48.5 and 42.2 �C during

the first and second treatment, respectively) achieved were in the thermoablative

range.

It was assumed that for sufficient heating of the prostate gland, and ideally a ho-

mogenous distribution of the nanoparticles field strength of 10 kA m�1 toxicity, 0.2

mL of the magnetic fluids per mL of tissue volume is necessary to guarantee an

SARtissue of 300 W kg�1. However, the measured particle distribution within the

tumor tissue was sub-optimal and must be improved.

As side effects, the patients experienced local pain several times (especially when

the field strength was >5 kA m�1) and moderate bladder spasms occurred after the

first treatment cycle.

Moreover, in this report the authors also described preliminary experiences in
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glioblastoma and recurrent soft-tissue sarcomas of the ongoing phase I study. In-

terestingly, the particles are retained in the PCa tissue for at least several weeks.

The authors conclude that this observation represents an important pre-requisite

for the clinical application of MPH in locally advanced PCa.

In comparison, an aqueous solution of ff-MWCNTs per se represents a homoge-

nous population of particles based on the principles of their synthesis. This could

be a major advantage over superparamagnetic particles for a cost-effective clinical

use as thermal transmitters.

This development of nanoscaled containers, including the proposed ffff-

MWCNTs, opens a new chapter in the field of anticancer therapeutic concepts

based on nanotechnology. Further steps of evaluation and optimization must un-

dergo very different and detailed tests to ensure their therapeutic efficacy and me-

chanical stability and safety after local implantation or systemic injection. Progress

in medical device technology is strongly linked to progress in material science tech-

nology, and new combinations of different materials that have been developed for

different application in human medicine have influenced the design, and also the

structural, chemical and biological properties of CNTs.
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Abbreviations

AC Alternating current

CNT Carbon nanotube

CVD Chemical vapor deposition

FACS Fluorescence-activated cell sorting

ffff-MWCNT Functionalized and ferromagnetic filled MWCNT

ff-MWCNT Ferromagnetic filled MWCNT

f-MWCNT Filled MWCNT
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Hc Coercivity

MFH Magnetic fluid hyperthermia

MPH Magnetic particle hyperthermia

Mr Remnant magnetization

Msat Saturation magnetization

MWCNT Multi-walled carbon nanotube

PCa Prostate cancer

PFM Power loss of ferromagnetic material

PSA Prostate specific antigen

PSPM Power loss of superparamagnetic material

SARFe Specific absorption rate of iron

SAR Specific absorption rate

SEM Scanning electron microscope

SWCNT Single-walled carbon nanotube

TEM Transmission electron microscope

T Temperature

t Time
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10

Liposomes, Dendrimers and other Polymeric

Nanoparticles for Targeted Delivery of

Anticancer Agents – A Comparative Study

Yong Zhang and Dev K. Chatterjee

10.1

Introduction

Cancer management through chemotherapy, surgery and radiotherapy often fails

because of high toxicity and poor target selectivity. Nanotechnology, through the

synthesis and modification of nanoparticles, has the potential to overcome these

barriers by providing drug molecule stability in circulation, reduced toxicity and

better targeting of tumors.

Several excellent reviews deal with the anti-tumor activities of nanoparticles. A

look at recent ones in this fast changing field shows that most have tackled the

wider issue of nanotechnology as a tool against cancer. In an excellent review, Fer-

rari has dealt with the whole field of cancer nanotechnology, including in vitro di-

agnostics as well as in vivo targeting [1]. In a very recent review Jain (of Jain Phar-

maBiotech in Switzerland) has focused on the field of ‘‘nanobiotechnologies’’ and

its effect on drug delivery in cancer [2]. The same author has also reviewed nano-

technology in the setting of the diagnostic clinical laboratory [3]. Another recent

review, by McNeil, deals more widely with the ramifications of nanotechnology for

the biologist [4]. A similar review by Fortina et al. details the uses and promises of

nanobiotechnology in the whole field of molecular recognition, mainly for en-

hanced in vitro molecular diagnostics [5]. As these and other examples show, most

reviews deal either with the wider aspects of nanotechnology or with different sub-

sets.

This chapter focuses specifically on the targeting of drug0-loaded nanoparticles

to tumor sites. This is perhaps the most important aspect of anticancer therapy

with nanoparticles. However, even with a wish to limit ourselves to detailing the

means of targeting nanoparticles and discussing and comparing current reports

about the three major types of nanoparticles, we find it imperative to include short

introductions, wherever applicable, so that even recent entrants to the field can pe-

ruse this chapter.

Nanoparticles that are currently under consideration as drug delivery vehicles can

be considered to be of three major types: liposomes, dendrimers and other poly-

meric nanoparticles. When modified with certain chemicals, mainly poly(ethylene

Nanotechnologies for the Life Sciences Vol. 6
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glycol), they enjoy long circulation times and selectively accumulate at tumor sites

due to an enhanced permeation and retention (EPR) effect. When a targeting li-

gand or antibody is attached this selectivity is enhanced. Suitable targets include

antigens of the neo-angiogenic process associated with tumor growth, altered anti-

gens specific for tumors (tumor specific antigens) and growth factor receptors such

as transferrin and folic acid receptors. Drugs delivered to the site include conven-

tional anti-neoplastic drugs such as doxorubicin and paclitaxel, and also other bio-

logical response modifiers such as cytokines and antibodies. Corporate interest in

the future of this technology has resulted in a few start ups that have already mar-

keted a few anti-tumor nanoparticles formulations; hope for a better future is ap-

preciably high.

Section 10.2 deals with the effectiveness of chemotherapy and other conven-

tional therapies and discusses their limitations in halting tumor growth. We intro-

duce the concept of targeted drug delivery in Section 10.3 and elaborate on target-

ing ligands in Section 10.4. Section 10.5 deals with the achievements of each of the

three major types of nanoparticles. Section 10.6 wraps up the review with a look at

the overall picture that is emerging and ends on an optimistic note.

10.2

Cancer Chemotherapy: so Far, but not so Good

The fundamental differences between cancer cells and normal human cells are still

not clear. None of the empirically developed anti-neoplastic drugs in conventional

use appear to involve a mechanism or target that is completely unique to the cancer

cell. They appear to achieve some degree of selectivity in their action by acting on

certain characteristics that are found altered in cancerous tissues as compared to

normal ones. These include a rapid rate of cell division, differences in the rate of

uptake of or the sensitivity to the drug in different types of cells, and occasional

presence in the cancer cells of hormonal responses characteristic of the original

cells from which they developed.

All cells undergo divisions in a cyclical manner. This cell cycle has been divided

into several phases. Very broadly, cells can undergo DNA synthesis (S phase) and

mitotic and cytokinetic activity (M phase) while dividing; or can be in a dormant

non-dividing state (G0 phase). Anti-neoplastic drugs can be broadly classified ac-

cording to whether they are cycle sensitive or insensitive. Cycle sensitive agents act

on dividing cells, during the M or S phase, and have first-order kinetics and expo-

nential dose–response curves. They are highly active on rapidly dividing tumor

cells, but fail to kill cells that are dormant or dividing slowly.

The selection of drugs for a particular cancer depends on several factors: the type

of cancer, the stage and grade of the tumor, the condition of the patient, and the

ability to afford the therapy. The selected regimen may aim for palliation, i.e., re-

duction in the severity or extent of the disease, or remission, i.e., complete absence

of cancerous growth clinically and with laboratory tests. Current cancer therapy

suffers from the serious disadvantage of high toxicity to the patient’s normal body
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tissues. The effectiveness of therapeutic regimens has to be balanced against their

side effects. Poor selectivity for cancer cells by the anticancer drugs is the underly-

ing cause.

The major reason for poor selectivity is the relative paucity of marker molecules

that will unequivocally distinguish neoplastic from non-neoplastic cells. Most can-

cer chemotherapeutic drugs interfere with the mechanism of cell division. Some

cancers are intrinsically highly drug-sensitive, such as childhood acute lymphoblas-

tic leukemia (ALL), Hodgkin’s disease, some non-Hodgkin’s lymphomas, and tes-

ticular cancer. For these, relatively lower doses of chemotherapy may be effective.

However, for most other cancers, promiscuous interaction of significant amounts

of potent drug molecules with normal cells cannot fail to have serious conse-

quences. The immune system, hematopoietic system and the internal lining of

the gastrointestinal tract are the major sufferers as they have the highest cell turn-

overs. Side effects of therapy can be acute or delayed. Acute complications include

nausea, vomiting, diarrhea, anorexia, allergic reactions and anaphylaxis. Delayed

toxicities include myelosuppression, which can cause neutropenia and repeated

infections, anemia from multiple causes, and hemorrhagic manifestations from

thrombocytopenia. As a consequence of all these, and perhaps other unknown

causes, the patient may develop a severe form of cachexia that is almost exclusively

found in advanced cancers.

To avoid or reduce toxicities, several approaches have been adopted. Supportive

therapy in cancer aims to reduce the specific toxicities of the drugs. Potent anti-

emetics for gastrointestinal toxicities, diuretics for nephrotoxic agents such as cis-

platin, anti-histaminics for allergic reactions, and the more recently introduced

recombinant therapies such as erythropoietin and GM-CSF to treat myelosuppres-

sion are a few examples. Another is the use of several drugs at lower doses for a

single cancer, rather than a single drug in high doses. Multidrug regimens, or pro-

tocols, have become the norm in cancer treatment. This is advantageous because

the anticancer effects of the drugs will be additive when the drugs have different

mechanisms of action, while the side effects will be distributive if their toxic effects

are on different cells. Combination of a cycle-specific and non-specific drug may

prevent tumor resistance by killing actively dividing as well as dormant cells. Com-

bination chemotherapy also suppresses drug resistance, which is another major

drawback of conventional chemotherapy.

Drug resistance, or the lack of responsiveness to the chemotherapeutic agent,

can be due to several causes. The drug may not be reaching the tumor site at effec-

tive concentrations, either because of poor blood flow, or even after reaching the

site may not achieve high enough concentration in the cell due to poor absorption,

metabolic degradation, or rapid excretion from the cell (pharmacokinetic resis-

tance). Failure to achieve total cell kills result in cytokinetic resistance: a population

of survivors serve as source for repeated proliferation of the tumor. Tumor cells can

evolve under these conditions to develop biochemical resistance by altering uptake

and target molecules, developing or upgrading drug metabolism and excretion

pathways, increasing the intracellular concentration of the drug-affected molecule,

or incorporating protective genetic changes.

340 10 Liposomes, Dendrimers and other Polymeric Nanoparticles for Targeted Delivery



When multidrug regimens are not effective on their own, they are supplemented

with radiotherapy and surgery. Unfortunately, radiotherapy also has the same de-

pressive effect on the immune system and dividing cells, and results in nausea,

vomiting, diarrhea and anemia. Surgery in early stages in some cancers can be cu-

rative, with only limited associated morbidity and very low fatality. However, most

deep-seated cancers in the body are detected after they have metastasized, while

some cancers, notably those of intracranial origin, are not easily approachable sur-

gically, and carry high mortality and morbidity risks. Various ingenious combina-

tions of the above, such as adjuvant (and neo-adjuvant) chemotherapy and radio-

therapy with surgery to reduce tumor size or treat disseminated tumor cell nests,

have been used to maximize the benefit to the patient.

In recent years, in recognition of the limited success of ‘‘classical’’ chemotherapy

to treat cancers, several new methods have been investigated. Most important

among them are gene therapy for correcting the altered genetic profile in cancer

cells; and the biologic response modifiers that aim to enhance the innate anti-

tumor immunity of the human body. Nonspecific immune modulators like BCG

(for bladder cancer) and cimetidine (for melanoma) have shown limited efficacy.

Better results have been obtained with the introduction of lymphokines and cyto-

kines (IL-1, IL-2, TNF and more recently CCL21). These are natural human mole-

cules produced in minute quantities for the purpose of signaling among immune

cells. However, nonspecific use of these cytokines, especially IL-2 and TNF, has

shown unacceptable levels of toxicity. This is primarily because of the short half-

lives of these small molecules. To achieve acceptable levels inside the tumor micro-

environment, very high doses need to be introduced: a common theme in cancer

therapy regimens. A way to increase the stability of these molecules in circulation,

along with the means to target them to selective neoplastic tissue, has become the

current need.

10.3

Nanoparticles and Drug Delivery in Cancer: a new Road

10.3.1

Importance of Nanoparticles in Cancer Therapy

Nanotechnology, especially nanoparticulate drug delivery systems, may provide the

solution to the problems facing current cancer therapy. Nanoparticles can be de-

fined as spherical (or spherical-like) particles with at least one dimension less

than 100 nm [6]. The history and technology involved in nanoparticle synthesis

can be found elsewhere (e.g. [6]). Nanoparticles, along with liposomes and block

copolymer micelles, form the group of submicron sized colloidal systems used as

targeted drug delivery vehicles (Fig. 10.1). Their small size allows intravenous

administration without the risk of embolization, and passage through capillary

vessels [7] and mucosae [8], while affording special properties of large surface
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area, significant surface properties, greater solubility (especially for oil-based drugs)

and better tissue adhesion [9].

Nanoparticles can have several roles in cancer therapy. They can be useful in tar-

geting the tumor and achieving local therapeutic concentration of the toxic drug

while keeping circulating levels of free drug fairly low, thus reducing systemic tox-

icity. They can stabilize lipophilic drugs in circulation, and help them enter previ-

ously inaccessible regions of the body like the central nervous system by cross-

ing the blood–brain barrier, and treat previously untreatable tumors and reach

‘‘tumor sanctuaries’’. They can increase the circulatory period of drugs by con-

trolled release, thus overcoming the toxicity associated with initial high concen-

trations in periodic doses. They can also, conceivably, overcome multidrug resis-

tance by a combination of these effects [6]. Apart from their therapeutic benefits,

nanoparticles – as fluorescent nanoparticles and quantum dots – can also help in

the early detection of tumors.

Therapeutic effects of nanoparticles can be achieved by ‘‘physical’’, ‘‘chemical’’ or

‘‘biological’’ means. Physical means include the recently developed methods of hy-

perthermia and magnetic therapy. Chemical means include the delivery of more

conventional chemotherapeutic drugs to the tumor sites. Biological response modi-

fiers like immunotherapeutic agents are also gaining favor.

It is debatable whether the term ‘‘nanoparticles’’ applies only to the more re-

cently developed polymeric nanoparticles or if, applying the definition in a broader

sense, it should encompass block copolymer micelles and liposomes. Taking the

emerging field of targeted drug delivery to cancer as the leit motif of this chapter,

and acknowledging the significant roles played by both these types of ‘‘nanopar-

ticles’’ in the development of this important branch of cancer therapeutics, we

have included short subsections on both. The reader will thus get a better overview

of the current state of knowledge and can peruse the reference section to further

his/her interest. However, henceforth, we use the term ‘‘nanoparticles’’ in the nar-

rower sense of polymeric spherical coiled particles, whether modified or unmodi-

fied.

Fig. 10.1. Types of nanoparticulate drug delivery systems and

their common targeting methods. Left to right: Liposomes with

enclosed drug molecules; other polymeric nanoparticles, and

dendrimers.
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10.3.2

An Overview of Targeting Methods

In this chapter we concentrate on the methods and materials by which nanopar-

ticles are targeted to neoplastic tissue. Targeting can be loosely defined in this con-

text as any means that increases the specificity of localization of nanoparticles in

tumor cell masses. Targeting does not intrinsically imply improved sensitivity but,

as we shall see, the different methods employed to increase the specificity allow

administration of higher doses of the drugs, thus also favorably increasing sensitiv-

ity. Also, as mentioned earlier, the ability of nanoparticles to cross the blood–brain

barrier and other impediments to conventional therapy increases its volume of dis-

tribution. This also results in increased sensitivity.

Targeting can be divided into two major types – passive and active. Passive tar-

geting involves modifications of nanoparticles that increase the circulation time

without addition of any component/involvement of any method that is specific to

the tumor; increased circulation time helps in accumulation of the particles in the

tumor by an EPR effect described below. Active targeting of tumors can be divided

into ‘‘physical’’ and ‘‘chemical/biological’’ targeting. Physical targeting involves di-

recting magnetic nanoparticles to tumor sites under the influence of an external

magnetic field. Chemical/biological targeting involves the modification of nanopar-

ticles’ surfaces with tumor-specific ligands.

Notably, any of these methods can used in conjunction with others. For example,

common modifications for passive targeting, such as PEGylation, are frequently

used with more ‘‘active’’ modifications like antibodies. The methods are almost in-

dependent of each other, and can be judiciously combined to increase the effective-

ness of the drugs.

This chapter does not deal extensively with the magnetic therapy of cancer and

induced hyperthermic killing of tumor cells (see Chapters 5, 8 and 9). However, in

keeping with the idea of overviewing the whole field of targeting, we have incorpo-

rated a short discussion of physical targeting by magnetically directing particles to

tumor tissues.

10.4

Means to the End: Methods for Targeting

10.4.1

Passive Targeting

Here we must make a clearer distinction between what can be described as ‘‘active’’

and ‘‘passive’’ targeting. In general terms, a targeted drug can be defined as one

modified in a fashion that allows its preferential uptake in the desired cells/tissues,

in this case cancer. Evidence has been provided that many nanoparticles, especially

long circulating ones, will show a preferential distribution to cancer sites over

healthy tissues, even without any specific targeting molecule. This was demon-
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strated for the first time my Matsumara and Maeda [10]. This is likely due to the

increased vasculature of these regions, larger fenestrations in the capillary walls for

rapid delivery of nutrients, general disordered architecture that is symbolic of the

neoplastic process, and the reduced lymphatic drainage in these regions. All these

factors lead to the enhanced permeation and retention effect (EPR) [11, 12] (Fig.

10.2). This fortuitous distribution has been taken advantage of by numerous

researchers in designing targeted drug delivery systems. As an example, in a

recent study tamoxifen was encapsulated in poly(ethylene oxide)-modified poly(e-

caprolactone) (PEO-PCL) nanoparticles and administered to a murine model of

breast cancer [13]. The poly(ethylene oxide) (PEO) coating made it a ‘‘stealth nano-

particle’’, i.e., able to avoid detection by the body’s MPS system for a considerable

time. The PEO surface modified nanoparticles showed significantly increased

levels of accumulation within tumor with time than did the native drug or surface

unmodified nanoparticles. An earlier effort by one of the authors to incorporate ta-

moxifen in nanoparticles for preferential uptake by estrogen receptor (ER) positive

breast cancer cells had been shown to be successful in vitro [14]. However, to trans-

late that success in vivo, a long-circulating nanoparticle was necessary. Another cur-

rent example is the incorporation of cisplatin in liposomal formulations [15] with

poly(ethylene glycol) (PEG) coating for gastric tumors: in preclinical and clinical

trials, this formulation has been demonstrated to have longer half-life in circula-

tion without the attendant side effects.

This targeted distribution of nanoparticles, together with the controlled release

of anticancer drugs, can bring about a type of ‘‘passive’’ but effective targeted deliv-

ery. The other type of targeting is by specific ligand–receptor interaction. Possibly,

Fig. 10.2. The enhanced permeation and retention (EPR) effect

accumulates nanoparticles to tumor sites without active

targeting.
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better specificity and sensitivity can only be achieved by this more ‘‘active’’ means.

However, the introduction of a biological entity on the surface of the nanoparticle

can create several problems: the size and complexity will increase, with attendant

complexities of synthesis and characterization; the biomolecule may react adversely

with the immune system or any of the other myriad proteins in the blood and tis-

sues. This may give rise to unpredictable adverse reactions.

However, potential advantages include the ability to deliver larger amounts of

drug per target biorecognition event; increase selectivity by including more than

one type of targeting molecule, better avoidance of barriers by using different

avoidance methods and the ability to administer ‘‘localized integrated combination

therapy’’ by including multiple drugs in the same nanoparticle [1].

A method for enhancing this passive delivery to the cancer using nanoparticles

is by the use of pH- and heat-sensitive nanoparticles. The fact that the pH in the

region of cancerous growth is lower than in the rest of body, while the temperature

is raised locally because of enhanced metabolism and ongoing inflammation, has

been used to design pH-responsive nanoparticles: a lower pH causes enhanced

drug release. Wei et al. have given a recent example of this [16]. The temperature-

and pH-sensitive amphiphilic polymer poly(N-isopropylacrylamide-co-acrylic acid-

co-cholesteryl acrylate) [P(NIPAAm-co-AA-co-CHA)] was synthesized and used to

encapsulate paclitaxel in core–shell nanoparticles fabricated by a membrane dial-

ysis method. The spherical nanoparticles are below 200 nm and have a pH-

dependent lower critical solution temperature (LCST). In vitro release of paclitaxel

from the nanoparticles was responsive to external pH changes, and was faster in a

lower pH environment.

10.4.2

Magnetic Targeting of Nanoparticles

Magnetic drug targeting has been defined as ‘‘the specific delivery of chemothera-

peutic agents to their desired targets, e.g., tumors, by using magnetic nanoparticles

(ferrofluids) bound to these agents and an external magnetic field which is focused

on the tumor’’ [17]. This type of tumor targeting is aimed at concentrating the

toxic drug at the cancer, hence enhancing its efficacy and reducing systemic side

effects from high doses.

Gilchrist et al. described the first magnetic nanoparticles in 1957 [18]. These are

generally 10–200 nm in diameter, magnetic or superparamagnetic and usually

composed of iron oxide, magnetite, nickel, cobalt or neodymium; of these, magnet-

ite (Fe3O4) and maghemite (g-Fe2O3) are more biocompatible and preferred. Iron

oxide is degradable in the body and has been shown to be safe for in vivo applica-

tions [6]. However, to be effective, magnetic nanoparticles should demonstrate

high magnetization for external magnetic field control and should exceed linear

blood flow rates of 10 cm s�1 in arteries and 0.05 cm s�1 in capillaries. For this

purpose, particles composed of, for example, 20% magnetite require a field of 0.8

Tesla. Tissue depth is a limiting factor in active targeting, with deeply localized tu-

mors being hard to access.
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Lubbe et al. have utilized a complex of 4-epirubicin bound to ferrofluids in the

treatment of squamous carcinoma of the breast or head and neck [19]. They used

a field of 0.5–0.8 T at the tumor site while infusing the particles. Results showed

accumulation in tumors in 6 of 14 patients with reduced toxicity, a transient rise of

serum iron, but no demonstrable damage to kidney or hepatic function. Alexiou et

al. have used mitoxantrone complexed to 100 nm ferromagnetic particles against

VX2 squamous cell carcinoma among rabbits to demonstrate the superiority of

intra-arterial infusion to other routes of delivery, especially the intravenous route

where the particles are removed from circulation by the reticulo-endothelial system

[20]. They have also demonstrated that circulating mitoxantrone becomes concen-

trated at the tumor tissue when complexed to ferrofluids; a higher concentration of

the complexed drug (compared to the free drug) is achieved at the tumor site using

only a half to one-fifth dose [17]. The drug mainly resides in the intraluminal

space, the tumor interstitium and peritumoral area (region surrounding the tumor

a1 cm). Other researchers have investigated ferrous nanoparticles in glioblastoma

(a tumor of the brain), and demonstrated that these particles effectively cross the

blood–brain barrier [21].

The clinical applications of magnetic drug targeting have been reviewed in more

detail [22].

10.4.3

Ligands for Active Targeting

Cancer cells arise from normal cells through a complex series of genetic events.

Unlike infectious agents like bacteria, they largely share the same proteins as nor-

mal cells. However, some proteins are found in much larger numbers on cancer

cells than in normal cells [23]. These overexpressed antigens are called tumor-

associated antigens (TAA). Some proteins derived from normally silent genes or

mutated forms of normal proteins are found exclusively on cancer cells. These are

known as tumor-specific antigens (TSA). The obvious targets for targeted cancer

therapy are TSAs. However, TSAs are often difficult to characterize for a particular

tumor. When found, they are usually not extensive, i.e., they are not found in all

patients affected by the tumor, nor are they found in all the cells in a particular

tumor in the same patient. The aberrantly expressed tumor specific antigens are

produced by aberrant glycosylation in glycolipids, glycoproteins, proteoglycans,

and mucin [24]. For example, the glycosylation pattern of MUC1 mem-

brane mucin of breast cancer epithelial cells differs from normal breast epi-

thelial cells, possibly as a result of changes in expression of glycosyltransferases

[25]. TAG-72 is a mucin-like tumor-associated glycoprotein [26] that is found in

some epithelial tumors. Melanoma cells aberrantly express GM3 ganglioside on

their surface [27]. Gastrointestinal cancer cells abnormally express LeX antigens

[28].

Tumor-associated antigens are often growth factor receptors on the tumor that

are overexpressed to meet the rapidly dividing neoplastic cells’ demands. A classic

example is folic acid and congeners. These are low molecular weight pterin-based
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vitamins essential for carbon metabolism and de novo nucleotide synthesis. The

presence of elevated levels of folate receptors has been demonstrated from epithe-

lial tumors of various organs such as the colon, lungs, prostate, ovaries, mammary

glands, and brain [29–40]. These present attractive targets for drug delivery. An-

other promising tumor receptor target is Her2_neu, also known as c-erbB-2. This

is a transmembrane protein with an epidermal growth factor receptor that pos-

sesses intrinsic tyrosine kinase activity [41–43]. The normal human Her-2_neu

proto-oncogene is frequently found to be overexpressed in breast and ovarian can-

cers among others. Its level may correlate with the metastatic potential of the

cancer cells [44, 45].

Another such membrane-associated tumor antigen is the transferrin receptor.

This is overexpressed in different types of cancers [46]. The levels may also corre-

late with the malignant potential of these cells [47] (Fig. 10.3).

The presence of various other tumor antigens has been demonstrated:

membrane-associated Carcinoembryonic antigen; CD10 or CALLA in leukemias,

melanomas and myelomas [48, 49]; CD20 in B cell malignancies [50]; etc. Many

others are being recognized routinely. They all represent potential goals for tar-

geted drug delivery.

10.4.3.1 Monoclonal Antibodies against Tumor-specific Antigens

Specific targeting became a possibility with the discovery of monoclonal antibodies

in 1975 [51]. As the name suggests, these are antibodies derived from a single

clone of cells. They can be mass produced in the laboratory from a single clone

and recognize only one antigen. Monoclonal antibodies are usually made by fusing

a short-lived, antibody-producing B cell to a fast-growing cell, such as a cancer cell.

The resulting hybrid cell, or hybridoma, multiplies rapidly, creating a clone that

produces large quantities of the antibody. It was hoped that monoclonal antibodies

would be able to target specific antigens on the surface of cancer cells, and initially

Fig. 10.3. Cancer cell antigens are targeted with monoclonal

antibodies; ligands such as folic acid and transferrin also show

specificity.
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raised high hopes for targeted cancer therapy. Animal-origin monoclonal anti-

bodies such as murine antibodies were strongly immunogenic; to avoid this, chi-

meric antibodies [52] and humanized antibodies [53, 54] were produced. More

recently, completely human monoclonal antibodies and single-chain human anti-

body fragments [55] have been introduced for immunotherapy and targeted drug

delivery.

Antigen targets for monoclonal antibody therapy (or for any other targeted anti-

cancer therapies) must have the property of specificity, i.e., present only on the

cancer cell surface and be absent from the surfaces of all normal cells; they should

be extensive, i.e., present on all the cells in a given tumor, preferably on all such

tumors in every patient; there should not be any mutation or structural variation

of the antigen; and they should be preferably involved with a critical function of

the cell, so that adaptive response of the cancer to therapy by losing the antigen

can be prevented [56]. However, naturally, such a perfect antigen is rarely, if ever,

found. Several good candidates have been discovered, and monoclonal antibodies

against these have been marketed. Examples include anti-CD20 antibody for

relapsed/refractory CD20 positive B-cell non-Hodgkin’s lymphoma and low-grade

or follicular-type lymphoma, anti-CD53 antibody for relapsed/refractory AML, and

anti-CD52 antibody for B-cell chronic lymphocytic leukemia [56, 57]. Recently,

Zhou et al. have utilized BDI-1 monoclonal antibodies to target highly toxic to blad-

der cancer cells in vitro [58]. To improve therapeutic efficacy and decrease toxicity,

we prepared arsenic trioxide-loaded aluminates immuno-nanospheres [As2O3-

(HAS-NS)-BDI-1] targeted with monoclonal antibody (McAb) BDI-1 and tested its

specific killing effect against bladder cancer cells.

Identifying Monoclonal Antibodies One strategy to identify ideal targets for mono-

clonal antibodies is to select the internalizing antibodies from phage libraries; ac-

cordingly, two antibodies to the breast cancer cell line SK-BR-3 which bind to ErbB2

have been identified [59]. Nielsen et al. have demonstrated the use of single-chain

Fv (scFv) antibodies for internalization of nanoparticles in target cells [60]. The

antibodies were recovered from a non-immune phage library and the scFv specific

for ErbB2 (F5) was re-engineered and attached to liposomes. Doxorubicin loaded in

these immunoliposomes was selectively active on ErbB2 positive breast cancer cells

and showed targeted cancer cell cytotoxicity.

Liu et al. have described a method to map the ‘‘epitope space’’ of a tumor using

monoclonal antibody libraries [61]. The expressed epitopes on the cell surface,

which constitute the ‘‘epitope space’’, is essential to targeted drug delivery. This

is ‘‘highly complex, composed of proteins, carbohydrates, and other membrane-

associated determinants including post-translational modification products, which

are difficult to probe by approaches based on gene expression’’ [61]. The authors

used monoclonal antibody libraries against prostrate cancer cells and identified

over 90 antibodies, which bind to the cancer cells selectively, with little or no bind-

ing to normal human cells. This approach does not attempt to identify the tumor-

specific antigens, but rather takes a functional approach to the problem of tumor-

target identification.
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Monoclonal Antibodies and Nanoparticles Monoclonal antibodies were initially

hailed as therapy for cancers in their own right (Fig. 10.4). To introduce more

cancer cell killing ability, they can also be conjugated with anticancer drugs. This

complex can also be formulated as a prodrug, which is cleaved to release the anti-

cancer agent at the cancer site. Usually, the link between the molecules would be

peptidase cleavable, in order to separate inside the cancer cell. However, such for-

mulations are not very stable in vivo, and may undergo early cleavage. The absence

or reduction of cleavage at the site will, clearly, lower the potency of the anticancer

agent.

The greatest difficulty in using monoclonal antibodies for cancer therapy is their

rapid clearance from the bloodstream by the immune mechanisms of the body. Li

et al. have estimated that <0.01% of the administered dose of antibodies reaches

the target sites [62]. This has two serious drawbacks: firstly, monoclonal antibodies

are relatively costly, and a large dose of the therapy becomes prohibitively expen-

sive; secondly, the excess antibody can have serious toxic effects on rest of the

patient’s body. As we discussed in the introductory section on chemotherapy,

this problem, in various proportions, dogs all current therapies of cancer. Hence,

monoclonal antibodies by themselves provide no advantage over general anticancer

drugs. Attachment of the molecules to nanoparticles circumvents some of these

problems.

10.4.3.2 Targeting the Angiogenic Process

Judah Folkman discussed one of the prime candidates for targeted cancer therapy,

angiogenic factors, in 1989 [63]. Cancer cells require a significant amount of nutri-

tion to keep growing and reproducing. To obtain this they promote the ingrowth of

capillary vessels into the tumor site. This is known as angiogenesis. Tumor cells

secrete chemicals that promote angiogenesis. Since active promotion of angio-

genesis is unnecessary in most body cells, the associated antigens are of interest

Fig. 10.4. Monoclonal antibodies against cancer were

originally used either by themselves (A) or attached to drug

molecules (B). However, attachment to nanoparticles (C)

provides longer circulation times and lower toxicity.
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in targeted therapies. The anti-VEGF (vascular endothelial growth factor) drug

Avastin2 has shown moderate effectiveness in several solid tumors. This has led

to a gene-therapeutic approach to anti-angiogenesis using liposomes [64] and cat-

ionic nanoparticles [65]. In the latter, an integrin-targeting ligand was used for

specific delivery of a mutant Raf gene, and selectivity was demonstrated.

Hallahan et al. have described novel targets that depend on targeting radiation-

induced neoantigens in the cancer microvasculature [66]. They demonstrated the

presence of an RGD-containing amino acid sequence in phage-displayed peptides

obtained from irradiated tumors. This peptide binds to integrins. Immunohisto-

chemical examination confirmed the presence of the fibrinogen receptor integrin

in irradiated tumors. Targeting this receptor by fibrinogen-containing nanopar-

ticles showed enhanced anti-tumor effects.

The Intradigm Corporation (MD, USA) has utilized the RGD sequence attached

to PEG to target their siRNA-containing nanoparticles to the integrins present in

the tumor microvasculature [67]. The siRNA provide potent selective gene inhibi-

tion with high specificity. They delivered siRNA-inhibiting vascular endothelial

growth factor receptor-2 (VEGF R2) expression and, thereby, tumor angiogenesis

to a mouse tumor model using PEI-PEG nanoparticles. The siRNA was found to

be active in a highly cell-selective manner. They demonstrated that selectivity could

be incorporated in the drug itself, along with the ligand–receptor interaction.

Nucleic acid conjugates have been favored as targeting ligands for their exquisite

specificity for the targeted molecule. Farokhzad et al. have utilized nucleic acid li-

gands (aptamers) to target cells expressing prostate-specific membrane antigen, a

tumor marker for prostate cancer acinar epithelial cells [68]. They created PEG-

containing PLA nanoparticles that bind to aptamers by surface negative charge.

These aptamer conjugated nanoparticles showed 77� greater uptake by the cancer

cells than unmodified nanoparticles.

Other efforts [69] have demonstrated nanoparticle targeting to angiogenic epi-

thelium using the avb3-integrin, which is found on endothelial cells. Anti-

angiogenic effects were demonstrated in mouse models of melanoma and adeno-

carcinoma.

10.4.3.3 Folic Acid and Cancer Targeting

Perhaps the most interesting molecule to attract attention for its targeting abilities

in recent times is the humble folic acid. Most normal human cells take up this

molecule in its reduced form (Fig. 10.5). One of the notable exceptions is the

Fig. 10.5. Molecular structure of folic acid.
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luminal sides of the gut endothelial layer, which take up the folic acid present in

food, convert it into folate, and release it into our bloodstream. Many types of

cancer cells, however, take up folic acid in its oxidized form. Since intravenously

administered nanoparticles will only come into contact with the abluminal side of

the gut epithelium, selectivity for tumor cells is very high. As mentioned above,

several endothelial tumors (e.g., derived from the ovaries, mammary glands, colon,

lungs, prostate and brain) possess elevated levels of folic acid receptors on their

surface [29, 30, 32, 33, 36–40]. Already, a large body of research has accumulated

regarding the use of folic acid receptors as cancer targets. Since folic acid, the nat-

ural choice for ligand to the folic acid receptor, can be quite easily coupled to the

nanoparticle surface, it has been used for targeting these to cancer cells.

Hattori and Maitani have reported in vitro studies of folate-linked nanoparticles

in human cancer cells [31]. They synthesized DC cholesterol–Tween 80 nanopar-

ticles with incorporated folate-PEG conjugates for steric stability and targeting.

The nanoparticles were complexed with plasmid DNA. They showed enhanced

uptake in human oral cancer cells by a folate-dependent route. Human prostate

cancer cells also showed high uptake of the nanoparticle–DNA complexes. How-

ever, based on their results, the authors suggest that the route of uptake may be

different for the two cell types.

Oyewumi and Mumper have reported the cellular uptake, distribution and tumor

retention of folate-coated and PEG-coated gadolinium nanoparticles in mice models

of human nasopharyngeal carcinomas [34]. While this was more for imaging than

therapeutic purposes, their results also indicate the efficacy of using folate as a tar-

geting agent. Baker et al. at the Center for Biologic Nanotechnology, University of

Michigan Medical School have focused on the use of dendrimers as targeted deliv-

ery vehicles (described in detail later). They used folic acid as targeting element to

deliver a triplex-forming growth-inhibitory oligonucleotide to breast, ovarian and

prostate cell lines [35]. A very recent example of folic acid receptor targeting in

squamous cell carcinoma has been demonstrated by Santra et al. [70], who em-

ployed a novel technique that uses fluorescent silica nanoparticles (FSNPs) to

detect overexpressed folate receptors.

Folic acid targeting to cancer cells has also been demonstrated in our own Cellu-

lar and Molecular Bioengineering Laboratory in the National University of Singa-

pore. Although the use of folate as a targeting agent has been extensively reported,

little has been done to continuously track the intracellular delivery of nanoparticles

grafted with folate using imaging techniques such as confocal microscope. This is

possibly due to the short lifetime of most biological fluorescent labels. The prob-

lem has been tackled using quantum dots (QDs).

QDs have several advantages over conventional fluorescent dyes and proteins

like the Green Fluorescent Protein. They exhibit a strong fluorescence emission, a

broad absorption spectra and a narrow, symmetric emission spectrum, and are

photochemically stable. The most exciting finding is that QDs also exhibit a wide

range of colors, which is exquisitely controlled by their size; a broad absorption

spectra means that a series of different-colored dots can be activated using a single

laser. These properties of QDs raise the possibility of using them to tag biomole-
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cules with an optical coding technology. This can, for example, create QD bar

codes, and the use of six colors and ten intensity levels can theoretically encode

one million biomolecules. Techniques have been developed to incorporate QDs

into polymer beads, to solve problems relating to their surface chemistry. In

general, quantum dots exhibit water insolubility, poor biocompatibility, and low

chemical stability in physiological media; encapsulation in polymer nanoparticles

can reduce these problems. In their work, Zhang et al. have incorporated lumines-

cent CdSe/ZnS QDs into polystyrene (PS) nanoparticles grafted with carboxyl

groups using an emulsion polymerization method. Nanoscale QD-incorporated

PS nanoparticles (30 nm diameter) were separated by centrifugation at high speed

in viscous solution.

Finally, the nanoparticles were modified with folic acid on their surface and their

intracellular uptake into NIH-3T3 (an immortalized epithelial cell line) and HT-29

(colon cancer epithelial cell line) cells was investigated using a confocal laser scan-

ning microscope.

For nanoparticles without a folate cover, fluorescence was observed in the cyto-

plasm of the cells but not in the nuclei of most cells, indicating that the nanopar-

ticles have difficulty in reaching the nuclei on their own. After surface modification

of the nanoparticles with folic acid, fluorescence appeared in the nuclei of some

cells (Fig. 10.6). This suggested that intranuclear uptake of the nanoparticles may

be affected by the folic acid attached to the surface.

It took three hours of incubation for the PS-encapsulated QDs with folate-

modified surfaces to spread throughout the cytoplasm of cells. Folic acid modified

nanoparticles first attached to the folate receptors expressed on the cell membrane

after 0.5 h incubation. After 1 h, more fluorescence was found on the cells’ mem-

branes and some fluorescence spots were already seen in the cytoplasm, indicating

early migration of the nanoparticles into cells. After 1.5 h, more fluorescence was

observed inside the cytoplasms. Throughout the observation period, fluorescence

was seen on the cell membranes. This can be explained by the fact that internal-

ized nanoparticles were rapidly replaced by nanoparticles from the surrounding

media. This seems to argue in favor of a receptor-mediated endocytosis process.

In contrast, slight cytoplasmic fluorescence was observed with unmodified nano-

Fig. 10.6. (top) Confocal images of NIH-3T3 cells after

culture with (a) unmodified and (b) folic acid modified

nanoparticles and (c, d) their corresponding bright field

images.

Fig. 10.7. (bottom) Transferrin and its receptor. The levels of

these receptors are elevated in several tumors. (Source: The

protein data bank; http://www.rcsb.org/pdb/molecules/

pdb35_2.html)

________________________________________________________________________________G
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particles, and did not change throughout the observation period. This uptake was

possibly by non-specific endocytosis of the PS beads by the cells.

10.4.3.4 Transferrin as a Targeting Ligand

Approximately 3 mg or 0.1% of body iron in the adult male circulates in the plasma

as an exchangeable store. Essentially all circulating plasma iron normally is bound

to an 80 kDa glycoprotein called transferrin. Plasma transferrin is synthesized

by the liver and secreted into plasma. It has two homologous N-terminal and C-

terminal iron-binding domains [71] (Fig. 10.7). This iron–protein chelate serves

three functions: it makes iron soluble under physiologic conditions, it prevents

iron-mediated free radical toxicity, and it facilitates transport of iron into cells.

Transferrin is the most important physiological source of iron for red cells [72].

The liver synthesizes transferrin and secretes it into the plasma. Transferrin is a

suitable ligand for tumor targeting because of the upregulation of its receptors in

many cancers [46] in which their levels correlate with the malignant potential [47].

Insert Therapeutics (California, USA) have reported transferrin based targeting.

They demonstrated tumor targeting in mice by transferrin-modified nanopar-

ticles containing DNAzymes (short catalytic single-stranded DNA molecules) [73].

They synthesized b-cyclodextrin polymer–DNAzyme nanoparticles. Steric stabiliza-

tion was obtained by adamantane-PEG conjugates complexed to the surface by

adamantane-cyclodextrin interaction. Transferrin was included for targeting trans-

ferrin receptor expressing tumors. While the uptake of unmodified nanoparticles

was demonstrated in vivo in nude mice, transfer modification was demonstrated

to be necessary for intracellular delivery of the DNAzyme.

Previously, the same group demonstrated [74] the uptake of transferrin-modified

cyclodextrin-adamantane inclusion complex nanoparticles to leukemia cells, which

was competitively inhibited by excess free transferrin.

10.4.3.5 Other Targeting Ligands

Another targeting molecule used is biotin (vitamin H). Na et al. have incorporated

this molecule into a hydrophobically modified polysaccharide, pullulan acetate,

loaded with adriamycin [75]. The biotinylated nanoparticles exhibited very strong

adsorption to the HepG2 cells, while the unmodified nanoparticles showed no sig-

nificant interaction. Uptake was confirmed by confocal microscopy. While the de-

gree of interaction increased with increasing vitamin H content, drug uptake by

the nanoparticle was inversely related to the vitamin H content.

Various other ligands have been studied as probable candidates for targeted drug

delivery in tumors. These include antibodies against tumor-associated antigens

[76], lectins [77], and glycoproteins [78]. Recently, Yu et al. from Japan have de-

tailed the use of the surface antigen (sAg) of the hepatitis B virus to accomplish

liver-specific delivery of genes and drugs. They describe the association of approxi-

mately 110 molecules of this protein to form a polymeric capsule (which they call a

‘‘BioNanoCapsule’’ or BNC) with an average diameter of 130 nm. The nanopar-

ticles that were produced delivered emerald green fluorescent protein (EGFP) to

human hepatoma cells [79].
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10.5

Targeting with Different Types of Nanoparticles

10.5.1

Liposomes in Cancer Targeting

Currently, the most exciting event in targeted drug delivery systems is undoubtedly

the ongoing clinical trial of the world’s first tumor-targeted gene delivery vector,

Rexin-G.TM, marketed by Epeius Biotechnologies Corporation. This nanoparticle

formulation combines a proprietary vector system with a proprietary anticancer

gene controlling cell cycle. The company website claims that ‘‘when given by intra-

venous infusions, Rexin-GTM has been shown to eradicate remote metastatic can-

cers in mice and to arrest cancer growth with shrinkage and necrosis of solid tu-

mors in humans – determined by CT Scan and MRI – without eliciting systemic

side effects.’’ The first clinical trials were started in 2003 in Manila, Philippines;

and following FDA approval shortly thereafter, clinical trials were started in New

York from April, 2005 for metastatic pancreatic and colon cancer. Initial reports

are favorable and results of ongoing studies are eagerly awaited [3, 80, 81].

In this context, a few words regarding immunoliposomes are in order. In our ini-

tial classification of colloid based systems, we separated nanoparticles from lipo-

somes and block copolymer micelles. Many authors consider them part and parcel

of the same package [1, 82]. Hence, in the interest of topicality and completeness,

we consider both in some measure.

Liposomes (and, in some instances, micelles) have long been used for targeted

delivery of drugs. Of all the proposed nanoparticulate drug delivery systems,

liposome-based agents, particularly liposomal anthracyclines, have had the greatest

impact on oncology to date [82]. These lipid based formulations have several ad-

vantages as drug carriers: they are amphiphilic, hence allowing the carriage of lip-

ophilic drugs in plasma; they fuse with cell membranes and transfer their load

inside cells; and they can be embedded with targeting molecules like antibodies

on their outer surface. They have been likened to the Trojan horse in Greek my-

thology: the cancer cells fuse to the liposomal membrane and takes up the con-

tents of the liposome, which contains the anticancer formulations (the company

that is conducting the liposomal targeted-gene delivery trials has been appropri-

ately named after Epeius, the maker of the original Trojan horse).

Several problems have dogged liposomal drug delivery systems from its concep-

tion and implementation. These include a short half-life in circulation, instability

in vivo, and lack of target selectivity. Liposomes are removed rapidly from the circu-

lation by the reticulo-endothelial system (RES) [83]. Stability and circulation times

were increased, as in nanoparticles, by the introduction of a steric stabilizer on

the surface, usually PEG [84]. Like other nanoparticles, enhanced passive uptake

of liposomes has been demonstrated with longer circulation times. PEGylation

has increased therapeutic efficacy of the liposomal formulations [85, 86]. These in-

novations, affording longer and stable circulation times, have resulted in approval

of some liposomal formulations for clinical use [87]. The passive increase of lipo-
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somes in cancer sites was recognized as a means of delivering toxic, poorly soluble

drugs. Liposome-encapsulated doxorubicin was approved for use in Kaposi’s sar-

coma more than a decade ago. Formulations are available now for breast and

ovarian cancers. The most recent instance deals with liposomes encapsulating cis-

platin; this has been demonstrated in preclinical and phase 1 clinical trials in hu-

mans to have almost negligible nephrotoxicity, ototoxicity and neurotoxicity, which

are the major side-effects of free cisplatin in circulation [15].

Improved target selectivity has been demonstrated using ligands and antibodies.

Active targeting of liposomes using ligands for tumor-associated receptors, and

antibodies against tumor-associated antigens, has been investigated as a means of

improving selectivity. Liposome–antibody complexes (immunoliposomes) have re-

ceived most attention [88]. The problem of rapid removal by the RES is com-

pounded by the attachment of antibodies [89, 90]. However, PEGylation has cre-

ated a generation of ‘‘stealth’’ immunoliposomes that can effectively hide from the

RES for long periods. In this context, immunoliposomes can be classified into two

groups based on the relation of the antibody to the PEG group on the liposomal

surface: antibody coupled to lipid head group 76 and antibody coupled to the distal

end of PEG [91]. The latter composition has been considered to be better for effi-

cient antibody–target coupling because of the absence of interference from PEG

chains [92]. At optimal compositions of both types of formulations, antibodies do

not interfere with PEG function and long circulation times have been demon-

strated; conversely, PEG does not interfere with antibody function, and active tar-

geting is unimpaired. Immunoliposomes complexed with PEG have been success-

fully demonstrated for in vivo targeting of brain [93] and lung [91] tumors.

Immunoliposomes with cancer targeting antibodies have been shown to be cyto-

toxic to cancer cells in vitro [94]. However, this did not translate to in vivo success.

This was because not all antibodies used to target the cancer cells result in uptake

and internalization of the liposome. The use of more specific internalizing anti-

bodies aided in uptake and cytotoxic effects in vitro. As an example, the anticancer

antibody anti-ErbB2 did not increase cytotoxicity of the liposome [95]; but when

the anti-ErbB2 Fab fragment was used, the liposome was internalized and had

high efficacy of cancer kill [96, 97]. More recently, scFV (single-chain Fv) antibodies

against ErbB2 have been utilized for cancer targeting with doxorubicin-loaded lip-

osomal formulations. The antibodies are selected from a phage display library, and

demonstrate higher internalization efficacy [98–100]. Ongoing research by Park et

al. at UCSF comprehensive cancer centre [82, 101] aims to develop immunolipo-

somes with antibodies targeted to HER 2, overexpressed in breast cancer, and

EGFR, overexpressed in several cancers such as lung, pancreas and prostate. The

targeted liposomes have been loaded with anticancer drugs like doxorubicin and

vinorelbine. The loaded immunoliposomes have shown increased effectiveness

and reduced toxicity compared with conventional chemotherapy.

The issue of internalization can be circumvented by a two-step method to release

the anticancer drugs from the liposome near the tumor. This antibody-directed en-

zyme pro-drug therapy (ADEPT) involves first administering an enzyme–antibody

conjugate that preferentially targets cancer cells, followed by administration of a
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non-toxic prodrug that is activated by the bound enzyme and releases the toxic

product close to the cancer cells [102]. An improvement of the ADEPTmethod us-

ing immunoliposomes to carry the enzyme shows greater stability in the body and

has been tested pre-clinically [103].

10.5.1.1 Beyond Immunoliposomes

Similar to the development of nanoparticles, scientists have looked beyond mono-

clonal antibodies as a means of targeting liposome to cancer. This was to avoid the

intrinsic immunogenic nature of antibodies, their high cost, and the ease of pro-

curement of ligands for overexpressed growth receptors on the tumor surface. Folic

acid coupled liposomes have been developed and tested against various cancer cells

both in vitro and in vivo [85, 104, 105]. Transferrin has also been evaluated as a tar-

geting ligand for anticancer drug carrying liposomes [106].

Targeting with transferrin and folic acid has also been used to deliver anticancer

genes to tumor cells. Cationic liposome–DNA complexes (lipoplexes) that are

formed spontaneously by charge interaction exhibit the best gene-transfer effi-

ciency. However, cationic liposomes were found to be unsuitable for active

cancer cell targeting. Hence, a new anionic liposome–polyplex (anionic liposome-

entrapped polycation-condensed DNA, LPD-II) was introduced for the gene ther-

apy of cancer. Cationic lipoplexes containing liposomes and DNA were better inter-

nalized and transfected when transferrin was conjugated [107] and demonstrated

selectivity for myeloblast cells [108], adenocarcinomas and squamous cell carci-

nomas [109]. Folic acid has also been used for tumor targeting the LPD-II poly-

plexes [110]; and systemic administration of anticancer gene therapy for selective

uptake in squamous cell carcinomas of the head and neck, and breast cancer xe-

nografts have been demonstrated [109].

10.5.2

Dendrimers

Block copolymers or dendrimers were described as far back as 1985. Initial studies

elucidated the physical and chemical properties of these new materials. However,

their entry into the field of targeted cancer therapy is relatively recent.

Dendrimers are globular macromolecules that have a ‘‘starburst’’-like shape,

with multiple branches radiating from a central core. The stepwise synthesis of

dendrimers makes it possible to fine-tune its highly regular branched structure

with defined peripheral groups and adjust physical properties such as the high mo-

lecular weight and low polydispersity index. Dendrimers have several advantages

over polymeric nanoparticles derived from linear chains. Dendrimers are multiva-

lent: several different drug molecules, targeting agents and other groups can be at-

tached in a predefined fashion. Dendrimers have low polydispersity: all the synthe-

sized molecules have molecular weights within a narrow range; this makes their

behavior highly reproducible. Dendrimers have a globular rather than random

coil structure, which could lead to better biologic properties [111]. Various types of

10.5 Targeting with Different Types of Nanoparticles 357



dendrimers have been synthesized. The most common is the polyamidoamine

(PAMAM) dendrimers developed by Tomalia and coworkers [112] (Fig. 10.8), which

uses a divergent growth approach. Other types include polypropyleneimine den-

drimers [113], polyaryl ether dendrimers [114] and peptide-based dendrimers,

such as polylysine-based ones [115].

Passive targeting can be achieved by dendrimers having long circulation times.

Unlike polymeric micelles, dendritic unimolecular micelles maintain their struc-

ture at all concentrations because of the covalent linkage [111]. This increased sta-

bility has the disadvantage that drug release from the central core cannot be con-

trolled. This can be circumvented by attaching the drug molecule covalently to the

periphery of the radiating arms of the dendrimer molecule. The amount of drug

conjugated can be controlled by the number of generations (which increases the

length of the radiating arms) and the release can be ensured by making the drug–

dendrimer linkage easily degradable. Attachment of cisplatin to PAMAM den-

drimers has been demonstrated by Duncan et al. [116]. Another of type of passive

Fig. 10.8. PAMAM dendrimers are the most common

dendrimer nanoparticles currently used in drug delivery.

(Source: http://www.dendritech.com/pamam.html)
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targeting that utilizes the lowered pH of the intracellular endosomal and lysosomal

microenvironment for drug release has been demonstrated [117]. Doxorubicin was

conjugated to hybrid dendrimers using hydrazone linkages; these are stable at nor-

mal physiologic pHs, but break down after uptake in the mildly acidic endosomes

and lysosomes. They demonstrate longer circulation times and toxicity to several

tumors [118].

Active targeting of dendrimers using folic acid conjugates has been demonstrated

by Frechet and coworkers [119] using dendrimer folate and dendrimer methotrex-

ate conjugates. Quintana et al. have created analogous PAMAM–methotrexate con-

jugates with degradable amide and ester linkages [35]. Folic acid conjugation

enhanced cellular uptake of these compounds, resulting in increased cancer cell

cytotoxicity and efficacy of the anticancer drug as compared with the free drug in
vivo.
Dendrimers have enormous potential in targeted drug delivery systems because

of their reproducibility, controlled synthesis, and multivalent structure, which en-

sures incorporation of different functions like targeting, imaging and multidrug

delivery. However, relatively less literature is available on these exciting molecules

and they suffer from lower circulation times and drug release rates than those of

more established nanoparticles and liposomes, and their biodistribution is still be-

ing investigated. With time and experience, these technical obstacles will, hope-

fully, be solved and they will have an even wider impact on targeted drug delivery.

10.5.3

Other Polymeric Nanoparticles

Historically, nanoparticles were first introduced by Birrenbach and Speiser [120].

They were later developed to become drug delivery systems as a substitute for lip-

osomes. Initial formulations were made by emulsion polymerizations [120]. How-

ever, later methods were developed (like phase separation, controlled gelation, etc.)

that made use of preformed polymers with already characterized physicochemical

properties. This allowed better control over the properties of the nanoparticles.

The most common polymers used as core material for polymeric nanoparticles

are poly(alkyl cyanoacrylate), poly(lactide) derivatives and chitosan. However, sev-

eral other materials have also been investigated, as noted in other volumes of this

series. Recently, Gilbert et al. have developed fluorescent virus-like nanoparticles

(fVLPs) from fusion protein VP2 and GFP that may serve as a model for the devel-

opment of vehicles that can be designed for the delivery of large biomolecules to

cancer cells [121]. These are taken up with high efficiency and transferred to the

nucleus using the microtubular network. In another very recent example, Mo et

al. have developed a novel lectin-conjugated isopropyl myristate (IPM)-incorporated

PLGA nanoparticle for the local delivery of paclitaxel to the lungs [122].

Nanoparticles can be nanospheres or nanocapsules, the basic difference being

that nanospheres have a matrix structure, while the capsules have a core-and-shell

structure. While a wide range of sizes are available and have been tried, generally,
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the particles should be less than 100 nm in diameter [123]. The greater surface

area of the nanoparticles allows attachment of targeting molecules and anticancer

agents; alternatively, the drug may form the core of the nanocapsule with a poly-

meric shell.

Nanoparticles as vehicles of targeted drug delivery enjoy several advantages. Pri-

marily, the attachment of different molecules to the same platform confers bi- and

multi-functionality. This is important because conjugating targeting molecules di-

rectly to the anticancer drug may cause decreased functionality of either or both.

Nanoparticles can be modified to incorporate not only two but more functions.

One of could report the presence of the tumor using, for example, quantum dots.

Secondly, attachment to the nanoparticle surface increases the stability of mole-

cules. This is particularly important with peptides, nucleic acids (like anti-HA-ras
[124]) and anti-Ewing sarcoma [125] and small proteins (like antibodies), which

are easily removed from the circulation in the free form. It is also important for

carrying poorly soluble drugs (e.g., muramyl tripeptide cholesterol [126]) in signif-

icant quantities without the usual side effects. Controlled release can be achieved

to ensure a long-term, high level of the drug without encountering the loading

dose problem. This has been shown in the use of doxorubicin-loaded nanopar-

ticles. Doxorubicin can cause acute and chronic cardiomyopathy at high levels. By

attachment to nanoparticles, high levels of doxorubicin were achieved in the circu-

lation, with reduced cardiac levels and, consequently, less toxic effects and in-

creased effectiveness against the metastatic cancer.

Chemotherapy fails in vivo even when the cancer is shown to be highly sensitive

to the drug in vitro because of cellular ‘‘sanctuaries’’. For example, the recurrence

of acute lymphoblastic leukemia has been attributed to cell nests in the CNS. Intra-

venous drug formulations fail to cross the blood–brain barrier. Nanoparticles, how-

ever, can accomplish this feat, perhaps by trans-cellular movement after endocy-

tosis by the endothelial cells. Some examples of this include the use of polysorbate

80-coated nanospheres to deliver Kytorphin, turbocurarine NMDA antagonist and

doxorubicin to the brain. Polysorbate 80 adsorbs apolipoprotein E from the circula-

tion and becomes attached to the low-density lipoprotein receptors on the endothe-

lial surface.

The major drawback of nanoparticles is their propensity to be taken up by the

macrophages lodged in the organs of the mononuclear phagocytic system (MPS).

After intravenous administration, most of the nanoparticles accumulate in the

spleen and the liver, and to a lesser extent in the bone marrow. Steric stabilization

has been devised to avoid this. The attachment of PEG to the nanoparticle surface

allows them to ‘‘hide’’ from the MPS and stay longer in circulation, eventually find-

ing their way to the targeted regions. Poloxamine has been proposed as an alterna-

tive to PEG for producing steric stabilization.

In fact, PEG-coated poly(cyanoacrylate) (pCA) nanoparticles – made by a copoly-

mer inculcating both – have such a long circulating time that they penetrated the

brain more than any other modifications, including coating by polysorbate. This

uptake was increased in pathological situations with, presumably, higher blood–

brain barrier permeability.
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Modeling of nanoparticle delivery and effects has raised the question of ‘‘diffu-

sional instability’’. Vittorio Cristini et al. have shown that the delivery of cytotoxic

agents to tumors, particularly anti-angiogenic drugs, might fractionate the lesion

into multiple satellite neoplasms [127]. This is likely due to the rearrangement of

the sources of oxygen and nutrient supply because of the anti-angiogenic therapy.

The other difficulty is the issue of control. Especially with synthetic methods de-

rived from microencapsulation techniques, there may be considerable difficulty in

encapsulating the drug and then controlling its release after encapsulation.

To summarize, a nanoparticle designed for targeted delivery of anticancer agents

will have three essential components: (a) the capsule or matrix or core that pro-

vides the platform to bind or contain; (b) the drug or anticancer agent, which binds

on the surface; and (c) the targeting molecule. This whole arrangement must be

made immune from the attacks of the immune system by steric stabilization, usu-

ally by the attachment of PEG to the surface.

Mauro Ferrari has labeled these modified nanoparticles as ‘‘nanovectors’’ [1].

The name is appropriate as an indication of their function as carriers of large ther-

apeutic payloads to target sites. He points out that while antibody conjugated thera-

pies can only deliver single molecules of drug per recognition event, nanovectors

can deposit a much larger amount. This makes nanoparticles particularly attractive

when dealing with toxic drugs.

In the described tripartite arrangement, an optimum combination of matrix,

drug and surface recognition element is required. As stated above and described

elsewhere, many matrix polymers have been tested for their drug uptake and sur-

face modification abilities (for a review see Ref. [128]). Targeting has ranged from

‘‘active’’ targeting, using antibodies, radiation-induced vascular neo-antigens, folic

acid receptors and transferrin, to passive targeting that depends on surface modifi-

cation with PEG and enhanced fenestrations of tumor vasculature to selectively de-

liver the drug.

The role of the surface-modified matrix and the targeting molecule is to effec-

tively deliver the drug to the target site. For this, they must provide stability to pep-

tides and others drugs with short half-lives in circulation, avoid uptake by the MPS

or RES, circumvent the endothelial and blood–brain barrier, be non-toxic to normal

body tissues and, finally, deliver the drug to the tumor cells, avoiding the enhanced

osmotic pressure in tumor regions [129] and ensuring uptake and action.

However, a nanoparticle may have yet further uses. As demonstrated by Baker et

al., dendrimer-based nanoparticles can be modified to not only avoid obstacles and

target tumors but also to ‘‘report’’ on the presence and extent of the tumor by the

means of an attached ‘‘reporter’’ molecule, in this case fluorescein [35]. In a similar

vein, Loo et al. have demonstrated the dual functional ability of immunotargeted

nanoshells for integrated cancer imaging and therapy [130]. They define nano-

shells as ‘‘a novel class of optically tunable nanoparticles that consist of a dielectric

core surrounded by a thin gold shell’’. The relative dimensions of the shell thick-

ness and core radius allow nanoshells to either scatter and/or absorb light over a

broad spectral range, including the near-infrared (NIR). The NIR is a wavelength

region that provides maximal penetration of light through human tissue. Thus,
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with attachment of suitable antibodies, these nanoshells offer the opportunity to

design vehicles that provide, in a single nanoparticle, both diagnostic and thera-

peutic capabilities.

Targeting can be enhanced or achieved by other factors, too. One of these is the

use of drugs that act preferentially on tumor cells. While most conventional che-

motherapeutic drugs now in use have greater or lesser degrees of tumor selectivity

(usually by targeting the rapid proliferation of tumor cells), greater selectivity may

be achieved by using siRNA that are specific for tumor antigens (see below). An-

other type of targeting, demonstrated by Potineni, et al. [131], describes a method

to utilize pH differences to release drugs at tumor sites. They demonstrated the in
vitro release of the anticancer drug paclitaxel by biodegradable poly(ethylene oxide)-

modified poly(b-amino ester) nanoparticles. This can theoretically be reproduced at

cancer sites, which have high metabolic rates and altered pH.

10.6

Conclusion

As far back as the late 19th century, Paul Ehrlich (1854–1915) – Nobel laureate for

Physiology or Medicine in 1908 for his pioneering work in immunology and

chemotherapy and for the discovery of the first effective therapy for syphilis –

propounded and popularized the concept of a ‘‘magic bullet’’. This is a drug that

targets and destroys diseased cells selectively, to the exclusion of all others, like a

bullet that finds its mark every time. His invention, preparation 606, later called

Salvarsan, was highly effective against syphilis and harmless despite a large arsenic

content. This drug was also found to be successful in curing several other diseases.

Indeed, it seemed that a ‘‘magic bullet’’ had indeed been found [132]. We, of

course, realize that despite its effectiveness, arsenical-based therapy of syphilis

can not accurately qualify for the label of magic bullet. Indeed, for years scientists

have searched in vain for such a drug for cancer, but as our understanding of the

complexities of the cancer cell and the diverse nature of the neoplastic process

grows, more than one researcher has denounced this concept as an unachievable

objective. The search for the magic bullet for cancer has become a sort of Holy

Grail for cancer researchers worldwide – to be sought for, but not to be found.

Each new advance and discovery in this field has been accompanied by hopes that

finally the grail has been found, but in all cases these hopes have been shattered by

the realities of failure rates. On the bright side, very large strides have been made

in cancer treatment, and average life expectancy after detection has increased for

most cancers, and several treatments have chalked up impressive cure rates.

The field of nanotechnology was famously introduced by another Nobel laureate,

Richard P. Feynmann, in his lecture ‘‘There is plenty of room at the bottom’’ at the

annual meeting of the American Physical Society at the California Institute of

Technology in 1959. Many nanotechnology researchers consider this talk to be the

inspiration for their work. Feynmann, in this lecture, proposed two challenges to

future nanotechnologists, but neither, however, was related to the field of biology.
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Lipid based formulations, especially liposome encapsulated doxorubicin, first

raised visions of a route to the magic bullet. However, it was still just a drug mod-

ification that allowed the transfer of toxic but effective drugs in the serum. The in-

troduction of monoclonal antibodies suddenly made active targeting an attractive

possibility. However, the high cost of these antibodies, the large amounts needed

to counter their rapid removal from circulation, and the single molecule of drug

they carried, all presented technical difficulties for their widespread use. An ant

can carry 10–20� its body weight of food; imagine how ineffective it would be if

it could carry only a mouthful at a time! Nanoparticles – introduced in the 1970s

– seemed to be the probable replacement for liposomes. However, they soon came

up against the same problem that monoclonal antibodies faced: they were rapidly

cleared from circulation by the mononuclear phagocytic system in the liver and

spleen. Scientists innovatively tried to turn this drawback into an advantage, by us-

ing nanoparticles to target the liver specifically, e.g., to transfect genes to produce

essential proteins, but in the end the goal of targeted delivery seemed to be as far

away as before.

The discovery of the steric stabilization effect of poly(ethylene glycol) (PEG)

solved that major problem. While ‘‘PEGylating’’ nanoparticles increased their cir-

culation time dramatically, it also reaped an unexpected harvest. The local environ-

ment of the tumor supports extravasation of nanoparticles through large endothe-

lial fenestrations and disordered neoplastic tissue architecture. Their retention is

ensured by a low lymphatic drainage. This enhanced permeation and retention

(EPR) effect had a dramatic influence on the distribution of long-circulating nano-

particles: they collected at tumor sites to the exclusion of other body tissues even

without any ‘‘active’’ targeting molecules. Long time of circulation and the EPR ef-

fect ensured that nanoparticles circumvented the blood–brain barrier, with impor-

tant implications for the treatment of resistant tumors with cell sanctuaries in the

brain.

Innovations continue to increase almost daily. Not satisfied with costly monoclo-

nal antibodies for tumor targeting, researchers have turned to such mundane mol-

ecules as folic acid, transferrin and biotin for enhanced selective uptake in tumors.

Folic acid in particular has a relatively long history of tumor targeting abilities, and

preferential uptake in a large number of solid tumors.

The drug carried to the tumor site is not restricted to the more traditional doxo-

rubicins and paclitaxels. There had been considerable interest in a possible gene

therapy of cancer. Indeed, at one time it had been hyped as the elusive ‘‘magic bul-

let’’. In vitro studies have conclusively demonstrated repetitively the effectiveness

of this approach against a wide variety of cancer. The obstacle had always been an

appropriate vehicle that can effectively deliver sufficient amounts of the gene to the

cancer cells. Direct injection of the naked DNA into muscle cells (the so-called

‘‘gene gun’’) showed considerable uptake and expression. But for the ultimate de-

livery vehicle, man decided to trust the vector that Nature’s evolutionary process

has skillfully crafted over millions of years for this very purpose: viruses. Initial ex-

periments with harmless adenoviridae in vitro promised success; however, clinical

trials (to supplement the mutated p53 in ovarian cancer) failed to demonstrate any
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advantage over conventional therapy [133]. On September 17, 1999, eighteen-year-

old Jesse Gelsinger died during a gene therapy clinical trial for ornithine trans-

carbamylase (OTC) deficiency, a rare metabolic disorder that is marked by danger-

ous levels of ammonia in the bloodstream. He died after a vector injected into his

liver triggered an immune response that led to multiple organ failure. This inci-

dent seemed to ring the death knell to virus-delivered gene therapy.

Gene therapists turned to non-viral means of delivery – the obvious solution ap-

peared to be nanoparticles. They can be modified to carry biological macromole-

cules, are themselves harmless, and can help protect the gene from the immune

system till the cancerous tissue is reached. The complex of genetic material, espe-

cially siRNA, and targeted nanoparticle vector brought together a double selectivity

process: the targeting ligand ensures selective uptake to cancer cells, and the

siRNA ensures that even if some non-cancerous cells have taken up the particle,

only the cancer cells are affected.

The excellent results with nanoparticulate gene vector complexes brought back

the old nanoparticle workhorse, liposomes, to the forefront. Ease of DNA uptake

by the cationic liposomes, and their uptake by fusion to membranes, ensures effi-

cient transfection. With added targeting ligands, the complex promises to be the

answer to many cancer therapy problems. Another nano-sized colloidal drug deliv-

ery system made its entry into the field more recently: block copolymer micelles or

dendrimers.

With nearly all the components finally at hand, the assembly of the actively tar-

geted nanoparticle against cancer was but a matter of time. Several such complexes

have already shown promise. In a natural spin off, several start-up companies have

already begun early research into human applications. Endocyte, Inc. has taken up

folic acid as their solution, while Baker has established the Center for Biologic

Nanotechnology at the University of Michigan to espouse the cause of dendrimers.

Arguably the most exciting is the performance of Epeius Biotechnologies Corpora-

tion’s liposomal based active targeting system that delivers genetic material to treat

several cancers, including pancreatic head carcinoma, which has one of the worst

prognoses among all neoplasms.

It may be that nanoparticles fail to provide us the ‘‘magic bullet’’ against all can-

cers. However, if current interest, effort and progress in the field of nanoparticulate

targeted drug delivery systems are any indication, we may be heading towards an

era of more effective chemotherapy with less morbidity and higher cure rates.
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Colloidal Systems for the Delivery of Anticancer

Agents in Breast Cancer and Multiple Myeloma

Sébastien Maillard, Elias Fattal, Véronique Marsaud, Brigitte Sola,

and Jack-Michel Renoir

11.1

Introduction

The success of cancer treatments depends on an active drug concentration at the

tumor sites. In fact, drug dispatch remains the objective of clinicians and drug de-

livery has been the subject of a tremendous amount of research during the past

four decades [1, 2]. Indeed, most used anticancer drugs have great toxicity, includ-

ing for normal tissues, and it is crucial to minimize massive damage to the rest of

the body after their administration. Moreover, despite poor water solubility, owing

to a high hydrophobicity, some chemotherapeutic drugs were initially given orally.

However, drug administration, particularly for antitumor drugs, increasingly re-

quired intravenous perfusion, leading to a poor amount reaching the tumors and

to important side effects because high doses are often administered. This poor spe-

cificity creates a toxicological problem that constitutes a serious obstacle to effective

antitumor therapy. Thus, a crucial problem remains the addressing of the drug to

the site of action, i.e., being more tumor selective.

Undoubtedly, intravenous administration of anticancer drugs could be of great

help but it remains limited by the capture of the drug by macrophages of the

mononuclear phagocytes system (MPS), leading to drug destruction in the

liver, spleen, lung and bone marrow. If the propensity of MPS macrophages for

endocytosis/phagocytosis provides an opportunity to deliver efficiently therapeutic

agents to these organs, the targeting of non-MPS organs remains a priority. One

strategy consists of associating antitumor drugs with colloidal systems engineered

to resist the MPS and to increase the selectivity of drugs towards cancer cells while

reducing their toxicity towards normal tissues. Various injectable delivery systems,

nanoparticles, emulsions and liposomes (conventional drug delivery systems,

CDDS), have been developed but only a few are clinically used. To avoid their rec-

ognition by opsonins (immunoglobulins, proteins from the complement) and their

degradation by the MPS organs, hydrophilic polymers may be grafted [2, 3] at the

surface of these colloidal systems [4, 5], rendering them capable of long circula-
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tion times in the blood stream, thus constituting ‘‘Stealth’’ drug delivery systems

(SDDS) [6].

Another important issue is the capacity of formulations to cross the vascular en-

dothelium (extravasation process). Vascularization of solid tumors is heteroge-

neous, with regions of necrosis and other areas that are densely vascularized in

order to supply the tumor cells with nutrients for tumor growth. The formation of

new capillaries from pre-existing vessels (angiogenesis) also contributes to tumor

growth. Tumor blood vessels present various abnormalities (increased tortuosity,

deficiency in pericytes, aberrant basement membrane formation [1, 7]) that result

in an enhanced permeability of tumor vasculature. This enhancement is thought

to be regulated by various mediators, such as vascular endothelium growth factor

(VEGF), nitric oxide, prostaglandins and metalloproteinases [8, 9]. Macromolecules

cross tumor vessels through open gaps (interendothelial junctions and transendo-

thelial channels), vesicular endothelial organelles and fenestrations [10]. The pore

size cut-off of various solid tumor models usually lies in the range 380–800 nm [2,

9–13], which is compatible with the extravasation of SDDS.

Thus, to deliver therapeutic agents to tumor cells following i.v. injection one

must: (a) avoid the opsonization process and resulting destruction by the MPS;

(b) realize a stealth formulation incorporating high amounts of drug; (c) dispatch

a high and active drug concentration at the tumor level; (d) overcome drug resis-

tance mechanisms. This chapter focuses on two types of cancer, which differ in

the sort of cells they affect and in their morphology, i.e., breast cancers and multi-

ple myeloma, and we describe how new antiestrogen drug delivery devices strongly

inhibit tumor growth in xenograft models.

Besides their essential function in female reproduction, estrogens exert various

responses in target cells, including promotion of tissue differentiation, morpho-

genesis, mitogenic activity and development of the mammary gland. They are also

beneficial hormones in the regulation of bone mineral density, through effects on

the osteoclast/osteoblast balance, in the prevention of atheromatous plaque, and in

the nervous system. Importantly, they are also implicated in oncogenesis and

maintenance of some tumor growth. In fact, estrogens are regulators of several

proto-oncogenes coding for nuclear proteins [14]. Estrogens act on cells via interac-

tion with two types of intracellular receptors, ERa [15, 16] and ERb [17–19]. Like

all steroid hormone receptors, ERs are trans-acting transcription enhancer factors

that are activated by binding of their ligands. They become, therefore, capable of

interacting with specific cis-acting enhancer elements that are usually located with

the 5 0-flanking regions of target genes. This classical mechanism of action was

thought for many years to be unique. However, following recent findings reporting

the membrane localization of ER, ‘‘non-genomic’’ mechanisms involving mitogen-

activated protein kinase (MAPK) activation have emerged [20, 21].

Half of breast cancers are intrinsically estrogen sensitive and, therefore, respond

to antiestrogens [22, 23]. To treat these estrogen-dependent cancers, pharmacolo-

gists have aimed to develop antiestrogens, i.e., compounds capable of blocking the

effects of estradiol without displaying any estrogenic activity on their own. Numer-
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ous molecules (Fig. 11.1) behave both as agonists or antagonists of estradiol, de-

pending on the tissue, the promoter and the type of the ER [22, 24]. These com-

pounds have been classified as ‘‘selective estrogen receptor modulators’’ (SERMs).

Recently, a few compounds able to bind ER and to abrogate all effects of estrogens

in a competitive manner have been elaborated [24]. These so-called ‘‘pure anti-

estrogens’’ were expected to be very useful for estradiol-dependent cancer treat-

ment. In addition to their ability to inhibit all the effects of estradiol, one other

important characteristic is their capacity to target ERs to proteasome-mediated deg-

radation in human breast cancer cells [25–27], On the basis of this property, ‘‘pure

antiestrogens’’ have been called selective ER down-regulators (SERDs). However,

recent findings in various cancer cell lines prompted reconsideration of this no-

tion, because it has been observed that any kind of antiestrogen, both SERMs and

‘‘pure antiestrogens’’, behave as inducers of transcription through the activating

protein 1 (AP1) pathway [28–30].

Multiple myeloma (MM) is a B-cell malignancy characterized by the clonal

expansion of tumoral plasma cells in the bone marrow. This accumulation of ma-

lignant cells synthesizing immunoglobulins results in hyperproteinemia, renal

Fig. 11.1. Structure of the most commonly

studied antiestrogens: The most commonly

used SERMs (Tamoxifen and raloxifen) and

three pure antiestrogens (ICI 182,780, RU

58 668 and EM 800) are shown. Among them

only ICI 182,780 (Faslodex4) is used clinically,

by deep i.m. oily injection in tamoxifen-

resistant breast cancers. RU 58 668 develop-

ment has been stopped and EM 800 is in

phase II clinical trials [183, 184].
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dysfunctions, bone lesions and immunodeficiency [31]. This pathology, which ac-

counts for 2% of all cancer deaths per year in occidental countries, remains largely

incurable despite novel therapeutic approaches involving the targeting of both MM

cells and the bone-marrow environment [32]. Previous studies have established

that both ERa and b isotypes are expressed in some MM cells [33–36]. Surpris-

ingly, and differing strongly from breast cancer cells, estradiol as well as SERMs

and SERDs induce a decrease of MM cell proliferation, and at a micromolar con-

centration preclude a classical recruitment of ERs. However, SERMs and SERDs

induce breast cancer and MM cell cycle arrest as well as apoptosis. Therefore,

they all can be considered as potent anticancer drugs.

Other work relating to the use of anticancer drug delivery systems has shown the

importance of this approach in developing new anticancer treatments. However,

most work describes the use of drug delivery systems containing highly cytotoxic

drugs devoid of specific cellular target, leading to ubiquitous effects and high

toxicity [37, 38]. A physicochemical DDS containing an anticancer drug implies

knowledge of the physicochemical properties of the drug, its exact mechanism of

action in the pathology to be treated, and the physiology of the pathology itself.

Here, we point out the importance of delivering a molecule endowed with a very

specific intracellular target.

Thus, we focus first (Section 11.2.1) on the importance of estrogens in breast

cancer development. The different roles of estrogens will be discussed by present-

ing the classical ER-ligand and ERE-dependant, ERE-independent, ER-ligand inde-

pendent, and ‘‘non-genomic’’ pathways. Knowledge of these precise mechanisms

has led to the use of various families of antiestrogens (AEs), the properties of

which differ (Section 11.2.2). The benefits of AE encapsulation, to improve anti-

tumoral activities in vivo and to limit side effects, are discussed in Section 11.2.3.

In Section 11.3, we focus on another pathology, multiple myeloma (MM), de-

scribing current treatments and new biological therapies as well as the promising

use of AEs.

Whatever the concerned pathology, we will develop in Section 11.4 the require-

ment for a specific drug delivery system. Thus, the use of passive targeting long-

circulating drug delivery systems in different types of xenografts are detailed,

such as nanoparticles for breast cancer (Section 11.4.1) and liposomes for MM

(Section 11.4.2). Finally, we discus the potential improvement of these systems on

acquiring a specific tumoral recognition element (Section 11.4.3).

11.2

Hormone Therapy in Breast Cancers

Two important general ways have been imagined for eliminating the mitogenic

activity of estradiol in estrogen-dependent breast cancers: blocking the site of an

estrogenic specific target (the estradiol receptor) or blocking the synthesis of estra-

diol. For the first case, antiestrogenic compounds are used, and for the second case

aromatase inhibitors have been developed [39].
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11.2.1

Molecular Mechanisms of Estrogen Action in Breast Cancers

11.2.1.1 Classical ER-ligand and ERE-dependent Mechanism

The general mechanism by which estrogens transduce their mitogenic activity re-

sults from their binding to the two nuclear receptors from the steroid/thyroid

superfamily of transcription factors, ERa and ERb [40, 41]. In addition to binding

estrogens with a high affinity, ERs bind to specific DNA sequences called estrogen

responsive elements (EREs), possess defined activating functions (AF1 in the N-

terminal domain and AF2 in the ligand binding domain), and interact with var-

ious protein partners [22, 24, 42–44]. In target cells unexposed to estradiol (E2) or

growth factors, ERa is part of a large complex in which molecular chaperones such

as heat shock proteins (hsp) and co-chaperones are present (for a review see Ref.

[44]). The major chaperones that favors the efficient folding of ERa are hsp90 and

hsp70 [44–47]. Another important partner of this supramolecular complex is p23

[48, 49], a N-terminal interacting client protein of hsp90 [50], the overexpression

of which decreases the transactivation capacity and ligand binding of ERa [51].

In fact, this p23 is a prostaglandin-E2 synthase and its degradation is an apoptosis

indicator [52, 53].

Following E2 binding, a change in ERa conformation occurs, promoting the dis-

sociation of hsp90 and other proteins from the molecular chaperone complex.

Phosphorylation of ERa increases in response to estradiol binding prior to tran-

scriptional enhancement [54]. This rapid process leads to dimerization of ERa, to

its tight association with the nucleus [55] and to its interaction with specific nu-

cleotide sequences of the specific EREs in gene promoters. This leads to enhance-

ment of transcription through the recruitment of co-activators, some of which

carry a histone acetyl transferase (HAT) activity (Fig. 11.2A), like SRC1 and CBP/

p300 [41, 56, 57]. Histone acetylation leads to chromatin opening and to re-

positioning of nucleosomes [58]. Other modifications of the ER state and of some

co-regulators and the specific DNA sequences (like phosphorylations, methylation,

ubiquitination, acetylation) also take place in the sequentially and processivity

of transactivation [O’Malley, B. W., NURSA e-journal (2003) 1, ID# 3.11052003.1;

ISSN 1550-7629]. This interaction of ER with DNA leads to activation of transcrip-

tion [40, 42]. Recently, the concept of a ‘‘transcriptional clock’’ that directs and

achieves the sequential and combinatorial assembly of 46 co-activators at a specific

E2-inducible (pS2) promoter in human breast cancer MCF-7 cells was defined [59,

60]. Following the pS2 promoter transactivation, the E2-ER complex is polyubiqui-

tinated, leading to its proteasome-mediated destruction [60, 61].

With binding of a SERM, cofactors different from those recruited upon E2 bind-

ing associate with the ERa/DNA complex (Fig. 11.2A). Co-repressors, such as N-

COR, SMRT and REA (specific for ERa), are present in these complexes [56,

57, 62]. The co-repressors are associated with a histone deacetylase activity

(HDAC), which re-compacts chromatin followed by nucleosome re-positioning,

leading to blockade of transcription of specific genes. It has also been proposed

that, in the absence of ligand, ERa could be sequestered in complexes containing
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Fig. 11.2. Mechanisms of action of estradiol

and antiestrogens: (A) In the classical genomic

mechanism of ER, the inactivated receptor (1)

is sequestered in a supramolecular chaperone

complex (organized around hsp90, p23 and

immunophilins). E2 binds to inactivated ER,

changes its conformation, promotes both its

phosphorylation by different kinases and its

release from the molecular chaperones, helps

in the sequential recruitment of a set of co-

activators, among which are histone acetyl

transferases (HAT), which modify the

chromatin structure en route to transcription.

When a SERM like OH-tamoxifen (OHT) binds

to ER (2), the induced conformational change

and the phosphorylation state of ER differ from

those induced by E2 binding. Co-repressors

instead of co-activators are recruited, among

which are histone deacetylases (HDAC), which

re-compact the chromatin and preclude

interaction with the basal machinery of

transcription (BMT) at an ERE, allowing

activation of the polymerase and leading to

inhibition of the transcription. With an AP1-

containing promoter, the SERM-ERb complex

activates transcription while the E2-ER complex

inhibits AP1-mediated transcription. If a SERD

like RU or Faslodex complexes with ERa (3) a

delocalization of ER and its fast proteasome-

mediated destruction occurs, precluding

binding to DNA.
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these repressors (or some of them), maintaining the receptor in an inactive state

[63].

11.2.1.2 ERE-independent Pathway

In addition to the classical transactivation pathway that results in binding of the

E2/ERa-complex to EREs, tamoxifen and other SERMs also activate target genes

(like collagenase gene) through binding at an activating protein-1 (AP-1) site; this

is observed in uterine cells but not in breast tumor cells [28]. It occurs through di-

rect binding of ER-E2 complex to the heterodimer c-fos/c-jun at AP-1 binding sites

and is mainly mediated via ERb, the major ER form in the endometrium (Fig.

11.2B). Remarkably, the pharmacology of ER ligands bound to ERb is reversed at

an AP-1 element. Bound to ERb, the antiestrogens, including the ‘‘pure antiestro-

gens’’ Faslodex2 and RU 58668 (RU) (Gougelet, A., Marsaud, V., Renoir, J.-M., in

preparation), act as transcriptional activators and E2 behaves as a transcription

inhibitor. These features may explain the incidence of uterine cancers following

long-term tamoxifen treatment of E2-dependent breast cancers, and could be in-

volved in the acquisition of tamoxifen resistance in breast tumors [24]. Similarly,

other genes containing GC-rich promoter sequences are activated via an ER-SP1

complex [64, 65].

11.2.1.3 ER-ligand-independent Pathway

There is accumulating evidence that ER-mediated transcription activation occurs

also in the absence of ER-ligand binding in response to cell surface growth factor

receptors and the intracellular signaling cascades that they activate [66–68]. In-

deed, growth factors or cyclic adenosine monophosphate (cAMP) activate intra-

cellular kinase pathways, leading to phosphorylation and activation of ER at ERE-

containing promoters in a ligand-independent manner, possibly via p42/44 MAPK

activation [69–71]. Similarly, phorbol-12-myristate-13-acetate (PMA) through the

stimulation of adenylate cyclase also increases the ER-mediated transcription.

Therefore, the genomic activity of ER can be induced by numerous different stim-

uli, ER agonists themselves but also activators of various kinases of the EGF recep-

tor family as well as activators of PI3-K, PKA and PKC [54]. These variable pro-

cesses target ER to different sequences present in E2- and/or PMA-inducible

promoters to affect gene expression. However, the crosstalk between the classical

activation E2-dependent pathways and other pathways has considerably helped our

understanding of the complicated multifaceted mechanism of action of estrogens.

(B) ERa can also be rapidly phosphorylated

on Ser118 by the MAPKinase pathway following

activation of the EGF receptor which, through

the Ras,Raf, MEK, ERK cascade, leads to an

ERE-dependent, ER-ligand-independent

transactivation activity, or an ERE-independent,

ER-ligand-independent-PI3K/AKT-dependent

activation process. The ‘‘non-genomic’’

activation process by which ERa can be

activated proceeds through binding of E2 to a

cytosoluble ER bound to caveolin-1, to

translocation of the caveolin-1/ERa complex to

the membrane, leading to association with a

caveolin-1 receptor (CR), allowing contact with

small G proteins, which acts to activate the

MAPK cascade and gene expression without

any DNA binding of ERa.

H_________________________________________________________________________________
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11.2.1.4 ‘‘Non-genomic’’ Pathway

Besides this general and well-accepted genomic mechanism (representing direct

or indirect binding of ER to DNA), estrogens may induce effects occurring within

minutes (‘‘non-genomic effects’’), which is incompatible with a process requiring

DNA and transcription (Fig. 11.2B). For instance, estrogen-induced vasodilatation

is rapid and relies on the activation of nitric oxide synthase by a mechanism involv-

ing trimeric G proteins [72] and Akt via the PI3-K pathway [73]. Direct interaction

between ER and PI3-K has been demonstrated [74]. Rapid activation by E2 of pro-

tein kinase C in MCF-7 ER-positive (ERþ) cells as well as in other human breast

cancers lacking ER is membrane mediated and inhibited by tamoxifen [75]. Several

groups have reported that E2 induces a rapid activation of MAPK/ERK in breast

cancer cells [76–78] as well as a rapid non-transcriptional activation of PI3-K [79].

However, this E2-induced activation of both MAPK and PI3-K in human ERþ
breast cancer cells such as MCF-7 and ZR75.1 has been severely criticized by sev-

eral laboratories, who have questioned the non-genomic mitogenic activity of E2

[80–83]. In fact, it is now accepted that a small amount of ERa exists as a func-

tional non-traditional G-protein coupled receptor (GPCR) at the plasma membrane

[78, 84–86]. Such a membrane localization of ERa is thought to be the conse-

quence of the S522A mutation, which convert the receptor into a dominant-

negative form [86]. This GPCR is now known as the endoplasmic reticulum

GPR30 [84], which under direct E2 binding results in intracellular calcium mobili-

zation and synthesis of phosphatidylinositol 3,4,5-triphosphate in the nucleus [87].

11.2.2

Differential Activity of Antiestrogens

Evidently, from several reports emanating from various laboratories, an efficient

way to inhibit the E2-mediated mitogenic effects in breast tumors could be the sup-

pression of the biological activity of ER. This is possible through different pathways

that block ER-mediated transcription, as realized with SERMs and SERDs, but also

by inhibiting ER protein expression. Introduced as a new approach for targeted

therapy with few side effects compared with traditional cytotoxic chemotherapy,

hormone therapy is based on the use of non-steroidal antiestrogens, the archetype

of which is tamoxifen (Tam), which has been used clinically with success since the

1970s. Initially investigated in the late 1960s these antiestrogens are partial estro-

gen antagonists or SERMs (Fig. 11.1).

In terms of breast cancer growth, Tam as well as several other SERMs are anti-

estrogenic, whereas they exert estrogen-like actions in bone, the cardiovascular sys-

tem, and in the regulation of circulating low density lipoproteins (LDL) [22, 23].

Unfortunately, the SERMs are agonist in the uterus and can enhance the growth

of human endometrial tumors implanted into immune deficient mice [88]. SERMs

such as tamoxifen and raloxifen induce an accumulation of ERa in breast cancer

cells [25–27, 89, 90]. In contrast to tamoxifen, both ICI 182,780 (Faslodex2) and

RU 58668 treatment of human breast cancer cells results in rapid delocalization
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and a fast destruction of endogenous ERa through the 26S proteasome pathway

[25–27, 61, 86, 89, 90]. Such pure antiestrogen-induced down-regulation of ERa

expression takes place in a nuclear compartment from which ERa is difficult to

extract [27, 78, 91] and is recovered with the nuclear matrix [55]. The CSN5/Jab1,

a subunit of the COP9 signalosome, is involved in ligand-dependent degradation of

ERa by the proteasome [92]. Interestingly, any alteration of the activity of various

kinases known to affect signaling involved in cell cycle progression targets ERa

to the 26S proteasome-mediated degradation [27]. Similarly, several co-activators

involved in the activation of ER-mediated transcription are also degraded through

the proteasome pathway [61]. Contrarily to ERa, ERb stably expressed in ER-

negative MDA-MB-231 cells is more slowly degraded by the SERDs than the ERa

isotype and still conserves a high expression level [93].

In addition to SERDs, hsp90 inhibitors are also able to trigger ERa to proteaso-

mal degradation [94]. Both N-terminal hsp90 ligands such as geldanamycin and

radicicol, as well as C-terminal hsp90 ligands such as novobiocin, target not only

ERa but also ERb [93] to degradation through the proteasome pathway. Thus,

destabilization of steroid receptors by hsp90-binding drugs constitutes a ligand-

independent approach to hormonal therapy of breast cancer [95, 96]. In general,

any compound with high inhibitory ability of the activity of one (or more) of the

proteins implicated in the mechanism of action of ERs could be a potential anti-

cancer drug (SERDs for ERa, HDAC inhibitors, proteasome inhibitors, hsp90 in-

hibitors, immunosuppressors, p23 inhibitors).

11.2.3

The Need to Encapsulate Antiestrogens

We have already mentioned the large spectrum of activity of SERMs. Actually, their

use in postmenopausal women treated for estrogen-dependent breast cancer is

based on a daily oral administration of Tam (20 mg day�1). Sometimes, detrimen-

tal side effects occur, leading often to hot flushes and more rarely to endometrium

cancers (1–2%). Nevertheless, tamoxifen is still clinically used and, in addition, it

is of benefit for osteoporosis and cardiovascular disease due to its agonistic activity

in bones and vessels. Pure antiestrogens were first reported nearly 20 years ago

[97]. Nevertheless, concern about the increased risk of osteoporosis and coronary

heart disease, as well as problems with drug delivery, is similar to that caused by

aromatase inhibitors developed as an alternative strategy for antiestrogen therapy

[98]. Delivery of these molecules to their site of action at the desired rate is a

challenge because their transport through compartmental barriers (endothelium

or epithelium) in the body is inefficient and/or because they are rapidly metabo-

lized. For controlled release or for site-specific delivery, new delivery systems will

be required (as only oral tablets and an oil solution for i.m. injection of Faslodex2
are currently available). Furthermore, alkyl estradiol derivatives are difficult to syn-

thesize, and their oral bioavailability is very low. Therefore, a targeted drug delivery

system of both SERMs and SERDs for breast cancer treatment could be of benefit.
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11.3

Multiple Myeloma

Despite new insights into the biology of MM, the major prognostic for such pathol-

ogy was not significantly improved. Thus, for several years, research into novel ap-

proaches, implying new therapeutic targets, has increased. We focus here on the

new biological strategies and, particularly, on the promising outcomes of the estro-

gens and antiestrogens regimen.

11.3.1

Current Treatments

Addition of glucocorticoids (which trigger apoptosis) to the oral alkylating agent

melphalan [melphalan-prednisone (MP) regimen] constituted the mainstay of ther-

apy for many years, although remissions were rare (<5%) and median survival did

not exceed three years. Addition of other alkylating agents such as anthracyclines

and vinca alkaloids to MP did not improve patient survival. The further developed

therapeutic management of MM for the last two decades has mainly involved regi-

mens based on the use of glucocorticoids (dexamethasone) and cytotoxic chemo-

therapeutic drugs [99, 100]. The standard therapy for MM, at least for younger pa-

tients, is considered to be autologous peripheral blood stem cell (PBSC)-supported

high-dose melphalan [101].

11.3.2

New Biological Therapies for MM Treatment

The need for efficient therapy has become obvious and several new agents seem

very promising [102, 103]. Among them, SU 5416 [104], an inhibitor of VEGF-

induced MM proliferation, and thalidomide, an inhibitor of tumor necrosis factor

(TNFa) and VEGF production, which is in phase II trials, could be of great interest

[105–107]. As many regulators of cell proliferation or apoptosis are degraded by

the ubiquitin-proteasome pathway, proteasome inhibitors such as bortezomib (PS-

341) [108–111] (Velcade; Millennium, Cambridge, MA) may be promising. Inhibit-

ing the Ras/Raf/MAPK signaling pathway with farnesyltransferase inhibitors like

R115777 [112–114] or promoting growth arrest and apoptosis by HDAC [115] and

2-methoxyestradiol [116, 117], which induce apoptosis in numerous cancers by

producing reactive oxygen species as well as hsp90 ATPase inhibitors, are other

areas of clinical development. All these drugs/inhibitors represent potential anti-

cancer agents [93, 95, 96] alone and in combination with dexamethasone or other

drugs. However, they are highly toxic and great care must be given to their admin-

istration so as to avoid healthy tissues. For example, the strong cardio-toxicity of

anthracyclines must be suppressed as much as possible. This has been successfully

realized with the incorporation of doxorubicin in numerous stealth liposomes.

Among them caelix/doxil [118] is actually clinically used for different cancer

therapies (breast, ovary, myeloma) alone or in combination with vincristine and
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dexamethasone [119]. Liposomal vincristine and liposomal cisplatin have also been

clinically evaluated on various cancers [120]. Despite progress in delineating the

activity of such regimens, at either conventional or high dose, MM has remained

incurable. No substantial improvement of the median survival was obtained, even

from new promising attempts.

11.3.3

Incidence of Estrogens and Antiestrogens on Multiple Myeloma

Both isotypes of ER have been identified in several MM cell lines as well as in cells

isolated from patients [33–36], and both SERMs like OH-tamoxifen, the active me-

tabolite of tamoxifen, and two pure antiestrogens (Faslodex2 and RU 58668) have

been shown to block the cell cycle progression of MM cells and to induce apop-

tosis [34, 36, 121]. Interestingly, 4-OH-tamoxifen-induced apoptosis in several ER-

positive MM cells is a mitochondrial process [121]. Such an event, in conjunction

with the high doses needed to obtain apoptosis in these MM cells (as compared

with lower doses giving the same effect in ER-positive breast cancer cells), raised

the question of the ER specificity of antiestrogens in MM. Even if the pathway(s)

that conduct MM cells to apoptosis under antiestrogens is (are) not totally eluci-

dated at present, this has prompted us to evaluate the efficacy of liposomal formu-

lations loaded with RU in a xenograft model of MM.

11.4

Colloidal Systems for Antiestrogen Delivery

11.4.1

Nanoparticles Charged with AEs in Breast Cancer

The first strategy employed to obtain a controlled release of the 11b-alkylestradiol

derivatives manufactured by Schering was the use of a polyacrylate-based matrix

transdermal system [122, 123]. Pretreatment of the skin with a fluid permeation

enhancer of propylene glycol–lauric acid should enhance absorption of transder-

mally administered antiestrogens. Drugs that permeate easily through the skin

must be small molecules with moderate lipophilicity. Nanoparticles for intrave-

nous administration of drugs have since been developed. Because the usefulness

of conventional nanoparticles is limited by their rapid and massive capture by mac-

rophages of the MPS after i.v. administration, different nanoparticle devices have

been considered to target tumors that are not localized in the MPS organs. Several

studies have been devoted to the development of so-called ‘‘stealth’’ particles, which

are ‘‘invisible’’ to macrophages [6, 124]. These stealth nanoparticles are character-

ized by a prolonged half-life in the blood compartment, allowing them to extrava-

sate in pathological sites like tumors or inflamed regions with a leaky vasculature

[125, 126]. The size of the colloidal carriers and their surface characteristics are the

keys for the biological fate of nanoparticles, since these parameters can prevent
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their uptake by the MPS. A high curvature, small size (<100–200 nm) and a

hydrophilic surface (as opposed to the hydrophobic surface of conventional nano-

particles) reduce opsonization and subsequent clearance by macrophages [2, 124].

A major breakthrough came with the use of hydrophilic polymers [poly(ethylene

glycol) (PEG), poloxamines, poloxamers, polysaccharides] to coat the surface of

nanoparticles [6, 127] (Fig. 11.3). Such coatings provide a dynamic ‘‘cloud’’ of

hydrophilic and neutral chains at the surface of the particles, repelling plasma pro-

teins and avoiding opsonization. Two ways have been used to introduce hydro-

philic polymers at the surface of nanoparticles: either adsorption of surfactants or

the use of branched copolymers [6, 127–130]. The second strategy, consisting of

the covalent linkage of amphiphilic copolymers, is generally preferred for obtain-

ing a protective hydrophilic cloud on nanoparticles, as it avoids the possibility of

rapid coating desorption upon dilution or after contact with blood components.

This approach has been employed with poly(lactic acid) (PLA), poly(caprolactone)

and poly(cyanoacrylate) polymers, which were chemically coupled to PEG [125,

131–134]. This type of DDS has been used to incorporate antiestrogens in the stud-

ies described here.

The ‘‘pure antiestrogen’’ RU 58 668 [135, 136], referred as to RU below, is highly

hydrophobic and could be trapped in the lipidic skin layer, avoiding its access

Fig. 11.3. Schematic structures of colloidal

systems used for antiestrogen incorporation:

Nanospheres (A), nanocapsules (B) and

liposomes (C) are the drug delivery systems

used to encapsulate antiestrogens.

Nanospheres are composed of a polymeric

matrix in which the ligand (e) can be

encapsulated; nanocapsules consist of the

same polymer surrounding an oily core,

allowing solubilization of hydrophobic

compounds. PEG-PLA or PEG-PLGA or PERG-e-

caprolactone copolymers were also used.

Liposomes (C) made of various phospholipid

compositions containing a water core were

also employed. The antiestrogens were

presumed to be located in the lipid bilayer.

Tumor recognition molecules are shown as

shaded triangles (A and B), and the ligand and

antibody as shaded solid Vs (C).
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to targets localized in other tissues. Colloidal particles may be used as drug carriers

to obtain a site-specific drug delivery. The vascular endothelium in solid tumors

is discontinuous [10], and nanoparticles are able to cross this discontinuous

endothelium in a process called extravasation. Such a strategy has been already

employed in the case of Tam, but the drug release was too fast and its loading

too low to obtain significant effects in vivo. In fact, poly(e-caprolactone) and

poly(MePEGcyanoacrylate-co-hexadecyl cyanoacrylate) nanoparticles failed to en-

capsulate Tam correctly, with a maximum loading efficiency of 64% and most of

the drug being adsorbed onto the particle surface [137–139]. In contrast, the highly

promising pure antiestrogen RU has been successfully incorporated with a high

loading efficiency in polyester-PEG nanospheres [140]. These small nanoparticu-

late systems (@150–200 nm) showed reduced drug release in vitro, and reduced

protein adsorption in the presence of serum, two features compatible with in-

creased persistence in blood [141]. These parenteral delivery systems inhibited

estradiol-promoted tumor growth in vivo that correlated with an arrest of cell cycle

proliferation in MCF-7 cells [142]. Accumulation of these nanoparticles in tumor

sites following i.v. administration has been demonstrated by the use of radioactive

polymer [142].

The recent antiestrogen-containing formulations we have synthesized represent,

to our knowledge, the first drug delivery systems loaded with an antiestrogen that

have been successfully evaluated biologically in animal models. They are made of

copolymers that are organized as nanospheres or nanocapsules (Fig. 11.3); in the

latter case, the antiestrogen is solubilized in an oily core. Two types of copolymers

were employed, affording nanoparticles with a small size that is compatible with

good extravasation (Table 11.1). Tamoxifen-loaded PEG-poly(alkyl cyanoacrylate)

(PEG-PACA) nanospheres contained only a small amount of drug (1.8 mg mL�1)

[137], whereas RU-loaded PEG-poly(lactic acid) (PEG-PLA) nanocapsules (NC)

and nanospheres (NS) contained at least 3� more drug (5 and 33 mg mL�1, respec-

tively) [140, 142]. In addition, PEG-PLA nanoparticles are devoid of any intrinsic

toxicity, which is not the case for the PACA-based copolymer [143, 144]. RU-

charged PEG-PLA nanoparticles in MCF-7 cells show greater toxicity than free

RU, and flow cytometry experiments have revealed a strong increase of MCF-7

cells in apoptosis after treatment with RU-loaded NS and NC. Interestingly, follow-

ing i.v. administration to mice bearing MCF-7 breast cancer xenografts, nano-

spheres loaded with RU were highly efficient at inhibiting E2-induced tumor

growth at a dosage 50 to 100� lower than that at which free RU is active [142,

145] (Fig. 11.4). Comparatively, RU-loaded nanocapsules possessed a strong po-

tency to reduce the E2-induced tumor growth in this model as well as in xenografts

of MCF-7/ras tumors [142]. They also prolonged the anti-uterotrophic activity of

RU [142] at a low dose.

Tamoxifen-loaded PEG-PLA nanospheres also possess a high potency for inhibit-

ing E2-induced growth in MCF-7 tumors (Fig. 11.4). Analysis of the cell cycle pro-

teins and proteins involved in apoptosis in tumor extracts from mice injected with

nanospheres or nanocapsules containing RU indicated that both cyclin dependent
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kinase inhibitors p21WAF-1=CIP1 and p27kip1 (CDKIs) were dramatically augmented

(Ameller, T., Marsaud, V., Legrand, P., Renoir, J.-M., manuscript in preparation).

This was not seen in tumor extracts from mice having received encapsulated 4-

OHT. This finding supports the concept that delivery of RU incorporated in long-

circulating formulations is able to arrest tumor growth by a mechanism in which

both CDKIs are overexpressed [142]. This agrees with the need for an elevated level

of p27kip1 for cells to remain quiescent, an effect produced by pure antiestrogens in

human breast cancer cells [146] but not by SERMs such as 4-OHT. Additionally,

immunological analysis of MCF-7 cells tumors exposed to both nanospheres and

nanocapsules containing RU revealed a strong destruction of the ERa content, con-

trary to tumors exposed to nanospheres loaded with OH-Tamoxifen. In the former,

TUNEL experiments indicated a strong apoptosis while a weaker one was detected

in the latter. These data correlate with the proteasome-mediated degradation of

ERa under RU, concomitantly with apoptosis induction.

Finally, s.c. administration of trapped RU in mice bearing MCF-7 tumors was as

efficient as the i.v. route at the same dose of RU (Fig. 11.5). This finding led to the

hypothesis that nanospheres could behave like a reservoir from which the drug

could diffuse and release slowly in the interstitium before reaching the tumor. In

that case it is intriguing that the efficiency was similar to that obtained by i.v. More

research is necessary to elucidate this mechanism, in particular to find out how the

administration of an antiestrogen through a stealth DDS affects its pharmaco-

kinetics and biodistribution as well as its bioavailability.

Fig. 11.4. Tumor evolution of MCF-7 breast

cancer xenografts i.v. injected with RU- and

OH-Tam-nanospheres. Bi-weekly i.v. injections

of RU-PEG-PLA nanospheres (NS) and of 4-

OH-Tam-PEG-PLA nanospheres (12 mg kg�1

week�1 each) were performed in mice (n ¼ 10

per group) bearing MCF-7 tumors (ranging

from 0.8 to 1 cm3). Identical amounts of free

antiestrogen in 5% glucose were i.v. injected

as controls. All groups received 0.5 mg-E2 kg
�1

week�1 following skin deposition of an E2
solution in ethanol. Tumors were measured

each week.
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11.4.2

Liposomes Charged with RU 58668 in MM

Several liposomal formulations have been elaborated for the delivery of highly cy-

totoxic anticancer drugs such as doxorubicin and platinum-based agents [4, 147–

151]. These formulations utilized liposomes capable of circulating with very long

half-lives (referred to as sterically stabilized liposomes) [152, 153] that avoid the op-

sonization process when injected in the blood stream. Similarly to nanoparticles,

opsonization is reduced by coupling phospholipids to hydrophilic polymers such

as PEG. PEG-liposomes can be injected either intravenously or subcutaneously.

From in vitro experiments, we have established that high antiestrogen amounts

are able to trigger cell cycle arrest in MM cells as well as to induce apoptosis [121,

154]. We then incorporated RU in liposomes known to have a better incorporation

capacity than nanoparticles. Table 11.1 summarizes the physicochemical character-

istics of the different formulations obtained and their biological properties in terms

of drug loading and in vitro release. At least 10� more RU was incorporated into

liposomes of EPC/DSPE-PEG2000 than in nanospheres of PEG-PLA. Coupling of

PEG did not modify any of the characteristics of liposomes but addition of choles-

terol enhanced vesicle stability of the liposomes and strongly decreased the RU re-

Fig. 11.5. Tumor evolution of MCF-7 breast

cancer xenografts s.c. injected with RU-

nanospheres and RU-nanocapsules. Bi-weekly

subcutaneous injection of PEG-PLA-RU loaded

nanocapsules and of PEG-PLA-RU-loaded

nanospheres [containing, respectively, 2� 10�5

m (0.3 mg kg�1 week�1) and 5� 10�4
m RU

(4.3 mg kg�1 week�1)] was performed in nude

mice bearing MCF-7 tumors (n ¼ 8 mice per

group), in addition to 0.5 mg kg�1 week�1 by

skin deposition. Free RU at the highest

concentration was s.c. injected at 4.3

mg kg�1 week�1. Control group received only

E2.
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lease measured in vitro. RU release from liposomes was comparatively faster than

that of RU from nanoparticles (Table 11.1). Flow cytometry experiments carried out

on various MM cell lines (LP1, NCI-H929, RPMI8226, OPM-2 and U266) exposed

to increasing amounts of RU revealed that in all MM cells RU blocks the cell cycle

progression in the G0/G1 phase and/or induced apoptosis (except in OPM-2). This

occurred at up to 5 mm RU, a concentration far above (100�) that at which the

antiestrogen induced apoptosis in breast cancer ERþ cancer cells. Interestingly,

the extent of apoptosis in cells exposed to RU-loaded liposomes is strongly aug-

mented in all MM cells (Fig. 11.6).

Intravenously injected in a RPMI8226 MM xenograft model, RU-charged lipo-

somes inhibited strongly the tumor growth even when injected at 12 mg kg�1

week�1 in a single injection (Fig. 11.7). Conversely, free RU at this dose had no ef-

fect, as well as empty liposomes. This suggests that the release of RU is slow and

that its potency in inhibiting the growth of the MM tumor is enhanced by incorpo-

ration in the liposome system. Another interesting observation made in RPMI8226

xenografts was the enhanced anti-angiogenesis activity following RU-charged lipo-

somes (Maillard, S., Gauduchon, J., Gouilleux, F. Marsaud, V., Connault, E., Opo-

lon, P., Fattal, E., Sola, B., Renoir, J.-M., submitted for publication), which is con-

sistent with the inhibition of VEGF by RU in the MM cells (our unpublished work)

as well as in human breast cancer cells [155, 156], an effect mediated by ERa con-

tained in the endothelium membranes. In addition, in all of the MM and breast

cancer xenograft models we used, no apparent toxicity (liver, lung, bone) was no-

ticed. Interestingly, the size of the xenograft uteri injected with RU-PEG-PLA nano-

spheres was not decreased, contrary to that of healthy mature mice having received

RU at 12 mg kg�1 week�1 for at least 5 weeks (RPMI8226 xenografts) and 4.3

mg kg�1 week�1 (MCF-7 xenografts) [142, 145, 154]. This strongly suggest that,

although being passive, some tumor targeting is produced when stealth DDS are

employed.

11.4.3

Tumor-targeted Drug-loaded Colloidal Systems

Targeting of drugs to specific tissues of the body has been the major focus of re-

search in recent decades in an attempt to improve selectivity in cancer treatment.

The PEG stabilizing effect results from local surface concentration of highly hy-

drated groups that sterically inhibit both hydrophobic and electrostatic interactions

of various blood components at the carrier surface [152, 153, 157]. ‘‘Active target-

ing’’ of either nanoparticles or liposomes is generally attempted by conjugating li-

gands, to the carrier surface, that possess high affinity for the tumor cells [158].

Several types of ligands have been used, including antibody fragments [159–161],

vitamins [162–164], glycoproteins [165], peptides (RGD-sequences) [166], and oli-

gonucleotides aptamers [158]. The concept is actually over 25 years old, but only

small improvements have been obtained. In fact many difficulties are encountered.

The major one, besides the complexity of such conjugation chemistry, is the di-

lemma of preserving the stealth property of the formulation, by leaving enough

11.4 Colloidal Systems for Antiestrogen Delivery 387



388 11 Colloidal Systems for the Delivery of Anticancer Agents in Breast Cancer and Multiple Myeloma



free PEG chains grafted at the surface, while also obtaining enough tumor grafted

ligand molecules capable of binding to the tumor cell receptors (Fig. 11.3).

In some cases, ‘‘active targeting’’ may take advantage of the overexpression of a

membrane receptor. This is, in particular, the case with breast cancer cells that are

insensitive to antiestrogens because they are ER-negative. In that case, a tyrosine

kinase membrane receptor of the EGFR family, HER2-Neu or Erb-B2, is over-

expressed [24]. Overexpression of Erb-B2 remains a major risk factor in non-

metastatic breast cancers treated with high-dose alkylating agents and autologous

stem cell transplantation. The activity of Erb-B2 is blocked by a specific antibody,

herceptin (trastuzumab), which enhances tumor necrosis factor-related apoptosis-

inducing ligand-mediated apoptosis in breast and ovarian cancer cell lines [167].

In MM cells, Erb-B2 is also overexpressed, representing a major risk [168]. Then,

coupling trastuzumab on PEG chains of PEGylated nanoparticles and liposomes

loaded with an antiestrogen could be of great benefit for breast cancers and MM

since both the ‘‘piloting’’ grafted recognition molecule and the encapsulating drug

Fig. 11.6. Flow cytometry: NCI-H929 MM

cells (50% confluence) were grown and

exposed or not to RU (1 mm) free or

encapsulated, or to empty liposomes (at the

same lipid concentration as that used in RU-

loaded liposomes) for various periods. Cells

(104) were then analyzed by FACS. Cell cycle

profiles and the percentage of cells in the sub-

G1 fraction obtained without treatment

(control) are indicated in panels A, E, I for 24,

48 and 72 h, respectively. Panels B, F, J show

the same parameters obtained after treatment

with free RU. Similarly, panels C, G, K and D,

H, L show the profiles obtained for cells

treated with RU-loaded liposomes and

unloaded liposomes, respectively.

H_________________________________________________________________________________

Fig. 11.7. Tumor evolution of multiple

myeloma xenografts i.v. injected with RU-

liposomes. RPMI8226 xenografted nude mice

received, or not, a weekly injection of free RU

or RU-loaded liposomes (12 mg per kg per

week of RU) or unloaded liposomes at the

same lipidic concentration as that containing

RU. Tumor volume was measured and tumor

evolution plotted as a function of the time of

injection. *p < 0:01 with regard to control.
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can conduct tumor cells to apoptosis. Several sterically stabilized anti-Erb-B2 im-

munoliposomes have been synthesized to date [161, 169–173], all of which seem

promising.

Another interesting and simple molecule to couple at the end of PEG chains is

folic acid [174, 175]. Several malignant cells, including KB3-1 cells, endometrial

Ishikawa cells and also some MM cells (but, unfortunately, not breast cancer cells),

overexpress a folate receptor [176] that mediates internalization. Folate linked to

PEGylated cyanoacrylate nanoparticles show a ten-fold higher apparent affinity

for the folate membrane receptor than free folate does. The particles represent a

multivalent form of free folic acid and the folate receptor(s) is (are) often dis-

posed in clusters [175]. As a result, conjugated nanoparticles could display a

multivalent and hence stronger interaction with the surface of the malignant cells

[177]. Moreover, confocal microscopy has demonstrated that folate nanoparticles,

compared with non-conjugated nanoparticles, were selectively taken up by the

folate receptor-bearing KB3-1 cells, but not by MCF-7 cells. In the former case,

the folate nanoparticles were located in the cell cytoplasm, as a consequence of

receptor-mediated endocytosis [176]. Very recently, the improved therapeutic re-

sponse of folate-nanoparticles charged with methotrexate demonstrated a marked

decrease in toxicity and increase in antitumor capacity [178].

11.5

Conclusions and Perspectives

The potential use of pure antiestrogens in anticancer therapy leads again to the

question of how they must be administered to avoid side effects. Altogether, the

data obtained with AE-loaded colloidal systems demonstrate that drug delivery of

this type of anticancer drug either i.v. or s.c. administered enhances the apoptotic

activity of the drug, decreases the side effects and behaves as long-lasting delivery

systems, although probably acting through different process. For example, while

it is likely that PEGylated nanoparticles concentrate at tumor sites via a passive

targeting, liposomes are believed to deliver the encapsulated RU through an endo-

cytosis process (Fig. 11.8). Several novel drug delivery systems for steroid hor-

mones have been developed, including intra-uterine delivery systems, implants

and steroid-loaded vaginal rings [145]. However, what is needed for the delivery of

anticancer drugs in general, and for antiestrogens in particular, is a specific target-

ing of tumor cells with maximum avoidance of normal cells. The challenge is not

to reach the pathological cells with a high dose of drug but rather to incorporate at

these sites the optimal drug concentration necessary to completely inhibit the activ-

ity of the target. If this condition is attained, little of the drug will be disseminated

at other sites of the organism, thus minimizing undesirable side effects.

In fact, another way to inhibit ERa activity has emerged recently from Gustafs-

son’s group, who have described ERb as a potent dominant negative variant of

ERa [179, 180]. This has been confirmed by other groups [181, 182]. Thus, delivery

of the cDNA encoding ERb or of silencing RNA directed against ERa concomi-
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tantly with RU could be a helpful approach since it can reduce, on the one hand,

the activity of ERa and, on the other hand, destroys the ERa protein itself, preserv-

ing ERb.

The results obtained are encouraging and we strongly believe that the drug

delivery approach is promising not only for the administration of antiestrogens in

estrogen-dependent breast cancers and MM but also for the delivery of much more

toxic anticancer agents such as taxol, thalidomide, bortezomib, VEGF inhibitors,

farnesyltransferase inhibitors, histone transferase inhibitors and hsp90 inhibitors.
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Preface

Two volumes (6 & 7) in the ten-volume series Nanotechnologies for the Life Sciences
have been dedicated to the application of nanotechnology in cancer. The first of

these two has captured nanotechnological approaches for the treatment of cancer

and is already published. I do hope you had a chance to read it. This is the second

of the pair, bringing out the utility of nanotechnology in developing tools and ma-

terials for sensitive and early diagnosis of cancer. These two volumes are timely as

it is projected that cancer will be the leading cause of death, overtaking heart dis-

eases, in the near future. One of the major goals of the American Cancer Society is

early and sensitive detection of cancer. It is astonishing to note that the five year

survival rate for breast cancer patients, if the cancer is diagnosed at localized stage,

is 97.5%. Currently only 63.5% of breast cancers are diagnosed at the localized

stage and there is no sensitive diagnostic tool for detecting micro-metastases,

where the survival rate is less than 30%. Having made only limited progress in

early and sensitive diagnosis of cancer using traditional methods, a paradigm shift

in our approach is required in order to develop imaging agents and diagnostics for

detecting cancer in its earliest and pre-symptomatic stage when it can be treated

most easily. Needless to say, nanotechnology is offering this new approach and in-

vestigations reported so far demonstrate its immense potential. Since these inves-

tigations are being published in a very broad range of journals, this book provides a

unique collection of consolidated and up-to-date information on nanotechnological

diagnostic tools for the detection of cancer.

It is my pleasure to present, on behalf of the eminent contributors, the 7th vol-

ume in the series, entitled Nanomaterials for Cancer Diagnosis. The uniqueness of

nanotechnological approaches in the battle against cancer is a distinct possibility

to create technologies for simultaneous diagnosis and treatment of cancer. There-

fore, you will find some of the chapters covering both these aspects while focusing

primarily on diagnosis. I am grateful to all the contributors who made this book

into a comprehensive source of information on the impact of a variety of nano-

materials on a number of diagnostic tools. A book of this magnitude is not possible

but for their scholarly contributions. At this point, I also would like to gratefully

acknowledge the support of a number of others, especially my employer, family,

friends and Wiley VCH publishers for this timely publication.
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The book is divided into eleven chapters, encompassing a number of diagnostic

approaches for cancer through use of a variety of nanomaterials such as den-

drimers, quantum dots, gold nanoparticles, dye-doped silica nanoparticles, super-

paramagnetic iron oxide nanoparticles (SPIONs), liposomes, fullerenes, carbon

nanotubes, nanowires, nanorods, and so on.

The book begins with a chapter reviewing the progress that has been made to

date on dendrimers – nano-sized, radially symmetric molecules with well-defined,

homogeneous and monodisperse structure consisting of tree-like arms or branches

– and dendrimer-based nanomaterials in the diagnosis and treatment of cancer.

The authors, Srinivasa-Gopalan Sampathkumar and Kevin J. Yarema from the

Johns Hopkins University in Baltimore, USA, have done an excellent job in collat-

ing pertinent information on how several different attributes of dendrimers are

being utilized to fine-tune their biological activity in order to obtain effective

solutions to long standing problems in diagnosis and treatment of cancer. The

chapter, Dendrimers in Cancer Treatment and Diagnosis, is valuable for all those in-

terested in acquiring knowledge on this exciting and most promising class of nano-

materials in cancer nanotechnology. The second chapter, Nanoparticles for Optical
Imaging of Cancer, has been contributed from the laboratories of University of Cen-

tral Florida in Orlando, USA. Authors Swadeshmukul Santra and Debamitra Dutta

provide a broad overview on various existing cancer-imaging techniques followed

by a detailed description on optical imaging in general and nanoparticle-based op-

tical imaging in particular. This chapter will provide readers with all the necessary

information that is required for them to obtain a grasp of this exciting and contin-

uously evolving field of nanoparticle-based optical contrast agents. More specifi-

cally, readers will have an opportunity to obtain a broader perspective on applica-

tions of quantum dots, dye-doped nanoparticles, gold nanoparticles, phosphors &

fluorescent polymer particles as potential contrast agents in optical imaging of can-

cer. Of all the nanomaterials with optical properties, gold nanoparticles are the

most widely investigated materials and therefore, a complete chapter is dedicated

to the utility of gold nanoparticles in cancer diagnosis. The third chapter, Nanogold
in Cancer Therapy and Diagnosis, a contribution from the laboratories of Debabrata

Mukhopadhyay from Mayo Clinic Cancer Center in Rochester, USA, brings out the

importance of gold nanoparticles in cancer diagnosis and therapy. The authors also

have reviewed relevant information on synthetic methods, biocompatibility and the

mechanism of action of gold nanoparticles.

Moving from nanomaterials-based optical imaging techniques for diagnosis of

cancer, the next three chapters describe investigations into utilization of magnetic

nanoparticles for enhancing the sensitivity of detection of tumors using magnetic

resonance imaging (MRI). Of the existing non-invasive diagnostic tools such as

Computed Tomography (CT), Positron Emission Tomography (PET), Single Pho-

ton Emission CT (SPECT), Ultrasound (US) and optical imaging, MRI appears to

be the most promising and sensitive technique. It is gaining more importance with

the discovery of nanomaterials-based contrast agents. Researchers from the Wash-

ington University Medical School in St. Louis, USA, contributed the fourth chapter

wherein an overview of the MRI technology and principle targeting mechanisms
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are described, followed by a detailed discussion on the application of superpara-

magnetic and paramagnetic nanoparticles. The chapter, Nanoparticles for Magnetic
Resonance Imaging of Tumors, brings out clearly the differences between the super-

paramagnetic nanoparticles, which are mainly SPIONs and paramagnetic nano-

particles belonging to groups such as liposomes, perfluorocarbon nanoparticles,

fullerenes, and others. The chapter contributed by Tillmann Cyrus, Shelton D. Car-

uthers, Samuel A. Wickline, and Gregory M. Lanza also provides up-to-date infor-

mation on rapidly evolving hybrid technologies using quantum dots for non-inva-

sive imaging with MRI and intraoperative direct visualization. While the fourth

chapter provides an overview of nanomaterials being developed for MRI, the fifth

chapter primarily focuses on superparamagnetic iron oxide nanoparticles. This

chapter, Magnetic Resonance Nanoparticle Probes for Cancer Imaging, contributed by

Young-Wook Jun, Jung-tak Jang, and Jinwoo Cheon from Yonsei University in

Seoul, Korea, reviews recently developed biocompatible magnetic nanoparticles

and their utilization in molecular MRI. The final chapter on the application of

SPIONs in MRI, the sixth chapter in the book, is from the laboratories of Carola

Leuschner, Pennington Biomedical Research Center at Baton Rouge, USA. Being

one of my close collaborators and having closely associated with the development

of Leutenizing Hormone and Releasing Hormone (LHRH)-conjugated SPIONs, I

can confidently say that this chapter is very unique and provides readers with all

the information that is available on LHRH-conjugated magnetic nanoparticles.

The chapter, LHRH-conjugated Magnetic Nanoparticles for Diagnosis and Treatment
of Cancers, provides an elaborate account of the role of LHRH and LHRH receptors

in malignant tissue. The central theme of the chapter is a description of com-

parative advantages of LHRH-SPIONs with other targeting agents in targeting spe-

cifically primary tumors and metastases, thereby demonstrating the potential for

LHRH-SPIONs in dramatically improving the sensitivity of MRI.

Switching gears from nanoparticles, chapter seven written by Pu Chun Ke and

Lyndon L. Larcom from Clemson University in Clemson, USA, is a testimony to

the ever-increasing number of applications of carbon nanotubes. Not surprisingly,

single-walled carbon nanotubes (SWNTs) have already shown promise in cancer di-

agnosis and therapy and have distinct advantages over multi-walled carbon nano-

tubes (MWNTs). The chapter, Carbon Nanotubes in Cancer Therapy and Diagnosis,
captures up-to-date information available in the literature on functionalization for

solubility and biocompatibility, cytotoxicity, gene and drug delivery, and sensing of

cancer cells utilizing SWNTs. Following this chapter, Kiyotaka Shiba from the Can-

cer Institute of the Japanese Foundation for Cancer Research in Tokyo, Japan, has

brought out a thorough review on the application of ‘‘non-spherical’’ nanomaterials

in cancer treatment and diagnosis. The theme of this 8th chapter, truly reflected in

the title Nanotubes, Nanowires, Nanocantilevers and Nanorods in Cancer Treatment
and Diagnosis, is the current status of carbonaceous as well as non-carbonaceous

nanotubes, nanowires, and nanorods with respect to their potential applications

in cancer diagnosis and treatment. In the ninth chapter, Multifunctional Nanotubes
and Nanowires for Cancer Diagnosis and Therapy, authors Sang Bok Lee and Sang

Jun Son from the University of Maryland at College Park, USA, describe in detail
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the importance of carbon nanotubes, nanotubes and nanowires composed of artifi-

cial peptides, and template-synthesized silica and magnetic nanotubes in general

for various biomedical applications and in particular related to cancer. The authors

demonstrate that tubular nanomaterials have several advantages over spherical

nanoparticles, especially when multifunctionality is needed as nanotubes have dis-

tinctive inner and outer surfaces that can be modified and utilized differently, en-

abling them to be equipped with the right function in the right position.

The last two chapters of this volume are testimony to the breadth of nanotechno-

logical approaches for cancer diagnosis. The penultimate chapter, Nanoprobe-based
Affinity Mass Spectrometry for Cancer Marker Protein Profiling, provides an overview

on a recently developed technique – nanoprobe-based affinity mass spectrometry

(NBAMS) – for the screening of normal individual and cancer patients. The chap-

ter is a contribution from the Institute of Chemistry and Genomic Research Center

of the Academia Sinica in Taipei, Taiwan, authored by Yu-Ju Chen and co-workers.

This chapter provides fundamental principles in mass spectrometry and the detec-

tion method in NBAMS, in addition to details of the design, workflow and perfor-

mance of NBAMS. The final chapter is presented by Thomas Ludwig from Yale

University at New Haven, USA. The author points out some of the challenges in

cancer diagnosis by focusing on local, nanoscale processes for in vitro and in vivo

diagnostics. The chapter, Nanotechnological Approaches to Cancer Diagnosis: Imaging
and Quantification of Pericellular Proteolytic Activity, is an interesting chapter on

how development of improved nanotechnology enabled methods that are likely to

provide real-time high-resolution imaging and quantification of local enzymatic ac-

tivities will play a major role in the design of new drugs and the understanding of

basic principles in tumor cell invasion.

This book concludes the two volumes dedicated to cancer nanotechnology. I do

realize that there are some topics that have not been covered and also some topics

that have been covered are not exhaustive enough. I am hoping that the next edi-

tion of this book series will fill these gaps and also will take into consideration sug-

gestions from the readers. I am looking forward to hearing from you.

As I end this preface, I am pleased to note that the first six volumes of the ten

volume series have already been published and the next four volumes are in print.

I am also pleased to know that the Nanotechnologies for the Life Sciences in general is

being well received.

September 2006 Challa S. S. R. Kumar
Baton Rouge, USA
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Dendrimers in Cancer Treatment and Diagnosis

Srinivasa-Gopalan Sampathkumar, and Kevin J. Yarema

1.1

Overview

Dendrimers are nano-sized, radially symmetric molecules with well-defined, ho-

mogeneous and monodisperse structure consisting of tree-like arms or branches.

Over the past two decades since the term ‘‘dendrimer’’ was formally defined, re-

search interest in these molecules has gradually evolved from a primary focus on

overcoming purely synthetic challenges to include aesthetic and theoretical per-

spectives, and, more recently, with the ongoing flurry of ‘‘nanobiotechnology’’ ad-

vances, to develop practical and commercial applications for these elegant nano-

devices. Today, a critical mass of knowledge exists to synthetically control the

physicochemical properties of dendrimers and thereby govern their ensuing bio-

logical behaviors. These fundamental scientific advances, coupled with practical

methods to covalently conjugate a wide range of bioactive molecules to the surface

of a dendrimer or encapsulate them as guest molecules within void spaces, provide

a highly versatile and potentially extremely powerful technological platform for

drug delivery. This chapter recaps synthetic advances in dendrimer construction

and summarizes the many features of these fascinating macromolecules that

endow them with favorable properties for drug delivery applications. Finally, with

this enticing technology having matured to the point where it is ready to confront

‘‘real-world’’ challenges, a synopsis is outlined of the prospects for exploiting

dendrimer-based nanodevices for one of the most intractable medical challenges,

the diagnosis and treatment of cancer.

1.2

Introduction

The discovery, design, and development of anticancer therapeutic agents have

proven to be remarkably intractable despite intense efforts at the research and clin-

ical levels over many decades. A brief consideration of the challenges facing an
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anticancer drug illustrates some of the reasons for frustratingly-slow progress: first

the drug must be able to seek out subtle changes that distinguish a transformed

cell from the other 200 or so types of healthy cells found in the body and then pro-

vide a sufficiently high dose of a toxic agent to kill the cell. The difficulty of this

task is amplified by the potential metastasis of cancer cells to widely-spread niches

throughout the body, each with unique properties. Furthermore, to successfully

cure a patient, each and every cancer cell must be eradicated because even one in

a thousand – often harboring latent resistance – can re-grow into a second tumor

refractory to therapeutic intervention.

Readers of this chapter, contained within a volume devoted to the development

of novel cancer therapeutics, do not require convincing of the difficulty of combat-

ing cancer and this issue will not be labored here. Instead, this chapter provides a

broad overview of dendrimer-based nanotechnologies for the treatment of cancer

with a consideration of their synthesis, the encapsulation and covalent attachment

of drugs, and various strategies used for tumor specific targeting, imaging, and

therapy. The discussion of specific topics begins with a description of the basic

properties of dendrimers in Section 1.3 to highlight how these molecules lie at

the interface between conventional synthetic polymers and the archetypical nano-

sized biological polymers, proteins. Section 1.4 briefly outlines the synthesis of

dendrimers; exhaustive review articles (referenced therein) provide a wealth of syn-

thetic detail beyond the scope of this discussion. This chapter aims to provide the

reader with the knowledge that, by control of design parameters, the attributes of

dendrimers can be tuned to incorporate the most desired features of synthetic poly-

mers and proteins and, thereby, gain exquisite control of biological activity.

Upon having established that dendrimers are synthetically-tractable, biologically-

compatible nano-devices, their unique suitability for drug delivery will be de-

lineated in some detail in Section 1.5. Specific topics covered include the alter-

native drug-carrying strategies of encapsulation (Section 1.5.2) and covalent

conjugation (Section 1.5.3), as well as design features needed to ensure bioactivity

of the drug (Section 1.5.4) and the biocompatibility of the dendrimer (Section

1.5.5). Finally, with the multi-disciplinary set of tools required for dendrimer-based

drug delivery now reaching maturity, this area of investigation is undergoing trans-

formation from the developmental stage to ‘‘real-world’’ applications. Accordingly,

Section 1.6 discusses the prospects for using dendrimer-based nanotechnologies to

overcome arguably the most difficult biomedical problem now faced, the diagnosis

and treatment of cancer. In particular, the general properties of dendrimers that

make them attractive for cancer treatment will be outlined in Section 1.6.1, with a

specific benefit – exploitation of the enhanced permeability and retention effect

that allows passive accumulation at the sites of tumors – discussed in Section

1.6.2. The ability of dendrimers to serve as a technological platform for multi-

functional nano-devices that include targeting, imaging, and/or cytotoxic modal-

ities is discussed in Section 1.6.3 and their prospects for diagnosis and therapeutic

applications are given in Sections 1.6.4 and 1.6.5, respectively. Finally, Section 1.6.6

gives a brief synopsis of innovations that promise to speed progress in the near

future.
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Together – while broader in scope than the typical discussion of dendrimers,

drug delivery, or cancer therapy – this chapter provides an integrated look at the

many considerations required for successful application of dendrimers for cancer

therapy. For a more-in-depth consideration of any particular sub-topic, the inter-

ested reader is urged to consult the many original research reports and review ar-

ticles cited throughout.

1.3

Basic Properties and Applications of Dendrimers

1.3.1

Structural Features and Chemical and Biological Properties

1.3.1.1 Basic Features of Dendritic Macromolecules are Inspired by Nature

Dendritic structures, characterized by hyperbranched subunits, are widely found in

nature. Indeed, the word dendrimer is based on the Greek words ‘‘dendron’’ mean-

ing ‘‘tree’’ or ‘‘branch’’ and ‘‘meros’’ meaning ‘‘part’’ [1, 2]. Taken literally, similar-

ities with dendrimer macromolecules are illustrated by a tree, where the leaves of a

tree are maximally displayed on a highly-branched scaffold to maximize their ac-

cessibility to the outside world to optimize functions such as light harvesting. The

branches of a tree can modify the environment within them, similarly the core/

interior encapsulated within a dendrimer can provide a sheltered microenviron-

ment with tailored chemical properties and reactivities [2]. In addition to actual

trees, Nature has scaled dendrimeric structures down to the multi-centimeter level

(the intricate neural pathways found in the brain), the millimeter level (ice crystals

and snowflakes), and yet further to the micron level (the dendritic outgrowths of

neurons). At a molecular, ‘‘nano-size’’ level, dendrimer-like molecules, such as

branching polysaccharides, provide an elegant solution to a cell’s need to stably

store high energy molecules like monosaccharides; the presence of many chain

ends allows the rapid release of large numbers of glucose monomers when needed

[3].

Unlike Nature, which provides dendritic structures in a range of sizes from real

trees to the namesake molecular nano-sized structures, this chapter focuses exclu-

sively on dendritic macromolecules that are of a synthetically tractable scale and

appropriate for cancer therapy. Starburst1 clusters [4], made of poly(amidoamine)

(PAMAM) units, are arguably the most-thoroughly characterized and extensively-

utilized dendrimers [5]. A basic characteristic of these molecules is their layered

composition – known as ‘‘cascades’’ or ‘‘generations’’ [1] (Fig. 1.1). The overall

shapes of dendrimers range from spheres to flattened spheroids (disks) to

amoeba-like structures, especially in cases where surface charges exist and give

the macromolecule a ‘‘starfish’’-like shape [6].

The exact morphology of a dendrimer depends both on its chemical composition

(the chemical composition of PAMAM dendrimers is shown in Fig. 1.1) as well as

on the generation number, as exemplified by PAMAM where the lowest generation
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Fig. 1.1. Schematic representation of a

generation G4 dendrimer with 64 amino

groups at the periphery. This dendrimer starts

from an ethylene diamine core; the branches or

arms were attached by exhaustive Michael

addition to methyl acrylate followed by

exhaustive aminolysis of the resulting methyl

ester using ethylene diamine [36]. This

sequence of reactions was applied in an

iterative fashion to increase the level of

generations. The periphery of successive

generations is marked by grey circles, starting

from G0, G1, G2, G3 and G4. Of note,

distinctive features of dendrimers, including

the densely-packed membrane-like arrange-

ment of surface functional groups, the forma-

tion of internal cavities, and the condensation

into globular structures (not shown), are

typically manifest at the G4 stage (and amplified

in successive generations, Table 1.1).
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structure (e.g., G0 and G1) have highly asymmetric shapes and posses open struc-

tures compared with higher-generation structures that first appear to be disk-like

and then progress to increasingly spherical geometries [5] as they assume globular

structures with a significant reduction in hydrodynamic volume [7]. In addition to

sphere-like dendrimers – based on a ‘‘dot-like’’ core (Fig. 1.1) – increasing interest

is developing in cylindrical dendrimers that are based on ‘‘rod-like’’ cores. These

interesting spin-off macromolecules have been compared with spaghetti because

they can be rigid like the uncooked form of this pasta or highly flexible like the

cooked form; these properties can be tuned based on the chemical composition

and density of packing of the dendritic branches [6]. Additional features of den-

drimers are discussed below, by comparison with the two classes of molecules

they are most often likened to, i.e., ‘‘conventional’’ synthetic polymers and, the

most extensively studied biological polymer, proteins.

1.3.1.2 Comparison of the Properties of Dendrimers and Conventional Synthetic

Polymers

Dendrimers have both similarities and differences when compared with traditional

polymers. One similarity is the vast diversity in the basic monomeric building

blocks used to create both classes of molecules and to provide the final macro-

molecular products with a wide range of chemical, mechanical, and biological prop-

erties. Until recently, polymer chemistry has been focused on the production of

linear polymers that often have a degree of branching or crosslinking; this property,

however, is dramatically limited by comparison to dendrimers whose entire iden-

tity is wrapped up in their hyperbranched character. Interestingly, highly-branched

polymers of the same material can be vastly different from conventional polymers

of a similar molecular weight and composition; in particular, as dendritic macro-

molecules progress in size, usually when becoming larger than the third genera-

tion (G3), they assume globular structures and occupy considerably smaller hydro-

dynamic volumes than linear polymers [1].

When dendrimers condense into globular structures, a feat rarely achieved with

linear synthetic polymers, their many termini become fixed into an outwards ori-

entation and also form a densely packed, membrane-like surface (Fig. 1.1). This

structural arrangement provides numerous attachment points for covalent conju-

gation of bioactive molecules on the surface as well as enclosed cavities for occlu-

sion of guest molecules within the dendrimer. This tight packing ultimately results

in the reaching of a critical branched state – known as the ‘‘starburst effect’’ [4] –

where growth of the dendritic macromolecule is dramatically hindered by steric

constraints [8] (this state is reached at G10 or G11 for PAMAM, Table 1.1). Den-

drimers also have dramatically different rheological properties than conventional

polymers; viscosity tends to increase continuously with molecular mass for linear

macromolecules whereas the intrinsic viscosity of dendrimers goes through a max-

imum at approximately the fourth generation and then declines [8, 9]. Finally, den-

drimers have a negligible degree of polydispersity because, unlike classical poly-

merization that is random in nature and produces molecules of various sizes, the

size of dendrimers can be carefully controlled during synthesis. Under ideal condi-
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tions, preparations of dendrimers are monodisperse, which is to say they have one

molecular weight instead of the range, over tens or even hundreds of kDa, often

seen for traditional synthetic polymers. Indeed, the homogeneity and uniformity

of dendrimers of successive generations becomes strikingly obvious as shown by

the tunneling electron microscopy (TEM) images for G5 to G10 PAMAM (Fig.

1.2) [10].

1.3.1.3 Comparison of the Properties of Dendrimers and Proteins (a Biological

Polymer)

As discussed above, dendrimers have unusual, often dramatically different, charac-

teristics compared with conventional synthetic polymers. In fact dendritic mole-

cules have often been compared with proteins, which are the workhorse biological

polymers. Both classes of macromolecules are globular, are composed of precisely

controlled monomeric units, have defined architectures, are of comparable size

(Table 1.1), and have surfaces with chemically-reactive sites that can be endowed

with biologically-compatible ligands found on proteins (such as glycosylation, Sec-

tion 1.4.3.2). Moreover, the interior of a dendritic molecule, reminiscent of a pro-

tein, can harbor unique microenvironments, providing behaviors like redox chem-

istry, molecular recognition, ligand and substrate binding, and catalysis [11, 12].

The ability to create and exploit isolated nanoenvironments within a dendritic shell

is derived from two main properties of a dendrimer. First, dendritic macromole-

cules adopt a semi-globular or fully globular character containing internal void

Tab. 1.1. Generation by generation specifications for PAMAM

Starburst4 dendrimers. (Adapted from Ref. [5].)

Generation Physical or structural parameter

Molecular weight

(Daltons)

Diameter

(Å)

Surface groups

(xNH2)

Radius of

gyration (Å)

G0 517 15 4 4.93

G1 1430 22 8 7.46

G2 3256 29 16 9.17

G3 6909 36 32 11.2

G4 14 215 45 64 14.5

G5 28 826 54 128 18.3

G6 58 048 67 256 22.4

G7 116 493 81 512 29.1

G8 233 383 97 1024 36.4

G9 467 162 114 2048 46.0

G10 934 720 135 4096 55.2

G11 1 869 780 167 8192 68.3
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spaces once they reach the fourth generation in size (Fig. 1.1) [8], enabling the en-

capsulation of protein-like functions, including catalysis [13, 14]. Second, these

molecules have molecular flexibility and can undergo deformations, leading to ru-

dimentary ‘‘lock and key’’ molecular recognition of the type vitally important to

protein functions [15, 16].

Molecular recognition between molecules is a fundamental process in biology

and chemistry without which life could not exist. The concept of molecular recog-

nition, based on complementarity between the receptors and substrates, is very

similar to the ‘‘lock and key’’ function first described by Emil Fischer over 100

years ago. In biology, the ‘‘lock’’ is the molecular receptor such as a protein or en-

zyme and the ‘‘key’’ can be regarded as a substrate such as a drug or ligand that is

recognized to give a defined receptor–substrate complex [15]. In proteins, molec-

ular recognition is largely driven by non-covalent forces such as hydrogen bonding,

electrostatics, van der Waals forces, p–p interactions, solvent-dependent interac-

tions including hydration forces, and conformational energy [17]; notably, all of

these parameters can be controlled in dendrimers through synthetic design. The

inherent ability of dendrimers to achieve molecular recognition of biological fea-

tures, if it can be successfully developed to a level of sophistication where it can

be exploited for the recognition of the surface biomarkers that distinguish cancer

Fig. 1.2. Transmission electron microscopy

(TEM) of PAMAM dendrimers. Dendrimers

were positively stained with aqueous sodium

phosphotungstate and imaged by conventional

TEM: (a) G10, (b) G9, (c) G8, (d) G7, (e) G6,

(f ) G5. The scale bars indicate 50 nm, and a

small amount of G10 has been added as a

focusing aid for G6 and G5. (Reprinted with

permission from Jackson and coauthors [10].

Copyright 1998 by the American Chemical

Society.)
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cells from healthy cells (Section 1.6.3), has important – and extremely beneficial –

implications for drug delivery (Section 1.5).

Although sharing many superficial features, a close inspection reveals important

differences between dendrimers and proteins. For example, remaining on the topic

of deformability and flexibility, the linear, folded chain of a protein is more tightly

packed but also has a greater potential for flexibility (when a comparison is made

between the fully folded and unfolded states of a peptide chain) than is possible

for the branches of a dendrimer. Only a small proportion of the potential flexibility

of a protein, however, is usually available for ‘‘induced fit’’ interactions because the

extensive unfolding of a protein is highly thermodynamically unfavorable. By com-

parison, although the extensive covalent bond networks within a dendrimer pre-

vents complete unfolding under any condition, this arrangement does provide

sufficient flexibility to allow dramatic – albeit somewhat thermodynamically

unfavorable – deformations fairly readily [18]. Next, to consider dendrimer surfaces

in comparison with proteins, synthetic dendritic macromolecules can be given a

significant repertoire of tunable characteristics not found on natural proteins; this

feature has greatly propelled the development of practical applications for these

molecules. In particular, the surface of a protein contains a relative sparse comple-

ment of chemically reactive and accessible functional groups because most amino

acid side chains are buried with the globular structure of the protein. By contrast,

virtually all of the termini of dendritic branches, which can be customized with a

wide range of chemical functionalities (Fig. 1.3), are oriented outward and are

highly accessible on the surface of the dendrimer (Fig. 1.1). The consequent ability

of a dendrimer to be functionalized with far more surface groups than a protein of

comparable size [1, 19] has provided impetus to their widespread use as drug de-

livery vehicles.

1.3.2

Dendritic Macromolecules Possess a Wealth of Possible Applications

Within the past decade, the success of chemists in synthesizing mimics of natural

dendrimers with a plethora of interesting physicochemical properties at the nano-

scale has spurred efforts to find practical uses for these versatile nanodevices. Now

that efforts to synthesize these molecules have reached fruition, there is a pleasing

circularity that certain applications mirror natural processes considering that den-

dritic molecules were initially inspired by nature. In a dramatic example, a primary

function of the leaves of real trees is for light harvesting; now, synthetic den-

drimers have been created with highly-efficient light-harvesting antennae as well

[8, 20]. Similarly, the dendritic network of hairs found on the Gecko foot that al-

lows amazingly strong attachment to many types of surfaces through van der Walls

forces [21] has led to efforts to create new forms of adhesives that are unaffected by

the roughness, smoothness, wetness, or other macroscopic properties of the sur-

face while providing strong but reversible adhesion. In addition to these two exam-

ples, many novel applications such as the exploitation of organometallic den-

drimers as quantum dots for imaging, the solubilization of hydrophilic dyes in
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Fig. 1.3. Structural options for dendrimer-

based drug delivery. Dendrimers can be

synthesized with neutral surfaces (1) and
positive (2) or negative (3) charges at the

periphery; moreover, dendritic macro-

molecules, generally when larger than

G3, can harbor non-covalently encapsulated

guest/drug molecules [4 and discussion in

Section 1.5.2]. An alternative strategy for drug

delivery is through covalent conjugation of

ligands (‘‘A’’ in 5) to the surface of the

dendrimer (Section 1.5.3). The versatility of

dendrimers for drug delivery is illustrated by

considering that ‘‘A’’ could be a targeting

ligand (Section 1.6.6.3) and the active drug

could be encapsulated within the same

macromolecule (6). Synthetic strategies are
now available for providing dendritic clusters

with extremely high densities of surface ligands

(7) and for providing more than one type of

surface ligand, either in a random orientation

(8), or in blocks (9). The latter dendrimers are

now being exploited in sophisticated cancer

cell targeting (Fig. 1.4) and drug release

(Section 1.5.3.3) strategies where A, B, and C

can be any combination of targeting agents,

drugs, contrast agents, or functional groups

that improve pharmacological properties.
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apolar dendritic ‘‘solvents’’ [22], use as chemical catalysts, and in electronics as in-

sulated molecular wires, light-emitting diodes, or fiber optics [12, 23, 24] have been

reported. Besides their use for drug delivery and cancer therapy, the many emerg-

ing chemical, synthetic, research, and industrial uses for dendrimers are outside

the scope of this article and will not be discussed further; the interested reader

can consult chapter articles [1, 2, 11].

1.4

Methods for Dendrimer Synthesis

1.4.1

History and Basic Strategies

The ability to create homogeneous molecules with defined dendritic architecture

and novel physicochemical properties at the sub-nano to nano-size scales occurred

in chronological synchrony with the wide-spread application of nanobiotechnology

to biology and medicine. Consequently, the parallel development of synthetic

chemical methodology and the ever-increasing application of nano-tools in bio-

medicine triggered an explosive growth in the new field of dendrimer synthesis.

This growth is evidenced by a cursory search for ‘‘dendrimers and synthesis’’ in

the Web of Science database, which reveals that@2000 articles have been published

on this topic since 1986. Clearly, a full discussion is beyond the scope of this re-

port; excellent accounts and review articles on the synthesis of dendrimers by pio-

neers of the field have appeared at regular intervals [25–32] and are cited through-

out this chapter. Nonetheless, a working knowledge of the chemical properties of

dendrimers is critical to successfully devise efficacious therapeutic strategies with

these versatile, but temperamental, macromolecules (as described in detail in Sec-

tions 1.5 and 1.6). Accordingly, we next provide an outline of the basic strategies

and building blocks employed in dendrimer synthesis, with an emphasis on fami-

lies of dendritic molecules that possess special properties – such as possessing

cavities in their interiors suitable for host–guest complexation similar to enzyme–

substrate complexes or displaying several functional groups on their surface appro-

priate for sophisticated drug delivery strategies – relevant to the field of biology and

medicine.

1.4.1.1 Cascade Reactions are the Foundation of Dendrimer Synthesis

Although the term ‘‘dendrimer’’ was coined by Tomalia and coworkers less than

two decades ago, the basic cascade or iterative methods that are currently employed

for synthesis were known to chemists much earlier. For example, similar schemes

form the basis of solid phase peptide synthesis. In turn, biology has long exploited

similar iterative strategies in biochemical synthetic pathways; one example is pro-

vided by fatty acid biosynthesis [33]. Focusing on dendrimers, these macromole-

cules are constructed by performing simple chemical reactions in a repetitive or

iterative manner by using small building blocks. In 1978 Vögtle and coworkers re-
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ported a similar approach, termed as cascade reactions, for the construction of

nonskid-chain-like poly-aza macrocyclic molecules with well-defined architectures.

Cascade synthesis is defined as ‘‘reactions where a functional group (e.g., amine) is

made to react in such a way as to appear twice in the subsequent molecule or prod-

uct’’ [34] (Fig. 1.4A). In the first step of the synthesis a primary or secondary

amine was reacted with excess acrylonitrile in a Michael reaction to obtain a prod-

uct with two arms [bis(2-cyanoethyl)amines]. In the second step the nitrile groups

were reduced using cobalt(ii)/sodium borohydride to generate a new set of pri-

mary amine groups on both arms. The newly generated amino groups were then

subject to identical reaction sequences iteratively to obtain the desired oligo-amine

compounds.

Fig. 1.4. Synthetic approaches to dendrimers.

(A) Cascade reaction sequences developed for

the synthesis of ‘‘non-skid-chain like’’ polyaza

macrocyclic compounds [34]. (B) Divergent

approach – synthesis of radially symmetric

PAMAM dendrimers using ammonia as the

trivalent core; the generations are added at

each synthetic cycle (two steps), leading

to an exponential increase in the number of

surface functional groups [36]. (C) Convergent

approach – synthesis of dendrons or wedges

or branches that will become the periphery

of the dendrimer when coupled to a

multivalent core in the last step of the

synthesis [40].
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In 1985 Newkome and coworkers reported the synthesis of cascade molecules

consisting of hydrocarbon core and shell with alcohol groups on the surface. These

synthetic efforts were inspired by the Leuwenberg model of arboreal design; hence

they named their synthetic macromolecular tree-like molecules ‘‘arborols’’ (Latin:

arbor ¼ tree). Interestingly, characterization of these molecules showed they could

be considered to be unimolecular micelles possessing cavities for encapsulation

[35], a property that foreshadowed today’s efforts to use dendrimers for the delivery

of encapsulated small molecule drug candidates (Section 1.5.2).

1.4.1.2 Dendrimer Synthesis has Expanded Dramatically in the Past Two Decades

In 1986, Tomalia and coworkers coined the now popular name ‘‘dendrimers’’

(Greek: dendron ¼ branch or tree-like) for radially symmetric branched molecules

and reported the application of cascade synthesis for the synthesis of starburst den-

drimers [36]. These researchers obtained homogeneous dendrimers by using a

synthetic sequence of two simple reactions: (a) exhaustive Michael addition of am-

monia to methyl acrylate and (b) exhaustive aminolysis of the resulting tri-ester de-

rivative by ethylene diamine. The acrylate addition and aminolysis were repeated in

an iterative manner, with excellent yields in each step, to prepare various molecules

with increasing molecular weight and generations (Fig. 1.4B). The products with

ester groups at the exterior were defined as G(mþ 0.5) generations and those

with amine groups at the exterior were defined as G(m) (Fig. 1.1). This simple

methodology is both powerful and versatile as it provided the ability to synthesize

dendrimers with various surface properties. For instance, the ester groups could be

hydrolyzed to present negatively charged carboxylate functional groups at the pe-

riphery or the amine groups could be protonated to present positive charges at

the periphery. Electron micrographic studies showed the dendrimer with carboxy-

late groups of generation, G ¼ 4.5, to be highly monodispersed with a diameter of

88G 10 Å, compared with the theoretical value of@78 Å. These dendrimers, when

covalently attached to a polymeric backbone, were called ‘‘starburst polymers’’ or,

less commonly, ‘‘cauliflower polymers’’ [7, 28].

1.4.2

Strategies, Cores, and Building Blocks for Dendritic Macromolecules

1.4.2.1 Dendrimers are Constructed from Simple ‘‘Building Blocks’’

In terms of synthesis, dendrimers can be constructed by using simple chemical re-

actions and building blocks reminiscent to the modular assembly of ‘‘LEGO’’ toys.

Due to the ease, simplicity and repetitive nature of the synthetic methods, den-

drimers based on organic, inorganic and organometallic molecular building blocks

with greater than hundred different compositions are currently known, and new

designs continue to be reported at a fast pace. In general, dendrimers consists of

three major regions – (a) an initiator core, (b) a shell with extending arms or

branches made of building blocks and (c) the exterior or outer-most surface groups

on the termini of the branches.
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There are innumerable ways of designing dendrimers [37–39]. For instance, the

symmetry of the initiator core (Fig. 1.1) can be varied by using a wide range of

molecules, which have included ammonia, a,o-diaminoalkanes, tri-substituted

benzene, oligo- or polyalcohols, nucleic acids, amino acids, lipids, carbohydrates,

or heteroatoms; many additional permutations are possible, e.g., the number of

branching units in the initiator can be increased (tri- or tetra- or higher valency

cores have been reported). Once the core moiety has been selected, options for the

synthesis of the dendritic branches are equally numerous as various types of build-

ing blocks can be used, either singly or in combination with each other in the same

dendritic macromolecule. The lengths of the dendritic arms, the nature of the sur-

face, and the display of terminal functional groups can all be customized.

1.4.2.2 The Synthesis of Dendrimers Follows Either a Divergent or Convergent

Approach

Dendrimers can be synthesized by two major approaches. In the divergent

approach, used in early periods, the synthesis starts from the core of the dendrimer

to which the arms are attached by adding building blocks in an exhaustive and

step-wise manner. This process provides dendrimers with incrementally increasing

generation numbers. However, only one type of reaction can be performed at each

step, giving a uniform display of only one functional group on the exterior surface;

moreover, defects in successive generations can arise due to incomplete reactions

or steric hindrance (Fig. 1.4B).

In the convergent approach, pioneered by Fréchet and coworkers [40], synthesis

starts from the exterior, beginning with the molecular structure that ultimately be-

comes the outer-most arm of the final dendrimer (Fig. 1.4C). In this strategy, the

final generation number is pre-determined, necessitating the synthesis of branches

of the various requisite sizes beforehand for each generation [31]. Small branches

or dendrons are synthesized starting from the building blocks containing surface

groups; these assemblies are then condensed with a multivalent core. This

approach is versatile in the sense that branches of different molecular composition

can be linked to a single core molecule, introducing regional variations on the final

dendrimer (Fig. 1.3); this strategy also minimizes the introduction of defects at var-

ious stages of synthesis.

1.4.3

Heterogeneously-functionalized Dendrimers

1.4.3.1 Basic Description and Synthetic Considerations

By simultaneously conjugating appropriate targeting moieties, drugs, and imaging

agents to dendritic polymers, ‘‘smart’’ drug-delivery nanodevices can be developed

to target, deliver, and monitor the progression of therapy. For example, as will de-

scribed in greater detail below, a dendrimer intended for cancer therapy needs to

be functionalized with the drug itself, display a moiety for targeting to the tumor

cells, as well as include surface groups designed to improve the pharmacological
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properties (e.g., to ensure water solubility, avoid non-specific uptake or immunoge-

nicity). Several synthetic strategies – primarily the convergent method discussed

above (Section 1.4.2.2) – have been developed that enable multiple species to be

added to a dendritic surface in an ordered manner [41] and thereby achieve multi-

ple functionalities within the same dendritic nanodevice (Fig. 1.3). The ability to

create multi-functional nanodevices based on dendritic scaffolds, however, remains

a challenging endeavor because conjugating several types of different molecules to

a dendrimer is likely to change its physicochemical properties and resulting biolog-

ical activity. Practically, additional synthetic steps required to fine-tune bioactivity

and remedy bioincompatibility if it arises may render the whole process cost-

inefficient at best and, more troublesomely, lead to loss of product uniformity,

thereby negating a key benefit of dendrimers, i.e., their monodisperse, fully de-

fined nature [42].

1.4.3.2 Glycosylation is an Example of Surface Modification with Multiple

Bioactivities

An outstanding demonstration of the synthetic power of decorating the surface of

dendrimers with ‘‘interesting’’ molecules comes, once again, by way of comparison

of these nanodevices with proteins. Proteins, which have had the opportunity to

evolve biocompatibility and systemic functions in multicellular organisms over

hundreds of millions of years, have found it advantageous to decorate their sur-

faces with complex carbohydrates when they are displayed on the cell surface or

secreted into the extracellular milieu. In the past few years, it has become clear

that these sugars play many key roles in molecular recognition over short dis-

tances, such as interactions with the extracellular matrix and with neighboring

cells, as well providing system-wide communication (e.g., almost all protein hor-

mones are glycosylated). When developing dendritic nanotools requiring bioactivity

similar to that found in proteins, including the ability needed by a drug candidate

to seek out and evoke responses at a specific but far-removed cell type in the body,

it is wise to learn from nature and consider the inclusion of sugars to be an impor-

tant design parameter.

The ability to provide dendrimers with oligosaccharide coatings has been facili-

tated by the many functional groups that can be displayed on the surface and func-

tion as chemical handles for covalent attachment of a second group. A pioneering

example of sugar display on a dendritic scaffold was provided by the unusual nine-

carbon sugar sialic acid [43, 44]. This sugar, when displayed on human cells, serves

as a critical binding epitope for the influenza virus. The virus, however, does not

bind to soluble sialic acid, or sialic acid appended to a conventional polymer. Be-

cause these forms of sialic acid do not serve as effective binding elements, they

are unable to act as a molecular decoys [45] and prevent the virus from binding to

its real target, sialic acid on the human cell. By contrast, when sialic acid was

conjugated to the surface of a dendritic polymer, it functioned as an effective and

efficient binding decoy [46, 47], opening the door to the development of new diag-

nostic devices and novel anti-viral therapies [48, 49]. The molecular basis of the

preferential recognition of sialic acid by the influenza virus when this sugar was
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displayed on a highly structured dendritic scaffold was traced to the ‘‘cluster glyco-

side effect’’ [50]. Over the past decade it has become firmly established that

carbohydrate-based recognition depends on multiple simultaneous interactions to

increase specificity and affinity [45, 51]. The demonstration that dendrimers pro-

vide an ideal synthetic platform for the appropriate display of carbohydrates to

achieve the cluster glycoside response [52–54], along with improved methodology

to synthesize glycoconjugated-dendrimers [43, 55], has driven the expansion of this

approach from a single monosaccharide to a sugar-amino acid couple (the Tn anti-

gen, which is N-acetylgalactosamine linked to serine [56]) to disaccharides (lactose

[57] and the T-antigen [58]), and, finally, to tetrasaccharides (the sialyl Lewis X

epitope [59]).

1.5

Dendrimers in Drug Delivery

1.5.1

Dendrimers are Versatile Nano-devices for the Delivery of Diverse Classes of Drugs

A successful drug must perform the demanding tasks of selectively recognizing

and binding to a molecular target, then triggering an appropriate biological

response, all the while possessing pharmacological properties that render it

‘‘drug-like’’. In some cases, nature has supplied compounds – such as aspirin or

penicillin – that can be used directly as drugs but the more common situation is

that many otherwise promising therapeutic agents are not successful in the clinic

because of their poor pharmacological properties. The properties of dendrimers, in

particular the synthetic ability to provide them with many different biological prop-

erties, along with their capacity to carry conjugated surface molecules or encapsu-

lated guest molecules, make them immediately attractive as potential vehicles for

drug delivery.

Drug delivery efforts are complicated by the diversity of molecules that hold po-

tential therapeutic or diagnostic value; briefly reviewing three classes of drug can-

didates based on size demonstrates the wide applicability of dendrimers to drug

delivery. First, regarding ‘‘small molecules’’, many low molecular weight drug can-

didates are limited by poor solubility in aqueous environments or, if they are solu-

ble, face rapid elimination from the bloodstream through filtration in the kidney.

In the past, efforts have been made to modify the molecule itself, often following

the ‘‘rule-of-five’’ guidelines developed by Lipinski to raise awareness of the proper-

ties and structural features that render molecules more or less ‘‘drug-like’’ [60].

Dendrimers present an attractive alternative strategy to the redesign of the drug be-

cause they allow unfavorable properties of a small molecule, such as insolubility, to

be overcome by the larger characteristics of the macromolecule. An approach for

improving the pharmacological properties of higher molecular weight drug candi-

dates, analogous to Lipinski’s guidelines for the modification of small molecule

drugs, has been applied for protein therapeutics such as recombinant antibodies
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and protein toxins used in cancer treatment. In these cases, the amino acid se-

quences of recombinant proteins have been ‘‘humanized’’ by genetic engineering

to avoid immunogenicity [61, 62] and their glycosylation patterns have been modi-

fied to increase serum half-life [63, 64]. These efforts, undertaken with actual

proteins, illuminate design features that can benefit the development of protein

mimics, dendrimers. In particular, the ‘‘humanizing’’ experiments show that small

changes, such as the substitution of a single amino acid for another, can avoid sig-

nificant problems like undesired systemic immune responses. In the same man-

ner, small changes in the surface properties of dendrimers, such as the addition

of poly(ethylene glycol) (PEG), can avoid unwanted immunogenicity. Finally, even

extremely large therapeutic candidates, notably plasmids or naked viral DNAs used

for non-viral gene delivery that are well beyond the size of traditional drugs, are

also benefiting from dendrimer-assisted delivery. The next section outlines specific

approaches for the delivery of both small and large drug candidates by dendrimers.

1.5.2

Dendritic Drug Delivery: Encapsulation of Guest Molecules

1.5.2.1 Dendrimers have Internal Cavities that can Host Encapsulated Guest

Molecules

The flexible branches of a dendrimer, when constructed appropriately, can provide

a tailored sanctuary containing voids that provide a refuge from the outside envi-

ronment [2] wherein drug molecules can be physically trapped [65] (Figs. 1.1 and

1.3). Encapsulation of hydrophilic, hydrophobic, or even amphiphilic compounds

as guest molecules within a dendrimer [66] can be enhanced by providing various

degrees of multiple hydrogen bonding sites or ionic interactions [65, 67] or highly

hydrophobic interior void spaces [68, 69]. A wide variety of molecules have been

successfully encapsulated inside dendrimers. In early experiments, compounds

used to demonstrate the ‘‘guest molecule’’ concept included easy-to-visualize dye

molecules such as rose bengal [66] and Reichardt’s dye [69] as well as pyridine

[65] and peptides [67]. More recently, actual drugs, including 5-fluorouracil [70],

5-amino salicylic acid, pyridine, mefanminic acid and diclofenac [65], paclitaxel

[71, 72], docetaxel [73], as well as the anticancer agent 10-hydroxycamptothecin

[69], have been successfully encapsulated. Together, these results demonstrate

that encapsulation is a general strategy for the delivery of low molecular weight

compounds by dendrimers. This method is anticipated to be of particular value

when display of the bioactive molecule on the surface of the dendrimer induces

unwanted immunogenicity or reduces biocompatibility (Section 1.5.5).

1.5.2.2 Using Dendrimers for Gene Delivery

The delivery of small molecules complexed as guest molecules in internal void

spaces of dendrimers is, at least in retrospect, intuitively obvious. By contrast, the

delivery of extremely large macromolecules, such as MDa-sized plasmid DNA for

non-viral gene therapy, is counter-intuitive because the encapsulation of a ‘‘guest’’

molecule many times the molecular weight of the dendrimer itself appears impos-
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sible. Nonetheless, experimental evidence had demonstrated that gene delivery

strategies also benefit from the participation of dendrimers [74]. For example,

from its original discovery of efficacy for gene delivery [75], the fractured form of

PAMAM, known as SuperfectTM, is now a commercially-available transfection

agent for in vitro applications [76]. Typical approaches to optimize dendritic gene

delivery for in vivo use have involved the surface modification of a PAMAM back-

bone, either with arginine [77] or hydroxyl groups [78]. Alternatively, the results

reported by Kim and coworkers, who demonstrated improved gene delivery with a

novel PAMAM-PEG-PAMAM triblock copolymer, show that construction of den-

drimers composed of new building blocks is warranted [76]. Although still in their

infancy, there are efforts afoot to exploit dendrimers for the delivery of smaller nu-

cleic acids such as antisense oligonucleotides and short interfering RNAs (siRNA);

the success of these applications is likely to depend on the continuing development

of novel materials for dendrimer synthesis [79].

1.5.2.3 Release of Encapsulated ‘‘Pro-drugs’’

Once a dendrimer carrying an encapsulated drug reaches the intended site of

action, the guest molecule generally must be released to gain bioactivity. Indeed, a

concern is that the active drug would ‘‘leak’’ out prematurely, thereby reducing the

amount available for the intended therapeutic intervention, or more ominously, re-

sult in systemic toxicity. Reassuringly, early experiments showed that the close

packing of dendritic branches on the surface of the macromolecule (Fig. 1.1) effec-

tively formed a ‘‘membrane’’ that reduced diffusion to immeasurably slow rates

[66]. In other cases, the release of encapsulated guest molecules was relatively

faster, occurring over a few hours, apparently through hydrolytic degradation of

the dendrimer in aqueous conditions [65]. The observation that guest molecules

could be liberated at different rates demonstrated that viable opportunities exist to

tailor the release for either slow or rapid delivery (Fig. 1.5). At present, additional

control of delivery rates is being sought; for instance, the ability of a dendrimer to

instantaneously release its entire drug payload upon reaching its cellular target

would be valuable. Promising steps in this direction are being taken by the devel-

opment of pH-sensitive materials [65], the fine tuning of hydrolytic release condi-

tions, and the selective liberation of guest molecules on the basis of their size or

shape [80].

1.5.3

Covalent Conjugation Strategies

1.5.3.1 Dendrimers Overcome many Limitations Inherent in Polymeric Conjugation

Strategies

The strategy of coupling small molecules to polymeric scaffolds by covalent link-

ages to improve their pharmacological properties has been under experimental

test for over three decades [81–84]. Unfortunately, conventional linear polymers

typically used in these efforts are plagued by inherent properties that render them

distinctly ‘‘un-drug-like’’, including high polydispersity and size distributions, a
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lack of defined structure, and a low density of drug payload per unit volume or

mass. Properties of dendrimers that overcome these problems include monodis-

persity that results in the ability to select the precise sizes of nanoparticle required

to a specific application (Table 1.1), a fully defined structure that allows the presen-

tation of attached conjugates in a defined architecture, a high ratio of drug payload

to volume, and enhanced control over drug release rates. Unsurprisingly, based on

these many beneficial features, a wide range of biologically active molecules have

Fig. 1.5. Requirements for dendrimer-based,

cancer-targeted drug delivery. (a) Dendrimers

with multiple surface functional groups

(Section 1.4.3) can be directed to cancer cells

by tumor-targeting entities that include folate

or antibodies specific for tumor-associated

antigens (TAAs). (b) The next step is intake

into the cell, which in the case of folate

targeting occurs by membrane receptor-

mediated endocytosis (Section 1.6.3.2). (c)

Once inside the cell, the drug generally must

be released from the dendrimer, which, for the

self-immolative method (Section 1.5.3.3),

results in the simultaneous disintegration of

the dendritic scaffold (d).
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already been covalently attached to dendrimers. These conjugates range from small

molecule drugs, such as ibuprofen [85], fluorescent and radioactive imaging agents

(Section 1.6.4), oligonucleotides, oligosaccharides and peptides, as well as much

larger molecules such as monoclonal antibodies (Section 1.6.3). Biologically active

molecules attached to dendrimers can have two fundamentally different relation-

ships to the host molecule. In some cases, exemplified by vaccine applications,

there is no need to liberate active drug from the dendrimer (indeed, the success

of antibody production usually depends on the unique display characteristics

achieved by conjugation to the dendrimer). In most cases, however, the conjugated

dendritic assembly functions as ‘‘pro-drug’’ where, upon internalization into the

target cell, the conjugate must be liberated to activate the drug.

1.5.3.2 Dendrimer Conjugates can be Used as Vaccines

Most low molecular weight substances are not immunogenic; consequently, when

it is desired to raise antibodies against small molecules, they must be conjugated to

a macromolecule. In the past, natural proteins have commonly been used as car-

riers to generate antibodies to small molecules; now an alternative strategy using

dendrimers has been demonstrated. In particular, unmodified PAMAM den-

drimers that fail to elicit an antibody response on their own become haptenized

upon protein conjugation and generate a dendrimer-dependent antigenic response

[86, 87]. A specific example of this technique is provided by the dendrimeric pre-

sentation of antigenic HIV peptides, which proved superior to other multimeric

presentation strategies, such as conjugation to dextran [88]. Notably, the immuno-

genicity of dendrimer conjugates is not limited to peptides antigens; in one study

antibodies were produced against densely penicilloylated dendrimers that were

subsequently used for the diagnostic testing of patients with potential allergy to

b-lactam antibiotics [89]. Finally, although carbohydrate-conjugated dendrimers

(Section 1.4.3.2) are typically non-immunogenic [1], antibodies can be successfully

elicited against cancer-specific oligosaccharides displayed on a dendritic scaffold,

offering a method for generation of a new class of cancer vaccines (Section 1.6.6.2).

1.5.3.3 Release of Covalently-delivered ‘‘Pro-drugs’’

Similar to encapsulated guest molecules that generally require release from the

void spaces of a dendrimer to gain bioactivity (Section 1.5.2.3), a covalently deliv-

ered dendritic conjugate must also be cleaved within the target cell to regenerate

the active cytotoxic agent (Fig. 1.5). At the same time, to ensure systemic non-

toxicity, the covalent linker must be stable in circulation [90]. Several strategies

are being pursued to ensure the successful cleavage and activation of the pro-drug

in the target cell or tissue while avoiding systemic release. These include activation

by low pH found in endosomal vesicles, installation of enzyme-cleavable ester link-

ages into the linkers that attach the pro-drug to the dendritic macromolecule, or

disulfide bonds that are liberated in the reducing environment of the endoplasmic

reticulum, photoactivation, or sensitivity to ultrasound [1].

Briefly returning to the benefits of dendritic clusters over conventional polymers

for drug delivery, problems with the delivery of covalent conjugates when conven-
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tional polymers, such as poly(lactic acid) (PLA) or its copolymer with glycolide

(PLGA), are used include a lack of sustained drug release [91]. Generally, these

and other linear, randomly oriented polymers have an initial burst where as much

as 50% of drug is released followed by a dramatic drop-off. An advantage of den-

drimers is that their release rates are more consistent, which has been demon-

strated by polylactide-PAMAM dendrimers [91] and dendrimer-platinate [92].

Consistent release from dendrimers is likely an inherent feature of their defined

three-dimensional structure as their sites of drug attachment are continuously ex-

posed to solvent, compared with random polymers where conjugated pro-drug

moieties can be internalized randomly. The unique architectural features of den-

drimers offer additional elegant strategies to gain exquisite control over release of

active drug. In particular, the production of dendrimers functionalized with cata-

lytic antibodies [68] has spurred the development of dendrimers capable of ‘‘self-

immolation’’ [93–95].

Self-immolative dendrimers provide an attractive potential platform for multi-

drug delivery. To briefly explain, these unique assemblies have the ability to release

all of their tail units (i.e., the active drug) through a self-immolative chain fragmen-

tation, which is initiated by a single cleavage at the dendrimer’s core [96]. The first

generation of dendritic prodrugs was demonstrated by Shamis and coworkers who

synthesized doxorubicin and camptothecin as tail units and designed a retro-aldol

retro-Michael focal trigger provided by action of the catalytic antibody 38C2 [94].

This method showed a dramatic increase in toxicity to tumor cells upon bioactiva-

tion of the pro-drug compared with tests done in the absence of the activating

antibody. This technology, when fully developed into a complete chemical adaptor

system that combines a tumor-targeting device (Section 1.6.3), a pro-drug, and

pro-drug activation trigger, provides a sophisticated platform for future research ef-

forts and the development of drugs for in vivo use [93].

1.5.4

Fine-tuning Dendrimer Properties to Facilitate Delivery and Ensure Bioactivity

1.5.4.1 Delivery Requires Avoiding Non-specific Uptake

From the initial entry into the body, a drug candidate confronts many barriers and

diversions on its route to the site of intended bioactivity. Uptake by oral ingestion is

ideal for patient comfort and, while still largely speculative for dendrimers [97],

there is now evidence that uptake occurs in the rat gut [98]; this route is enticing

based on an increasing recognition that nanoparticle uptake across the gut is

largely governed by the physicochemical properties and surface chemistries of

oral drug delivery vehicles [99]. Typically, to get to the target site in the body, the

drug candidate must avoid becoming trapped with the extracellular matrix, which

has been shown to hinder cellular uptake and reduce the efficiency of other nano-

sized delivery vehicles [100]; instead entry into the bloodstream is generally re-

quired for transit to the intended site of action.

Once in the bloodstream, either by successful navigation of an oral route or

through direct injection, dendrimers below a certain size are at risk of filtration
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and removal by the kidney. This pitfall, however, can be avoided by ensuring that

sufficiently large dendrimers are used. Indeed an important design feature and

overriding impetus to use dendrimer delivery vehicles is to prevent the filtration

of these drug candidates by the kidney. A second, off-target ‘‘trap’’ for dendrimers

has been identified in a study that showed sequestration of dendrimers in the liver

and spleen, in part due to their surface properties and in part due to their size

[101]. As discussed elsewhere, both of these parameters can be controlled with ex-

quisite sensitivity for dendritic macromolecules, allowing longer residence times in

the blood (the longer the serum half-life, the greater the opportunity to reach the

intended site of action).

1.5.4.2 ‘‘Local’’ Considerations: Contact with, and Uptake by, the Target Cell

Once a dendrimer has successfully entered the bloodstream and has been designed

to minimize undue accumulation in non-target organs or tissues, it still faces the

challenge of seeking out and interacting with its targeted site of action. The diver-

sity of cell surface targets available for a nanodevice to bind to is vast; here we limit

ourselves to specific examples related to cancer (Section 1.6.3). We will jump ahead

to the point when a dendrimer has made ‘‘first contact’’ with a cell and reflect on

how it interacts with the membrane. In this regard, there are provocative studies

with PAMAM polymers that suggest that binding to the cell surface is facilitated

by the deformable properties of dendrimers [15, 16, 18] (Section 1.3.1.3). Cell-

binding induced deformations, if they prove real, have important implications for

drug delivery. For example, the flattened forms of dendrimers lose their internal

voids where guest molecules – such as drug payloads – are sequestered [6]. If this

step occurs too soon, i.e., outside of the target cell, the drug might be ineffective,

whereas if it occurs at the right moment, i.e., in the cytosol for cytosolic-acting

drugs, it would provide an additional design parameter to exploit in the drug re-

lease process (Section 1.5.2.3). Notably, the deformations proposed to occur upon

the interaction of a dendrimer with a cell, where the dendrimer shifts from a ca-

nonical ‘‘spherical’’ shape to a flattened disk with a significant loss in volume,

have been most-extensively investigated at the dendrimer–mica interface. Clearly,

the plasma membrane of a cell shares few biophysical characteristics with an ex-

tremely flat and rigid surface of mica, therefore, combined with the thermodynam-

ically unfavorable aspects of the putative shape change, the extrapolation to drug

delivery in biological systems should not be overstated. Encouragingly, shape

changes also have been observed – but not thoroughly characterized – for den-

drimers encountering the air–water interface, which is a better model for biological

systems. Regardless of the current lack of concrete information, the intriguing na-

ture of this potential mechanism for cell targeting and drug release merits its dis-

cussion here and also warrants further experimental investigation.

Once a dendrimer is in contact with a cell, there is strong experimental evidence

that the exact surface properties of the dendrimer influence cellular uptake [102].

Therefore, the ability to modulate the chemical properties of a dendrimer provides

additional options for controlling the uptake of a dendritic drug delivery device into

a cell and even partitioning pro-drug release into specific organelles. To elaborate
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by briefly recapitulating a series of elegant experiment from the Banaszak Holl

group, these researchers used a battery of assays, ranging from dye leakage to

atomic force microscopy, to demonstrate that G5–G7 PAMAM dendrimers disrupt

lipid bilayers and form holes large enough (5–40 nm) to account for dendrimer in-

ternalization. Moreover, the hole formation could be tuned by the exact size of the

dendrimer, as well as surface chemical properties. To be specific, G7 amine-

terminated PAMAM initiated hole formation while its G5 counterpart did not.

The smaller G5 dendrimer, however, did expand holes at existing defects; by con-

trast, acetamide terminated G5 PAMAM neither initiated hole formation nor ex-

panded existing defects [102, 103]. The mechanism of hole formation in mem-

branes by PAMAM was proposed to involve the removal of lipid molecules from

the membrane to form aggregates consisting of a dendrimer surrounded by lipid

molecules [103]. Once inside a cell, there are early indications that the precise

properties of a dendrimer can influence subcellular trafficking. Eventually, if these

processes can be better understood and controlled, their exploitation for drug deliv-

ery will be very attractive considering that some entities, such as dendrimer-

delivered ibuprofen, need to only gain access to the cytosol [85], whereas other

class of drugs, such as dendrimer-delivered plasmid DNAs, have the more-

demanding task of reaching the nucleus [104].

1.5.5

Drug Delivery: Ensuring the Biocompatibility of Dendritic Delivery Vehicles

1.5.5.1 Biocompatibility Entails Avoiding ‘‘Side Effects’’ such as Toxicity and

Immunogenicity

To briefly reiterate, properties of dendritic polymers important for drug delivery in-

clude negligible polydispersity, a high-density payload of pro-drug, and the ability

to selectively release the active form of drug precisely at its intended site of action.

Although dendrimers are capable of each of these tasks, their advantages are for

naught if the final dendritic complex is not ‘‘biocompatible.’’ Biocompatibility, a

broad term with numerous meanings, will be considered here from three perspec-

tives, water solubility, lack of immunogenicity, and toxicity.

1.5.5.2 Water Solubility and Immunogenicity

The first two biocompatibility issues mentioned above, namely water solubility and

immunogenicity, are closely related insofar as highly-hydrated macromolecules

tend to be less immunogenic. With dendrimers, there are many options available

to overcome difficulties that arise in these areas. For example, solubility can be

readily adjusted by surface modifications to surface chemistry or by the addition

of conjugated ligands (Section 1.5.3, Fig. 1.3). Moreover, dendrimers such as the

commonly used G3, G5, and G7 PAMAM clusters are not inherently immuno-

genic [105]. Derivatized PAMAM such as the G4D-(1B4M-Gd)62 magnetic reso-

nance imaging (MRI) contrast dendrimer, however, can become immunogenic

(which is not surprising considering the deliberate efforts to render small mole-

cules immunogenic through presentation on a dendritic scaffold). This problem –
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once again tying together the concepts of solubility and immunity – was overcome

in one study by conjugation of poly(ethylene glycol) (PEG) to the surface of the

dendrimer. Notably, PEG also had the positive effect of decreasing non-specific

clearance from the blood, likely due to the increased hydration and resulting solu-

bility of the particle [106].

1.5.5.3 Inherent and Induced Toxicity

A basic issue in drug delivery is the avoidance of non-specific, systemic, or off-

target toxicity. At its simplest this issue, when applied to dendrimers, involves the

biological effects of the material used to construct the polymer. Ideally, the building

blocks themselves, as well as their degradation products upon delivery and release

of the drug payload, are non-toxic. One strategy is to directly use natural biological

molecules, such as carbohydrates [59, 107], amino acids and peptides [108], nucleic

acids [109–113], or lipids [114, 115] as the building blocks. To provide additional

synthetic flexibility, while maintaining biocompatibility, an increasing number of

biologically compatible and generally-regarded as safe (GRAS) materials are being

used in dendrimer construction. Examples include dendritic polyglycerol [116],

melamine [117]; phosphate [118], polyglycerols [39], a polyester dendrimer based

on poly(ethylene oxide) that has tunable molecular weights and architectures [84],

and dendrimers composed of citric acid and poly(ethylene glycol) [65].

The pioneering PAMAM-based dendrimers illustrate a second issue beyond in-

herent toxicity of the material or breakdown products, namely ‘‘induced’’ toxicity.

The PAMAM family (Table 1.1), although not explicitly designed for biocompatibil-

ity, was found to be non-toxic when generations 1 through 5 were tested [105].

Evaluation of G7 dendrimers, however, showed potential biological complications,

including dose-dependent toxicity [105], thereby illustrating that, while the basic

material of PAMAM is inherently non-toxic, deleterious outcomes could be ‘‘in-

duced’’ by factors such as the size or structure of the nanodevice. Smaller genera-

tion, non-toxic, dendrimers are sufficient for some applications but larger clusters

are needed to fully exploit the enhanced permeation and retention (EPR) effect

important in the treatment of cancer with macromolecular therapeutics (Section

1.6.2); consequently, toxicity cannot simply be avoided by restricting use to small,

safe-sized particles. Instead, one strategy devised to avoid toxicity was the re-design

of the building blocks of PAMAM-based material [76, 119] while another strategy

involved the development of completely new polymeric backbones [120].

The selection of ‘‘safe’’ building blocks to avoid deleterious effects in dendrimer

construction is unlikely to prevent all problems. To illustrate, even very safe build-

ing blocks, such as amino acids, can be highly toxic or immunogenic when as-

sembled into large macromolecules – in this case proteins – in the ‘‘wrong’’ way.

Indeed, the toxicity of dendrimers could be the result of several factors beyond the

simple properties of the unloaded scaffold. For instance, with cancer drugs in-

tended to kill cells, systemic toxicity could result if the drug is taken up by the

wrong cellular target (i.e., a healthy cell or tissue, rather than a cancer cell or

tumor) or if the nanodevice was ‘‘leaky’’ (i.e., if the pro-drug was released systemi-

cally before reaching the target cell). Fortunately, many strategies exist for prevent-
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ing toxicity, including directing a drug to its intended site of action by targeting

moieties (Section 1.6.3) and developing sophisticated release strategies (Section

1.5.3.3). Problems that arise from the surface properties of the conjugated den-

drimer can be ameliorated by masking the surface with something as simple as

PEG or, in more advanced schemes, by coating with sugars or peptides to make

glycodendrimers or peptide dendrimers, respectively (discussed in Ref. [121]) to

mimic proteins naturally found in circulation (Section 1.4.3.2).

1.6

Dendrimers in Cancer Diagnosis and Treatment

1.6.1

Dendrimers have Attractive Properties for Cancer Treatment

Cancer epitomizes the challenges faced during drug delivery: an anticancer drug

must be able to seek out subtle changes that distinguish a transformed cell from

the other 200 or so types of healthy cells found in the body and then provide a suf-

ficiently high dose of a toxic agent to selectively kill the cell while not harming its

healthy neighbors. Therefore, even though dendrimers can be endowed with many

favorable properties for drug delivery (Section 1.5), an ultimate challenge – ergo, a

‘‘real-world’’ test – of these versatile nano-devices will be whether they can success-

fully meet the formidable tasks of diagnosing and treating of malignant disease. As

described in Section 1.7, although significant work remains in several areas, pros-

pects now appear bright for dendrimer-based approaches to cancer treatment.

1.6.2

Dendrimer-sized Particles Passively Accumulate at the Sites of Tumors

To begin the discussion of properties that make dendrimers attractive vehicles for

cancer treatment, we revisit the concept that encapsulation (Section 1.5.2) or co-

valent linkage (Section 1.5.3) of small molecule drug candidates to a dendrimer en-

hances the pharmacological properties of the drug. In cancer chemotherapy, these

desirable size-based features are reinforced by the enhanced permeability and re-

tention (EPR) effect that improves the delivery of macromolecules to tumors. The

EPR effect is based on unique pathophysiological features of a solid tumor, such as

extensive angiogenesis resulting in hyper-vascularization, limited lymphatic drain-

age, and increased permeability to lipids and macromolecules. These features,

which help ensure adequate nutrient supply to meet the metabolic requirements

of rapidly growing tumors [122, 123], can be turned to the tumor’s disadvantage

by the use of nano-sized therapeutic agents.

The EPR effect was discovered when selective accumulation of the SMANCS

conjugate (styrene-maleic anhydride-neocarzinostatin) was observed at the site of

tumors while similar accumulation was not seen with neocarzinostatin alone
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[124, 125]. The EPR response was subsequently demonstrated for similarly-sized

liposomes, thereby establishing that this effect was largely a function of particle

size and did not solely depend on the chemical or biophysical properties of the

macromolecule. Specifically, in one study optimal tumor delivery occurred for lipo-

somes having a size distribution between 70 and 200 nm in diameter [126]. An

independent study showed efficacy for liposomes loaded with daunorubicin in the

same size range; specifically, those@142 nm in diameter exhibited an inhibitory

effect against Yoshida sarcoma whereas smaller (@57–58 nm) and larger (@272

nm) liposomes had weaker or no effect [127]. Over time, cautionary notes were

raised that tempered initial enthusiasm for exploiting the EPR effect for cancer

treatment. For example, the porosity of the vasculature in tumors can be highly

variable even with a single vessel that can be leaky to one size of particle in one

region but not in another [128]. Experimentally addressing this issue was compli-

cated by the size polydispersity of traditional nanoparticles used to exploit the EPR

effect, which were typically either lipids or conventional polymers that rendered a

significant proportion of intended drug inactive. Fortunately this issue – the ability

to match exact and uniform sizes needed to target an individual tumor – is highly

tractable with dendrimers because selection of an exactly-sized entity is possible

(Table 1.1) compared with the large size distributions that plague liposome and

most polymeric materials [42].

The ability to construct monodisperse populations of dendrimers in the size

range needed to exploit the EPR effect is an encouraging step towards the passive

exploitation of tumor properties. Once the basic issue of size was resolved, how-

ever, secondary challenges (and opportunities) arose from observations that the

chemical properties of the nano-sized particle can play significant roles in modulat-

ing the EPR effect. By way of a specific example, ‘‘conventional’’ polymeric materi-

als showed efficacy at a smaller size range, occurring at ~60 nm for both water-

soluble and hydrogel forms of poly(vinyl alcohol) (PVA) [129], whereas almost

identically-sized 57 nm egg phosphatidylcholine (EPC)-liposomes were ineffective

[127]. As reported above, liposomes about twice this size showed maximal efficacy,

so it was not unexpected that the EPC-liposomes were ineffective. Interestingly,

however, hydrogenated egg phosphatidylcholine (HEPC)-liposomes in this size

range (specifically, 58 nm) were active [127], illustrating that the exact chemical

properties of the material is a critical design parameter. In this respect, the many

options for dendrimer ‘‘building blocks’’, as well as the ability to further tune sur-

face properties provide many opportunities to endow dendrimers with favorable

‘‘passive’’ properties for tumor targeting.

1.6.3

Multifunctional Dendrimers can Selectively Target Biomarkers found on Cancer Cells

1.6.3.1 Methods for Targeting Specific Biomarkers of Cancer

As discussed above, dendrimers can achieve passive EPR-mediated targeting to a

tumor simply by control of their size and physicochemical properties. Passive tar-
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geting, which localizes the nano-particle in the close vicinity of a cancer cell, can be

immediately useful for diagnostic purposes (Section 1.6.4) or for the delivery of ra-

dioisotopes capable of killing any cell within a defined radius. In general, however,

most delivery strategies require that the anticancer agent directly attached to, or be

taken up by, the target cell. The ability to append more than one type of function-

ality to a dendrimer (Fig. 1.3) allows the inclusion of ligands intended to bind spe-

cifically to cancer cells in the design of a multi-functional drug-delivery nanodevice

(Fig. 1.5). Although a wide range of targeting ligands have been considered, includ-

ing natural biopolymers such as oligopeptides, oligosaccharides, and polysacchar-

ides such as hyaluronic acid, or polyunsaturated fatty acids [90, 130], discussion

here is limited to folate, which is an exemplary small molecule tumor-targeting

agent [42], as well as monoclonal antibodies directed against tumor associated anti-

gens (TAAs).

1.6.3.2 Targeting by Folate, a Small Molecule Ligand

Folate is an attractive small molecule for use as a tumor targeting ligand because

the membrane-bound folate receptor (FR) is overexpressed on a wide range of hu-

man cancers, including those originating in ovary, lung, breast, endometrium, kid-

ney and brain [131]. As a small molecule, it is presumed to be non-immunogenic,

it has good solubility, binds to its receptor with high affinity when conjugated to a

wide array of conjugates, including protein toxins, radioactive imaging agents,

MRI contrast agents, liposomes, gene transfer vectors, antisense oligonucleotides,

ribozymes, antibodies [131, 132] and even activated T-cells [133]. Upon binding to

the folate receptor, folate-conjugated drug conjugates are shuttled into the cell via

an endocytic mechanism, resulting in major enhancements in cancer cell specific-

ity and selectivity over their non-targeted formulation counterparts [131, 132].

Recently, folate has been enlisted in an innovative dendrimer-based targeting

schemes ([42, 134], Section 1.6.6.1).

1.6.3.3 Targeting by Monoclonal Antibodies

Of the many strategies devised to selectively direct drugs to cancer cells, perhaps

the most elegant (and demanding!) is the use of monoclonal antibodies that

recognize and selectively bind to tumor associated antigens (TAAs) [135–138].

TAA-targeting monoclonal antibodies have been exploited as delivery agents for

conjugated ‘‘payloads’’ such as small molecule drugs and prodrugs, radioisotopes,

and cytokines [139, 140]. The field of ‘‘immunotherapy’’ envisioned almost a hun-

dred years ago, and given renewed impetus a quarter century ago by the develop-

ment of monoclonal antibody technologies, has nonetheless progressed erratically

over the past two decades as many pitfalls have been encountered [139]. Current

prospects remain mixed but hopeful; optimistically, progress marked by commer-

cial interest with companies providing their immunotherapeutic drug candidates

with flashy trademarked names, such as ‘‘Armed AntibodiesTM’’ [141]. Simi-

larly, the rosy opinion that this field is ‘‘on the verge of clinical fruition’’ has

been published recently [142]. Perhaps, more realistically, one recent synopsis
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holds out ‘‘hope’’ for a major clinical impact for this strategy within the next 10

years [136].

Although a detailed discussion of the many pitfalls encountered in immunother-

apy efforts is beyond the scope of this chapter, one key issue – readily addressed by

dendrimers – is the requirement that an extremely potent cytotoxic drug be used in

targeted antibody therapy. This point is illustrated by the fact that the greatest prog-

ress in this field has occurred for immunotoxins, which are antibody–toxin chi-

meric molecules that kill cancer cells via binding to a surface antigen, internaliza-

tion and delivery of the toxin moiety to the cell cytosol. In the cytosol, protein

toxins, such as those from diphtheria or pseudomonas, catalytically inhibit a

critical cell function and cause cell death [143]. The high potency of immunotoxins

for killing cancer cells is dramatically illustrated by ricin, where the catalytic activ-

ity of this ribosome-inactivating enzyme allows a single immunotoxin conjugate to

kill a cell upon successful uptake and trafficking to the site of action [144, 145].

A drawback of immunotoxins is their significant immunogenicity, which limits

repeated use [136]; from a broader perspective, their repeated use is made neces-

sary by difficulties in providing a sufficiently high drug load to eradicate all cancer

cells despite the high potency of conjugated toxin. An alternative approach of radio-

immunotherapy, where high energy radionuclides are conjugated to TAA-targeting

antibodies, also shows promise [146] but suffers from indiscriminate toxicity (the

surrounding healthy tissues, as well as off-target tissues, become irradiated in ad-

dition to the target cancer cells). A third possible approach for immunotherapy, the

conjugation of commonly-used small molecule drugs to TAAs, is hindered by the

relatively low potency of most low molecular weight therapeutics. To illustrate this

point,@10 000 TAAs occur on a typical cancer cell [101], making this number the

upper limit for the number of targeting antibodies that can bind to the cell. The

widely used anticancer drug cisplatin, to give one example, requires internalization

of at least 50� this level of drug molecules for therapeutic efficacy.

A numerical analysis of the cisplatin example presented above indicates that

each tumor-targeting antibody would have to be modified with a large number of

small molecules to be effective as an anticancer drug (in this case, roughly 50 cis-

platin molecules upon superficial analysis). Modification of an antibody with mul-

tiple radioisotopes, toxins, or even small molecules to increase the efficacy of cell

killing, however, diminishes or eliminates the inherent specific antigen-binding af-

finity of an antibody. Therefore, to maximize drug loading while minimizing the

deleterious effects on the biological integrity of the host antibody, an attractive

approach is to use a linker molecule, such as a dendrimer, that can be highly con-

jugated (or internally loaded) with drug while modifying only a single site on the

surface of the antibody [147]. Methodology to covalently attach antibodies to den-

drimers that preserve the activity of the antigen–antibody binding site [148, 149],

e.g., by chemical modification of their carbohydrates and subsequent linkage to

PAMAM [150], has opened the door for the inclusion of dendrimers in immuno-

therapy [151, 152], thereby enhancing the future prospects of this chronically

‘‘almost-there’’ strategy.
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1.6.4

Dendrimers in Cancer Diagnosis and Imaging

1.6.4.1 Labeled Dendrimers are Important Research Tools for Biodistribution Studies

The synthetic ability to attach both a tumor-targeting antibody and a potent payload

of anticancer drugs to the same dendritic molecule provides a platform for multi-

functional nano-scale drug delivery devices (Fig. 1.5). Before this technology can be

applied in the clinic, however, its safety and efficacy must be demonstrated; to-

wards this end, fluorescently-modified dendritic conjugates have been used exten-

sively to characterize cell targeting, surface binding, uptake and internalization,

and even sub-cellular localization [85, 151, 152]. The radiolabeled counterparts ap-

propriate for animal studies have allowed detailed examination of the biodistribu-

tion of dendrimers. Several radio-isotopes have been conjugated to dendrimers, in-

cluding 3H [153], 14C [105], 88Y [154], 111In [154, 155], and 125I [98, 149, 156–158].

These studies have established that the chemical and physical properties of den-

drimers can be tuned to favor distribution to or away from specific organs and, ul-

timately, to achieve favorable biodistribution to tumors. The methods used in these

experiments, however, typically requiring post-administration dissection of the host

animal to allow the analysis of organ sequestration and tissue distribution of the

radioisotope, are clearly not applicable to clinical practice. Instead, they have served

as an important stepping stone along the path towards non- or minimally-invasive

diagnostic procedures, which are proceeding mainly by the development of MRI

contrast agents.

1.6.4.2 Towards Clinical Use: MRI Imaging Agents

Upon successful demonstration of the selective accumulation of dendrimers at the

sites of tumors in animal models, a natural extension of this approach was to sub-

stitute gadolinium for the previously-tested isotopes or fluorophores. Gadolinium

(153Gd) is the best known and most extensively utilized magnetic resonance (MR)

contrast agent [159, 160] and has previously been shown to be valuable for the im-

proved diagnosis of cancer [161, 162]. Importantly, the in vivo efficacy of gadoli-

nium is greatly enhanced when used as part of a macromolecular system [159]; in

the past, attempts to create macromolecular gadolinium platforms have included

the conjugation of chelators for this metal to both proteins [163] and conventional

polymers [164]. These efforts have met with mixed (but generally limited) success.

By contrast, Kobayashi and Brechbiel report that, by conjugating gadolinium to

dendrimers, the unique properties of these polymers, such as exquisite size con-

trol, allowed selective targeting and imaging of the kidney, vascular, liver, or tu-

mors [159]. Of note, tumor specific targeting and accumulation of gadolinium con-

trast agents is possible by use of either the folate receptor [165] or TAAs [159]. A

drawback of the initial PAMAM-based MR contrast agents was their long residence

time in the body; this problem, however, can be met by modifying both the surface

properties [106] and basic chemical composition of the dendrimer. Specifically, dia-

minobutane (DAB) dendrimer-based chelators were more rapidly excreted from the
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body, illustrating that the development of clinically-acceptable dendrimer MR plat-

forms is realistic [166].

1.6.5

Steps Towards the Clinical Realization of Dendrimer-based Cancer Therapies

1.6.5.1 The Stage is now set for Dendrimer-based Cancer Therapy

The use of dendrimers for cancer treatment is still in its infancy with few, if any,

applications successfully translated to the clinic. Consequently, their use as diag-

nostic agents constitutes both an important goal in and of itself, and also a valuable

‘‘baby step’’ towards the ultimate goal of curing cancer. As discussed, the process of

actual killing cancer cells entails the complicated process of drug uptake followed

by release of the drug into the cytoplasm or nucleus and is clearly a more demand-

ing process than cell surface labeling, or even localization to the vicinity of the

tumor, sufficient for diagnostic purposes. Nonetheless, in some cases, the transi-

tion from imaging to therapy will be closely linked, as evidenced by efforts now un-

derway to combine antibody-targeted MR imaging nanoparticles with the delivery

of antiangiogenic genes intended to inhibit the vascularization to the V2 carcinoma

model in rabbits [167]. Another promising strategy – boron neutron capture

therapy – has undergone impressive development over the past decade and is

presented next as a successful demonstration of the promise of dendrimer-based

cancer therapies.

1.6.5.2 Boron Neutron Capture Therapy

Cisplatin-based therapies illustrate the need for multiple conjugations of small

molecules – estimated at 50 for this platinum drug – to a targeting antibody (Sec-

tion 1.6.3.3). While some efforts are underway to use dendrimeric strategies for

platinum drug delivery [168], an even more demanding situation, where thousands

of ligands are required per targeting antibody, is provided by boron neutron cap-

ture therapy (BNCT). Accordingly, BNCT will be discussed here as an illustrative

example of how dendrimers can help overcome high hurdles in the development

of innovative cancer therapies. As a brief background, BNCT is based on the

nuclear reaction that occurs when boron-10, a stable isotope, is irradiated with low

energy (a 0.025 eV) or thermal neutrons to yield alpha particles and recoiling

lithium-7 nuclei. A major requirement for the success of BNCT is the selective de-

livery of a sufficient number of boron atoms (@109) to individual cancer cells to

sustain a lethal 10B(n, alpha) ! 7Li capture reaction [169, 170]. Considering that

the maximal number of antigenic sites per tumor cell is in the range of 100 000,

and more commonly only 1/10th that level, an a priori calculation suggests that

each targeting antibody must be linked to at least 2000, but preferably closer to

5000, boron atoms [101]. Clearly, a single TAA-targeting antibody cannot be di-

rectly conjugated at this level and conventional polymers – e.g., polylysine conju-

gated with @1700 boron derivatives and linked to a targeting antibody – caused

the antibody to lose in vivo tumor localizing properties [171]. By contrast, when a
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PAMAM dendrimer was used for polyvalent boron conjugation, the linked anti-

body maintained immuno-recognition (although in vivo tumor targeting remained

problematic because the conjugated dendrimer had a strong propensity to mis-

localize in the spleen and liver) [101]. Over the decade since these pioneering ef-

forts were first reported, continued progress has been made to solve problems

such as off-target tissue localization, which was traced to the size of the dendrimer

and presence of a large number of amine groups on the surface of PAMAM, by

exploiting the versatility of dendrimer chemistry. In short, the re-design of boro-

nated, anti-body-targeted dendrimers has culminated in the successful treatment

of gliomas in the rat [158, 169, 172] and laid the foundation for translation of this

technology into clinical tests in the foreseeable future.

1.6.6

Innovations Promise to Speed Progress

1.6.6.1 ‘‘Mix-and-Match’’ Strategy of Bifunctional Dendritic Clusters

Two lessons are immediately apparent from the dedicated efforts to bring

dendrimer-based BNCT to fruition. One is that dendritic technologies, while still

at an early developmental stage, hold tremendous promise and merit continued in-

vestigation. The second is that the coupling of one treatment modality (BNCT)

with one targeting strategy (antibodies to a specific type of glioma) required a stag-

gering amount of effort. The growing realization that cancer is hundreds, if not

thousands, of unique diseases at the cellular and molecular level, suggests that a

commensurate number of therapeutic strategies are needed. The diversity of tar-

geting strategies (which are not limited to folate and TAAs discussed here),

coupled with the many ‘‘payload’’ possibilities (beside radioisotopes, boron, and

cisplatin discussed here) used to diagnose and kill cancer cells, means that there

are literally tens of thousands of individually customized therapies required to fully

confront the myriad clinical manifestations of cancer. The sobering reality is that,

if each of these customized treatments will require a decade long effort by a large

team of researchers and clinicians, the large problem of cancer treatment will not

be solved for a long time.

Choi and coworkers [134] have come up with an innovative mix-and-match

scheme that promises to offset this gloomy prediction. These researchers have

recently reported a cancer-targeting strategy that is reminiscent of the antibody–

toxin/immunoconjugate strategy where distinct, but linked, entities are used to

first recognize and bind and then subsequently modify a cancer cell. Their strategy,

however, has great potential to improve on both the ‘‘targeting’’ and ‘‘payload’’ as-

pects of cancer therapy by, at first seemingly paradoxically, completely dividing

these functions into separate dendritic clusters (Fig. 1.6). The key to this approach

was to include a DNA ‘‘zipper’’ on each dendrimer that allows the targeting cluster,

composed of folate-derivatized PAMAM in proof-of-concept experiments [173], to

be readily combined with the imaging or drug-carrying dendrimer by way of the

complementary DNA strand [134]. It can be envisioned that the production of

libraries of dendrimers targeted to different cancer-specific biomarkers can be pro-
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duced by a ‘‘mix-and-matched’’ strategy by combining ‘‘off-the-shelf ’’ targeting and

drug clusters as needed [42]. Development of easily-customizable nanomedicine

platforms that exploit the facile duplex DNA formation for the generation of hybrid

nano-clusters, thus circumventing the tedious synthesis of multiply-functionalized

dendrimers, offers hope that the next ten years will witness rapid expansion of

dendrimer technologies that build on the painstaking advances of the past decade.

1.6.6.2 Towards Therapeutic Exploitation of Glycosylation Abnormalities found in

Cancer

Aberrant glycosylation, where the patterns of complex carbohydrate glycoforms

found on the surfaces of cancer cells are dramatically different from those on

healthy cells, is a hallmark of cancer [174–178]. Efforts to exploit these changes

therapeutically, however, have long been stymied by the difficulty of controlling

these complex and diverse molecules in an artificial synthetic setting. Today, with

new technologies such as dendrimers that provide a platform for physiologically-

relevant display of carbohydrates, new vistas are opening up for exploiting these

molecules to intervene in malignant disease. Promising – but still early-stage –

efforts in this direction include the presentation of oligosaccharides found only in

cancer cells [53, 56, 58, 179–181] on a dendritic scaffold (Section 1.4.3.2) for vac-

cine development (Section 1.5.3.2).

1.6.6.3 Towards Targeting Metabolically-engineered Carbohydrate Epitopes

As discussed above, one area of rapidly-expanding investigation is the abnormal

glycosylation associated with the cancer cells; in particular dendrimeric scaffolds

provide a unique platform to control the multimeric carbohydrate presentation

needed to enact the ‘‘cluster glycoside effect’’ [45, 50, 51], which is crucial for tar-

Fig. 1.6. DNA–dendrimer conjugates as

potential cancer targeting imaging agents or

therapeutics. (Adapted from Ref. [189].)

Differentially functionalized dendrimers

covalently conjugated to complementary deoxy-

oligonucleotides can readily form duplex

combinatorial nanoclusters that possess

cancer cell-specific ligands hybridized to an

imaging agent or drug. Cell-specific targeting

ligands (e.g., folic acid in one study) are

appended to Dendrimer A, and Dendrimer B is

conjugated with an imaging agent or drug

[134].
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geting diseased tissues found in malignant diseases [1, 24]. Another approach to

exploiting glycosylation for the treatment of cancer is through ‘‘chemical biology’’

strategies, such as the ability to express non-natural sialic acids on the cell surface

through the use of N-acetylmannosamine (ManNAc) analogs [49, 182, 183] (Fig.

1.7). By appropriate design of the ManNAc analog, sialic acids, which are interest-

ing nine-carbon sugars often overexpressed on cancer cells [175], can be provided

with a ‘‘chemical handle’’ – such as a ketone, azide, or thiol [184–186] – for tar-

Fig. 1.7. Chemoselective targeting of drug-

loaded dendrimers to the cell surface. (A)

Overview of sialic acid engineering. (a) A

dendrimer can encapsulate and assist the

delivery of N-acetylmannosamine (ManNAc)

analogs, such as the thiol-containing sugar

‘‘ManNTGc’’ (shown as ‘‘*’’) into a cell

(Section 1.5.2). (b) Once inside the cell,

ManNTGc can be metabolically converted into

CMP-Neu5TGc, a compound that serves as a

sugar-nucleotide needed for the glycosylation

process (c) where ‘‘Neu5TGc’’ a non-natural

form of sialic acid, is installed into cell surface

glycoconjugates. Overall, this process replaces

natural sialic acids, such as ‘‘Neu5Ac’’, with

their thiol-containing counterparts (d), which

can then be targeted by dendritic assemblies

such as the bifunctional ‘‘targeting’’ and

‘‘payload’’ clusters shown in Fig. 1.6. (B)

Details of the ‘‘chemoselective ligation

reaction’’ required for targeting the

appropriately derivatized dendrimeric assembly

to the cell. In this case, a maleimide-

conjugated targeting capsule will selectively

interact with the sialic acid-display thiols to

covalently bind the dendrimer to the cell

surface via thio-ether bond formation.
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geted delivery of a second agent such as the ricin A-chain used in immunotoxins

[187] or small molecule anticancer drugs [188]. Dendrimers offer assistance at sev-

eral steps in this process of translating early-stage anticancer strategies like ‘‘sialic

acid engineering’’ from the laboratory to clinical relevance. An enticing proposition

is that the starting material – ManNAc, which like all sugars has notoriously poor

pharmacological properties – can be made ‘‘drug-like’’ by encapsulation (or co-

valent ligation). Subsequently, after display of the target epitope on the cell surface,

which is a modified thiol-bearing sialic acid in the case shown in Fig. 1.7, this can

benefit from the high local density of dendritic display of maleimide to increase

the rate of drug binding to the cell surface, which occurs over an unacceptably

long period of several hours for current covalent coupling schemes [188]. This

strategy, under evaluation in our laboratory, coupled with a high drug payload on

the DNA-hybridized cluster (Fig. 1.6), provides renewed impetus for the already

promising application of sugar-based therapeutic approaches to cancer. A particu-

larly attractive aspect of this approach is that@108 sialic acids exist on cancer cells,

greatly improving prospects to deliver adequate levels of drug to achieve therapeu-

tic efficacy compared with TAA-targeting schemes (Section 1.6.3).

1.7

Concluding Remarks

Dendrimers, chemically-defined entities with tunable biological properties, have

advanced over the past two decades to the point where they stand on the cusp of

major contributions to the treatment of cancer in a meaningful way. Although, as

has been apparent by the many instances cited throughout this chapter where gaps

in knowledge still remain and that must be plugged before dendrimers are ready

for wide clinical use, their extreme versatility combined with the extensive research

efforts now underway are sure to add sophistication to drugs already in use as well

as spur the development of entirely new classes of anticancer therapy.
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From design to application – A

progress report. Angew. Chem. Int. Ed.
1999. 38, 884–905.

30 G. R. Newkome, C. N. Moorefield,

F. Vögtle, Dendrimers and Dendrons:
Concepts, Syntheses, Applications. 2001,
Weinheim, Wiley-VCH.

31 S. M. Grayson, J. M. J. Fréchet,
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L. J. González, O. Reyes, F.

Albericio, D. Andreu, A comparative

study of different presentation

strategies for an HIV peptide

immunogen. Bioconjugate Chem. 2004.
15, 112–120.

89 F. Sánchez-Sancho, E. Pérez-
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2.1

Introduction

The word ‘‘cancer’’ comes from the Latin word for crab. Historically, an ancient

physician from Greece noticed the resemblance of the swollen mass of blood ves-

sels around a malignant tumor to the shape of a crab and so named the disease.

The malignant tumor is also seen to adhere to surrounding tissues that it can seize

upon in a stubborn manner, similar to a crab.

Human cancer consists of more than 200 different diseases [1] in which cells

multiply at an exponential growth rate in an uncontrolled fashion. This abnormal

growth rate leads to the formation of a lump, called malignant tumor. Gradually

the tumor tissue grows and invades the adjacent tissues and organs, obstructing

normal physiological functions. In some cases, the cancerous cells can detach

from its origin and migrate through circulation to different parts of the body, form-

ing a new tumor site. This is termed as cancer metastasis. Over a period of time,

malignant tumors cause malfunctioning of various organs, which turns fatal.

According to the American Cancer Society’s annual report [2], about 570 280

people are expected to die of various cancers in the year 2005 in the United States

of America (USA). During the last century, cancer has slowly advanced to become

the leading cause of death for patients below the age of 85 in USA, despite rapid

advances in global cancer research towards the understanding of cancer biology in

the past several decades.

The formation of malignant tumors is associated with six different cellular char-

acteristics [3, 4], each of which is unique for cancer development. These character-

istics are self-sufficiency in growth signals, evading apoptosis (a process by which a

cell is ‘‘commanded’’ by the environment to die), insensitivity to anti-growth sig-

nals (an inherent mechanism for preventing undesirable cell growth), sustained

angiogenesis (a process of growth of new blood vessels), tissue invasion and metas-

tasis and limitless replicative potential.

Cancer can develop in any living organ or tissue in the body. The part of the body

in which the cancer first develops is referred to as the primary site. The most com-

mon cancer developing sites include the skin, lungs, female breasts, prostate, co-
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lon and rectum, and corpus uteri. The secondary site refers to the body part where

metastasized cancer cells grow and form secondary tumors. Even if a cancer has

spread to another part of the body, it is always described with respect to the pri-

mary site. For example, advanced breast cancer that has spread to the lymph nodes

under the arm and to the lungs is always considered breast cancer.

The diagnosis of cancer means an attempt to accurately identify the anatomical

site of origin of the malignancy and the type of cells involved. The presence of can-

cer may be preliminarily suspected by some other disease-like symptoms. For ex-

ample, weight loss and abdominal pain can be caused by stomach cancer or an

ulcer. However, to confirm the diagnosis of cancer, a biopsy (removal of tissue for

microscopic evaluation) is usually done. Biopsies can provide information about

histological type, classification, grade, potential aggressiveness and other informa-

tion that may help determine the best treatment. A biopsy together with advanced

imaging technologies, can not only confirm the presence of cancer, but also can

pinpoint the primary and secondary cancer sites.

Early cancer diagnosis, in combination with the precise cancer therapies, could

eventually save millions of lives. The diagnosis of cancer at the early stage is ex-

tremely challenging and has been an active research area of great interest in cur-

rent times. If the tumor is located near the body’s surface, a tissue sample can be

easily retrieved for a biopsy (removal of tissue for microscopic evaluation) and the

tissue abnormality can be confirmed at the cellular level. However, if the tumor

mass is inaccessible for a biopsy, one has to then rely upon the existing imaging

techniques for the detection of the tumor location. Existing diagnostic non-invasive

imaging techniques such as Computed Tomography (CT), Magnetic Resonance

(MR), Positron Emission Tomography (PET), Single Photon emission CT (SPECT),

Ultrasound (US) and optical imaging are effective for macroscopic visualization of

tumors. However, none of these techniques are sensitive enough for the diagnosis

of abnormalities in the microscopic level. Substantial research efforts are being

made for the development of better cancer imaging techniques. Of them, optical

imaging has shown a great promise with respect to the image resolution [5]. The

feasibility of developing optical imaging technique for the sensitive detection of

cancer has been recently demonstrated [6, 7] using nanoparticle-based highly sen-

sitive optical contrast agents.

This chapter provides a knowledge base platform to readers interested in learn-

ing about nanoparticle technology and its implications in diagnostic cancer imag-

ing. An overview of existing cancer imaging techniques with special emphasis on

optical-based imaging techniques has been incorporated. Optical imaging has

strong potential in becoming an attractive alternative to existing cancer imaging

techniques. Optical imaging is a highly sensitive, non-invasive, non-ionizing, rela-

tively inexpensive and simple technique. With the aid of better contrast agents, this

imaging technology could be transferred to a clinical setup for human applications

for early cancer diagnosis in the near future. Recent developments which are di-

rectly associated with the improvement of optical image contrast, such as the use

of sophisticated laser technology, highly sensitive charged-coupled device (CCD)

technology and powerful mathematical modeling of light propagation through the
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biological systems, have been integrated into the imaging components. However,

presently, significantly limited numbers of appropriate in vivo optical contrast

agents are available. Therefore, there is a great demand of developing highly sensi-

tive, stable and clinically safe in vivo optical contrast agents.
Nanoscience and nanotechnology is an interdisciplinary research area that

brings various traditional disciplines such as chemistry, physics, materials science,

biomedical, molecular biology, and many others together under one umbrella.

Several edited books [8–12] on nanoscience and nanotechnology include the devel-

opment of various nanoparticles such as metals, semiconductors, etc. for biological

applications. Several review articles [5, 7, 9, 13–22] have recently reported advance

research highlights on optical-based contrast agents [15–17, 21], some of which

emphasize nanoparticle-based optical contrast agents [7, 18–20, 22] for bioimag-

ing. However, none of these articles captured thoroughly recent developments on

nanoparticle-based optical contrast agents suitable for cancer imaging. In this

chapter, we made every effort to provide extensive details of nanoparticle-based

contrast agents developments, including separate sections on nanoparticle design,

synthesis strategies, nanoparticle dispersion, surface modification, bioconjugations

and cancer imaging applications. We hope that this chapter will be useful for stu-

dents, teachers, research scientists, general audiences who are interested in learn-

ing more about early cancer diagnosis and others. We have attempted to explain

each section and sub-section of this chapter in a simple manner so that readers

could easily grasp the general strategy of various nanoparticle-based optical con-

trast agent development.

Since the field of cancer imaging is expanding rapidly, we start with an introduc-

tion to highlight the contents of this chapter (Section 2.1). Section 2.2 briefly over-

views various existing cancer-imaging techniques, allowing readers to understand

merits and demerits of these techniques. Section 2.3 describes the basics of optical

imaging, optical imaging techniques and optical contrast agents. This chapter pro-

vides a clear understanding of the merits and challenges of developing optical-

based imaging techniques and contrast agents. Section 2.4 details recent advances

in nanoparticle-based optical contrast agents. While Section 2.4.1 provides the rea-

sons for developing such contrast agents, Section 2.4.2 provides some literature

review on the development of nanoparticle-based various contrast agents such as

quantum dots, dye-doped nanoparticles and gold nanoparticles. Various cancer

imaging applications using nanoparticles are reviewed in Section 2.5. Section 2.6

covers some miscellaneous nanoparticles such as up-converting phosphors, fluo-

rescent polymer particles, etc. that are potential contrast agents. Section 2.7 pro-

vides concluding remarks and the perspectives of nanoparticle-based optical imag-

ing of cancers.

2.2

Cancer Imaging Techniques

Some of the major imaging techniques routinely used in hospital setup for cancer

imaging in humans are briefly described below.
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2.2.1

Computed Tomography (CT) Scanning

The detection components of a typical CT scanner include the X-ray tube, detec-

tors, image reconstruction computer and visual display monitor. The X-ray tube

generates a beam of X-rays that are made to pass through the body of the patient.

The detectors are positioned to absorb the X-rays coming out through the body.

While processing the information, the reconstruction computer takes into consid-

eration that X-rays passing through denser tissues like bones are attenuated to

a higher extent than those passing through softer tissue such as lungs. Thus the

X-ray beams of varying strengths that come out from the body create a differential

profile. This profile is measured by the detectors and finally imaged by the display

monitor. The complete setup rotates around the patient and acquires about 1000

snapshots for every 360� rotation, when a slice is completed. After each rotation,

the information from the detectors is collected together and processed by the com-

puter to construct a two-dimensional image (slice) on the display monitor. Image

resolution is on the order of 50–100 mm with data acquisition time varying from 5

to 30 min. Recently, there have been continuing efforts to merge the CT modality

with other modules like nuclear imaging modalities, which have limited spatial

resolution, to generate better images.

2.2.2

Magnetic Resonance (MR)

In this technique, patients are placed in a strong electromagnetic field that causes

the hydrogen atoms of water molecules present in the body fluid to align with the

field. A short, powerful radio signal is then sent through the body at a desired level

(slice) perpendicular to the original field. Hydrogen atoms with similar frequencies

resonate with the radio signal and get excited. When the radio signal is switched

off, the excited atoms will release their excitation energy in the form of radio waves

and return to their normal state. The time taken for the hydrogen atoms to release

their energy is characteristic of the physical properties of the tissue. These radio

waves are detected and the time taken is measured and analyzed by a computer to

construct an image of the tissues. Usually, it is difficult to distinguish tumors from

normal tissues in the body using an MR image. Therefore, patients are injected

with contrast agents that selectively highlight the tumors. Standard MR images

(1.5 Tesla, the magnetic field strength) provide a spatial resolution of 1 mm, which

could be increased to about 10 mm with certain modifications.

2.2.3

Positron Emission Tomography (PET)

In this technique, a positron-emitting isotope (11C or 18F) is attached to a biological

molecule that has an affinity to tumor cells and introduced into the patients. The

decaying isotopes emit positrons, which collide with a nearby electron and annihi-

late to release g-rays. These rays are detected and analyzed by a computer. The po-
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sition of the tumor in the body can be located by tracking the density of the posi-

trons in a particular region.

2.2.4

Single-photon Emission CT (SPECT)

This imaging technique is similar to PET, except that the SPECT isotope itself

emits a single g-ray instead of a positron. This technique is very inexpensive when

compared with PET. However the spatial resolution is not as good as PET.

2.2.5

Ultrasonography (US)

In this form of imaging, ultrasonic sound waves are sent through the body. The

waves are partially reflected from the interfaces of different tissues. The intensity

of reflected waves depends on the density of the tissues. The time taken for the

reflected wave to reach the detector gives a measure of the depth of the tissue loca-

tion. The advantage of ultrasonography is that the images are generated in real

time with very high temporal resolution. However, ultrasonic waves cannot travel

through bone and therefore cannot detect tissues behind bony structures such as

the brain behind the skull.

2.3

Optical Imaging

2.3.1

Basics of Optical Imaging

Optical imaging is a sensitive, non-invasive, non-ionizing (clinically safe) and

relatively inexpensive technique that has strong potential for diagnostic cancer

imaging. Two major components are associated with an optical imaging system:

an imaging component and an optical contrast-enhancing component (i.e., con-

trast agent). Recent advances in optical imaging have utilized sophisticated laser

technology, highly sensitive charged-coupled device (CCD) technology and power-

ful mathematical modeling of light propagation through the biological systems;

all these developments have formed a solid basis for the imaging component. Mo-

lecular fluorescent probes have been successfully used as optical contrast agents

for imaging various cancer tissues in the past [5, 15–17, 23–27]. However, the sen-

sitivity of the contrast agent has become the major obstacle in obtaining a high-

resolution image. Again, in vivo deep tissue optical imaging has been limited be-

cause of the low penetration depth of the light in the ultraviolet (UV) and visible

spectral range (the approximate tissue penetration depth is about 1–2 mm). Near-

infrared (NIR) light in the spectral range 650–900 nm can, however, penetrate

much deeper (up to several centimeters) into the tissue and skull [5, 15]. This is

due to the relatively low absorption of tissue components (water and hemoglobin)
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in the NIR spectral range. Therefore, the development of an NIR-based optical

imaging system has attracted tremendous attention in the cancer imaging commu-

nity in recent years.

For developing optical-based imaging system, it is important to understand how

light interacts with biological tissues. Simply, a tissue can interact with light pho-

tons by absorption, scattering and reflection. Since biological tissue represents a

complex system in terms of light propagation, it is expected that the optical image

would be somewhat distorted. A robust mathematical modeling is thus necessary

to improve image quality. Again, all biological tissues somewhat autofluoresce

upon interaction with the light in the UV and visible spectrum. The tissue auto-

fluorescence originates from the natural tissue fluorescent molecules such as nico-

tinamide, flavins, collagen, and elastin [25]. To develop a robust optical imaging

system it is thus important to address all sorts of light interaction with tissue as

well as tissue autofluorescence.

2.3.2

Optical Imaging Techniques

Optical-based imaging methods such as confocal imaging, multiphoton imaging,

microscopic imaging by intravital microscopy or total internal reflection fluores-

cence microscopy have been used traditionally to image fluorescence events that

originates in vivo from surface and subsurface region. Recently, advanced imag-

ing technologies that use photographic systems with continuous or intensity-

modulated light and tomographic systems have shown great potential for deep tis-

sue imaging. With the aid of highly sensitive contrast agents such as nanoparticles,

it may be possible to transfer optical imaging technology to human application.

There are several potential optical imaging techniques, such as reflectance fluores-

cence imaging and fluorescence-mediated molecular tomography (FMT), that use

the diffuse component of light for probing molecular events deep in tissue sam-

ples. These techniques are briefly described below.

In a typical reflectance imaging technique, a simple ‘‘photographic method’’ is

used where the light source and the detector reside on the same side of the imag-

ing object (e.g., an animal). This technique is currently used for in vivo assessment

of fluorescent dyes [such as green fluorescent proteins (GFP), bioluminescent

molecules, etc.]. In a reflectance imaging system, the light source can be either an

appropriate laser for the target fluorescent molecules or a white light with the ap-

propriate low-pass filter. The laser excitation source is preferable because it provides

a narrow and well-defined spectral window (G3 nm) when compared with white

light (G10 nm). A high-sensitivity CCD camera is usually used as detector. Reflec-

tance imaging has been successfully used to image cathepsin B [28], cathepsin D

[29], matrix metalloproteinase 2 (MMP-2) [30], using activatable probes that are

dark in the native (quenched) state and fluoresce upon interaction with a specific

enzyme. This technique has been used for the elucidation of MMP-2 (a biomarker)

expression levels in two different breast cancers, MMP-2 positive human HT1080

fibrosarcoma and MMP-2 negative BT20 mammary adenocarcinoma [31]. A NIR

probe was activated upon interaction with both the tumors. The level of MMP-2
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expression was directly related to the number of probe molecule activation. As

expected, great probe activation was found in human HT1080 fibrosarcoma. Re-

flectance imaging technique has also been used for targeting cell-surface receptors

in vivo using peptide-NIR dye conjugate [26, 32] and for studying gene expression

[33]. Reflectance imaging is a simple, fast and highly sensitive imaging and screen-

ing technique for capturing surface fluorescent events in vivo or in excised tissues.

This imaging system can be, inexpensively, made portable for the laboratory bench.

However, this technique has several limitations. Firstly, the technique will allow

imaging of a few millimeters thick tissue. As a result, the appearance of deeper

lesions is significantly blurred. Secondly, quantitative information cannot be ex-

tracted from the reflectance imaging technique. For example, the surface appear-

ance of a small structure with high dye loading that is located in a deeper tissue

could be similar with a larger structure of low dye loading that is closer to the

surface.

Fluorescence-mediated molecular tomography is a powerful technique to resolve

and quantify deep tissue fluorescence signal. This technique, usually termed as dif-

fuse optical tomography (DOT) utilizes advanced photon sources, a detection sys-

tem and rigorous mathematical modeling of light propagation in tissue. The DOT

technique uses multiple projections and measures light around the boundary of

the illuminated body followed by a complex mathematical modeling to construct

the three-dimensional tomographic image. This technique has recently been ap-

plied clinically for imaging tissue oxy- and deoxy-hemoglobin concentration and

blood saturation [34–37]. Based on the same principle, fluorescence molecular to-

mography (FMT) has been developed where measurements of fluorescent molecu-

lar probes at both the emission and excitation wavelengths were considered. The

FMT technique has been recently used for imaging cathepsin B activity in deep tis-

sue structure of 9L gliosarcomas [38–40]. An optical imaging system that can

image both reflected light and fluorescence light to generate multi-spectral digital

imaging of tissue morphology from a large field of view with mm resolution has

also been developed [21]. Readers are encouraged to read a few recent review ar-

ticles [5, 21, 41] that describe the topic on optical imaging techniques.

2.3.3

Optical Contrast Agents

Optical tissue contrast agents are used in biological systems (e.g., cells, tissues,

etc.) to enhance the optical contrast by virtue of their contrast enhancing properties

(e.g., fluorescence, scattering, etc.). Tissue contrast agents, for example, are capable

of reducing the background signal and improving the image resolution. Fluores-

cent molecular contrast agents, mostly organic fluorescent compounds, possess

high extinction coefficient and quantum yield and have the potential to drastically

suppress tissue autofluorescence and hence background signal. Effective delivery

(loading) of these contrast agents to the target tissue has also been realized to be

one of the most important factors for achieving better image contrast, other than

its intrinsic fluorescent characteristics (extinction coefficients, quantum yield,

etc.). The concentration of contrast agent per unit volume of target tissue would
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determine the signal strength. Therefore, a higher loading of contrast agent is al-

ways desirable for better image resolution and hence in obtaining a sharp marginal

contrast between the normal and the pathological (e.g., a tumor) tissues.

A few important features of contrast agents have to be kept in mind prior to us-

ing or developing new contrast agents for diagnostic cancer imaging. Firstly, con-

trast agents with the excitation and emission band maxima in the NIR range (650

to 900 nm) are highly preferable for deep tissue imaging. Secondly, contrast agents

should have a high extinction coefficient for effective absorption and a high quan-

tum yield for obtaining strong fluorescence signal. Thirdly, they should be photo-

stable and should not have any photo-sensitizing effects (i.e., photodynamic effect

causing the damage of cellular DNA and hence cell death; also termed as photo-

sensitized cell death). Fourthly, contrast agents should be hydrophilic so that

an aqueous-based formulation can be easily made. Fifthly, contrast agents should

have low toxicity so that they can be administered safely. Lastly, for cancer imaging,

contrast agents should be attached to appropriate cancer specific delivery systems

(e.g., antibodies, peptides, folates, etc.) for targeting.

Organic fluorescent contrast agents, although studied extensively for various bio-

imaging applications [42], starting from cellular to tissues to whole animal fluores-

cence imaging have, however, several limitations for them to be considered as

robust contrast agents. Firstly, organic fluorescent contrast agents (dyes) rapidly

undergo photobleaching. As a result, the fluorescence signal fades away when ex-

posed to the excitation light source (particularly when a laser is used for the excita-

tion), limiting sensitive detection of the target. Secondly, fluorescent dyes are usu-

ally hydrophobic. To make aqueous-based formulation, chemical modifications

(e.g., sodium salt) are often required that sometimes compromises their spectral

characteristics. Thirdly, a handful of fluorescent compounds have been shown to

possess low toxicity. Lastly, a few dyes have excitation and emission bands in the

NIR spectral range (e.g., cyanine dyes). Another class of fluorescent contrast agents

is fluorescent proteins. Fluorescent proteins such as green fluorescent protein

(GFP) represent one class of imaging marker genes (IMG, artificial genes) with

an optical signature where GFP is the transcriptional product of IMG. The GFP-

based optical imaging has been successfully used to study various gene expressions

in vivo. For example, human and rodent tumor cell lines, transected with GFP,

could be visualized in vivo for monitoring tumor growth and metastasis [43–45].

The major drawback of GFP is limited penetration depth since the tissue can

highly absorb the green emission of GFP.

2.4

Nanoparticles for Optical Imaging

2.4.1

Why Nanoparticles for Optical Imaging?

Nanoparticle (NP)-based contrast agents present a whole new class of robust nano-

meter size (between 1 and 100 nm) particulate materials that has strong potential
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for optical imaging of cancer. The use of NPs for bioimaging applications has sev-

eral advantages.

Firstly, the sensitivity of the optical imaging could be greatly improved using

nanoparticle-based contrast agents. A classic example is the fluorescent quantum

dots (Qdots) and their applications in cancer imaging [6, 13, 21, 46–65]. Qdots are

usually crystalline cadmium sulfide (CdS) and cadmium selenide (CdSe)-based

semiconductor particulate materials. They are small (<5 nm) and bright, having a

broad excitation band but a narrow emission band. Dye-doped nanoparticles (NPs)

such as dye-doped silica [66–69], dye-doped polymer particles [70–72], present an-

other class of materials for sensitive cancer detection. In dye-doped NPs, each par-

ticle carries thousands of dye molecules, thus greatly enhancing the fluorescence

signal. Dye-doped NPs are usually smaller (about two to three orders of magni-

tude) than cells, which make them suitable for cellular application. Gold nano-

particles have been well studied and have also been used for sensitive cancer cell

imaging [21, 47, 73–75]. They possess a strong surface plasmon band that origi-

nates from efficient light scattering by the nanosize particles.

Secondly, nanoparticle-based contrast agents have better photostability than

traditional organic dye-based contrast agents. This has tremendous potential for

sensitive and real-time monitoring of cancer progression (e.g., monitoring cancer

growth and metastasis). Photostable nanoparticles will allow non-invasive imaging

of cancer tissue multiple times for monitoring tumor growth and also the effect of

cancer drugs during cancer therapy. For example, Qdots are extremely photostable.

The effective surface passivation of Qdots with a wide bandgap material such as

zinc sulfide (ZnS) or zinc selenide (ZnSe) makes them photostable. In dye-doped

NPs, dye molecules remain encapsulated by the particle-matrix that protects them

from photobleaching. This is because the particle-matrix can, somewhat, prevent

the penetration of oxygen molecules that cause dye degradation. Usually, Qdot ma-

terials are more photostable than dye doped NPs. Gold nanoparticles efficiently

scatter light and, therefore, do not fade away via photobleaching process [76–78].

Lastly, multiple imaging modalities can be integrated into nanoparticle-based

contrast agents (also called as multifunctional nanoparticles [79–88]), making

them suitable for imaging using multiple modalities (such as fluorescence, X-ray,

MRI, etc. [86, 89, 90]). This would have great importance for in vivo cancer imag-

ing applications. Once labeled with the multimodal contrast agents, tumors could

be imaged non-invasively using a CT scan or MRI for the pre-surgical assessment.

During the surgical procedure, tumor tissue could be directly visualized in real-

time by the optical property (e.g., fluorescence) of the contrast agent. This mode

of tumor visualization would provide direct guidance to surgeons for the effective

tumor resection, enabling them to demarcate the boundary between the tumor and

normal tissues. Nanoparticle surface is usually modified to obtain multiple func-

tional groups/ligands to improve aqueous dispersibility, specific targeting (e.g.,

cancer targeting), biocompatibility, etc. [6, 20, 66, 67, 84, 86, 89–95].

Nanoparticles-based contrast agents have strong potential for early cancer diag-

nosis since they are bright and photostable. For in vivo cancer diagnosis, NIR-based
nanoparticle contrast agents will be required. The following sub-sections describe
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in detail the design, synthesis, surface modification, and cancer targeting of vari-

ous nanoparticle-based contrast agents (e.g., Qdots, dye-doped NPs, gold, etc.).

2.4.2

Development of Nanoparticle-based Contrast Agents

A robust nanoparticle design is the key step for the synthesis of highly sensitive

optical contrast agents. In a typical nanoparticle-based optical contrast agent

design, the optical core is encapsulated by an intermediate coating followed by

an outermost layer containing appropriate functional groups for bioconjugation.

Figure 2.1 shows a general schematic representation of nanoparticle design. For

cancer labeling, these particles are then attached to cancer cell targeting agents

(e.g., folates, antibodies, etc.). The resulting nanoparticles can be used as cancer

imaging probes (Fig. 2.2).

2.4.2.1 Quantum Dots

Fluorescent Qdots are ultra-small (2–8 nm diameter) semiconductor nanocrystals,

having broad absorption band with narrow and symmetric emission band (full-

width at half-maximum@25–40 nm), that typically emit in the visible to NIR spec-

tral range [7, 18, 96]. Qdots absorption is associated with the promotion of elec-

trons from the conduction band to the valence band when the excitation energy

exceeds that band gap energy between two electronic bands (semiconductor band

gap), resulting in the formation of an electron–hole pair, called an exciton. In con-

Fig. 2.1. Schematic representation of core–

shell nanoparticle design. The nanoparticle

core (e.g., quantum dot, gold nanoparticle,

dye-doped silica nanoparticle, etc.) is the

primary source of an optical signal. The

intermediate shell (e.g., ZnS surface

passivation followed by polymer/silica coating,

pure/hybrid silica coating, etc.) is designed to

protect the nanoparticle core. The outermost

shell contains appropriate surface functional

groups (e.g., carboxyls, amines, thiols, etc.) for

biomolecule/ligand (e.g., antibodies, peptides,

proteins, sugars, folates, etc.) attachment.
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trast to organic fluorescent molecules, the absorption probability of Qdot nano-

crystals increases at shorter wavelengths (higher energy), resulting in a broadband

absorption spectrum. When the Qdot is smaller than the Bohr exciton radius

(which is typically a few nanometers), the quantum confinement effect is observed

in such nanocrystals [97]. In this situation, Qdot energy levels are quantized, with

values directly related to the Qdot size. Qdot emission is due to a radiative recom-

bination of an exciton, which is characterized by a long lifetime [98] (>10 ns), lead-

ing to the emission of a photon in a narrow and symmetric energy band. These

spectral characteristics of Qdot materials are different from a typical organic fluo-

rescent molecule with red-tailed broad emission band and short fluorescence life-

times. In comparison to traditional fluorescent molecules (fluorophores) or fluo-

rescent proteins (e.g., GFP), Qdots have several attractive optical features that are

desirable for long-term, multi-target and highly sensitive bioimaging applications.

Some of the major optical features of Qdots are described below.

(a) Large molar extinction coefficient: Qdots are highly sensitive fluorescent

agents (or fluorescent tags) for labeling cells and tissues. Unlike organic fluores-

cent compounds, Qdots have very large molar extinction coefficients [99], typically

of the order of 0.5–5� 106 m
�1 cm�1 which means that Qdots are capable of ab-

sorbing excitation photons very efficiently (the absorption rate is approximately 10–

50� faster than organic dyes). The higher rate of absorption is directly correlated to

the Qdot brightness and it has been found that Qdots are approximately 10–20�
brighter than organic dyes [100–102], allowing highly sensitive fluorescence

imaging.

Fig. 2.2. Schematic representation showing a typical

nanoparticle-based cell-labeling strategy. In this strategy cancer-

targeting agents (e.g., folates, antibodies, etc.) are coated onto

nanoparticle surface. The resulting coated particles are capable

of recognizing cancer cells.
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(b) Excellent photostability: Qdots are several thousand times more photostable

than organic dyes. This feature allows real-time monitoring of biological processes

over a long period.

(c) Much longer lifetime: Qdots are highly suitable for time-correlated lifetime

imaging spectroscopy. This is possible due to the longer excited state lifetime of

Qdots (about one order of magnitude longer than that of organic dyes), allowing

effective separation of Qdot fluorescence from the background fluorescence. This

will improve the image contrast by reducing the signal-to-noise ratio dramatically

[103, 104] in the time-delayed data acquisition mode.

(d) Large Stokes shift: Unlike in organic dyes, the excitation and emission spec-

tra of Qdots are well separated (i.e., large Stokes shift value; up to 400 nm, depend-

ing on the wavelength of the excitation light). This allows further improvement of

sensitivity of the detection by reducing the high autofluorescence background often

seen in biological specimens [6].

(e) Multiple targeting capability. The wavelength of Qdot emission is size depen-

dent. This is a unique feature of Qdot materials in comparison to organic fluores-

cent dyes. The size dependent emission of Qdots allows imaging and tracking of

multiple targets simultaneously using a single excitation source. This feature is

particularly important in tracking a panel of disease-specific molecular biomarkers

simultaneously, allowing classification and differentiation of various complex hu-

man diseases [105].

The development of Qdot-based fluorescent probes involves a multi-step process:

synthesis, surface capping and bioconjugation. Each step is described below in

detail.

Qdot Synthesis Qdot nanocrystals are made out of hundreds to thousands of

atoms that typically belong to group II and VI elements or group III and V ele-

ments in the periodic table. For example, CdSe, CdTe, and ZnSe are group II–VI

semiconductor Qdots, whereas InP and InAs Qdots are group III–V semiconduc-

tors. The Qdot emission can be continuously tuned from 400 to 2000 nm by chang-

ing both the particle size and chemical composition. Herein, we briefly describe

two robust synthesis techniques that produce high quality Qdots.

Hot Solution-phase Mediated Qdot Synthesis This is most popular technique of

synthesizing high quality Qdots. Typically, Qdots are synthesized at elevated tem-

perature in high boiling point non-polar organic solvents. Bawendi’s group have

reported [106] the synthesis of highly crystalline and monodisperse (size distribu-

tion 8–11%) CdSe Qdots using high-temperature growth solvents/ligands (mixture

of trioctylphosphine/trioctylphosphine oxide, TOP/TOPO). A combination of TOPO

and hexadecylamine can also be used [96]. The purpose of using hydrophobic or-

ganic molecules as mixed solvents or as a solvent/ligand mixture is two-fold. The

mixture serves as a robust reaction medium and also coordinates with unsaturated

metal atoms on the Qdot surface to prevent the formation of bulk semiconductors.

Following a similar synthesis strategy, Qu et al. have reported the formation high
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quality CdSe nanocrystals having fluorescence quantum yields as high as 85% at

room temperature [107].

Reverse-micelle Mediated Qdot Synthesis The reverse micelle synthesis of high

quality CdS:Mn/ZnS core–shell Qdots has been reported [86, 89, 90, 108–110]. Re-

verse micelles [also called water-in-oil (W/O) microemulsion system] are an isoto-

pic, thermodynamically stable homogeneous mixture of oil, water and surfactant

molecules where the surfactant capped (stabilized) water droplets remain uni-

formly dispersed in the bulk oil phase. The water droplets serve as a tiny reactor

(nano-reactor) for the synthesis of Qdots. This is a simple procedure that does not

require extreme reaction conditions such as high temperature or high pressure.

This is a robust method that allows room temperature synthesis of monodisperse

Qdots at normal atmospheric pressure. Yang et al. have reported the synthesis of

manganese-doped cadmium sulfide core and zinc sulfide shell (CdS:Mn/ZnS)

Qdots using AOT (dioctylsulfosuccinate sodium salt, a surfactant)/heptane

(an oil)/water reverse micelle system [90, 108, 109]. The bright yellow emitting

CdS:Mn/ZnS Qdots are small (average Qdot size was 3.2 nm) and highly

photostable.

Qdot Surface Passivation and Aqueous Stabilization Effective surface passivation of

the Qdot nanocrystal core with wide bandgap semiconductor materials (shell) is ex-

tremely important [100, 111] for the following reasons. For example, with cad-

mium selenide/zinc sulfide (CdSe/ZnS) core–shell Qdots, the epitaxially matched

ZnS layer effectively passivates the surface defects of the CdSe core [100, 108, 112],

protects the core from oxidation, prevents leaching of highly toxic Cd2þ ions, and

also drastically improves the quantum yield by reducing surface defects (that act as

exciton traps, leading to non-radiative recombination processes). Surface passiva-

tion with silica is effective for the CdSe core [90, 113, 114] nanocrystals.

TOP/TOPO-capped Qdots prepared using hot solution phase mediated synthesis

route are hydrophobic. For biological applications, however, it is necessary to ob-

tain aqueous dispersible Qdots. Therefore, phase transfer from the organic (e.g.,

toluene, hexanes, chloroform) to aqueous solution is usually performed by surface

functionalization with hydrophilic ligands. There are three major routes to surface

functionalization. Firstly, the ‘‘cap exchange’’ route that involves replacement of

TOP/TOPO capping with bifunctional ligands. The bifunctional ligands [102,

115–118] have two functional moieties, Qdot surface anchoring (e.g., thiol) and hy-

drophilic moieties (e.g., hydroxyl, carboxyl). Secondly, the formation of a hydro-

philic silica shell [86, 89, 90, 101, 108, 119] that encapsulates the Qdot. Lastly, the

over-coating of TOP/TOPO-capped Qdots with amphiphilic ‘‘diblock’’ and ‘‘tri-

block’’ copolymers and phospholipids [6, 64, 120–124].

Notably, Qdots capped with mono-mercapto ligands have short shelf-lives, about

a week, due the weak (dynamic) thiol–ZnS interaction [125], although polydentate

thiolated ligands (containing more than one thiol groups) afford better stability

(from a week to a couple of years) [116, 118, 125]. Applying a silica shell over the

Qdots has several advantages with respect to long-term stability (shelf-life) and bio-
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compatibility. Also, a silica coating remains stable upon pH fluctuation (below pH

8) and a further coating with a multifunctional hybrid silica is possible using

appropriate silane reagents [86, 89]. The polymer/phospholipid encapsulation is

also robust in terms of long-term stability. Both the silica and the polymer/

phospholipid coating increase the particle size (@20–30 nm). However, Yang et al.

reported the W/O microemulsion-mediated synthesis of silica-overcoated CdS:Mn/

ZnS Qdots [90] where the silica shell thickness was approximately 2–3 nm.

Qdot Bioconjugation Qdot bioconjugation represents the attachment of biomole-

cules (e.g., proteins, antibodies, peptides, DNA, etc.) to the Qdot surface, forming

a hybrid structure, interfacing both the inorganic and the biological materials, for

targeting to biological systems such as cells, tissues, etc. either specifically or non-

specifically. Qdots are comparable or slightly larger than many proteins. For exam-

ple, a 510 nm green-emitting Qdot size is comparable to GFP and a 650 nm red-

emitting Qdot size is comparable to DyRed (a red-emitting fluorescent protein)

[126]. Medintz et al. have shown that about 15–20 maltose binding proteins

(Mr @ 44 kDa) can be conjugated to a single 6-nm Qdot [127]. There are three ma-

jor ways to attach proteins to Qdot surface. Firstly, using carbodiimide [e.g., EDC,

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide] coupling chemistry, carboxylated

Qdots are covalently conjugated to the protein molecules through the formation

of stable amide bond. Secondly, disulfide bonds can be formed between Qdot sur-

face sulfur atoms (from the ZnS surface) and peptides containing cysteine resi-

dues [128, 129]. Histidine-expressing proteins [130] or peptides containing polyhis-

tidine residues [131–133] can also be directly attached to the Zn atom on the Qdot

surface. Lastly, engineered proteins containing positively charged domains can be

non-covalently adsorbed onto the negatively charged Qdot surface via electrostatic

interaction [116, 134, 135]. Although various bioconjugation strategies have been

tested, none of them can control the ratios of proteins per Qdots. There is certainly

a lack of experimental tools with which to discern the orientation of a protein im-

mobilized on a Qdot surface. For specific targeting, it is highly desirable that the

delivery proteins (e.g., antibody) are properly oriented and fully functional. The

Qdot bioconjugation step is, therefore, extremely important in obtaining success

in bioimaging.

2.4.2.2 Gold Nanoparticles

For over 30 years, nanometer-sized gold particles have been used to stain cells and

tissue samples for electron microscopy. The basic principle of interactions between

gold particles and biomolecules, like proteins, has been well studied for immuno-

cytochemical staining applications. Although nanosize metals like gold and silver

do not fluoresce they can effectively scatter light due to the collective oscillation of

the conduction electrons induced by the incident electric field (light). This is

known as ‘‘surface plasmon resonance’’ [20]. Thus, colloidal gold particles exhibit

a range of intense colors in the visible and NIR spectral regions.

Gold nanoparticles, because of their strong SPR properties, have attracted con-

siderable attention in bioimaging in recent years. The SPR signal originates from
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the collective oscillation of conduction electrons upon interaction with absorption

photons [136]. The SPR frequency depends on various factors, e.g., particle size

[137] shape [138–140], dielectric properties [141, 142], aggregate morphology

[143–146], surface functionalization [147, 148] and the refractive index of the sur-

rounding medium [149–152]. Gold nanoparticles have high absorption [146, 151,

153] and scattering cross section [154, 155]. For example, the absorption cross sec-

tion of a 5 nm diameter gold particle is about 3 nm [156] at a wavelength of 514

nm [136], which is about two orders of magnitude higher than that of organic flu-

orescent molecules at room temperature. The scattering cross section of gold nano-

particles is much larger than polymeric spherical particles of similar size, espe-

cially in the red region of the spectrum, i.e., red to NIR range, having potential in

deep tissue imaging. For example, using composite core–shell gold (dielectric sil-

ica core and gold shell) particles, it is possible to tune the scattering from 600 to

1200 nm [141]. Due to excellent biocompatibility [157–159], gold nanoparticles

have been widely used in immunohistochemistry (gold-based staining) and in

ultra-sensitive DNA detection assays [146, 160, 161]. However, a few literature re-

ports are available on gold nanoparticle-based cancers imaging.

Gold Nanoparticle Synthesis Various methods have been reported for the synthe-

sis of gold nanoparticles. There are two general approaches (so-called ‘‘top-down’’

and ‘‘bottom-up’’) that primarily categorize most reported synthesis strategies.

Synthesis of gold nanoparticles by employing laser ablation technique is an

example of a ‘‘top-down’’ approach, where the embryonic (nascent) particles are

formed from the ionized gold atoms via nucleation and growth processes. The

challenge still remains how to stabilize particles in the solution phase. Using a

surfactant-based capping agent (sodium dodecylsulfate, an ionic surfactant),

Kondow et al. have successfully stabilized ultrafine (@5 nm) particles [162]. The

capping agents, in general, control the particle size and size distribution, prevents

particle aggregation, and stabilize particle solution (such as in aqueous-based

medium).

In the ‘‘bottom up’’ approach, gold nanoparticles and gold nanocomposites (e.g.,

composite of gold and silica) have been chemically synthesized by reducing gold

precursors. Various reduction methods have been reported. The major synthesis

routes are as follows.

(a) Reduction of gold precursors (e.g., hydrochloroauric acid, HAuCl4) using

appropriate reducing agents, such as citrate [163–166], sodium borohydride [167],

ascorbic acid [168], etc. The citrate reduction of the gold(iii) ions has been widely

used. While sodium citrate reduces [AuCl4]� ions in hot aqueous solution, it forms

a colloid. The reported average particle size is about 20 nm. Both the citrate ions

and the oxidation products (e.g., acetone dicarboxylate) act as capping agents

[163–165]. In conjunction with citrate ions, amphiphile surfactants have also

been used that allowed particle size tuning upon varying the gold/stabilizer ratio

[166]. A two-phase synthesis of gold nanoparticles (the Brust–Schiffrin method)

has been reported in which a phase-transfer agent (tetraoctylammonium bromide)

is used to transfer [AuCl4]� ions from an aqueous phase to an organic phase (tol-
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uene) containing alkanethiol stabilizer. The Au(iii) in organic phase is reduced by

the addition of aqueous sodium borohydride. The resulting Au clusters are then

capped immediately by alkanethiols. The Brust–Schiffrin method produces mono-

disperse particles (approx 1.4G 0.4 nm) in the diameter range 1.5–5.2 nm [167, 169].

(b) Microemulsions [170–172], copolymer micelles [173], reversed micelles

[172], surfactant, membranes, and other amphiphiles have been widely used

for the synthesis of stabilized gold nanoparticles. Wilcoxon and coworkers have

studied the synthesis of gold nanoparticles formed in aqueous media and in re-

verse micelles, using chemical and photolytic reduction [174]. The chemical reduc-

tion method was achieved using reduction agents such as hydrazine, sodium boro-

hydride, and metallic sodium. The advantages of using reverse micelles for the

synthesis of gold nanoparticles are (i) it produces monodisperse particles, (ii) par-

ticles remain coated by surfactant molecules that prevent particle aggregation sur-

rounding the molecule and (iii) the size of the nanoparticles can be easily varied by

changing reaction parameters such as concentrations of the reagents, water-to-

surfactant molar ratio, temperature, time allowed for ripening of particles, etc.

(c) Another popular, long standing, method is the seed mediated route [175].

Indeed, the use of preformed metallic seeds as nucleation centers in nanoparticle

synthesis has a long history [175–182]. Various references are available on the seed

mediated growth of gold nanoparticles and also of gold nanorods [183–189]. Fur-

ther nucleation during the ‘‘growth’’ part of the reaction often leads to non-uniform

size distribution [190, 191]. The presence of seeds appears to cause additional

nucleation (sometimes referred to as secondary nucleation) [184]. The step-by-

step particle enlargement is considered more effective than the one-step seeding

method to avoid additional nucleation [192]. More recently a modification of seed

mediated method was used by Loo et al. [193] to achieve gold coating on the silica

nanoparticles. Gold shells were grown using the method of Duff et al. [194].

Briefly, small gold colloid (1–3 nm) was adsorbed onto the aminated (amine func-

tionalized) silica nanoparticle surface. More gold was then reduced onto these col-

loid nucleation sites using potassium carbonate and HAuCl4 in the presence of

formaldehyde. Gold shell particles have been used for whole blood immunoassay

[195], photothermal tumor ablation [196] molecular imaging in live cells [197]

and for cancer imaging and therapy [198].

(d) Reduction of gold precursors using a combination of appropriate reducing

agents and radiation such as UV [188, 199–201], ultrasound [202–207], heat

[208–210].

The UV irradiation method has been used to prepare gold nanoparticles [188,

199, 200, 211, 212], including when in synergy with micelles [211] or seeds [188].

The ‘‘gold seed particles’’ are prepared photochemically by UV irradiation, prefera-

bly in the presence of a neutral micelle of a non-ionic surfactant, Triton X-100

[poly(oxyethylene) iso-octyl phenyl ether] [201]. The seed particles subsequently

grow by successive addition of metal ions and, again, exposure to UV irradiation

under the same experimental conditions.

Several reports are available on the sonochemical synthesis (chemical synthesis

using ultrasound radiation) of gold nanoparticles [202–207]. The general mecha-
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nism of reduction is briefly described here. When a solution is exposed to ultra-

sound radiation of sufficient intensity it produces a cavitation field made up of

a large distribution of vapor and gas-filled bubbles, which pulsate continuously.

When the pressure inside the bubble falls below the vapor pressure of the liquid

the bubble fills with vapor and grows. At a certain point when the pressure turns

positive the bubble collapses, resulting in extreme temperatures and pressures in

the interior. The localized hot point causes ionization of molecular species present

within the interior of the collapsing bubble. For water vapor, this dissociation re-

sults in the production of H and OH radicals [213]. The radicals produced in the

interior of the bubble can then diffuse into the bulk solution and reduce metal

ions, yielding nanosized metallic particles such as gold nanoparticles.

Gold has also been fabricated by employing thermolysis [208–210] of organic de-

rivatives of gold. This novel strategy involves the reductive elimination of thiolate

ligands with simultaneous attachment of an organic moiety on the growing nuclei

[210].

Surface Functionalization and Bioconjugation As mentioned in the previous

section, gold nanoparticles have been widely used as immunostaining agents for

labeling cell, tissue section, blots, etc. In general, protein conjugated gold nano-

particles are mostly used as labeling probes. Although the actual mechanism of

macromolecule (e.g., proteins) binding to gold particles is poorly understood, some

of the accepted mechanisms are [214]:

(1) Protein binding via electrostatic (ionic) interaction. Negatively charged gold

nanoparticles can bind to positively charged protein domains via electrostatic

interactions.

(2) Protein binding via hydrophobic interaction. Hydrophobic domains present in

the protein structure can interact with the metal surface of the particle.

(3) Protein binding via chemical interaction. Protein molecules containing sulfo-

hydryl (aSaH) groups can chemically interact with the gold atoms. This is also

called dative binding.

Other biomolecules, such as protein A, antibodies, lectins, avidins (or streptavi-

dins), etc., have also been conjugated to gold nanoparticles to be used as sensitive

probes. Some of the binding strategies are described below.

Protein A–Gold Conjugate Protein A–gold conjugates are generally prepared by

adsorbing protein A onto the gold surface. Following a similar method, many other

immunoglobulin binding proteins can also be attached to gold nanoparticles.

These probes have been used as ‘‘universal’’ probes for labeling cells, tissue sec-

tions and various blots. In a typical tissue labeling experiment, primary antibodies

are specifically targeted to the tissue antigens. In the following step, protein A–

gold conjugates bind to the antibodies. The advantage of this labeling technique is

that the same protein A–gold conjugate can be used for various immunochemical

procedures.
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Antibody–Gold Conjugate Antibody–gold conjugated probes are prepared by coat-

ing antibodies directly on to the gold nanoparticle surface. These probes have been

successfully used for the detection, localization and quantification of antigens on

the target specimens. This is a powerful technique for detection of pathogens, in-

tracellular foreign substances, monitoring cellular metabolic processes, etc.

Lectin–Gold Conjugate Lectin-coated gold nanoparticle probes have been used for

the detection of sugar-binding receptors that are expressed on the cell membranes.

Lectin molecules have specific carbohydrate binding sites. In this assay, a specific

carbohydrate molecule is sandwiched between the lectin molecule and the cellular

receptor. The objective of this assay is to localize glycoproteins, glycolipids, etc. on

cell surfaces.

Avidin (or Streptavidin)–Gold Conjugate Avidin–gold conjugated probes have been

used to localize, detect and quantify biotin molecules. This assay is similar to pro-

tein A–gold complex-based assays except that the primary antibodies are attached

to biotin molecules.

2.4.2.3 Dye-doped Silica Nanoparticles

Amorphous silica (silicon dioxide) nanoparticles that are produced via Stober’s

sol–gel [67, 215, 216] or microemulsion technique [66, 68, 91, 93, 217–225] have

recently found applications in the area of bioimaging. Unlike Qdots or gold nano-

particles, silica does not have inherent strong fluorescence that can be exploited for

sensitive imaging applications. However, silica nanoparticles can be made fluores-

cent by incorporating fluorescent dye molecules inside the silica matrix (dye-

doping). Another approach could be attaching fluorescent dye molecules (via co-

valent binding) on the silica surface.

For bioimaging applications, it is preferable that dye molecules remain encapsu-

lated by the silica matrix for the following reasons. Silica-based nanoparticles ex-

hibit several attractive features, e.g., silica is water dispersible and is resistant to

microbial attack. The size of silica particles remains unchanged by changing sol-

vent polarity (i.e., resistant to swelling) and, therefore, silica porosity remains un-

altered in a wide selection of solvents, including aqueous-based neutral and acidic

solutions. A silica matrix is optically transparent, allowing excitation and emission

light to pass through efficiently. Moreover, fluorescent dyes can be effectively en-

trapped inside the silica particles. The spectral characteristics of the dye molecules

remain almost intact. Silica encapsulation provides a protective layer around dye

molecules, reducing oxygen molecule penetration (which causes photodegradation

of dye molecules) both in air and in aqueous medium (in the latter case dissolved

oxygen). As a result, photostability of dye molecules increases substantially com-

pared with bare dyes in solution. Amorphous silica appears to be a biocompatible

[22] and non-toxic [23] material, and has potential biological applications.

The surface of a silica particle can be easily modified to attach biomolecules such

as proteins, peptides, antibodies, oligonucleotides, etc., using conventional silane-

based chemistry. For example, carboxylated silica nanoparticles can be covalently
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attached to the amine groups of proteins, antibodies etc. through the formation of

stable amide bond [216]. Peptides containing a cysteine residue (through a aSaH

group) can be attached to the aminated silica nanoparticles [89] through (SPDP)

coupling chemistry.

A general synthesis strategy of fluorescent silica nanoparticles is the incorpora-

tion of organic or metalloorganic dye molecules inside the silica matrix [66, 93,

226–231]. For example, a metalloorganic dye, tris(2,2 0-bipyridyl)dichlororuthe-

nium(ii) (Rubpy), has been entrapped inside silica nanoparticles using a reverse

microemulsion-based synthesis approach [66] where the positively charged Rubpy

molecules were electrostatically bound to the negatively charged silica matrix. Dye-

doped silica-based imaging probes are non-isotopic, sensitive and relatively photo-

stable in the physiological environment. Additionally, the interaction potential of

the silica surface can be easily manipulated to facilitate the interaction with cells

[232–234]. Due to these novel features, functionalized silica nanoparticles (FSNPs)

have found widespread applications in bioanalysis and bioimaging applications.

Synthesis There are two reported synthesis routes to dye-doped silica nano-

particles: Stober’s sol–gel method and the reverse microemulsion method.

Stober’s Method In a typical Stober’s method, alkoxysilane compounds [e.g.,

tetraethylorthosilicate (TEOS), tetramethylorthosilicate (TMOS), various TEOS or

TMOS derivatives, etc.] undergo base-catalyzed hydrolysis and condensation in an

ammonia–ethanol–water mixture, forming a stable alcohol. This method has been

widely used for synthesizing both pure and hybrid (when more than one silane

compound are used, such as dye-doped silica particles) silica nanoparticles with

particle diameters ranging from a few tens to several hundreds of nanometers

(sub-micron size). Following Stober’s protocol with a slight modification, fairly

monodisperse organic dye doped fluorescent silica nanoparticles have been synthe-

sized. Since organic dyes are normally hydrophobic, doping them inside the hydro-

philic silica matrix is not straightforward. Typically, a reactive derivative of organic

dye (e.g., amine-reactive fluorescein isothiocyanate, FITC) is first reacted with an

amine-containing silane compound (e.g., APTS), forming a stable thiourea linkage.

Then FITC conjugated APTS and TEOS are allowed to hydrolyze and condense to

form FITC conjugated silica particles. Note that particles so formed will have some

amount of bare dye molecules on the particle surface that is covalently attached.

These bare dyes, due to their hydrophobic nature, will somewhat compromise the

overall particle aqueous dispersibility and, also, they will be prone to photobleach-

ing. Therefore, an additional coating with pure silica is usually applied around the

dye-conjugated silica nanoparticles. Using Stober’s method, bulk amounts (kilo-

grams) of silica particles can be easily produced in a typical laboratory setup.

Reverse Microemulsion (W/O) Method This method is used for the synthesis of

pure silica, as well as inorganic and organic dye-doped silica nanoparticles. Figure

2.3 shows a schematic representation of dye-doped silica nanoparticle synthesis

steps. The W/O microemulsion is a robust technique for producing monodisperse
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particles in the nanometer size range (tens to a few hundred nanometers). Figure

2.4 shows a typical transmission electron microscopic image of dye-doped silica

nanoparticles synthesized using the W/O microemulsion technique. The W/O

microemulsion is an isotropic, single-phase system that consists of surfactant, oil

(as the bulk phase) and water (as nanosize droplets). Each surfactant-coated water

droplet that is stabilized in the oil phase serves as an individual nanoreactor for

the synthesis of silica nanoparticles. The water droplets undergo rapid and sponta-

neous collision and coalescence (fusion followed by separation) processes. As a re-

sult droplet contents (e.g., water-soluble reagents) are mixed together and chemical

reactions (e.g., precipitation, hydrolysis and condensation reactions, etc.) take place.

The surfactant present at the interface of oil and water nanodroplet is responsible

for the thermodynamic stability of the W/O microemulsion system. Nucleation and

growth processes are carried out inside the confined spherical volume of the nano-

reactor. Varying the water-to-surfactant molar ratio and the dynamic properties of

the microemulsion system helps to control the size of the nanoparticles.

Fig. 2.3. Scheme of a water-in-oil (W/O)

microemulsion mediated synthesis of dye-

doped silica nanoparticles. (A) An immiscible

mixture of water and oil (bulk phase). Upon

addition of an appropriate surfactant, a W/O

microemulsion is formed (B), where each tiny

water droplet (nanosize water pool) is

stabilized in the bulk oil phase with a

surfactant coating (C). In reality each nanosize

water droplet serves as a nanoreactor for the

synthesis of nanoparticles (D). The

nanoparticle core (shown as filled circles),

intermediate shell (inner ring) and outermost

shell (outer ring) of the dye-doped silica

nanoparticles are constructed in modular

fashion by adding appropriate silane-based

reagents at various stages of the synthesis

process.
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The fluorescence brightness of dye-doped silica nanoparticles can be improved

by incorporating high-quantum-yield organic dyes having large absorption coeffi-

cients. In other words, brighter probes will improve the image resolution if encap-

sulated fluorescent dyes do not experience substantial photobleaching during

imaging.

Surface Functionalization and Bioconjugation For bioimaging (e.g., cancer imag-

ing), it is highly desirable that dye-doped silica nanoparticles are appropriately sur-

face modified with cancer targeting molecules such as cancer specific antibodies,

folates. This surface modification involves a few steps. Firstly, the particle sur-

face should be modified to obtain appropriate functional groups such as, amines,

carboxyls, thiols, etc. Secondly, using suitable coupling reagents, nanoparticles are

attached to the bio-recognition molecules (such as antibodies, folates, etc.). Lastly,

bioconjugated particles are targeted to cancers. Note that all these steps are usually

carried out in aqueous-based solutions. A few bioconjugation methods are briefly

mentioned below.

(1) Bioconjugation with carboxylated particles. This is one of the most common

bioconjugation techniques to immobilize protein molecules on silica nano-

particles. The surface of the nanoparticle is modified to obtain carboxyl

groups (aCOOH) by using a carboxylated silane reagent. Biomolecules such

as proteins, antibodies, etc. containing free amine functional groups are

then covalently attached to the carboxyl functionalized nanoparticle, using

carbodiimide-coupling chemistry [235].

(2) Bioconjugation with aminated particles: Many cancer cells overexpress folate

receptors. Cancer targeting with folate-conjugated nanoparticles has been

Fig. 2.4. Typical transmission electron

microscopic image of dye-doped silica

nanoparticles about 100 nm in size. Particles

were synthesized using the water-in-oil (W/O)

microemulsion technique. As expected,

nanoparticles were highly monodisperse,

confirming that the W/O microemulsion is a

robust technique for the synthesis of dye-

doped silica nanoparticles. This technique can

be easily adopted to produce other types of

nanoparticles such as quantum dots and

multimodal nanoparticles.

64 2 Nanoparticles for Optical Imaging of Cancer



recently reported [67]. Folates are chemically attached to aminated silica nano-

particles using carbodiimide chemistry.

(3) Bioconjugation with avidin–biotin binding: Avidin is a protein molecule that

contains four specific binding pockets for biotin molecules. A strong binding

affinity exists between avidin and biotin molecules, which is comparable to co-

valent binding. Avidin-coated nanoparticles are typically attached to biotiny-

lated molecules such as antibodies, proteins, etc. [236].

(4) Bioconjugation through disulfide bonding: Sulfohydryl-modified nanoparticles

are conjugated to disulfide-linked oligonucleotides (e.g., DNAs). In this method,

oligonucleotides are attached to nanoparticles through di-sulfide bond forma-

tion [237].

(5) Bioconjugation using cyanogen bromide chemistry: Nanoparticles with hy-

droxyl groups (such as silica) can be activated with cyanogen bromide to form

a reactive aOCN derivative of the nanoparticles. The OCN derivative then

readily reacts with proteins (via amine groups), forming a ‘‘zero-length’’ bio-

conjugate as there is no spacer between the particle surface and the protein

molecule [66].

2.5

Optical Imaging of Cancer with Nanoparticles

Here we discuss the use of nanoparticle-based optical contrast agents in in vitro
and in vivo experiments to image cancerous tissues. These nanoparticle-based con-

trast agents should provide a new gateway to characterize cancer at the molecular

level. As we have already realized, these ultra-sensitive and specific probes provide

a viable alternative to rapidly and non-invasively image the uptake, distribution and

binding of nanoparticles to tumors. To establish the widespread use, it is important

to understand the delivery, interaction and recognition mechanism of these con-

trast agents with cancer cells.

Various delivery vehicles with varying specificity have been used to target cancer

tissues, mainly for drug delivery applications, some of which are folates, anti-

bodies, lectins, growth factors, cytokines, hormones and low-density lipoproteins.

Obviously, most of these carriers can be similarly used for molecular imaging ap-

plications. These can be broadly classified [6, 238] as active and passive targeting.

2.5.1

Active Targeting

This refers to the conjugation of targeting ligands to nanoparticles to provide

preferential accumulation into the tumor antigens and blood vessels with high

affinity and specificity. This relies on specific interactive forces between lectins–

carbohydrate, ligand–receptors and antibody–antigens [214].

Lectins can recognize and bind to glycoproteins that occur on the surface of

cells. These proteins can bind to certain carbohydrates in a specific manner. Direct
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and reverse lectin targeting have made used of this specific interactions to recep-

tors or antigens expressed by the plasma membrane.

Folate receptor-based interactions are an excellent example of ligand–receptor

based active targeting. Folate receptors are overexpressed on the surface of various

cancers like those of the brain, ovary, kidney, breast and lungs. Confocal micro-

scopic studies have demonstrated the selective intake and receptor-mediated endo-

cytosis of folate-conjugated nanoparticles by tumor cells.

Antibody-mediated tumor targeting has been performed for detecting the pres-

ence of antigenic moieties on the surface of cancer cells. Tumor targeting ligands

like monoclonal antibodies are attached to nanoparticles to target the specific re-

ceptors. These moieties are minimally present on the surface of normal tissues.

Only certain antigens are actually tumor-specific and are referred to as tumor-

specific antigens.

2.5.2

Passive Targeting

This mode of targeting particles to tumors includes strategies like using the en-

hanced permeation and retention (EPR) effect, use of a unique tumor environment

and a direct local delivery of imaging agents to tumors.

In the EPR strategy, nanoparticles with a hydrophilic surface and diameter <

100 nm are made to accumulate at the tumors. The nanoparticles are engineered

to prevent their uptake by the reticuloendothelial system, resulting in faster circu-

lation and enhanced targeting ability in the physiological environment.

Various researchers have demonstrated the strategy of exploiting the unique tu-

mor environment to trigger the release of therapeutic drugs. The drug is conju-

gated to tumor specific ligands and remains inactive till it reaches its target site.

On reaching the tumor, the linkages are hydrolyzed either by the enzymes present,

or by a change in pH and the drug is released by the nanoparticles.

Sometimes the imaging agents can be locally delivered to avoid its systemic cir-

culation. But this is a challenging procedure as it involves the precise delivery

using injections or surgical procedures that can be frequently cumbersome.

2.5.3

Cancer Imaging with Quantum Dots

Surface-functionalized quantum dots have been used to image various tumor cells

and tissues in in vitro and in vivo experiments. Some of the different cell lines that

have been used are human mammary epithelial tumor (MDA-MB-231) [239], hu-

man breast cancer (MDA-MB-435S [240], MDA-MD-435 [129], MCF 7 [240], and

SK-BR-3 [64]), human prostate cancer [6], squamous carcinoma [19, 241] B16 mel-

anoma (skin cancer) [56], human neuroblastoma (SK-N-SH) [242], colon tumor

(SW480) [240], lung tumor (NCI H1299) [240], and bone tumor (Saos-2) [240]

cells.
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In 2002, Parak and coworkers used water-soluble [119] siloxane-coated quantum

dots of two different sizes (2.8 and 4.1 nm cores), functionalized with thiol and/or

amine groups, to label human mammary epithelial tumor cells (MDA-MB-231)

[239]. These Qdots emitted at 554 and 626 nm, respectively, and were more

photo-stable than ordinary organic dyes. Confocal microscopic images verified the

presence of nanocrystals ingested rapidly inside the cells, and not on the surface.

The quantum dot crystals were found in the perinuclear region of the cells even

after a week. Almost at the same time, Ackerman and coworkers [129] incubated

human breast carcinoma MDA-MD-435 cells with peptide coated quantum dots.

These cells were then injected into mice to create tumor grafts. The mice were im-

aged 8–12 weeks after tumor inoculation. Although quantum dot probes were not

detected inside the mice, in vitro tests showed that peptide-coated Qdots could spe-

cifically target tumor cells. Wu et al. have used streptavidin-conjugated commercial

Qdots, QD 560 (emission maximum 560 nm) and QD 608 (emission max. 608 nm),

to detect Her2 cancer markers on the surface of human breast cancer cells (SK-BR-

3) [64]. The nanocrystals effectively labeled the cancer cells with negligible affinity

to normal cells.

Recently, Nie and coworkers [6] have developed multifunctional nanoparticle

probes (2.5 nm radius core protected by a 1-nm TOPO cap with 2-nm polymer

coating and 5 nm PEG/affinity ligand shell) for imaging. The quantum dots were

used for in vivo imaging to target to tumor sites either through a slow passive tar-

geting process or a more efficient active targeting process. Squamous carcinoma

cells have been labeled with quantum dots conjugated to epidermal growth factors

(EGF) [19, 241]. These probes with a broad fluorescence peak in the NIR at 770 nm

can specifically bind and activate the EGF receptors [241] of cancer cells in C3H

mice [19]. Similarly dihydroxylipoic acid (DHLA)-capped quantum dots can be effi-

ciently delivered into B16 melanoma (skin cancer) cells [56]. The melanoma cells

were labeled with the Qdots and injected into live mice to track tumor cell extrava-

sation. The Qdots did not pose a detectable threat [56] to the labeled cells or the

host animal and behaved as ‘‘inert fluorescent tags.’’ Quantum dots have also

been used to detect integrin av subunits in human neuroblastoma cells (SK-N-

SH) [242] and label mouse lymphocytes (EL-4 cells derived from murine T-cell

lymphoma) [243].

In vivo imaging to map sentinel lymph nodes (SLN) in rats and pigs has

also been achieved using Qdots [238, 244, 245]. The presence of lymph node me-

tastases is an early warning signal for breast and lung cancer. NIR nanocrystals

with oligomeric phosphine coating (for solubility in aqueous buffers) was used to

guide a surgeon during cancer surgery.

A new quantum dot based tool, called ‘‘Quantum Dot Phagokinetic Track assay’’

has been developed [240] to quantify the invasive potential of different tumor cells.

When cancer cells move through a bed of Qdots, they engulf the nanocrystals and

leave behind a phagokinetic trail depleted in Qdots. Cells with higher metastatic

potential engulf more Qdots and leave a clearer trail than those with weak meta-

static potential. Seven different cancerous and non-cancerous cell lines were used
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to compare the different invasive potentials, including breast epithelial MCF 10A,

breast tumor MDA-MB-231, MDA-MB-435S, MCF 7, colon tumor SW480, lung tu-

mor NCI H1299, and bone tumor Saos-2. This assay rapidly discriminates between

invasive and non-invasive cancer cell lines with greater sensitivity than the conven-

tional Boyden chamber invasion assay.

2.5.4

Cancer Imaging with Gold Nanoparticles

Gold bioconjugates have been used for vital imaging of precancerous and cancer-

ous cells by researchers for in vitro and in vivo experiments. The unique optical

property of the metal in the nanosized range has been used for detecting breast

carcinoma cells (SK-BR-3) [246] breast cancer markers like HER2, oral epithelial

live cancer cells (HOC 313 clone 8 and HSC 3) [73] and neoplastic cervical biopsies

[75].

Gold nanocages <40 nm can be used for specific targeting of breast cancer cells

[246]. Gold-bioconjugates with surface plasmon resonance peaks at 800 nm were

synthesized and used to label breast cancer cells (SK-BR-3) that overexpresses epi-

dermal growth factor receptor 2 (EGFR2 or HER2). Primary antibodies (monoclo-

nal anti-HER2 antibody from mouse) were immobilized on the SK-BR-3 cells. Sec-

ondary antibody (e.g., anti-mouse immunoglobulin G or IgG) conjugated gold

nanocages were added to the cancer cells bound with anti-HER2 antibodies and

imaged. A gold nanoshell based contrast agent [198] has also been used to image

breast cancer cells. The nanoshell consists of a dielectric core surrounded by a thin

gold shell. The dimensions were maintained to obtain an optical scattering peak in

the NIR region at around 800 nm. In this case, anti-HER2 was attached to a PEG

linker, and then attached to the nanoshell surface using a sulfur-containing group.

The nanoshells successfully detected the HER2-positive SKBr3 breast adenocarci-

noma cells.

SPR scattering imaging or SPR absorption spectroscopy can be used with

antibody-conjugated gold nanoparticles for imaging oral epithelial living cancer

cells in vivo and in vitro [73]. Two malignant oral epithelial cell lines (HOC 313

clone 8 and HSC 3) and a non-malignant cell line (HaCaT) were incubated with

the gold nanoparticles. The cell cytoplasm contained dispersed and aggregated

forms of the colloidal gold nanoparticles, with non-specific uptake for malignant

cells. The gold nanoparticles conjugated to monoclonal anti-EGFR antibodies spe-

cifically and homogeneously bound to the cancer cell with enormously greater af-

finity than to non-cancerous cells. A relatively sharper SPR absorption band with a

redshifted maximum was obtained for specific binding compared with that ob-

tained for noncancerous cells.

Sokolov and coworkers [75] have reported the use of gold bioconjugates with

monoclonal antibodies against EGFR for the real-time vital optical imaging of pre-

cancerous cells and tissues. Cervical epithelial cancer cells (SiHa cells) and 3D tis-

sue constructs and normal and cancerous cervical biopsies were used for in vivo
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imaging. They have shown the topical delivery of gold conjugates for imaging the

whole epithelium.

2.5.5

Cancer Imaging with Dye-doped Silica Nanoparticles

Dye-doped silica nanoparticles have been used for in vitro imaging of cancer cells.

Researchers have demonstrated their use in labeling human leukemia [66, 92, 93],

HepG liver cancer [68], human oral carcinoma [67] and lung carcinoma cells [91,

217]. Figure 2.5 shows a confocal image of human lung cancer cells labeled with

folate-conjugated FITC-doped 100-nm silica nanoparticles. Tan and coworkers

have used 60-nm dye-doped silica nanoparticles, doped with Rubpy dye to label hu-

man leukemia cells [66, 92, 93]. Similarly, He and coworkers [68] have reported a

method to recognize HepG liver cancer cells using FITC-APTS-doped silica nano-

particles. More recently, FITC-APTS-doped folate-conjugated silica nanoparticles

were used to target overexpressed folate receptors in human oral carcinoma [67]

and lung carcinoma cells [91, 217]. The dye-doped silica nanoparticles were co-

valently attached to folic acid molecules by a carbodiimide coupling reaction. The

affinity of folate immobilized conjugates for folate receptors on the cancer cell sur-

face were utilized for imaging [67]. The nanoparticles were detected using fluores-

cent techniques and imaged using a confocal microscope.

Fig. 2.5. Folate conjugated FITC-doped 100-

nm silica nanoparticles were targeted to

human lung cancer cells. Confocal microscopic

images (left: fluorescence, right: transmission)

showed that folate-conjugated nanoparticles

successfully labeled cancer cells. This

nanoparticle-based cancer labeling strategy

could be extended further to image other type

of cancer cells that overexpress folate

receptors. Note that nanoparticles were taken

up by the cancer cells via receptor-mediated

endocytosis. The extracellular nanoparticle

concentration was 50 mg mL�1 and the

incubation time was 2 h.
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2.6

Other Nanoparticle-based Optical Contrast Agents

Up-converting phosphors, dye-doped polymer particles are also considered as opti-

cal nanoparticle probes. However, application of these particles for cancer imaging

is yet to be explored.

In up-converting phosphor nanoparticles both the absorber and the emitter ions

are present in the crystal lattice. The absorber is excited by the energy of the infra-

red (IR) light source. The absorber transfers this energy to the emitter ion that

emits a detectable photon. The up-conversion of light is caused by multiphoton

process. The unique feature of converting IR light into visible radiation of the

phosphors has shown great promise as a new type of fluorescence reporter for bio-

analysis [247, 248]. Their emission bandwidths are generally very narrow (25–50

nm). There are several advantages of using up-converting phosphor technology

(UPT) for bioanalysis. First, emission occurs at discrete wavelengths with a large

anti-Stokes shift. Second, the emission is strong and does not fade away. Third, ex-

citation wavelength is in the IR range, which reduces the background signal dras-

tically by completely eliminating autofluorescence from the biological samples.

Fourth, it has simultaneous detection capability for multiple target analytes. Fifth,

the instrumentation requires low cost microscope modifications for IR excitation

and visible emission. Zijlmans et al. have reported application of the phosphor

probe for the sensitive detection of antigens in tissue sections or on cell

membranes [248]. They conjugated phosphor [green-emitting ytterbium/erbium

(Y.Yb.Er)O2S and a blue-emitting ytterbium/thulium (Y.Yb.Tm)2O2S] particles to

NeutrAvidin (Pierce, Rockford, IL) first and then successfully targeted in a model

system consisting of prostate-specific antigen in tissue sections and the CD4 mem-

brane antigen on human lymphocytes.

Various fluorescent polymers particles have been reported for bioimaging

applications, such as long-lifetime europium chelate complex-doped 107-nm poly-

styrene particles [249–251], fluorescein isothiocyanate labeled poly(butyl cyano-

acrylate) nanoparticles [252], and fluorescent gelatin NPs [253]. Multimodal (fluo-

rescent and paramagnetic) nanoparticles have been prepared where a NIR dye

(Cy5.5) and iron oxide nanoparticles were co-doped in dextran particles. These par-

ticles were used in constructing quantitative 3D tomographic NIR fluorescence

imaging combined with MR imaging to yield highly detailed anatomic and molec-

ular information in living organisms [254].

2.7

Conclusions and Perspectives

Early diagnosis can prevent cancer and possibly cure cancer patients. However, cur-

rently available techniques such as CT scan, MRI scan, PET scan, etc. are not sen-

sitive enough to diagnose cancers at the early stage. The challenge is to develop so-

phisticated in vivo imaging techniques that could precisely detect the presence of a
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few abnormal cells in the body. Optical-based imaging systems have potential for

early cancer diagnosis. To achieve better resolution, a sensitive optical imaging

system must be coupled with highly sensitive image-enhancing optical contrast

agents. Unlike organic-based dyes, nanoparticle-based contrast agents such as

quantum dots, gold nanoparticles, and dye-doped silica nanoparticles have shown

great promise for highly sensitive optical imaging of cancers. As described in this

chapter, most successful experiments were conducted in vitro using various cancer

cell lines. So far, few animal experiments have been performed that demonstrate

that quantum dots have strong potential for in vivo cancer imaging.

The future of nanoparticle-based in vivo optical contrast agents and cancer imag-

ing will rely upon many factors.

Firstly, the toxicity of nanoparticles needs to be thoroughly investigated. There are

no straightforward answers to the toxicity of quantum dots, gold- and silica-based

nanomaterials. Cadmium ions from cadmium sulfide and cadmium selenide-

based quantum dots are highly toxic to cells. Although effective surface passivation

with zinc sulfide and further coating with polymer, silica, etc. can reduce the re-

lease of cadmium ions, the long-term fate of these materials is highly uncertain,

especially under in vivo conditions. Gold- and silica-based materials are biocompat-

ible substances. However, their long-term in vivo behavior in the nanoscale size re-

gime is also uncertain. Again, these particles are not digestible, meaning that if

they are not naturally cleared by the body, they will be accumulated somewhere.

This might cause additional threats in terms of secondary toxic effect.

Secondly, the size of the particle would play a critical role. It is probably better

to work with smaller particles, as they can be easily loaded intra-cellularly. Small

particles (<10 nm) may be excreted naturally through the body (via kidney and

spleen). Despite these advantages, smaller particles would have some limitations

with respect to image resolution. As cancer cells divide rapidly, the concentration

of particles in daughter cells will be diluted. As a result, image resolution will be

compromised with time.

Thirdly, development of nanoparticles with NIR excitation and emission would

be extremely important for deep tissue imaging. Tumors that are present in a

deeper tissue area can be imaged using NIR nanoparticles. A few NIR quantum

dots have been tested in animal models recently. However, little work has been per-

formed on the development of NIR silica or gold nanoparticles.

Fourthly, nanoparticles with high extinction coefficients, quantum yields and

photostability would be highly desirable for sensitive cancer imaging. Quantum

dots are likely to be better candidates than gold- and silica-based nanoparticles. Fur-

ther improvement towards effective surface passivation would be important. The

spectral characteristics of gold nanoparticles are highly sensitive to the surface-

capping agents and therefore, robust surface capping would be necessary for stable

spectral output. As silica is porous, dye-doped silica nanoparticles would experi-

ence photobleaching as well as fluorescence quenching to some extent.

Lastly, effective surface modification and bioconjugation for nanoparticle delivery

are highly desirable. No matter how robust the nanoparticles are, the ultimate

image contrast would also depend on the nanoparticle loading efficiency. The selec-
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tion of specific cancer targeting strategies would thus play a crucial role. We envi-

sion that this part of the research and development would attract substantial atten-

tion in the near future.

Nanoparticle-based optical contrast agents have a bright future in cancer imag-

ing. However, the key is how to make them smart in all the aspects mentioned

above for human applications. Although there is no straightforward route to such

smart particles, research progress in this area over the last few years has been

overwhelming.
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3.1

Introduction

Cancer is the second leading cause of death in the United States. Nearly half of all

men and a little over one-third of all women in the United States will develop can-

cer during their lifetimes. Today, millions of people live with cancer or have had

cancer.

The uncontrolled division of cells is termed as cancer. Cancer cells are different

from normal cells in that they continue to grow, divide and form new abnormal

cells. Cancer cells usually accumulate in an organ to form solid tumors; however,

non-tumor forming cancer of the fluid connective tissue, blood, also occurs such as

leukemia. Cancer cells can travel to other parts of the body from their primary site

of growth and this is called metastasis. Cancer can grow in various sites in the

human body such as bladder, breast, colon, kidney (renal cell), lung, skin (mela-

noma), pancreas, prostate and thyroid [1]. Therapies differ considerably, depending

upon the site and stage of tumor formation. Besides conventional treatments such

as surgery, chemotherapy and radiation several other alternative approaches have

been examined, such as laser therapy, photodynamic therapy, gene therapy, stem

cell transplantation and anti-angiogenic therapy [2–5].

Due to the highly heterogeneous nature of the disease, the main challenge

to cancer therapists today is to deliver drugs that can be specifically targeted to the

different ‘‘hallmarks’’ of cancer growth. Unfortunately, common anticancer as well

as new generation of anti-angiogenic or anti-stromal agents have several limita-

tions: they are usually associated with high toxicity; several of them are non-

specific and target both normal as well as malignant cells; have poor bioavailability;

and last but not least, they have poor half-lives and fast clearance from the body.

An ideal therapeutic approach in cancer would be to deliver multi-drugs specifi-

cally to the primary tumor, as well as to the site of metastasis and its micro-

environment while simultaneously monitoring the prognosis through noninva-

sive approaches.
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Recently, several groups, including ours, have shown that nanoparticles possess

enormous potential to improve the efficacy of cancer treatment [6]. Hence, our

long-term goal is to develop nanotherapeutics with multifunctional capabilities.

This method of drug administration might significantly reduce the dosage of the

drugs and this in turn may lead to better specificity, low toxicities, better bioavail-

ability, in a targeted manner with real-time detection by non-invasive imaging. Our

recent published and preliminary data support at least part of this hypothesis, as

we have shown that when conventional anticancer drugs are loaded with gold-

nanoparticles alone or in combination with other drugs such as an anti-angiogenic

agent, the efficacy of each drug was intact or even better when tested in respective

assays [7–9]. Our goal is to put together all the components to develop ‘‘smart’’
drug(s) that will target all the ‘‘hallmarks’’ of cancer growth and thereby inhibit

tumor progression and metastasis. In this chapter, we emphasize potential targets

of the angiogenesis component of the tumor and discuss the current standing with

respect to nanotechnology.

3.2

Medicinal use of Gold: A Historical Perspective

Gold has a long history of use [10, 11]. The therapeutic use of gold can be traced

back to the Chinese in 2500 bc. They were the first to prepare and use red colloidal

gold as the ‘‘drug of longevity.’’ Red colloidal gold is still in use today in India in

the form of Ayurvedic medicine for rejuvenation and revitalization during old age

under the name of Swarna Bhasma (‘‘Swarna’’ meaning gold, ‘‘Bhasma’’ meaning

ash) [12]. Mahdihassan has explored the historical use of gold in eastern traditions,

especially in India and China [13]. In India cinnabar-gold is known as ‘‘Makaradh-

waja’’. Makaradhwaja means emblem of god of fertility, a drug for vigor of youth

[14]. Gold also has a long history of use in the western world as nervine, a sub-

stance that could revitalize people suffering from nervous conditions [12]. In the

16th century gold was recommended for the treatment of epilepsy [15]. At the

beginning of the 19th century gold was the drug of choice for the treatment of

syphilis [16]. Several books describing the medicinal use of gold came out at the

beginning of 19th century [17–21].

The discovery by Robert Koch of the bacteriostatic effect of gold cyanide towards

the tubercle bacillus marked the beginning of the modern day medicinal use of

gold. Following Koch’s discovery, gold therapy for tuberculosis was introduced in

the 1920s [22]. The major clinical uses of gold compounds are in the treatment of

rheumatic diseases, including psoriasis, juvenile arthritis, palindromic rheuma-

tism and discoid lupus erythematosus [23]. Gold compounds that were mainly

used for the treatment of rheumatoid arthritis were gold thiolates (AuSR), where

gold is unipositively charged. Sodium aurothiomalate and aurothioglucose are two

prime examples of gold thiolates mainly used for rheumatoid arthritis. These

drugs are water soluble and administered as deep intramuscular injection. Follow-

3.2 Medicinal use of Gold: A Historical Perspective 87



ing such injection these drugs get rapidly adsorbed and, at the same time, gold is

rapidly cleared from the circulation and distributed to various organs such as

kidney, liver, spleen and so on [22]. The adsorption of gold in the kidney causes

nephrotoxicity, a major side effect. Other toxic reactions include mouth ulcers,

skin reactions, blood disorder and liver toxicity [23–25]. To overcome the poor

pharmacokinetics and toxicity, a second-generation gold drug, auranofin, was intro-

duced in 1985 for arthritis [26–29]. The presence of phosphine ligands makes aur-

anofin more lyophilic with better retention in the circulation. The adsorption of gold

in the kidney was also reduced, with significant reduction in the nephrotoxicity.

The antitumor activity of cis-platin was discovered in 1969, prompting the dis-

covery of other metal-containing antitumor drugs. Gold has also been included in

the search on the basis of three rationales [30–33]: (a) both Pt(ii) and Au(iii) form

analogous square-planar complexes with a d8 configuration of the central ions,

(b) analogy to the immunomodulatory effects of gold(i) antiarthritic agents, and

(c) complexation of known antitumor agents with gold(i) and gold(iii) to produce

compounds with enhanced activity. Auranofin showed activity against HeLa cells in
vitro and P388 cells in vivo. This discovery led to the screening of many phosphine-

containing gold drugs, of particular interest are bis(diphos)gold(i) complexes

[34, 35]. These complexes showed promising antitumor properties but exhibited

cardiovascular toxicity that precluded their use in clinical trials. The mechanism

of action of these gold drugs is poorly understood. However, it is thought that,

under biological conditions, gold(i) and gold(iii) species are reduced to gold(0),

which may be the active species. Hardly any report describes the use of gold nano-

particles as anticancer agent. However, recently we have shown, for the first time,

the anti-angiogenic property of gold nanoparticles.

3.3

Application of Gold Nanoparticles in Cancer

The biological application of gold nanoparticles began almost three decades ago in

the form of immunogold staining procedure. Since then, gold nanoconjugates have

been extensively used to detect cellular components using electron microscopy as

an indirect passive component. However, the use of these gold nanoparticles for in
vivo drug delivery has never been described. This section discusses the application

of ‘‘naked’’ gold nanoparticles as well as in the form of their nanoconjugates in the

treatment of cancer.

3.3.1

Angiogenesis and Cancer

Angiogenesis, the formation of new blood vessels from existing one’s, plays an

important role in the growth and spread of cancer. New blood vessels ‘‘feed’’ the

cancer cells with oxygen and nutrients, allowing these cells to grow, invade nearby
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tissue, spread to other parts of the body, and form solid tumors [36]. In the early

1970s Dr. J. Folkman first showed that solid tumors are angiogenic and require

vascularization for growth [37, 38]. The central concept that tumor growth is

‘‘angiogenesis dependent’’ is well accepted today, with more than 2500 scientific

reports showing angiogenesis linked to tumor growth. Angiogenesis is tightly

regulated by a balance between endogenous proangiogenic growth factors like

Vascular Endothelial Growth Factor (VEGF), Placental Growth Factor (PLGF),

Platelet Derived Growth Factor (PDGF), Tumor Growth Factor-beta (TGF-b) and

Angiopoietin-1 (Ang-1) and antiangiogenic factors like thrombospondin-1 (TSP-1),

somatostatin, endostatin, angiostatin, interleukins, interferons and tissue inhibi-

tors of matrix metalloproteinases (TIMPs) [39, 40]. In this chapter we briefly dis-

cuss angiogenesis in relation to cancer to provide a basis for understanding the

fabrication and targets for nanodrug synthesis and use. For a detailed review on

angiogenesis and cancer please refer to Refs. [1–44]. The angiogenic response in

the microvasculature is associated with changes in cellular adhesive interactions

between adjacent endothelial cells (ECs), pericytes, fibroblasts, and immune medi-

ators express many different cytokines and growth factors that react with other

cells or extra cellular matrix (ECM) components to affect EC migration, prolifera-

tion, tube formation, and vessel stabilization. During tumor growth this balance

is disrupted and the scale tips towards the tumor-secreted angiogenic growth fac-

tors that interact with their surface receptors expressed on ECs (Fig. 3.1).

Folkman has propounded the idea that inhibiting angiogenesis could inhibit the

growth of tumors [41]. Since then considerable effort has been invested in the dis-

covery of agents that block the development of tumor vasculature. Yet only recently

have the differences between the vasculature of the normal tissue and the tumor

been realized. The tumor vasculature is strikingly tortuous, vessels have poor peri-

cyte cover and numerous shunts, making it often difficult to distinguish between

arterioles and venules. Blood flow through the tumor capillaries is sluggish and

sometimes stationary, leading to the entire microenvironment, including red blood

cells and endothelium, being highly hypoxic [42–44].

Although the idea of targeting and disrupting tumor vasculature as an anti-

cancer therapy has been around for sometime, experimental evidence of efficacy

was absent until Burrows et al., targeted the toxin ricin to the tumor vasculature

in a mouse neuroblastoma model [45]. Since then several different antiangiogenic

agents have been developed and used to treat cancer. These include drugs that di-

rectly target specific molecules involved in neo-vessel formation, such as antibodies

to VEGF, or others that indirectly inhibit endothelial cell function like inhibitors

of matrix metalloproteinase (MMP) breakdown [46, 47]. Other strategies include

the use of cytotoxic drugs such as thalidomide that appear to have both antiangio-

genic as well as tumor cell killing properties; however, the specific mechanism of

action of these drugs is not known [48, 49]. Camptothecin analogs, 9-amino-20(S)-
camptothecin, topotecan, CPT-11, are inhibitors of topoisomerase I and also de-

crease tumor angiogenesis [50]. Paclitaxel, a microtubule inhibitor, has shown

anti-proliferative action in in vivo models [51, 52].
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3.3.1.1 Agents that Inhibit Endothelial Proliferation or Response

Such targets include endoglin, integrins, dominant negative receptors and agents

that prevent the release or activation of FGF. Direct administration of endogenous

angiogenic inhibitors such as angiostatin, endostatin, and gene therapy using DNA

that encodes for angiogenesis inhibitors, including angiostatin and platelet factor

4, are being evaluated. Administration of synthetic angiogenic inhibitors that spe-

cifically prevent endothelial cell division include derivatives of fumagillin, such as

TNP-470 [53, 54]; combrestatin phosphate, which induces apoptosis in proliferat-

Fig. 3.1. Schematic diagram showing the role of angiogenesis

in tumor growth and blood vessel formation.
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ing endothelial cells and causes tubulin destabilization [55]; and vitaxin, which is a

humanized monoclonal antibody to alpha5-beta3 integrin present on endothelial

cell surface, and EMD 121974 a small molecule blocker of alpha5-beta3 integrins

[56–58].

3.3.1.2 Agents that Block Activation of Angiogenesis

Interferon alpha has demonstrated a 30% response rate in patients with AIDS-

related Kaposi sarcoma and has been shown to be active in the treatment of he-

mangiomas, chronic myeloid leukemia, myeloma, melanoma, lymphoma and

renal cell carcinoma [59–61]. SU5416, a small molecule blocker of VEGF-receptor2

signaling, is in Phase II clinical trial for metastatic colorectal cancer, non-small cell

lung cancer and von Hippel-Lindau disease [62]. SU6668, a small molecule blocker

of VEGF, FGF and PDGF receptor signaling, is in Phase I trial for selected ad-

vanced tumors [63]. Humanized monoclonal antibody to VEGF is now in clinical

trials for several cancers, including metastatic renal cancer, advanced prostate can-

cer, non-small cell lung cancer, colorectal cancer and other solid cancers [46].

3.3.1.3 Agents that Block Extracellular Matrix Breakdown

Clinical trials have been ongoing for seven MMP inhibitors. Marimastat, a

synthetic inhibitor that blocks TNF-a convertase, has shown clinical activity when

combined with chemotherapy in colorectal, ovarian, prostate, gastric and pancre-

atic cancer [64]. Phase I studies with AG3340 in combination with other chemo-

therapeutic agents have been well tolerated in patients with advanced prostate and

other solid tumors [65, 66]. Bay12-9566 and MM1270, synthetic MMP inhibitors,

have undergone Phase I trials as single agents in pancreatic, ovarian and colorectal

cancers [67, 68].

Although studies with antiangiogenic molecules have been elegant and results

encouraging yet these advances should be viewed with cautious optimism as side

effects that occur in some patients include hypertension, thrombosis, proteinuria,

and even fatal hemorrhage. Therefore, selectivity, delivering drugs to specific tar-

gets on the tumor endothelium, has remained an obstacle in the development of

better antiangiogenic therapy. Gold nanoparticles provide an avenue for targeted

delivery of bioactive molecules to the tumor microenvironment by means of bind-

ing molecules such as antibodies that are specific for tumor-associated markers.

Recent reports have demonstrated the potential utility of gold nanoparticles that

served as a payload for delivery of DNA, proteins and imaging compounds to the

tumor.

3.3.1.4 Unique Anti-angiogenic Properties of Gold Nanoparticles

Gold nanoparticles have been extensively used in biological applications due to

their biocompatibility [69], dimensions (<50 nm), ease of characterization [70, 71]

and their rich history of surface chemistry that can be easily exploited to better suit

the needs of biomedical applications [72]. VEGFs are mitogenic for vascular endo-

thelial cells [73] and act as potent angiogenic factors and blood vessel permeabiliz-

ing agents [73–76] in vivo. Four isoforms of VEGF containing 121, 165, 189 and
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206 amino acids are produced from a single gene as a result of alternate splicing

[76]. The 121 amino acid form of VEGF induces the proliferation of endothelial

cells but, in contrast to VEGF 165, lacks the heparin binding ability [77]. Many

anti-angiogenic approaches have been developed to block the interaction of VEGFs

with their receptors in order to inhibit angiogenesis and tumor growth that include

monoclonal antibodies targeting VEGF [78, 79] and the use of soluble decoy recep-

tors blocking the binding of VEGF to its receptors [80]. We have shown, for the

first time, that gold nanoparticles bind and inhibit the activity of Vascular Perme-

ability Factor/Vascular Endothelial Growth Factor 165 (VPF/VEGF-165), an endo-

thelial cell (ECs) mitogen and a prime mediator of angiogenesis that plays a tre-

mendous role in pathological neo-vascularization, including rheumatoid arthritis,

chronic inflammation and neoplastic disorders.

Gold nanoparticles used in this study were prepared by the reduction of aqueous

chloroaurate ions with sodium and characterized using UV/Visible spectroscopy

(UV/Vis), because of the presence of characteristic surface plasmon resonance

band (Fig. 3.2), and transmission electron microscopy (TEM). The TEM image

clearly showed that gold nanoparticles @5 nm in diameter were formed by this

method (Fig. 3.3).

3.3.1.5 Gold Nanoparticles Inactivate VEGF165

Whether gold nanoparticles had any effect on VEGF165 was tested on VEGf165-

induced HUVEC proliferation. VEGF165 was pre-incubated with various concen-

trations of gold nanoparticles (67, 335, 670 nm) overnight at 4 �C and then added

them to serum-starved HUVECs followed by [3H]-thymidine incorporation. Gold

nanoparticles inhibited VEGF165-induced proliferation (p < 0:0001). However,

Fig. 3.2. UV/Vis spectrum of gold nanoparticles obtained by

sodium borohydride reduction of tetrachloroauric acid.
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gold nanoparticles did not inhibit non-heparin binding VEGF121-induced prolifer-

ation of HUVEC cells. Importantly, the gold nanoparticles were not toxic to HU-

VECs, where no inhibition in proliferation was observed in the only nano-gold

treated samples compared to the control. Numerous examples of surface modifica-

tions of gold nanoparticles with alkanethiols aromatic thiols, and primary amines

have been reported [81–85]. Such an ionic/pseudo-covalent reaction may explain

the interaction between the gold nanoparticles and VEGF165 that led to the inhibi-

tion of its activity. However, the inability of gold nanoparticles to inhibit the activity

of VEGF121 suggested that the presence of a heparin-binding domain was neces-

sary to be inactivated by gold nanoparticles.

3.3.1.6 What is the Mechanism of Action?

To prove that gold nanoparticles bind to the heparin-binding domain of VEGF165,

gold nanoparticles at different concentrations (335, 670 and 1340 nm) were pre-

incubated with VEGF165 overnight at 4 �C. VEGF165 was then precipitated from

this complex with a saturating concentration of heparin-sepharose. In the absence

of gold, all VEGF165 was bound to heparin-sepharose and was detected only in the

precipitated fraction while none was detected in the supernatant fraction.

Heparin sepharose binds to the heparin binding domain of a heparin binding

protein and precipitates it from the solution. The results of the pre-incubation ex-

periments with heparin sepharose conclusively proved that VEGF165 in the super-

natant fraction was in the gold-bound form and thus could not interact with the

heparin-sepharose. From these results, it was concluded that gold nanoparticles in-

hibited VEGF165 from binding to heparin-sepharose because gold itself binds

to VEGF165 through the heparin-binding domain. Signaling events of VEGF165

leading to proliferation were initiated by its association with cell surface receptors,

mainly KDR, where the heparin-binding domain plays an important role. Pre-

Fig. 3.3. Transmission electron micrograph of gold

nanoparticles obtained by borohydride reduction of gold salts.
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incubation experiments with heparin sepharose clearly proved that blocking the

heparin-binding domain of VEGF165 gold nanoparticles inhibited its association

with KDR and, thereby, inhibited its activity.

Direct binding of VEGF165 to gold nanoparticles was confirmed by XPS analy-

sis. The presence of a single Au 4f7=2 peak at 83.9 eV clearly demonstrated only

one form of Au present in solution and that it is Au(0) [86]. The presence of two

sulfur peaks, at 162.7 and 167.1 eV, represented two chemically distinct sulfur spe-

cies. The peak at 162.7 eV was assigned to gold-bound sulfur and that at higher BE

was assigned to oxidized sulfur species such as in sulfones. The nitrogen 1s peak

at 399.6 eV was likely due to unionized, non-protonated nitrogen [87]. However,

the possibility of gold nanoparticles binding to VEGF165 through nitrogen as well

could not be ruled out. Hence it was concluded that the direct binding of VEGF165

to gold nanoparticles occurred through sulfur and/or nitrogen, both present in the

heparin-binding domain of VEGF165.

We have described earlier that angiogenesis plays a central role in the growth

and progression of tumor [69, 70]. This process is also important for the promo-

tion and maintenance of other diseases like neoplasia and rheumatoid arthritis

[71]. As there are several reports that indicate that gold salts can retard the progres-

sion of rheumatoid arthritis [72], we reasoned that gold nanoparticles might also

inhibit angiogenesis. Because VEGF/VPF [73, 74] and bFGF [75] are two critical

cytokines for the induction of angiogenesis, we investigated whether nontoxic

novel gold nanoparticles [76] being used at present in several biomedical applica-

tions can inhibit the functions of these two important proangiogenic growth

factors.

3.3.1.7 Effect of Gold Nanoparticles on the Activity of VEGF165, VEGF121, bFGF

and EGF

The effects of gold nanoparticles on the activity of VEGF165, VEGF121, bFGF

and EGF were tested on two different cell lines, namely HUVEC (for VEGF165

and VEGF121) and 3T3 (for EGF and bFGF). The gold nanoparticles inhibited

VEGF165-induced proliferation of HUVECs- and bFGF-induced proliferation of

3T3 cells but did not inhibit either VEGF121- or EGF-induced proliferation. Gold

nanoparticles are not toxic to either cell line as no inhibition in proliferation was

observed in the only nanogold treated samples compared with the control. The in-

hibition of proliferative activity of two heparin binding growth factors, namely

VEGF165 and bFGF, by nanogold and its inability to inactivate non-heparin bind-

ing growth factors, namely VEGF121 and EGF, clearly suggested that the heparin-

binding domain of VEGF165 and bFGF played the crucial role for their interac-

tions with nanogold and, hence, inactivation.

3.3.1.8 Effect of Gold Nanoparticles on Signaling Events of VEGF165

With the addition of 335–670 nm nanogold, VEGF165-induced phosphorylation

of VEGFR-2 was profoundly inhibited. However, at 67 nm nanogold@40% inhibi-

tion of phosphorylation was evident [ from densitometry quantitation using NIH

Image software, p < 0:0001]. Almost complete inhibition of VEGFR-2 phosphory-
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lation was observed at concentrations of 335 and 670 nm nanogold. The results

of receptor phosphorylation clearly suggested that nanogold binds directly to

VEGF165 and inhibited its interaction with cell surface receptors hence inhibiting

phosphorylation.

3.3.1.9 Effect of Nanogold on Downstream Signaling events of VEGF165

To further support the hypothesis that nanogold binds to VEGF165 and inactivates

its signaling capability, an intracellular calcium release experiment in HUVECs

was performed. A gold concentration of 67 nm gave@34% inhibition (determined

by comparing the length of the upstroke of VEGF165 induced sample to the

nanogold-treated samples) and complete inhibition was observed at 335–670 nm

(p < 0:05). The VEGF receptors on the HUVECs were still functional as evidenced

by an increase in calcium release comparable to the control when VEGF was added

after 300 s. These observations also clearly demonstrated that gold nanoparticles

bind directly to VEGF165 and inhibited its signaling events but did not perturb

the receptor functions.

3.3.1.10 Effect of Gold Nanoparticles on Migration of HUVEC Cells

Nanogold inhibited VEGF165-induced migration of HUVECs. Rho A activity was

also completely inhibited at 670 nm nanogold, further confirming the hypothesis

that nanogold binds directly with the heparin binding growth factor through the

heparin binding domain and inhibits its signaling activity.

3.3.1.11 Effect of Gold Nanoparticles on Angiogenesis in vivo

The efficacy of nanogold in inhibiting VEGF165-induced permeability and angio-

genesis in vivo was tested in a nude mouse ear model. Ad-VEGF injected mice

treated with nanogold developed lesser edema than mice treated with Ad-VEGF

only. As shown, 30 min after injection of Evan’s blue dye into the tail vein of these

treated mice, a decrease in permeability was also observed. In the MOTmodel, less

fluid accumulation in the peritoneal cavity was observed in nanogold treated sam-

ples than in controls.

Taken together, our results showed that gold nanoparticles selectively inhibited

VEGF165- and bFGF-induced proliferation of HUVECs and fibroblasts, respec-

tively. In a similar fashion, nanogold also inhibited the activity of placental growth

factor (PlGF) (unpublished results). Gold nanoparticles directly bind heparin-

binding growth factors, presumably through cysteine residues of the heparin-

binding domain, and inhibit growth factor mediated signaling. Gold binds strongly

with thiols and amines [85–87]. Such an ionic/pseudo-covalent reaction may ex-

plain the interaction between the gold nanoparticles and VEGF that led to a de-

crease in its proliferative activity. Gold nanoparticles also inhibit VEGF-induced

angiogenesis and permeability in vivo as well as causing lesser ascites fluid accu-

mulation in a MOT model where VEGF/VPF activity is primarily responsible for

fluid accumulation in the peritoneal cavity. Here, we mention, briefly, the toxicity

of nanogold. Because metal poisoning is associated with renal and hepatic toxic-

ities, we determined the effect of nanogold administration on liver and renal func-
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tion tests. Normal mice were injected with same dose of nanogold as in MOT

model intraperitoneally for 7 consecutive days. On day 8, the mice were sacrificed

and serum was collected. There were no significant differences between serum

levels of creatinine, blood urea nitrogen, bilirubin alkaline phosphatase, ALT (Ala-

nine Aminotransferase) and AST (Aspartate Aminotransferase) between the nano-

gold treated and untreated control animals. This finding is significant because

growth factor-mediated proliferation and angiogenesis have a central role in many

pathological conditions, including neoplasia, rheumatoid arthritis and chronic in-

flammation. The low production cost and relative ease in modifying nanogold

make them a feasible choice in future biomedical applications.

3.3.1.12 Gold Radioisotopes in Cancer Treatment

Radioisotopes of gold have also long been used for the treatment of different types

of cancer. A cumulative survival of 96.3% was achieved in the treatment of stage Ia

ovarian cancer with radiogold [88]. In addition, Ehrlich ascites tumor has been pre-

vented by intraperitoneal injection of colloidal 198Au [89]. In the treatment of lim-

ited epithelial carcinoma of the ovary, 104 patients received intraperitoneal radio-

colloid [90]. Fifty six of these patients also received external beam radiation therapy

to the pelvis. Five year actuarial no-evidence-of-disease survival rates were 95% for

stage Iai, 82% for stage Iaii, 73% for stage Ib, 67% for Ic, 67% for Iia, 67% for Iib

without gross residual tumor (GRT) and so on. Radioactive gold has also been used

to prevent hepatic metastasis by intravenous administration [91]. Recently, gold

nanoparticles have been used to increase radiotherapy in mice [92]. Mice bearing

subcutaneous EMT-6 mammary carcinomas received a single intravenous injection

of 1.9-nm gold particles (up to 2.7 g-Au per kg body weight). The gold content of

the tumor elevated by this treatment to 7 mg-Au per g in tumor. The mice were

then subjected to 250 kVp X-ray therapy for several minutes. The one-year survival

rate was found to be 86% versus 20% with X-rays alone and 0% with gold alone.

3.3.2

Application of Gold Conjugates in the Treatment of Cancer

The biological application of gold nanoparticles began in 1971 when Faulk and Tay-

lor invented the immunogold staining procedure [93]. Since then gold nanoconju-

gates have been extensively used to detect cellular components using electron mi-

croscopy. Mostly gold nanoconjugates were seen as passive components, used only

to visualize different cellular components. However, the use of these gold nanopar-

ticles for in vivo drug delivery has never been described. Recently, gold nanoconju-

gates have been used as more active components that can interfere with the biolog-

ical activities [94–98].

3.3.2.1 Gold–TNF Conjugate in Cancer Therapeutics

Recently, colloidal gold, a sol composed of nanoparticles of Au0, has been used as a

therapeutic for the treatment of cancer as well as an indicator for immunodiagnos-
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tics. However, the use of these gold nanoparticles for in vivo drug delivery has not

been described. The development of a colloidal gold (cAu) nanoparticle vector that

targets the delivery of tumor necrosis factor (TNF) to a solid tumor growing in mice

has been reported [99]. The optimal vector, designated PT-cAu-TNF, consists of

molecules of thiol-derivatized PEG (PT) and recombinant human TNF that are

directly bound onto the surface of the gold nanoparticles. Following intravenous

administration, PT-cAu-TNF rapidly accumulates in MC-38 colon carcinoma tu-

mors and shows little to no accumulation in the livers, spleens (i.e., the RES) or

other healthy organs of the animals. Tumor accumulation was evidenced by a

marked change in color of the tumor as it acquired the bright red/purple of the

colloidal gold sol and was coincident with the active and tumor-specific sequestra-

tion of TNF. Finally, PT-cAu-TNF was less toxic and more effective in reducing tu-

mor burden than native TNF since maximal antitumor responses were achieved at

lower doses of drug.

3.3.2.2 ‘‘2 in 1’’ System in Cancer Therapeutics

Recently, our group has reported the fabrication of a ‘‘2 in 1’’ system containing

functional anti-angiogenic agent and cytotoxic drug. Angiogenesis, the formation

of new blood vessels from a pre-existing vessel, is a necessary step for tumor

growth and metastasis [99–102]. This provides the basis for anti-angiogenic

therapy – depriving tumor cells the nutrients essential for their growth by blocking

their blood supply. Although this treatment may restrict tumor growth, anti-

angiogenic therapy alone might not be enough to prevent tumor growth and cause

increased cell killing. Therefore, to achieve maximal therapeutic benefit it is neces-

sary to use anti-angiogenic agents in combination with other modalities such as

anticancer drugs [103]. One of the problems in the use of anticancer drugs is that

they have short half-lives, sometimes with extensive systemic toxicity [104]. When

delivered in a gold-conjugated form, these molecules might have increased reten-

tion in the body with reduced systemic toxicity. VEGF-antibody attached on gold

nanoparticles may facilitate delivery of the drugs to the site of tumor, as many tu-

mors are known to produce VEGF [105, 106]. We hypothesize that use of a cyto-

toxic agent such as gemcitabine along with VEGF antibody will not only allow tu-

mor cell killing but also give rise to more ‘‘normalized’’ blood vessels, resulting in

better drug delivery [107]. This study employed a nano-composite system con-

sisting of a nanogold core, bearing a functional anti-angiogenic molecule, VEGF

antibody-2C3 (AbVF), and an anticancer drug, gemcitabine. This provides a unique

‘‘2 in 1’’ system where two components with different functions have been at-

tached onto a single gold core, yet the functional activity of the individual compo-

nents are retained.

To attach multiple components onto a single gold core, it is essential to deter-

mine the saturation concentration of the individual components [108]. The satura-

tion concentration of AbVF was determined after incubating it with gold nanopar-

ticles with increasing concentrations of AbVF for 30 min followed by treatment

with 100 mL of 10% NaCl solution to test for aggregation [109]. Gemcitabine was

similarly attached to nanogold. Without any protection, gold nanoparticles aggre-
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gate immediately upon addition of a 10% NaCl solution. The extent of aggregation,

however, should decrease with increasing protection of the nanogold surface either

by antibody or by gemcitabine. Increased stabilization of nanogold dispersions

was observed with increasing concentrations of AbVF. In the absence of antibody

but in the presence of NaCl, gold nanoparticles completely aggregated and, as ex-

pected, their absorbance dropped to zero [109]. Next, the saturation concentration

of gemcitabine on gold nanoparticles was determined, similarly as above. Gold

nanoparticles were incubated with different concentrations of gemcitabine for 30

min and their UV/Vis spectra were recorded. Absorbance of nanogold gradually in-

creased with increasing concentrations of gemcitabine until it reached a maximum

at 20 mg mL�1. According to the Mie theory, the observed shift in Ymax with an in-

crease in plasmon resonance coincides with a rising dielectric constant of the me-

dium surrounding the gold nanoparticles [110]. At doses higher than 20 mg mL�1,

the absorbance of the nanocomposite gradually decreased, alongside a gradual in-

crease in redshift in Ymax. This relationship, along with a broadening of the spec-

tra, may be attributed to the aggregation of gold nanoparticles upon the addition of

gemcitabine beyond the 20 mg mL�1 limit. To attach both gemcitabine and AbVF

on nanogold surface, incubation experiments were carried out below the 50% satu-

ration concentration for AbVF and gemcitabine. Gold nanoparticles were first incu-

bated for 30 min at room temperature with 10 mg mL�1 of gemcitabine followed by

another 30 min incubation with 2 mg mL�1 of VEGF antibody. Aggregation tests

were performed to confirm the attachment of both the components.

The functional activities of gemcitabine and AbVF were tested by in vitro cell cul-
ture assays. The activity of gemcitabine was tested on 786-O cells using a BrdU

proliferation assay. The observed activity of gemcitabine combined with AbVF on

nanogold surfaces was comparable to gemcitabine alone at the same concentra-

tion. In the control experiments with gold or AbVF alone or gold-AbVF, no inhibi-

tion 786-O proliferation was observed. Therefore, the inhibition in proliferation

was due to the presence of gemcitabine within the nanocomposite and the pres-

ence of AbVF on the same nanocomposite did not exert any negative influence on

the activity of gemcitabine.

The functional activity of AbVF was determined on VEGF165 induced calcium

release in HUVEC cells. HUVECs release calcium into the cytoplasm when in-

duced with VEGF165 [6]. AbVF attached to nanogold surfaces with gemcitabine

inhibited calcium release more efficiently than the same dose of AbVF alone. At

10 ng mL�1, almost no inhibition of VEGF165-induced calcium release was

observed in the samples of AbVF alone but a moderate inhibition and delay was

observed with AbVF in the nanocomposite form. At 20 ng mL�1, moderate

inhibition was observed in samples with only AbVF but complete inhibition of

calcium release was observed for the nanocomposite. This suggested an optimal

threshold concentration requirement for VEGF to be able to induce calcium re-

lease. To further confirm that the inhibition in calcium release was due to AbVF,

the nanogold surface was blocked with gemcitabine and control mouse IgG.

VEGF165-induced calcium release was not inhibited by this nanocomposite. From
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the calcium release assay, it was concluded that AbVF retained its functional activ-

ity in the AbVF–gold–gemcitabine nanocomposite form and gemcitabine did not

had no negative influence on the activity of VEGF antibody.

This study was a unique example of a ‘‘2 in 1’’ system where anti-angiogenic

molecule, VEGF antibody and cytotoxic drug (gemcitabine) were attached on the

same nanogold surface, with potential implication in cancer therapeutics.

3.4

Biocompatibility of Gold Nanoparticles

The biocompatibility of nanoparticles in general is discussed in detail elsewhere

[110–114]. Here, recent efforts addressing the issue related to gold nanoparticles

will be discussed briefly. The issue of biocompatibility arises when any foreign

body is introduced inside the human body for medical purposes or otherwise

[111–114]. In most general terms biocompatibility can be defined as ‘‘the ability

of a material to perform with an appropriate host response in a specific applica-

tion’’ or ‘‘the exploitation by materials of the proteins and cells of the body to

meet a specific performance goal’’. Interactions between the foreign body and the

host can be classified in four general categories (a) cellular adhesion effects, (b)

local biological effects, (c) systemic and remote effects, and (d) effects of the host

on the implant.

3.4.1

Cellular Adhesion Effects

The interaction of the foreign body, direct or indirect, weak or strong, specific or

non-specific, receptor mediated or non-mediated with the host may influence the

biocompatibility of the foreign body.

3.4.2

Local Biological Effects

Local biological effects include cell viability, cell mitotic function such as prolifera-

tion, cell cycle phases, etc., plasma membrane integrity, toxicity and modification

or normal wound healing.

3.4.3

Systemic and Remote Effects

Systemic and remote effects include systemic toxicity (such as kidney failure, liver

failure, etc.), elevation of unusual components in the blood, allergic, pyrogenic, car-

cinogenic and teratogenic responses.
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3.4.4

Effects of the Host on the Implant

This mainly includes immune responses, such as inflammation, fibrosis, etc.,

around the implant, physical and mechanical effects, stability and biological degra-

dation processes.

3.4.5

Addressing the Biocompatibility of Gold Nanoparticles using DNA Microarray

Analysis

Nanotechnology is a rapidly evolving multidisciplinary branch of science involv-

ing systems and/or device manufacturing at the nano-scale level [115, 116].

Nanoparticle-aided strategies have been implemented to address a diverse array

of issues, including drug delivery, targeting and monitoring of molecules/cells/

tissues, and development of novel drug regimens [117–119]. A modified variety of

nanoparticles, known as quantum dots, which are highly fluorescent semiconduc-

tor particles measuring roughly the size of an average protein, have been developed

and shown to be valuable for monitoring metastatic tumor cells in an animal

model [120]. These fluorescent quantum dots are reported to be active for over a

month inside the body, allowing one to monitor migration and localization of the

probe over a long period of time [121, 122].

Conceptually, nanoparticles can have effects, both desired and unintended, on an

organism through acting directly and/or indirectly on individual cells. Since all in-

vestigations employing nanotechnology were performed related to specific ques-

tions, efforts to assess potential global effects remain virtually unanswered. How-

ever, some recent reports involving nanotechnology have generated widespread

concerns regarding the effect of nanoparticles on the ecosystem and ultimately to

human health [123–125]. Several recently published papers showed the toxicologi-

cal effects of carbon nanotubes [126, 127]. It is, however, not known if all nanopar-

ticles have similar biological effects; it is also not known if the same nanoparticle

will have the same effect on different organisms. In fact, the overall consensus

among scientists working on various aspects of nanoparticles is that very little is

known about the potential impacts of nanoparticles on health and environment.

Evidently, a thorough evaluation of the underlying issues needs to be systematically

performed to distinguish reality from mere extrapolation of inadequate data. Metal-

lic gold is known to be biocompatible; however, facts regarding the biocompatibil-

ity of gold nanoparticles are rare. Recently efforts have been made to address the

biocompatibility issue of gold nanoparticles. Significant damage to the cell mem-

brane was observed by cationically modified gold nanoparticles and they were

shown to be moderately toxic, whereas anionic particles were quite non-toxic. A

series of gold nanoparticles with various surface modifications were tested recently

for uptake and acute toxicity in human leukemia cell lines. The authors concluded

that although some precursor of nanoparticles might cause toxicity, the nano-

particles themselves are not toxic, further strengthening our findings [128]. The
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effects observed in those cases may be due to the presence of the surface modifier

and not because of the gold nanoparticles. To find out the effect of bare gold nano-

particles, our laboratory has focused on the genotropic effects of gold nanoparticles

on normal human cell lines. We hypothesize that the overall physiology of a cell is

equivalent to its global transcriptional profile. Consequently, we speculate that the

expression signature of a cell in the presence or in absence of a given nanoparticle

can generate valuable information regarding the potential effect of a nanoparticle

on the target cell. However, a given nanoparticle can, possibly, interact with cellular

components directly and elicit an effect or interact with non-cellular components

first, which, in turn, may produce an effect on the target cell (an indirect effect).

These so-called ‘‘direct’’ and ‘‘indirect’’ effects, if any, will need to be distinguished

to ascertain the full spectrum of effects of nanoparticles on target cells (or on non-

target cells). We have previously shown that gold nanoparticles effectively blocked

the effect of vascular endothelial growth factor (VEGF)-mediated signaling by HU-

VECs (Human Umbilical Vein Endothelial Cells) and also inhibited angiogenesis

in vivo in a mouse ovarian tumor model [10]. We have evaluated the potential

direct effect of gold ‘‘naked’’ nanoparticles on HUVECs.

3.4.6

Internalization of Gold Nanoparticles by HUVECs

To discern the effect of any nanoparticles on any cell lines, it is important to know

the location of the nanoparticles, whether most of them are outside or inside the

cells, and to find out if the nanoparticles change size upon internalization. To ad-

dress the localization of gold nanoparticles, transmission electron microscopy was

performed after incubating HUVECs with gold nanoparticles for 1 and 24 h under

serum-free conditions and in the presence of serum. TEM clearly demonstrated

the internalization of gold nanoparticles at both time points under such condi-

tions, and no significant difference on the distribution of the gold nanoparticles

was observed (Fig. 3.4). The size of gold nanoparticles did not alter significantly

upon internalization. The distribution of gold nanoparticles under serum-free con-

ditions and in the presence of serum was similar. No significant difference in the

distribution of gold nanoparticles at 1 and 24 h was observed, confirming that 1 h

incubation was enough for gold nanoparticles to be taken up HUVECs.

3.4.7

Nanogold Particles do not Alter Global Pattern of Transcription by HUVEC Cells

under Serum-free Conditions

Since serum contains a host of heparin-binding domain containing proteins,

including growth factors, with which nanogold can potentially interact and block

their functions [9], which, in turn, can have an (indirect) effect on cells in culture,

it was necessary to exclude serum (FBS) in an attempt to evaluate a direct effect

of gold nanoparticles on HUVECs. Therefore, cells were first cultured in serum-

containing media until they were about 80% confluent, after which the cells were
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washed repeatedly with PBS to get rid of serum. The cells were then incubated in

serum-free media for 24 h, after which gold nanoparticles were added and the cul-

ture continued for 1 and 24 h, respectively. Total RNA extracted from such cells

was subjected to microarray analysis. The expression level of genes determined

through microarray was subjected to Scatter plot analysis. The results indicated a

strikingly similar pattern of gene expression at both 1 and 24 h by cells cultured

with or without nanogold particles. The correlation coefficients were 0.98 for 1 h

and 0.97 for 24 h, respectively. These observations strongly attest to the similarities

Fig. 3.4. Internalization of gold nanoparticles

by HUVECs, (a) internalization under serum-

free conditions after 4 h incubation; (b) and

(c) higher magnification images of (a).

(d) Internalization of gold nanoparticles in the

presence of serum after 4 h incubation; (e) and

(f ) higher magnification images of (d).
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of gene expression, indicating that 5-nm gold nanoparticles have no effect on gene

expression by HUVECs. It is possible that a small number of genes truly undergo-

ing differential expression in the presence of gold nanoparticles were missed by

the Scatter plot analysis. To eliminate this possibility, the microarray-based expres-

sion results were manually checked and seven genes were selected to show expres-

sion difference of at least 1.5 fold and having expression values of >300 either for

control or for cells treated with gold. RT-PCR was performed for all these genes to

validate their mRNA expression status in cells cultured with and without gold

nanoparticles. The results showed no significant difference in the mRNA expres-

sion levels of any of the seven genes, supporting the observation made through

Scatter plot analysis.

3.4.8

Nanogold Particles do not Alter the Global Pattern of Transcription by HUVECs in

Near-normal Culture Conditions

The lack of an effect of gold nanoparticles on HUVECs as observed under serum-

free conditions could be due to the possibility that cells exposed to serum-free me-

dia preclude any potential effect of the gold nanoparticles on cell transcription. To

eliminate this possibility, the first step was omitted completely (culturing cells in

serum-free media for 24 h before adding gold particles) and confined incubation

of cells with gold for up to 4 h. Briefly, cells were first grown in the presence of

serum to near confluency, then repeatedly washed with serum-free media, nano-

gold particles were then added followed by incubation in serum-free media for

1 and 4 h.

RNA isolated from cells at indicated times (1 and 4 h after exposure to gold par-

ticles) was subjected to microarray analysis as above. Scatter plot analysis of the

data showed no effect of gold particles on the global transcriptional pattern of HU-

VECs even when the cells were not exposed to serum-free conditions for a long

time. Correlation coefficients obtained from these experiments were 0.995 for 1 h

and 0.994 for the 4 h, further supporting this observation. The data was also man-

ually scanned to identify cases of differentially expressed genes not evident in the

Scatter plot analysis. Nine genes were identified based on the criteria mentioned

earlier. RT-PCR was performed for these genes to validate their mRNA expression

level in cells cultured with and without nanogold for 1 and 4 h. The RT-PCR re-

sults did not suggest any difference in the mRNA expression levels of these genes

in HUVECs not exposed to serum-free conditions prior to adding nanogold in the

culture, supporting the results from Scatter plot analysis. Thus, all of the experi-

ments suggested a lack of a direct effect of gold nanoparticles on the transcrip-

tional program of HUVECs.

Conceptually, any agent, physical, chemical or biological, can have an effect on a

cell/organism; the magnitude of the effect, however, will depend on a diverse array

of known and unknown parameters. Whether such an effect can be measured by
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standard means depends on the resolution and sensitivity of a given method. We

have previously shown changes in the level of gene expression due to the effect of

sound waves on cultured cells [128, 129]. Thus, measurement of gene expression

can document subtle intracellular changes caused by the extracellular environment

of a cell. DNA-microarray has rapidly become a useful tool for measuring gene ex-

pression at the global level – this is, probably, because the resolution of the micro-

array can be very high (the one used in this study contains probes for virtually all

known and predicted human genes) and the sensitivity is within an acceptable

range.

However, with such a tool, we did not observe any effect (positive or negative) of

gold nanoparticles on the global transcriptional pattern of HUVEC cells. Some

genes selected by manual screening of the microarray data appeared to be differen-

tially expressed between HUVEC cells cultured with and without gold nanopar-

ticles. However, repeated RT-PCR failed to document differential expression for

any of these genes. Thus, both RT-PCR and microarray-based results strongly sug-

gest a lack of effect of gold nanoparticles on mRNA expression.

Recently, we have demonstrated that nanogold particles can not only bind to

VEGF but also can inhibit VEGF-dependent HUVEC proliferation and ascites fluid

accumulation in a mouse ovarian tumor model, illustrating a unique mechanism

of deactivation of heparin binding growth factors by gold nanoparticles on a com-

plex biological process [7]. Note that VEGF has cysteine residues on its heparin-

binding domain, which can easily become conjugated with gold nanoparticles

through covalent interaction, causing sequestration and/or inactivation of the

growth factor [8]. Since, the experiments reported herein were not VEGF-

dependent, no such indirect effect of nanogold should be expected (in agreement

with our previous reports where we did not see any toxic effects of gold nanopar-

ticles on HUVEC). The results presented in this study enabled some important in-

ferences. First, although the results could not rule out subtle effects of 5-nm gold

nanoparticles or effects beyond the time points investigated under conditions

tested, 5-nm naked gold nanoparticles with no surface modifications may indeed

have no direct effect on human cells. Second, gold nanoparticles of smaller size

were expected to be more ‘‘active’’ than particles of larger size; however, it would

be interesting to see if nanoparticles of different sizes with no surface modification

have any significant direct effect on biological processes. Finally, since 5 nm nano-

particles appeared to have no effect (toxic or non-toxic) on HUVECs, such particles

may be ideal to realize at least some of the promises of nanotechnology, assuming

a similar effect of such particles on other types of cells. Notably, the potential gen-

otropic effects of gold nanoparticles have been evaluated in this study; however,

such particles may also exert non-genotropic effects (such as membrane protein

cycling) on target cells. Such a possibility will need to be addressed to evaluate

comprehensively the direct effect of nanoparticles on cell metabolism. We believe

our approach provides a general experimental strategy for screening a diverse array

of nanoparticles for their potential global effects on any type of target cells/tissues

under diverse experimental conditions.
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3.5

Synthetic Approaches to Gold Nanoparticles

Even though this chapter focuses on the application of nanogold in cancer therapy

and diagnosis, it would be incomplete without a description of the synthesis of

gold nanoparticles, since the synthesis procedure may effect the properties of the

gold nanoparticles and, hence, their application in the treatment of cancer. Here

we describe briefly the general synthesis process for the preparation of gold nano-

particles. There are basically two synthetic methods: chemical and physical.

3.5.1

Chemical Methods

In 1857, Faraday first reported the synthesis of gold nanoparticles by reduction of

chloroaurate ions by phosphorous in carbon disulfide [130]. Among all the meth-

ods that are applied for the reduction of HAuCl4 to gold nanoparticles, the citrate

reduction and borohydride reduction methods are most commonly used. The ci-

trate reduction method, first introduced by Turkevitch in 1951, yields AuNPs ap-

proximately 20 nm in diameter [131]. Recently, it was shown that the size of

AuNPs formed by the citrate reduction method can be controlled by the use of a

stabilizer along with the reducing agent and by manipulating the ratio of gold salts

to reducing agent/stabilizer [132].

In 1994, Brust and Schiffrin introduced a novel method for the synthesis of

thiol-capped gold nanoparticles using sodium borohydride as a reducing agent

[133]. Nanoparticles so-formed are thermally stable, air stable, with reduced disper-

sity and a size ranging from 1.5 to 5 nm. Spontaneous reduction of gold salts to

gold nanoparticles by an inorganic matrix such as fumed silica has also been re-

ported [134, 135]. These matrices not only reduce the gold salts to gold nano-

particles but also provide them with a solid support. Such conjugates exhibit inter-

esting catalytic properties.

3.5.2

Physical Methods

The most common physical methods for the synthesis of gold nanoparticles in-

clude UV, irradiation, NIR irradiation, sonochemical method, radiolysis and ther-

molysis. UV irradiation can improve the quality of the gold nanoparticles formed

when it is used in the presence of micelles or seeds [136–139]. Near-IR irradiation

produces a large size growth of thiol-stabilized gold nanoparticles [140]. The rate of

AuCl4
� reduction in aqueous solution as well as sizes of gold nanoparticles formed

can be controlled by using an ultrasonic field of 200 kHz [141, 142]. Radiolysis has

also been used to control the sizes of gold nanoparticles or when they are synthe-

sized in the presence of radicals [143, 144]. Gold nanoparticles have also been pro-

duced by the thermolysis of gold salts [144, 145].
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3.5.3

Biological Methods

Biological methods for the synthesis of nanoparticles have been reported recently.

Some living microorganisms, such as fungus, can reduce metal salts to metal

nanoparticles. Both extracellular and intracellular synthesis of metal nanoparticles

have been reported using fungus [146, 147]. Cadmium sulfide nanoparticles has

also been synthesized [148].

3.6

Nanotechnology in Detection and Diagnosis with Gold Nanoparticles

Nanotechnology [149] combined with biology is the most advanced technology

both from an academic viewpoint and for commercial applications. The integration

of nanotechnology with biology and medicine is expected to produce major ad-

vances in molecular diagnostics, therapeutics, molecular biology, and bioengineer-

ing [150–158]. Optical [159] and magnetic [160] properties of metals, semiconduc-

tors, polymers and magnetic nanoparticles, and quantum dots (small devices that

contain free electrons and have typical dimensions between nanometers to

micrometers – these tiny crystals glow when stimulated by ultraviolet light, e.g.,

ZnS, ZnSe, CdSe, CdTe, PbSe, etc.) are being used for DNA detection, cancer diag-

nostics, drug discovery and clinical therapy in biomedical research [121, 154, 161–

179].

Among inorganic nanoparticles and quantum dots, colloidal gold nanoparticles

have attracted significant research and practical attention in biology. Due to fasci-

nating colors, size-dependent properties and dimensional similarities to biomacro-

molecule, these colloidal gold nanoparticles are widely used in biomedical research

such as DNA detection [150, 177(b), 180], highly sensitive diagnostics [177(a), 181],

thermal ablation and radiotherapy enhancement [182], as well as drug and gene

delivery [183]. For instance, antibody-modified gold nanoparticles, when used for

detection of prostate specific antigen, had an almost one million-fold higher sensi-

tivity than a conventional ELISA-based assay [164]. Near-infrared radiation absorb-

ing gold–silica nanoshells have been prepared and evaluated for thermal ablation

of tumors after systemic administration [92, 182].

3.6.1

Cancer Detection

Sayed et al. have reported that binding gold nanoparticles to a specific antibody for

cancer cells could make cancer detection much easier using a simple microscope

[177(a)]. Their technique for detection of cancer cells is very simple, clean, faster,

economically very cheap and eco-friendly/non-toxic.

They proposed that the very good scattering and light absorption properties

of gold nanoparticles could be used to easily distinguish healthy from cancerous
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cells with the help of a very simple microscope. Many cancer cells have a protein,

known as Epidermal Growth Factor Receptor (EFGR), all over their surface, while

healthy cells typically do not express the protein as strongly. By conjugating, or

binding, the gold nanoparticles to an antibody for EFGR, suitably named anti-

EFGR, they were able to get the nanoparticles to attach themselves to the cancer

cells. When they added the conjugated nanoparticle solution to healthy cells and

cancerous cells, they observed with a simple microscope that the whole cancer cell

shines. In contrast, healthy cells did not bind to the nanoparticles specifically and,

consequently, they did not shine.

In this promising technique, they found that the gold nanoparticles have a 600%

greater affinity for cancer cells than for noncancerous cells. The gold nanoparticles

that worked the best were 35 nm in size. Researchers tested their technique using

cell cultures of two different types of oral cancer and one nonmalignant cell line.

The shape of the strong absorption spectrum of the gold nanoparticles is also found

to distinguish between cancer cells and noncancerous cells.

3.6.2

Detection in DNA

Several studies suggest that nanoparticle-based technology could enable sensitive

detection of sequence variation in DNA [180]. Early studies demonstrated array-

based DNA discrimination by allele-specific oligonucleotide hybridization using

gold nanoparticle reporters containing bound oligonucleotides for hybridization to

complementary targets [180(a)]. Detection was achieved by silver enhancement, re-

sulting in deposition of silver on the surface of the nanoparticles, which enabled

scanometric detection to define the location of the gold nanoparticles on an array

[180(b)]. Attachment of a dye close to the surface of the nanoparticles via linkage to

the oligonucleotide also enabled detection after silver enhancement by surface-

enhanced Raman spectroscopy (SERS) [180(c)].

3.6.2.1 Single-mismatch Detection in DNA

Maxwell et al. have demonstrated the design and feasibility of bio-conjugated gold

nanoparticles for recognizing and detecting specific DNA sequences in a single step

[150]. According to their method, colloidal gold nanocrystals 2.5 nm in size have

been used to develop a new class of nanobiosensors that can recognize and detect

specific DNA sequences and single-base mutations in a homogeneous format. The

2.5-nm gold nanoparticles function as both a nano-scaffold and a nano-quencher

(efficient energy receptor).

They proposed that single-stranded DNA is conformationally flexible. Con-

versely, two oligonucleotide molecules (oligos) are self-assembled in a constrained

conformation (arch-like structure) on each gold particle (2.5 nm in diameter) A T6

spacer (six thymines) is inserted at both the 3 0 and 5 0 ends to reduce steric hin-

drance. In the assembled (closed) state, the fluorophore is quenched by the nano-

particle because of the stable arch-like structure. Upon target binding, the con-

strained conformation opens, the fluorophore leaves the surface because of the
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structural rigidity of the hybridized DNA (double stranded), and fluorescence is

restored. In the open state, the fluorophore is separated from the particle surface

by about 10 nm.

In this novel method gold nanoparticles represent a new class of universal fluo-

rescence quenchers that are substantially different from DABCYL (4,4 0-dimethyla-

minnophenylazobenzoic acid) and should find new applications in molecular engi-

neering and biosensor development and homogeneous bioassays that are not

possible by DABCYL.

In another method, Dubertret et al. have shown that gold-quenched nucleic acid

probes (gold–oligonucleotide–dye) can be more sensitive than other probes cur-

rently available for mismatch detection. With their developed probes a point muta-

tion can be selectively detected in the presence of random sequences even if only 1

out of 50 sequences has one mutation. They have developed a hybrid material com-

posed of a 25-nucleotide long single-stranded DNA (ssDNA) molecule, a 1.4 nm

diameter gold nanoparticle, and a fluorophore (an organic dye) that is highly

quenched by nanoparticle through a distance-dependent process. This hybrid ma-

terial can form the hairpin structure that brings the fluorophore and the gold par-

ticle in close proximity (within a few angstroms). In this conformation, the gold

cluster quenches the fluorescence of the dye. Through sequence-specific hybridiza-

tion to a single-stranded target DNA, the hairpin structure changes to a rod-like

structure (on the right), which maintains the fluorophore and the quencher

far apart and thus restores the fluorescence. They reported that 1.4-nm diameter

gold nanoparticles are better than a conventional fluorescence quencher, such as

DABCYL, because gold nanoparticles quench fluorescence as much as 100� better

and have higher quenching efficiency than dyes emitting in the near-infrared

region.

As well the above examples of the use of gold nanoparticles in cancer and DNA

detection, numerous recent reports relate the biological applications of gold nano-

particles in imaging and in therapy [8, 184–193]. A few are described here very

briefly.

Chen et al. have demonstrated a novel nanoshell-based all-optical platform tech-

nology for integrating cancer imaging and therapy applications [184]. Immunotar-

geted nanoshells are engineered to both scatter light in the NIR enabling optical

molecular cancer imaging, and to absorb light, allowing selective destruction of tar-

geted carcinoma cells through photothermal therapy. They have shown that dual

imaging/therapy immunotargeted nanoshells can be used to detect and destroy

breast carcinoma cells that overexpress HER2, a clinically relevant cancer bio-

marker.

Bioconjugated with antibodies, gold nanocages (<40 nm) have also been used

for specific targeting of breast cancer cells [185]. These gold nanocages have a

moderate scattering cross-section of@8.10 Å@ 10–16 m2 but a very large absorp-

tion cross-section of@7.26 Å@ 10–15 m2, suggesting their potential use as a new

class of contrast agents for optical imaging.

Surface-enhanced Raman scattering (SERS) studies have been reported on in-

docyanine green (ICG) on colloidal silver and gold nanoparticles, demonstrating a
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novel optical probe for applications in living cells [186]. The ICG gold nanoprobe

delivers spatially localized chemical information from its biological environment

by employing SERS in the local optical fields of the gold nanoparticles.

Applications of nanostructures including gold nanoparticles in biodiagnostics

have been thoroughly reviewed recently [187]. Prostate-specific antigen (PSA) is a

valuable biomarker for prostate cancer screening. Huang et al. have developed a

PSA immunoassay on a commercially available surface plasmon resonance biosen-

sor [188]. They have developed a sandwich assay with gold nanoparticles for a ma-

jor enhancement in sensitivity of PSA detection. The assay enables the detection of

total PSA levels at clinically relevant concentrations. Gold nanoparticles can be used

as an amplifying payload strategy for adenoviral cancer gene therapy [189]. Colloi-

dal gold nanoparticles can be used as a versatile platform for developing tumor tar-

geted cancer therapies [8, 190–192].

On the basis of theoretical and experimental results, a new dynamic mode – the

bubbles-overlapping mode (BOM) – has been reported for the selective killing of

cancer cells to whose cell membrane nanoparticles conjugated with specific anti-

bodies have been attached [192].

3.7

Future Direction

Nanotechnology can be used in cancer detection and diagnosis. To improve cancer

treatment, detection of cancer at an early stage is a very critical step. Presently, de-

tection and diagnosis of cancer usually depend on molecular changes in cells and

tissues that are detected by a doctor’s physical examination or imaging expertise.

Nanotechnology is uniquely promising as an early detection tool for cancer treat-

ment for several reasons:

To successfully detect cancer at its earliest stages, scientists must be able to de-

tect molecular changes even when they occur only in a small percentage of cells.

This means the necessary tools must be extremely sensitive. The potential for

nanostructures to enter and analyze single cells suggests they could meet this need.

Many nanotechnology tools will make it possible for clinicians to run tests with-

out physically altering the cells or tissue they take from a patient. This is important

because the samples clinicians use to screen for cancer are often in limited supply.

Scientists would like to perform tests without altering cells, so they can be used

again if further tests are needed.

Other technologies will focus on improved methods of reading the genetic code

on single strands of DNA to detect errors that may contribute to cancer. Scientists

believe nanopores, tiny holes that allow DNA to pass through one strand at a time,

will make DNA sequencing more efficient. As DNA passes through a nanopore,

scientists can monitor the shape and electrical properties of each base on the

strand. Because these properties are unique for each of the four bases that make

up the genetic code, scientists can use the passage of DNA through a nanopore to
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decipher the encoded information, including errors in the code known to be asso-

ciated with cancer.

To detect cancer, scientists can design beads containing quantum dots to bind

to sequences of DNA that are associated with cancer. When the quantum dots are

stimulated with light, they will emit their unique barcodes, or labels, making the

critical, cancer-associated DNA sequences visible. The vast number of possible

combinations of quantum dots means that scientists can create many unique la-

bels, which can be used at the same time. This will allow scientists to look simulta-

neously at numerous regions of DNA. This will be important in the detection of

cancer, which results from many different changes within a cell.

These technologies are in various stages of discovery and development. Experts

believe that quantum dots, nanopores and other devices for detection and diagno-

sis may be available for clinical use in 5–15 years. Therapeutic agents are expected

to be available within a similar time frame. Devices that integrate detection and

therapy could be used clinically in about 15 or 20 years.
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4

Nanoparticles for Magnetic Resonance Imaging

of Tumors

Tillmann Cyrus, Shelton D. Caruthers, Samuel A. Wickline, and

Gregory M. Lanza

4.1

Introduction

Molecular imaging with nanoparticulate agents represents a novel tool that will al-

low the detection of tumors and metastases in early stages that evade conventional

imaging technologies. Several of these nanoparticulate agents are also undergoing

development to deliver drugs locally, thus increasing therapeutic effects at the

tumor site while minimizing systemic adverse effects that are often limitations

of conventional chemotherapy. The combination of molecular imaging and local

delivery of therapeutic agents is unique to nanoparticulate agents and regarding

tumor detection and treatment will likely change the current medical paradigm of

‘‘see and treat’’ to a ‘‘detect and prevent’’ strategy. An overview of this technology is

given here, focusing on particles that are available for non-invasive magnetic reso-

nance imaging (MRI). Principle targeting mechanisms are described, followed by

superparamagnetic nanoparticles, which create negative or dark contrast effects on

MRI, and paramagnetic nanoparticles, which produce positive or bright contrast

effects. Superparamagnetic nanoparticles all contain magnetic elements, mostly

iron oxides, and are sub-classified according to molecular modifications and size.

Paramagnetic nanoparticles differ substantially and thus are presented according

to their principal groups, such as liposomes, perfluorocarbon nanoparticles, fuller-

enes, and others. Finally, hybrid technologies using quantum dots are presented,

which allow non-invasive imaging with MRI and intraoperative direct visualization.

As these technologies are rapidly evolving, particular emphasis is given to the most

current developments.

4.2

Magnetic Resonance Imaging (MRI)

Originally developed as a noninvasive method using a magnetic field and radio

waves to generate detailed images of the inside of the human body, MRI is based
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on the principles of nuclear magnetic resonance (NMR). Atoms consist of protons,

electrons, and often neutrons. All of these particles possess a spin. Depending on

its composition, some nuclei have a net spin that, when placed in an external mag-

netic field ðB0Þ, aligns with the external magnetic field, somewhat like a magnet

with a north and south pole would. For a hydrogen nucleus, for example, there

are two possible energy states: the lower energy configuration is parallel to the ex-

ternal magnetic field (e.g., N-S-N-S), and the higher energy state is anti-parallel

(e.g., N-N-S-S). For a given nuclei, the energy of separation between spin states de-

pends on the magnitude of B0. The parallel state is slightly favored, on the order of

a few parts per million, and is described by Boltzmann statistics (as a function of

the energy of separation and temperature). Thus, for about every one million nu-

clei, there is one extra aligned with the B0, field resulting in a net magnetization

pointing in the direction of the main magnetic field; these spinning nuclei do not

perfectly align with B0 but rather precess about it at their resonance frequency, also

called the Larmor Frequency, which is defined as the product of the gyromagnetic

ratio ðgÞ of the nucleus and the external magnetic field. Typically, these individual

‘‘spins’’ are thought of collectively as a net magnetic vector, aligned with B0. Indi-

vidual particles can undergo a transition from the lower to the higher energy state

by absorbing a photon, and vice versa by emitting one. In MRI, the required

frequency for this photon is in the radiofrequency (RF) range at the resonance or

Larmor frequency, which is the product of the gyromagnetic ratio and B0. When

exposed to RF energy at this frequency the nuclei change spin states and, when

thought of en masse, can be represented by a net magnetic vector, which ‘‘rotates’’

away from the longitudinal axis, but returns to alignment once the external RF

transmission is ceased. The rate of this return to equilibrium (known as longitudi-

nal or spin–lattice relaxation) is exponential and can be described by the time con-

stant T1. When the net magnetic vector is aligned with B0, an MR signal cannot be

measured. But with the net magnetic vector ‘‘tipped’’ out of alignment, the compo-

nent of the magnetization vector in the transverse plane (Mxy) can be measured as

an MR signal (using an external RF antenna such as a coil of wire tuned to the cor-

rect resonance frequency). Since the individual spins comprising the net vector ex-

perience slightly different magnetic milieus, the spins have slightly different pre-

cessional frequencies and, thus, the magnitude of Mxy (transverse magnetization)

decays over time (independently of longitudinal relaxation). This signal decay is

also exponential, with time constant T2. The detected signal, created by exciting

the spins out of longitudinal alignment with B0, is the source for MR image gener-

ation is based on the absorption and emission of energy in the radiofrequency

range of the electromagnetic spectrum. Hence, the signal in MRI results from the

difference between the energy absorbed by the spins that make a transition from

the lower energy state to the higher energy state and the energy emitted by the

spins that simultaneously make a transition from the higher energy state to the

lower one.

Although highly sensitive, NMR can only be performed on isotopes whose natu-

ral and biological abundance is high enough to be detected. The hydrogen in water
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is an ideal atom is this respect. Its nucleus contains a single proton and has a large

magnetic moment. Of the three hydrogen isotopes, the natural abundance of 1H is

99.985%. The 1H nuclei in water have an MR signal, and the human body consists

primarily of water. While bones only contain about 22% water, muscle is 75% and

blood up to 83% water, explaining the advantage of MR in imaging soft tissues in-

cluding tumors. To generate an image, the MRI machine applies an RF pulse ðB1Þ
at the specific resonance frequency of hydrogen. This excitation pulse is localized

toward the area of the body that is of interest by simultaneously superimposing a

secondary magnetic field, which is a function of position (i.e., gradient magnetic

field). This gradient magnetic field causes the resonance frequency of hydrogen

nuclei to vary as a function of position within the MRI magnet; thus, a finite

‘‘slice’’ of interest can be excited to give MR signal since the nuclei can absorb en-

ergy (to change spin state) only at their resonance frequency. As described earlier,

once this RF excitation pulse is turned off, the 1H nuclei begin to return to equilib-

rium with B0. But while some transverse magnetization remains, the signal that

will ultimately be reconstructed into the MR image can be detected. This signal

is already localized upon excitation, via ‘‘slice selection,’’ in one dimension. The

remaining two dimensions are encoded by quickly switching on and off other gra-

dient magnetic fields before (phase encoding) and during (frequency encoding) the

readout of the generated signal. By repeating this process multiple times, data

is collected until the signal is completely spatially encoded and the final image

can be reconstructed.

The signal intensity for each location in the image (volume element, or voxel) is

dependent on multiple things, including the number of 1H nuclei present (proton

density), and the T1 and T2 of the tissue present. T1 relaxation is characterized by

the longitudinal return of the net magnetization to its ground state in the direction

of the main magnetic field. It also depends on the main magnetic field strength,

i.e., higher magnetic fields are generally associated with longer T1. T2 relaxation

occurs when spins in the high and low energy state exchange energy but do not

lose it to the surrounding area. Thus, transverse magnetization is lost. In pure

water, T1 and T2 are approximately the same, but in biological tissues T2 is con-

siderably shorter. These differences are exploited in conjunction with imaging

sequence timing parameters to obtain either T1- or T2-weighted images.

Similarly to other imaging technologies, MR imaging benefits from the usage of

contrast agents. Conventional MR contrast agents work by altering the local mag-

netic field and relaxation parameters in the tissue being examined. Superparamag-

netic iron oxide particles, for instance, generate image contrast by shortening the

MR relaxation times with a predominant effect on apparent T2 relaxivity, which

leaves dark contrast effects (i.e., signal voids; Fig. 4.1). Paramagnetic particles

such as gadolinium chelates, however, produce bright contrast in T1-weighted MR

images (Fig. 4.2). The advent of nanoparticulate contrast agents afforded a dra-

matic improvement in imaging. These agents, which are described in this chapter,

can passively or actively target epitopes within the body, enhance imaging, and, in

some cases, even deliver drugs locally.
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4.3

Targeting Mechanisms

4.3.1

Passive versus Active Targeting

Nanoparticulate agents concentrate within a site by passive and/or active targeting

mechanisms (Fig. 4.3). Passive targeting refers to the accumulation within or the

extravasation through a tumor neovasculature distinguished by a dismorphic, fe-

nestrated architecture [1]. Vascular endothelial and basic fibroblast growth factors

produced by tumors accelerate angiogenic sprouting with endothelial pores be-

tween 200 and 780 nm in diameter that entrap or permit extravasation of macro-

Fig. 4.1. T2-weighted MRI. (A) Conventional

MRI and (B) MRI obtained 24 h after

the administration of lymphotrophic

superparamagnetic nanoparticles. The

accumulation of the iron-containing

superparamagnetic nanoparticles leads to a

homogeneous decrease in signal intensity in a

lymph node in the left iliac region (arrow).

(Reproduced with permission from Ref. [27].)

Fig. 4.2. T1-weighted MRI. (A) Conventional

MRI and (B) MRI obtained 30 min after

the administration of perfluorocarbon

nanoparticles. C32 tumor in an athymic nude

mouse (arrow in A). Signal enhancement of

angiogenic vasculature as detected by anb3-

targeted paramagnetic nanoparticles (B).
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molecules and nanoparticles [2, 3], dependent on size. In many tumors, ineffective

lymphatic drainage further contributes to the passive, local retention of nanopar-

ticles [4]. This combination enhances the permeability and retention (EPR) effect

[4, 5]. In some situations phagocytic cells, naturally responsible for particle clear-

ance, ingest the agent while migrating into the tumors core.

Particles are removed from the circulation in a size-dependent hierarchy by the

lung (largest), spleen, liver, and bone marrow (smallest). Opsonization (i.e., biolog-

ical tagging) with blood proteins such as immunoglobulins, complement proteins,

or non-immune serum factors can enhance macrophage recognition, phagocytosis,

and further accelerate circulatory clearance. While complement fixation promotes

liver sequestration, the presence of antibody Fc receptors favors splenic removal.

Fig. 4.3. Schematic illustration of passive and

active targeting with nanoparticles. (A) Passive

targeting, via the enhanced permeability and

retention (EPR) effect due to pathological

endothelialization of angiogenic vessels in

tumors, allowing the leakage of very small

nanoparticles into the subendothelium and

into the space between tumor cells. (B) Active

targeting with very small ligand-targeted

nanoparticles. These particles bind respective

epitopes on tumor cells. (C) Active targeting

with ligand targeted nanoparticles with

nominal diameters > 150 nm.
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Active targeting encompasses ligand-directed, site-specific accumulation of nano-

particulate agents. Antibodies, peptides, polysaccharides, aptamers, and drugs, may

be utilized to home nanoparticles specifically to cellular biomarkers. These ligands

may be attached covalently (i.e., chemical conjugation) or non-covalently (e.g.,

avidin–biotin interactions) to the contrast agent. Further surface chemistry modifi-

cations, such as incorporation of surface poly(ethylene glycol) or crosslinking

of surfactants, are employed to delay rapid systemic destruction or clearance of

the agents. Homing-ligands increase contrast signal and therapeutic uptake in tar-

get organs beyond the concentrations achieved with passive approaches – benefits

usually achieved with active ingredient dosages orders of magnitude less than what

would be given in the clinic today.

4.4

Superparamagnetic Nanoparticles

Superparamagnetic iron oxide nanoparticles generate contrast by shortening the

MR relaxation times with a predominant effect on T2 relaxivity leaving dark or neg-

ative contrast effects (Fig. 4.1). These particles are categorized, based upon nomi-

nal diameter, into superparamagnetic iron oxides (SPIO, 50 to 500 nm) and ultra-

small superparamagnetic iron oxides (USPIO, <50 nm). The variation in size

results in different physicochemical and pharmacokinetic properties. SPIO nano-

particles with maghemite or magnetite cores have to be coated with molecules

such as dextran, phospholipids, or poly(amino acids) to prevent aggregation. These

particles passively localize to normal liver and spleen parenchyma, causing a loss

of signal on MR images [6–12]. In contrast, pathological changes in the liver,

such as benign tumors, primary hepatic carcinoma, or metastases, have decreased

reticuloendothelial system (RES) function, thus avoiding absorption of SPIO par-

ticles and retaining their intrinsic signal intensity on MR images. The resulting

MR images depict decreased MR signal intensity of the normal liver and spleen

tissues and enhanced contrast of focal disease areas. Modifying SPIOs to allow tar-

geting of asialoglycoprotein receptors on hepatocytes can further enhance absorp-

tion by native liver cells. These nanoparticles are coated with asialofetuin [13] or

galactose [14, 15].

A water-dispersible oleic acid (OA)-pluronic-coated iron oxide magnetic nano-

particle formulation, which can be loaded with high doses of hydrophobic anti-

cancer agents like doxorubicin, has recently been developed [16]. The formula-

tion increased the average particle diameter of the iron oxide particles from 9.3

to 193 nm, but had no effect on the magnetic properties of the core. These nano-

particles demonstrated sustained intracellular drug retention and dose-dependent

antiproliferative effect over a period of two weeks in vitro.
Ultrasmall particles of iron oxide (USPIOs) with a mean diameter of 10 to 50 mm

are cleared slower by the RES than SPIOs, thus increasing their intravascular

half-life [17]. Moreover, their small size allows them to migrate through inter-

endothelial junctions and capillary pores or fissures [18, 19] to potentially accumu-
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late in the vascular wall. Such USPIOs are phagocytosed by macrophages in athe-

rosclerotic plaque of WHHL rabbits in quantities sufficient to be detected by MRI

[20], and have been shown to detect atherosclerotic plaque in vivo [21]. Extravasa-

tion of USPIOs has been imaged by MRI in the setting of capillary damage associ-

ated with infections [22] and inflammation [23], human ischemic stroke [23], an-

giogenesis associated with atherosclerosis [21], and neovascularity induced by solid

tumors [24–26].

4.4.1

Ligand-directed Targeting of Iron Oxides

Monocrystalline iron oxide nanoparticles (MION) have been developed to address

the limitations of passive tissue accumulation and phagocytosis by macrophages

and the RES system. These particles have an average core diameter of 3 nm and

can be directly coupled to homing ligands to specifically target epitopes in the tis-

sue of interest. An early clinical trial was based on MION without such ligands

at the time [27]. Starting in 1999, patients with prostate cancer were selected to

receive MION, delivering 2.6 mg kg�1 body weight. The investigators were able

to demonstrate non-invasive detection by MRI of clinically occult lymph node

metastases.

Dextran-coated MION coupled to human holo-transferrin (Tf-MION) have been

used to visualize transgene expression in a gliosarcoma mouse model in vivo [28].

In these experiments, the cellular uptake of MION was increased approximately

500% relative to control cells following overexpression of engineered transferrin

receptor. In other experiments MION have been used to indirectly assess angiogen-

esis through estimates of blood volume distribution in brain tumors [29]. The tar-

geting efficiency of iron oxide particles was further improved with the development

of dextran crosslinked iron oxide (CLIO) particles [30]. These have since been used

with various ligands, including e-selectin [31], a peptide sequence from the trans-

activator protein (Tat) of HIV-1 [32–35], and annexin V [36].

Another example of targeted iron oxide nanoparticles are SPIO coupled to

humanized biotinylated monoclonal antibody (Herceptin) that was targeted to the

human Her-2/neu (c-erb B-2) tyrosine kinase receptor expressed by human breast

cancer cell lines [37]. This formulation yielded contrast proportional to the expres-

sion level of Her-2/neu receptors. Other investigators have employed polyacryla-

mide to encapsulate 10–15 crystals of iron oxide within the particle matrix, for

blood pool imaging of gliomas [38]. Future applications of these nanoparticles

may include direct targeting of ligands.

The combination of superparamagnetic and non-superparamagnetic nanopar-

ticle technologies such as near-infrared fluorescent (NIRF) probes, which can be

targeted to different proteases in tissues [39, 40], has also been employed. Upon

phagocytosis by macrophages, detection is facilitated by light scattering with

charge-coupled device (CCD) cameras [41] or fluorescence-mediated tomography

(FMT) [42, 43]. CLIO-NIRF nanoprobes have been used to coincidently localize ax-

illary and brachial lymph nodes by MRI and NIRF imaging following intravenous
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injection into C57BL/6 mice [44]. The utilization of CLIO-NIRF for non-invasive

preoperative and subsequently intraoperative localization of brain tumors has also

been established. In experiments with a Fisher 344 gliosarcoma model with stably

green fluorescence protein expressing 9L glioma cells, non-invasive brain tumor

localization of the superparamagnetic particles with MRI was followed later by

intraoperative direct visualization of the fluorescent activity [45]. In conjunction

with T2-weighted imaging, magnetite particles can be used to augment targeting

through external field placement and create vibratory release of drug at localized

sites [46]. One early agent pursuing this development path targets luteinizing hor-

mone releasing hormone (LHRH) overexpressing breast cancer cells and releases a

lytic peptide load when the particles fracture in response to magnetic field changes

[47].

4.4.2

Cell Tracking of Iron Oxides

Magnetic labeling of individual cells prior to reaching their target location allows

advantage to be taken of the strong effects of iron oxide on T2 relaxation while

increasing spatial resolution due to diminished background disturbance. The

concept of cellular tracking became feasible once augmentation of cytoplasmic

endocytosis of iron oxide particles was accomplished. An early example of this

technology resulted from the exploitation of cell surface proteins, such as the trans-

ferrin receptor [48]. In these experiments, dextran-coated MION were incubated

with CG-4 rat central nervous system glial precursor cells in vitro and then the cells

were grafted into the spinal cord of rats. The migration, implantation, and re-

myelination process was imaged non-invasively by MR and corroborated by histol-

ogy 10–14 days after transplantation. Subsequently, MION coated with various

transfection agents have been used to nonspecifically label human mesenchymal

stem cells, mouse lymphocytes, rat oligodendrocyte progenitor cells, and human

cervical carcinoma cells [49]. Non-invasive tracking of human mesenchymal and

neuronal stem cells has also been reported for iron oxide nanoparticles encapsu-

lated within cationic dendrimers [50]. CD8þ T-cells have been labeled with CLIO

derivatized with monoclonal antibodies in a mouse melanoma model [51], and

stem cell homing to bone marrow has been tracked after labeling with CLIO

coupled with HIV-Tat peptides. Particle uptake has been increased over 100-fold

using such specific targeting conjugates [33, 52].

4.5

Paramagnetic Nanoparticles

Paramagnetic nanoparticles produce ‘‘bright’’ contrast in T1-weighted MR images

(Fig. 4.2). This allows subtle anatomical features to be discerned near the contrast

agent. Nanoparticles can carry large paramagnetic payloads on the surface to pro-

vide adequate signal for noninvasive MR imaging at clinically relevant field
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strengths. Linking these nanoparticles with ligands to specific epitopes facilitates

active targeting. Perfluorocarbon emulsions, dendrimers, fullerenes, and lipo-

somes are the most prevalent paramagnetic nanoparticle technologies currently in

various stages of development for clinical applications.

4.5.1

Perfluorocarbon Nanoparticles

The large lipid surface area of perfluorocarbon (PFC) nanoparticles can be func-

tionalized with magnetic labels for imaging, with homing ligands for specific

tissue targeting, and with hydrophobic drugs for local delivery of treatment

(Fig. 4.4). Due to the nominal size of the PFC nanoparticles (250 nm diameter),

their utility is geared toward vascular-accessible targets, such as thrombosis, athe-

rosclerosis, restenosis, and other angiogenic-dependent diseases, such as most

tumors. Access beyond the circulation is sterically precluded, which prevents the

unintended targeting of other cell types expressing the same biomarkers. Each

nanoparticle can be coupled to several diverse ligands to afford polyvalent binding,

which can amplify the signal from either microscopic pathology, where epitope

concentrations are low, or where biologic temporal variation requires multiple bio-

signature recognition for robustness. Binding to multiple ligands also enhances

binding avidity and improves targeting, which also reduces the particle dissociation

rate from the biomarker and provides more persistent MR contrast for convenient

imaging in a clinical setting.

PFC nanoparticle emulsion technology offers the particular advantage of multi-

modal imaging. The inherent acoustic contrast of PFC nanoparticles allows detec-

tion of these emulsions when targeted and bound in vivo or in vitro due to the

Fig. 4.4. Schematic illustration of a

perfluorocarbon nanoparticle. Imaging agents

such as gadolinium, targeting ligands, and

drugs are covalently bound into the phospho-

lipid monolayer. Phospholipids and drugs

within the nanoparticle surfactant exchange

with lipids of the target membrane through a

convection process after successful targeting.

(Nominal particle diameter is 250 nm.)
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markedly decreased speed of sound of the PFC core versus the surrounding water-

like media [53, 54]. The high 19F concentrations of the perfluorocarbon provide a

unique signal, which can be used for both imaging and spectroscopy. In addition,

the integration of fluorine imaging with proton imaging provides an independent

validation of the targeted contrast, quantitative assessment of biomarker concentra-

tion, and dosimetry of local therapeutic delivery.

For MRI imaging, each bound paramagnetic nanoparticle delivers 50 000 to

90 000þ gadolinium ions [55, 56]. These can be detected with low-resolution scans

in routine clinical practice. The relaxivity of paramagnetic nanoparticles allows the

calculation of ‘‘ionic relaxivity’’ with respect to absolute Gd concentration, and

the determination of ‘‘molecular relaxivity’’ referring to the collective relaxivity of

the entire paramagnetic nanoparticle. For applications with a 1.5 T scanner, per-

fluorocarbon nanoparticles have an ionic relaxivity of@30 mm
�1 s�1 and a molec-

ular relaxivity of greater than 2� 106 mm
�1 s�1, which is many fold greater than

the ionic and molecular relaxivity of Gd-DTPA alone (@5 mm
�1 s�1) [57]. Due to

this extraordinarily high relaxivity a voxel with as few as 100 pm of nanoparticles

can be detected conspicuously with a contrast-to-noise ratio (CNR) of 5 [58]. Con-

sequently, even single layers of cells can be imaged [59].

Various molecular epitopes, including high-density epitopes such as fibrin

in thrombi and very sparse biomarkers such as integrins in neovascular beds

have been targeted with perfluorocarbon nanoparticles. In angiogenic states, avb3-

integrin is expressed on the luminal surface of activated endothelial cells and

smooth muscle cells but not on mature quiescent cells. Nanoparticles targeted to

avb3-integrin sensitively detect angiogenic endothelium at 1.5 T in New Zealand

White rabbits bearing 12d Vx-2 tumors (<1.0 cm) [60]. In these experiments, the

expression of avb3-integrin was obtained with MRI molecular imaging and paral-

leled by immuno-histochemical staining, which revealed an asymmetric distribu-

tion along the border of the tumor capsule where the popliteal fossa mass abutted

the muscle border. The MRI signal from tumor vasculature was enhanced by 126%

within 2 h of injection of avb3-integrin-targeted nanoparticles. Additional in vivo
competition-blockade studies diminished targeted signal enhancement by more

than 50%, which supports specificity of the avb3-targeted paramagnetic agent. In

different experiments, anb3-integrin-targeted nanoparticles were administered sys-

temically into athymic mice implanted with human melanoma xenografts (C-32,

ATCC). The MR signal enhancement from the targeted angiogenic vasculature

was apparent in 0.5 h and became progressively more prominent through the

next 2 h (177%). Here too, in vivo competition studies and immuno-histology cor-

roborated the specific localization of anb3-targeted nanoparticles (Fig. 4.5).

Recent studies have demonstrated the unique drug delivery capability of these

agents to locally deliver antiangiogenic therapy through a process we term ‘‘contact

facilitated drug delivery’’. Atherosclerotic rabbits were treated with anb3-targeted

paramagnetic nanoparticles including 0 or 0.2 mol% fumagillin. MRI signal en-

hancement averaged over all imaged slices from the renal artery to the diaphragm

at 2-h post injection provided quantitative assessments of neovascular proliferation

within the aortic wall. MR baseline aortic wall signal enhancement produced
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by anb3-targeted paramagnetic nanoparticles was heterogeneously distributed

throughout the great vessel and averaged 16:7G 1:1% and 16:7G 1:6% in animals

receiving fumagillin or control nanoparticles, respectively. Reassessment 7 days

later of residual aortic angiogenic activity with anb3-targeted paramagnetic nanopar-

ticles (no drug) revealed that MR signal enhancement in rabbits given anb3-

targeted fumagillin nanoparticles was markedly reduced (2:9G 1:6%; p < 0:05),

whereas the aortic wall enhancement from the control animals was unchanged

(18:1G 2:1%). The combination of MR molecular imaging with drug delivery per-

mits local therapeutic concentrations to be estimated, i.e., rational drug dosing, by

quantitative MR 19F spectroscopy [58, 59]. Hence, targeted paramagnetic nanopar-

ticles can serve as a platform to diagnose, treat, and monitor therapy.

4.5.2

Liposomes

Liposomes were first described in 1963 following the demonstration that phospho-

lipids in water form closed bilayer vesicles with an aqueous core [61, 62]. The

size of these liposomes can reach >700 nm, dependent on the size of the core

components and the number of bilayers. Hydrophilic payloads may be stored in

the inner aqueous core, hydrophobic ones can be embedded in the phospholipid

bilayer and small proteins may be carried on the outer surface. The clinical poten-

tial of liposome technology was previously hampered by the short circulation half-

lives secondary to rapid phagocytosis by macrophages of the reticuloendothelial

Fig. 4.5. (A) Full slice baseline T1-weighted

MR image (axial view) of an athymic nude

mouse. (B) Full slice T1-weighted MR image

(axial view) of athymic nude mouse 1 h after

injection of targeted PFC nanoparticle. (C)

Enlarged section of MR image (B). T1-weighted

signal enhancement of angiogenic vasculature

of early tumor at 1 h as detected by anb3-

targeted paramagnetic nanoparticles (arrow).

[Reproduced with permission from G. M.

Lanza et al. J. Nucl. Cardiol. 11(6) (2004) 733–
743.]
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systems. However, the adoption of surface PEGylation and phospholipid crosslink-

ing has helped to reduce the rapid in vivo destruction and clearance of liposomes

[63–65].

Numerous studies have investigated various liposome formulations in their po-

tential to target and treat cancer in animal models (reviewed in Ref. [66]). Using

catheter-based techniques, liposome formulations were shown to deliver genes

in vivo [67, 68] and, more recently, taking advantage of developments in molecular

biology, liposome-mediated drug and gene transfer has been demonstrated for

lipid prodrug liposomes [69], and small interfering RNA (siRNA) cationic lipo-

somes [70, 71]. Several studies in humans have led to the approval of liposomal

formulations based on doxorubicin, (DoxilTM, ALZA Corporation, Tibotec Thera-

peutics, NJ) for treatment ovarian cancer and AIDS-related Kaposi’s sarcoma, and

daunorubicin (DaunoXome2, Gilead Sciences Ltd., UK) for the treatment of ad-

vanced Kaposi’s sarcoma. Many more applications are being investigated in phase

II trials [72, 73]. Generally, these liposomal agents accumulate in tumor tissues via

passive targeting using the EPR effect. In the treatment of brain tumor models, di-

rect injection and convection-enhanced delivery (CED) to overcome the blood–

brain barrier have been employed [74, 75]. Because many cancer cells overexpress

certain receptors compared with healthy tissues, avenues of active targeting with

liposomes that have been fused with agonists to these receptors have been ex-

plored. For instance, liposomes have been fused with low-density lipoprotein (LDL)

particles, thereby enhancing uptake into cancer cells, which frequently overexpress

these receptors [76], and haloperidol-associated stealth liposomes have been used

successfully to deliver genes to breast cancer cells [77].

MRI facilitated in vivo monitoring of a liposomal doxorubicin formulation utiliz-

ing MnSO4 as the paramagnetic metal was recently investigated in a murine flank

tumor model. This novel thermal-sensitive liposomal formulation took advantage

of the relaxivity of Mn, which is similar to Gd. Visualization was possible within

minutes following IV liposomal infusion as the temperature-sensitive particles

entered the heated tumor, ruptured, and released MnSO4 locally [78].

Rabbit adenocarcinoma neovasculature has been imaged with a newly developed

anb3-targeted paramagnetic UV polymerized liposome. In these experiments, ade-

quate tumor contrast was appreciated 24 h after injection [79], reflecting both the

prolonged circulatory persistence of the nanovesicles and the time required to ex-

travasate adequately into the tumor. After incorporation of cationic phospholipids

into the polymerized bilayer, delivery of a mutant Raf gene to the neovasculature

of M21-L melanoma was accomplished in athymic WEHI mice [80]. ATPmu-Raf,

the mutant antisense gene, resulted in apoptosis of the tumor-associated endothe-

lium and ultimately induced tumor regression.

4.5.3

Fullerenes

Fullerenes, also referred to as buckyballs due to their characteristic geodesic struc-

ture, have unique physical, electrochemical, and photochemical properties [81].

These unique geodesic structures can be formulated to encapsulate gadolinium
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atoms for imaging with MRI and have been functionalized for usage as receptor

agonists and antagonists, free radical scavengers, and bactericidal agents [82]. Pro-

longed circulation, up to 48 h, has been demonstrated following intravenous injec-

tion for water-soluble gadolinium endohedral metallofullerenes [83, 84]. Recently,

fullerene formulations have been developed that can influence proton relaxivities

by manipulation of the pH [85]. A remaining challenge is the homing of paramag-

netic buckyballs to important biochemical epitopes for molecular imaging at clini-

cally relevant field strengths [86] as well as elucidation of their interaction with

blood constituents, biodistribution, metabolism, and safety.

4.5.4

Nanotubes

Ultrashort single-walled carbon nanotubes (20–100 nm), which are linear super-

paramagnetic ‘‘molecular magnets’’, have been loaded with gadolinium ions for

possible usage as MRI contrast agents. The relaxivities (@170 mm
�1 s�1) of these

nanotubes are greater than for other gadolinium-based contrast agents currently in

clinical use [87]. Studies are ongoing regarding the ideal length for biomedical ap-

plications, biocompatibility, and exploitation of the tube exterior to anchor target-

ing ligands and or drugs.

4.5.5

Dendrimers

Dendrimers are hyperbranched, structurally well-defined polymers. They are based

upon polyamines, polyamides, or polyaryl-ether subunits, and have varying core

structures such as carbohydrate or calixarene [88]. Paramagnetic polyamidoamine

(PAMAM) and diaminobutane (DAB) dendrimers have been developed for MRI

applications. Several spherically branched molecules [89] have been evaluated in

several animal models to detect intratumoral vasculature [90] and lymph vessels

[91–93] with high-resolution MRI on clinical 1.5 T MRI scanners. Blood pool

imaging has been accomplished with conjugated dendrimers [94, 95]. However,

conjugation with antibodies for targeting has tended to unfavorably alter their

pharmacokinetics [96]. Recently, improved kinetics have been obtained with small

molecule, e.g., folate, based targeting applications [97, 98]. Future formulations

need to address the question of toxicity, which can be high, especially for den-

drimers with cationic surface groups and amino-terminated dendrimers [99, 100].

The most promise for medical applications has been shown for anionic PAMAM

dendrimers and hydroxy- and methoxy-terminated dendrimers [101–103].

4.6

Quantum Dots

Semiconductor nanocrystals, also known as quantum dots, absorb light over a very

broad spectral range, depending on the particle composition and size (typically 2–8

nm in diameter). This allows for the excitation of a broad spectrum of colors using
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a single excitation laser wavelength [104]. When conjugated to targeting proteins

such as transferrin or antibodies, these nanocrystals can bind to surface receptors

on cells [105], be incorporated by cells [106], and even nuclear localization has

been demonstrated [104]. Thus, their use for in vitro diagnostic applications has

been extended to include in vivo small animal imaging applications. Recently,

in vivo cancer targeting has been demonstrated in a mouse model growing human

prostate cancer [107]. In these experiments, antibodies against prostate-specific

membrane antigen were conjugated to nanocrystals, allowing for active targeting.

Currently, linking quantum dots to therapeutic, e.g., anticancer, agents is being

investigated for applicability. Unlike other nanoparticles, which can carry targeting

ligands and therapeutic agents, semiconductor nanocrystals, due to their small

size, will likely have to be conjugated to other nanoparticles to achieve specific tar-

geting, while allowing for real-time imaging and drug delivery. The first such mul-

timodality probes have recently been developed by integrating quantum dots with

superparamagnetic nanoparticles [108, 109].

The main concerns with quantum dot technology, however, are biocompatibility,

biodistribution, metabolism and biosafety. Nanocrystals can contain elements such

as cadmium and indium and various techniques have been employed to make

these particles more water-soluble and safer. One method is to modify the particles

by growing a silica layer onto the surface of the quantum dots [110] or coating the

dots with amphiphilic polymers [111, 112]. Another avenue of protecting the non-

biocompatible elements of the quantum dots involves conjugation with targeting

molecules [111, 112]. While polymer-encapsulated nanocrystals may be biocompat-

ible for immediate imaging, the issue of toxicity during breakdown and elimina-

tion of these particles from the body requires further study.

4.7

Polymer Nanoparticles

Nanoparticles formulated from poly(hydroxy acids) such as the copolymer of

poly(lactic acid) (PLA) and poly(d,l-lactide-co-glycolide) (PLGA) have been investi-

gated for localized drug and gene delivery [113, 114]. These particles are biodegrad-

able, like absorbable suture materials, and result in a similar inflammatory

response during degradation [115]. Drugs can be encapsulated into the nanopar-

ticles during the emulsification process and are later released during the decay of

the nanoparticle. Depending on size, the entire nanoparticle can be incorporated

into cells through phagocytosis. Degradation kinetics, and thus drug release, can

be adjusted by changing copolymer composition and molecular weights [116].

In recent experiments, transferrin targeted nanoparticles containing doxorubicin

afforded prolonged survival in a murine prostate cancer model [117]. The particle

size averaged 220 nm and the treatment was given as a single direct intra-

tumoral injection into the subcutaneously grown prostate cancer in athymic nude

mice. Sustained release of drug was observed, as compared with the paclitaxel

Cremophor1 EL formulation, and complete regression of tumor was observed

with the higher nanoparticle associated paclitaxel dosage (24 mg kg�1) compared
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with (in order of decreasing survival) lower dosage (12 mg kg�1), non-transferrin

targeted paclitaxel nanoparticles, paclitaxel Cremophor1 EL, or Cremophor1 EL

alone and control nanoparticles. These researchers took advantage of the over-

expression of transferrin receptors by many tumors, yet the nanoparticles were still

injected directly into the tumor in these experiments and systemic application may

prove less effective since many normal tissues express transferrin receptors [118].

Recently shell-crosslinked nanoparticles derivatized with gadolinium were studied

for their capability for polyvalent targeting [119]. These particles demonstrated

large ionic relaxivities (@39 mm
�1 s�1) and a high molecular relaxivity of 20 000

mm
�1 s�1. Such particles have been conjugated with folate and shown to result

in higher tumor uptake in small tumors overexpressing the folate receptor than

controls [120]. Furthermore, folate nanoparticle uptake in the smaller tumors was

competitively inhibited by excess folate, supporting ligand-based targeting.

4.8

Conclusion

Nanoparticulate agents, such as superparamagnetic agents, perfluorocarbon

nanoparticle emulsions, liposomes, fullerenes, dendrimers, are being intensively

studied for various clinically relevant applications, particularly for magnetic reso-

nance imaging (Table 4.1). The detection of tumor or metastasis development in

the early stages appears feasible with nanoparticles targeted to unique or abundant

epitopes on tumor tissues (Table 4.2). Nanoparticle-facilitated signal enhancement

Tab. 4.1. Nanoparticle classification.

Nanoparticles Ref. Nanoparticles Ref.

Superparamagnetic Paramagnetic

SPIO 16, 37 PFC 53–60

USPIO 24–26

Liposomes 63, 66, 70–80, 121MION 27, 28, 49

Fullerenes 83–86

CLIO 44, 45, 51

Nanotubes 87, 122

PAM 38

Dendrimers 89–95, 97–99, 102,

103

Magnetite 46, 47

Polymer nanoparticles 114, 117, 119, 120

Magneto-fluorescent

NIRF 39–45

Fluorescent

Quantum dots 107, 112

SPIO – Superparamagnetic iron oxides; USPIO – ultrasmall

superparamagnetic iron oxides; MION – monocrystalline iron oxide

nanoparticles; CLIO – crosslinked iron oxide nanoparticles; PAM –

polyacrylamide magnetic nanoparticles; NIRF – near-infrared

fluorescent nanoparticles; PFC – liquid perfluorocarbon nanoparticles.
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will allow the imaging of tumors in size ranges that are undetectable with conven-

tional imaging protocols. Importantly, delivery of drugs by nanocarriers specifically

to tumor tissues will allow for localized therapy in dosage ranges that cannot be

achieved with conventional systemic chemotherapy due to side effects. Ushering

in the era of ‘‘personalized medicine’’ these nanoparticulate technologies will ulti-

mately allow physicians to diagnose disease in asymptomatic individuals and treat

pathology early and custom-tailored to the individual patient.
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Magnetic Resonance Nanoparticle Probes for

Cancer Imaging

Young-wook Jun, Jung-tak Jang, and Jinwoo Cheon

5.1

Introduction

Inorganic nanoparticles exhibit unique optical, magnetic, and electronic properties

arising from nanoscale quantum effect and are emerging as key materials for next-

generation device applications [1]. When these nanoparticles are applied to biolog-

ical systems, they have the potential to improve modern imaging techniques, such

as X-ray imaging, computed tomography (CT), near-IR fluorescence imaging, posi-

tron emission spectroscopy (PET), and magnetic resonance imaging (MRI) [2–4].

Although such modern imaging techniques provide excellent anatomical informa-

tion of living objects, they have difficulties in detecting molecular and cellular

events. Considering that most biological processes and disease attacks are related

to molecular and cellular events, precise observations of detailed biological pro-

cesses are important [5, 6]. Inorganic nanoparticles, upon conjugation with bio-

molecular markers, can report such molecular and sub-cellular events. In addition,

their nanoscale materials properties can lead to the significant enhancements in

detection sensitivity and resolution.

Semiconductor quantum dots are a good example of such nanoparticle probes.

Quantum dots exhibit better fluorescence properties, such as high quantum yield,

multicolor emissions by single excitation, and high photo-stability, than conven-

tional organic fluorophores [7–9] Such enhanced properties have allowed the imag-

ing of cell signaling, cell evolution, cell trafficking, and in vivo cancer detection

[10–13].

In contrast, magnetic nanoparticles with unique superparamagnetism can serve

as excellent probes in magnetic resonance imaging (MRI). MRI detects subtle

change in the relaxation time of the proton nuclear spins of water molecules,

which make up from 70 to 90% of most tissues. Although this is one of the most

powerful medical diagnostic tools due to its non-invasive nature, multidimensional

tomographic capabilities, and high spatial resolution [14], MRI has a lower sensi-

tivity than other tools [6]. Such weakness can be significantly improved by using

magnetic nanoparticle probes [15, 16]. Under an applied magnetic field, magne-

tized nanoparticles generate an induced magnetic field, which perturbs the mag-

147



netic relaxation processes of the protons in water molecules surrounding the mag-

netic nanoparticles. This leads to a shortening of the spin–spin relaxation time

(T2) of the proton, which results in darkening of the MR images (Fig. 5.1).

According to the outer sphere spin–spin relaxation formula of solvent protons

by solute magnetic particles, the spin–spin relaxation time of the proton is given

by Eq. (1), where gI is the gyromagnetic ratio of protons in water, m is the molarity

of magnetic nanoparticles, r is their radius, NA is Avogadro’s number, m is the mag-

netic moment of the nanoparticle, os and oI are the respective Larmor angular

precession frequencies of the solute electronic and water proton magnetic mo-

ments, the functions jnðo; tÞ are spectral density functions, and t ð¼ r 2=DÞ is the
time scale of fluctuations in the particle–water proton magnetic dipolar interaction

arising from the relative diffusive motion (D) of a particle and water molecules

[17].

1

T2
¼ 32pNA½M�

405000rD

� �
g21m

2f6:5j2ðos; tÞ þ 1:5j1ðoI; tÞ þ j1ð0; tÞg ð1Þ

Therefore, T2 is shortened by increasing the magnetic moment of the nanopar-

ticles. Recently, Cheon, Suh, and coworkers experimentally demonstrated such

magnetic moment effects on T2 by elucidating the correlated nanoscale effects of

iron oxide nanoparticles between size, magnetism, and T2 relaxivity [18]. Figure

Fig. 5.1. MR contrast effects of magnetic

nanoparticles. Under an applied magnetic field

(M), magnetic nanoparticles are magnetized

and generate an induced magnetic field (dM),

which perturbs the magnetic relaxation

processes of the proton in water molecules,

which is reflected as dark MR contrast.
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5.2(a) shows transmission electron microscopic images of highly monodispersed

iron oxide nanoparticles, 4, 6, 9, and 12 nm. These magnetic nanoparticles exhibit

size-dependent magnetic moments and as the nanoparticle size is increased from

4 to 6, 9, and to 12 nm, the mass magnetization at 1.5 T changes from 25 to 43,

80, and 102 emu (g-Fe)�1 (Fig. 5.2e). Such a trend is clearly reflected in the T2-

weigthed MR images. The 1/T2 relaxivity gradually increases from 56 to 106, 130,

and to 190 m
�1 s�1, which is imaged by the gradual change of the MR contrast

from white to black through gray (Fig. 5.2b–d).

Such effect of magnetic nanoparticles on MR contrast gives them the ability to

report various biological events. For example, magnetic nanoparticles >30 nm

have been used for phagocytosis imaging [19, 20]. When phagocytes uptake mag-

netic nanoparticles, they are imaged as dark contrast. But tumor cells without

phagocytic ability are imaged as white contrast. By utilizing such an effect,

liver metastasis [21, 22], spleen [23], and lymph node detection [24] have been

performed.

In contrast, when smaller nanoparticles (e.g., 10 nm) can easily escape from

phagocytes, magnetic nanoparticles, upon conjugation with a target specific

biomolecule, can detect target tissues through molecular interactions between

Fig. 5.2. Nanoscale size effects of iron oxide

nanoparticles on magnetism and induced

magnetic resonance (MR) signals. (a) TEM

images of Fe3O4 nanocrystals of 4, 6, 9, and

12 nm. (b) Size-dependent T2-weighted MR

images of iron oxide nanoparticles in aqueous

solution at 1.5 Tesla. (c) Size-dependent

changes from red to blue in color-coded MR

images based on T2 values. (d) Graph of 1/T2

relaxivity versus iron oxide nanoparticle size.

(e) Magnetization of iron oxide nanoparticles

measured by a SQUID magnetometer. (From

Ref. [18], with permission.)
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nanoparticle–biomolecule conjugates and molecular markers expressed from tar-

get tissues [24, 25]. Various types of clinically benign iron oxide based magnetic

nanoparticles [e.g., superparamagnetic iron oxide (SPIO)] have been explored, and

imaging has been reported of infarct [26–28], angiogenesis [29], apoptosis [30],

gene expression [31, 32], and cancer [18, 33–36]. However, MR signal sensitivity

and specificity of nanoparticle probes to the target tissue are still unsatisfactory

for clinical applications and further efforts are needed to make them better. This

chapter briefly reviews recently developed biocompatible magnetic nanoparticles

and their utilization in molecular MRI.

5.2

Magnetic Nanoparticle Contrast Agents

For their successful utilization as molecular MR contrast agents, magnetic nano-

particles must fulfill the following requirements: (a) uniform and high superpara-

magnetic moment, (b) high colloidal stability under physiological conditions (e.g.,

high salt concentration and pH changes), (c) the ability to escape the reticuloendo-

thelial system (RES), (d) low toxicity and biocompatibility, and (e) possession of

functionality to be linked to biologically active species (e.g., nucleic acid, proteins).

Since these properties are highly related to their size, stoichiometry, and surface

structures, various types of iron oxide nanoparticles have been developed.

5.2.1

Silica- or Dextran-coated Iron Oxide Contrast Agents

For conventional MR contrast agents, iron oxide nanoparticles are synthesized

through the precipitation of iron oxide in an aqueous solution containing ferrous

salt by adding an alkaline solution [37]. Such iron oxide nanoparticles are usually

insoluble as-is and a coating material is required for them to be soluble in aqueous

media. In early attempts to make them water soluble, silica was used as a coating

material [38]. The size of the core magnetic iron oxide can vary between 4 to 10 nm

and the total particle size varies from 10 nm to 1 mm, including coating materials.

Since these nanoparticles have a broad size distribution, further size sorting proce-

dures, including differential centrifugation and dialysis, are required. A representa-

tive silica-coated iron oxide contrast agent is AMI-121 (generic name: Ferumoxsil),

which is now commercially available as Lumirem1 (Guerbet) and Gastromark1
(Advanced Magnetics) (Table 5.1). The core is @10 nm-sized polycrystalline iron

oxide and the hydrodynamic size is@300 nm. This agent is delivered orally and

used for abdomen MRI [39].

Although silica-coated iron oxide nanoparticles are reasonably stable in aqueous

media, they tend to aggregate in blood and, therefore, are inadequate for blood in-

jection. To enhance the colloidal stability of iron oxide nanoparticles, another type

of coating agent, dextran or carbodextran, has been developed [40] (Table 5.1).

Since dextran possesses high colloidal stability against harsh physiological condi-
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tions, dextran-coated iron oxide nanoparticles can have good stability. Such nano-

particles are prepared through a co-precipitation method from aqueous solution

containing ferrous salt and dextran by adding an alkaline solution [37]. There are

three representative dextran-coated iron oxide nanoparticles: AMI-25 [Feridex1
(Berlex Lab.) and Endorem1 (Guerbet)], SHU 555A [Resovist1 (Schering)], and

AMI-227 [Combidex1 (Advanced Magnetics) and Sinerem1 (Guerbet)]. AMI-25 is

composed of a @5-nm iron oxide core and dextran coating materials. The total

size is between 80 and 150 nm with a T2 relaxivity of@98.3 mm
�1 s�1 [41]. SHU

555A has an@4.2-nm iron oxide core coated with carbodextran, with total size of

@62 nm; Resovist has a higher T2 relaxivity of 151.0 mm
�1 s�1 [42] and has no

known side effects after fast intravenous injection [43]. These magnetic contrast

agents are generally trapped and accumulated by the reticuloendothelial cells in

the liver with a short blood half-life of less than 10 min and, therefore, are

used for liver imaging [20]. Compared with these two iron oxide contrast agents,

AMI-227 has similar iron oxide core size (@5 nm) but a smaller overall size of

20–40 nm. Although AMI-227 has lower T2 contrast effects (T2 relaxivity of

@53 mm
�1 s�1), its smaller size provides a much higher blood half-life of@24 h,

which enables MR angiography and lymph node detection [44].

Smaller dextran-coated iron oxide nanoparticles, including monocrystalline iron

oxide (MION) and its derivative, crosslinked iron oxide (CLIO) are composed of a

@2.8-nm core iron oxide and dextran shell with a total size of 10–30 nm [45–47].

Tab. 5.1. Various silica- or dextran-coated iron oxide contrast agents.

Agent Iron oxide

core size

(nm)

Total

size

(nm)

Coating

material

Magnetization

at 1.5 T

(emu gC1)

T2 relaxivity

(MC1 sC1)

Blood

half-life

AMI-121[a] [36],

Lumiren,

Gastromark

10 @300 Silica N/A 72 <5 min

AMI-25[a] [38],

Feridex Endorem

5–6 80–150 Dextran 78 98 @6 min

SHU 555A[a] [39],

Resovist

@4.2 @62 Carbodextran N/A 151 3 min

AMI-227[a] [41],

Combidex,

Sinerem

4–6 20–40 Dextran 69.8 53 >24 h

MION [42–44],

CLIO

2.8 10–30 Dextran 60–68 69 @10 h

aCommercialzed.
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Since these nanoparticles are relatively small and have a long blood half-life, and

their surface can be readily linked with biologically active molecules, they are use-

ful for in vivo molecular MRI of biological targets [45] (Section 5.3.1).

5.2.2

Magnetoferritin

Ferritin is a well-known iron storage protein used to sequester and store iron,

which is composed of a@6 nm hydrated iron oxide, ferrihydrite (5Fe2O3 9H2O),

core and polypeptide apoferritin shell [48]. Ferritin has been used as an efficient

synthesizer for other magnetic materials [49–51]. For example, magnetically less

useful ferrihydrite can be replaced by iron sulfide or magnetite nanoparticles (Fig.

5.3) [49]. Researchers have also utilized magnetoferritin as contrast agents for

MRI. Magnetoferritin possesses a reasonably high T2 relaxation of 157 mm
�1 s�1

[52]. Although magnetoferritin is expected to have high biocompatibility and colloi-

dal stability in the blood when considering that they mimic naturally-occurring fer-

ritin, actual results are contradictory. These magnetoferritin particles are rapidly

cleared from the blood circulation (blood half-life of less than 10 min) by the reti-

culoendothelial system in the liver, spleen, and lymph nodes [52]. Therefore, mag-

netoferritins are only suitable for liver, spleen, and lymph-node detection rather

than molecular imaging.

5.2.3

Magnetodendrimers and Magnetoliposomes

The unique pore structures and multiple functional end-groups of dendrimers

make them useful as host materials in drug and gene delivery. Similarly, den-

drimers can efficiently deliver magnetic nanoparticles to cells. Bulte, Frank, and

coworkers have demonstrated carboxy-terminated dendrimer (G ¼ 4.5) coated iron

oxide contrast agents [53, 54]. Typically, magnetodendrimers are synthesized

through the pH-controlled reaction of a ferrous salt and a trimethylamine oxide

Fig. 5.3. Synthesis scheme of magnetoferritin. Removal of

ferrihydrite from native ferritin produces apoferritin and

subsequent formation of magnetite nanoparticles inside

apoferritin affords magnetoferritin. (From Ref. [49], with

permission.)
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oxidant in a methanol/water mixture containing polyamidoamine dendrimers (Fig.

5.4a). The core size of the magnetodendrimers is 7–8 nm and they tend to aggre-

gate to oligomers 20–30 nm in size (Fig. 5.4b). Magnetodendrimers show en-

hanced magnetic properties [saturation magnetism: @94 emu (g-Fe)�1] and a

high T2 relaxivity of 200–406 m
�1 s�1 [53], compared with those of dextran-coated

MION. Since dendrimers can be efficiently transfected to cells without any trans-

fection agents, these magnetodendrimers can be used as labelers for cellular MR

imaging and trafficking [53].

Similarly, liposomes, which are also widely used for drug and gene delivery, can

be good coating materials to solubilize iron oxide nanoparticles. Liposomes have a

bilayer assembly of surfactant molecules with a hydrophilic head and a hydropho-

bic tail. As shown in Fig. 5.4(c), the hydrophilic ends of the inner layer surfactants

encapsulate the iron oxide nanoparticles and the hydrophilic head of the outer

layer surfactant make them soluble in water. Bulte, Frank, and coworkers have re-

ported that such magnetoliposome can be utilized for bone marrow MR contrast

agents [55]. The iron oxide core size of the magnetoliposomes is@16 nm, and the

entire size is@40 nm (Fig. 5.4d) with a T2 relaxivity of@240 mm
�1 s�1.

Fig. 5.4. Schematics and TEM images of (a, b)

magnetodendrimers and (c, d) magnetoliposomes. (From

Refs. [54 and 55], with permission.)
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5.2.4

New Type of Contrast Agent: Non-hydrolytically Synthesized High Quality

Iron Oxide Nanoparticles

With the exception of MION and CLIO, previously developed iron oxide MR con-

trast agents undergo rapid uptake by the reticuloendothelial systems (RES) and,

therefore, are effectively for liver, spleen, and lymph node detection. Consequently,

researchers have encountered difficulties when they are utilized for molecular MRI

[19–23]. Successful molecular imaging requires high-performance magnetic nano-

particle systems that exhibit excellent magnetic properties, the ability to escape

from the RES, and possess active functionality that can be linked with biologically

active molecules [15]. Since magnetic properties of nanoparticles depend highly on

the materials properties such as size, shape, stoichiometry, and crystallinity [18, 56,

57], it is critical to be able to control such properties. However, conventional water-

phase protocols, which have been widely adopted for superparamagnetic iron oxide

(SPIO) contrast agents, generally lack precise size-controllability and monodisper-

sity, and afford poor crystallinity and non-stoichiometric compositions [37]. In

contrast, nonhydrolytic high-temperature growth methods allow one to have size-

controllability, high single crystallinity, and good stoichiometry [18, 57–60]. For

example, the nanoparticle size can be easily controlled from 4 to@20 nm with a

very narrow size distribution (s < 8%) by controlling the growth conditions [18,

57]. One difficulty that must be overcome before their utilization as MR contrast

agents is obtaining water-solubility since nonhydrolytically synthesized iron oxide

nanoparticles are soluble only in organic media. Various surface modification

methods have been developed, including bifunctional ligand [18, 36, 61], micellu-

lar [62, 63], polymer [64–66], and siloxane-linking procedures [67, 68]. For exam-

ple, nonhydrolytically synthesized nanoparticles can be transferred to aqueous

media by overcoating the nanoparticles with poly(ethylene glycol)-(PEG)-ylated

phospholipid micelles. Such a micellular coating strategy has been demonstrated

with quantum dots [69], and Bao and coworkers have successfully extended this

strategy to make water-soluble iron oxide nanoparticles (Fig. 5.5) [63]. The PEGy-

lated nanoparticles can be further linked to cellular transfection Tat peptides and

utilized for MR cellular labeling [63].

Bawendi and coworkers have proposed another approach to transfer iron oxide

nanoparticles from organic to aqueous media by coating them with polymeric

phosphine oxide ligands [70]. These polymeric ligands can tightly bind to the iron

oxide nanoparticle surface through multidentate bondings (Fig. 5.6).

The siloxane linkage to a metal oxide surface is efficient and strong. Zhang and

coworkers have successfully applied this strategy for the synthesis of water-soluble

iron oxide nanoparticles [71]. Refluxing toluene solution containing triethoxysilyl-

terminated PEG ligands and nonhydrolytically synthesized iron oxide nano-

particles provides iron oxide nanoparticles with high colloidal stability in aqueous

media (Fig. 5.7).

The major advantage of these nonhydrolytic synthesized iron oxide nanopar-

ticles, as mentioned above, is the precise size control with high monodispersity.
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Fig. 5.5. (a) Synthetic scheme and (b) TEM image of

poly(ethylene glycol) (PEG)-ylated iron oxide nanoparticles.

(From Ref. [63], with permission.)

Fig. 5.6. Multidentate phosphine oxide ligand

approach for the synthesis iron oxide

nanoparticles. (a) The phosphine oxide

functional groups bind to the surface of iron

oxide and exposed PEG groups make them

water soluble. (b) Iron oxide nanoparticles

dissolved in water. (From Ref. [70], with

permission.)
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Cheon, Suh, and coworkers have demonstrated such advantages for the synthesis

of iron oxide MR contrast agents [18, 36, 61]. As shown by transmission electron

microscopy (Fig. 5.8), nanoparticles obtained are@9 nm, with a narrow size distri-

bution (s < 8%). HR-TEM and X-ray analyses show that the nanoparticles are

single-crystalline stoichiometric Fe3O4. Water-soluble iron oxide nanoparticles

(WSIO) are then obtained by introducing 2,3-dimercaptosuccinic acid (DMSA) li-

gand onto the nanoparticle surface. This ligand endows the surface with high

Fig. 5.7. Siloxane–poly(ethylene glycol) (PEG) coated iron

oxide nanoparticles. Silanization of terminal ethoxysilane

groups of the PEG ligand on top of iron oxide nanoparticles

induces the formation of PEG-coated iron oxide nanoparticles.

(From Ref. [71], with permission.)

Fig. 5.8. TEM image of@9-nm Fe3O4 nanoparticles.
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water-phase stability through (a) carboxylate chelate bonding to iron and (b) disul-

fide crosslinkages between the ligands (Fig. 5.9a) [18]. Furthermore, the remaining

free thiol group of the ligand can be used to attach target-specific biomolecules. So-

obtained Fe3O4 nanocrystals with the DMSA ligand are fairly stable in water and

phosphate-buffered saline (PBS) up to an NaCl concentration of 250 mm without

any aggregation. These nanoparticles have been utilized as MR probes, upon con-

jugation with cancer targeting antibody, not only for the in vitro detection of cancer

cells but also for in vivo imaging of cancer implanted in a mouse [18, 36] (Section

5.3.5).

5.3

Iron Oxide Nanoparticles in Molecular MR Imaging

When iron oxide nanoparticles are conjugated with biologically active materials

(e.g., antibody), the resulting iron oxide–biomolecule conjugates possess dual func-

tionalities of both the MR contrast enhancers and molecular recognition capability.

These conjugates act as molecular imaging probes that can efficiently report on

various molecular/biological events occurring in region-of-interest targets (Fig.

Fig. 5.9. (a) Schematic of 2,3-

dimercaptosuccinic acid (DMSA)-coated iron

oxide nanoparticles. The carboxylic ends of

DMSA bind to the surface iron oxide

nanoparticles and are further stabilized

through interligand disulfide crosslinkages.

Remaining free thiol can be used for further

conjugation for biomolecules such as antibody.

(b) Solubility test of as-synthesized (as-syn)

and DMSA-coated iron oxide nanoparticles

(WSIO ¼ water-soluble iron oxide

nanoparticles). (c) Stability test of WSIO in

various concentrations of NaCl solution. (From

Ref. [18], with permission.)
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5.10). Molecular MRI studies utilizing such iron oxide–biomolecule conjugates

include the imaging of inflammation [72, 73], infarct [26–28], angiogenesis [29],

apoptosis [30], gene expression [31, 32], b-amyloid plaques [74], and cancer [18,

33–36].

5.3.1

Infarct and Inflammation

For imaging of infarcts and inflammations, monocrystalline iron oxide (MION)

nanoparticles are conjugated with specific antibodies through electrostatic interac-

tions or covalent linkages by the reaction of potassium periodate-activated surface

hydroxyl groups with lysine residues of antibodies. For example, R11D10 antimyo-

sin Fab was electrostatically conjugated to hydroxyl groups on MION surfaces

for cardiac infarct imaging [27]. Since infarcted cardiac cells have increased poros-

ity compared with normal cells, iron oxide–antimyosin Fab conjugates can effi-

ciently be transported into damaged cells and recognize myosin. Figure 5.11

shows T2-weighted MR images of a mouse with cardiac infarct after injection of

MION-R11D10 antimyosin Fab conjugates. The infarcted region is clearly observed

as dark MR images, while no contrast effect was seen when unconjugated MIONs

were administered. Such a targeting effect of MION-R11D10 antimyosin Fab conju-

Fig. 5.10. Nanoparticle-assisted molecular MR imaging of biological systems.
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gates was evaluated through ex vivo immunohistological analyses through Prussian

blue staining. Weissleder and coworkers further extended this strategy for the de-

tection of inflammation by conjugating MIONs with polyclonal human immuno-

globulin G. MION-IgG conjugates consistently detected the area of inflammation

in T2-weighted spin-echo MR images (Fig. 5.11c,d), which was also further con-

firmed by a histological Prussian blue staining study [72].

5.3.2

Angiogenesis

Angiogenesis is a fundamental growth process of new blood vessels for develop-

ment, reproduction, and wound repair. This process is also related to the progres-

sion of tumor growth. Therefore, the development of anti-angiogenic agents can be

a potential pathway to efficient cancer treatment. Imaging of angiogenesis is also

related to the cancer diagnosis and the evaluation of anti-cancer agents. Several

molecular markers are involved in angiogenesis: vascular endothelial growth factor

(VEGF), fibroblast growth factors (FGG), platelet-derived endothelial cell growth

Fig. 5.11. MR detection of (a, b) cardiac

infarct and (c, d) inflammation of a mouse.

After intravenous injection of iron oxide–

antimyosin antibody, dark MR contrast in

the infarcted area is observed. Similarly,

inflammation is not imaged at the control

mouse but an inflammation site is clearly

shown as dark contrast. (From Refs. [27 and

72], with permission.)
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factor (PD-EDGF), Tie-2 receptor, integrin, and E-selectin [75]. Among the various

angiogenesis markers, VEGF, Tie 2 receptor, and integrin have been extensively

studied [76–78]. Bogdanov and coworkers have reported that E-selectin expression

in human endothelial cells can be imaged by using crosslinked iron oxide (CLIO)–

monoclonal anti-human E-selectin antibody conjugate MR contrast agent [29].

When only CLIO–antibody conjugates are treated to endothelial cells with a low

E-selectin expression level, an MR contrast effect is hardly detected (Fig. 5.12a). In

contrast, treatment of cells with interleukin-1b, which stimulates the expression of

E-selectin, followed by nanoparticle–antibody dosing results in a significant MR

contrast effect (Fig. 5.12b).

5.3.3

Apoptosis

Apoptosis is an active process of programmed self-destruction of cells. In the early

stages of apoptosis, the redistribution of phosphatidylserine in the cell membrane

occurs and the detection of such processes can be an indicators of the programmed

Fig. 5.12. In vitro MR detection of E-selectin

stimulated by interleukin-1b. (a) Without

interleukin 1b, a white MR image is obtained

from HUVEC treated only with CLIO–

anti-E-selectin antibody. (b) In contrast, after

interleukin 1b and CLIO–anti-E-selectin are

sequentially dosed to HUVEC, E-selectin

expression is clearly imaged as a dark MR

image. (From Ref. [29], with permission.)
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cell death. Representative binding proteins to phosphatidylserine are annexin V

and synaptotagmin I. Although imaging of apoptosis using these antibodies has

been already performed through radio-isotope techniques [79], the spatial resolu-

tion is only@1–3 mm and needs improvement. Brindle and coworkers have shown

that conjugates of the SPIO and C2 domain of synaptotagmin I (C2-SPIO) can

detect apoptotic cells through MRI with@0.1 mm resolution [30]. While there are

no MR signals for nonspecific SPIO (BSA-SPIO) [Fig. 5.13b(3)], SPIO-only treated

apoptotic cells [Fig. 5.13b(4)], and C2-SPIO treated normal cells [Fig. 5.13b(5)], C2-

SPIO treated apoptotic cells [Fig. 5.13b(2)] clearly show dark MR contrast with a

significant change in T2 (DT2 ¼@90%). Further extension of this strategy to an

in vivo animal study was also successful. When C2-SPIO was intravenously in-

jected to drug-treated tumor-bearing mice, the nanoparticle conjugates are able to

detect apoptotic regions with a significant MR signal change (Fig. 5.13c,d).

5.3.4

Gene Expression

Gene expression is an emerging field in biomedical sciences, and the imaging of

such expression is of importance. Although several approaches to detect in vivo
gene expression have been performed through optical [80, 81] and radioisotope

imaging techniques [82], there have been limitations such as low-penetration

depth of light for optical imaging and poor spatial resolution of radioisotope imag-

ing. Weissleder and coworkers have demonstrated that MR detection of transgene

Fig. 5.13. (a) MR imaging of apoptosis using

the SPIO–C2 domain of synaptotagmin I.

(b) T2-weighted MR images of (b, 1) water,

(b, 2) SPIO–C2 conjugate, (b, 3) SPIO–BSA

control conjugate, (b, 4) SPIO only treated

apoptotic cells, and (b, 5) SPIO–C2 conjugate

treated normal cells. In vivo MR images of

tumors implanted in a mouse (c) before and

(d) after drug treatment. (From Ref. [30], with

permission.)
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expression of engineered transferrin receptor (ETR) in tumors is possible by using

MION-transferrin (MION-Tf ) contrast agents [32]. When MION-Tf is treated to

the cells with various ETR expression levels, a gradual decrease in T2 is observed

as the ETR expression levels of cells are increased due to proportional binding

of MION-Tf conjugates to the expressed ETR. These workers also determined

whether ETR expression can be detected in in vivo live mice with ETR positive

tumors and ETR negative tumors. The results show that the MR contrast effect

is only observed for ETR positive tumors (Fig. 5.14b–d). Ex vivo MRI of excised

tumors shows more dramatic differences between these two tumors (Fig. 5.14e,f ).

5.3.5

Cancer Imaging

Non-invasive detection of cancer in its early stages is of great interest since early

detection of cancer can significantly increase the survival rate of patients. With

conventional MRI techniques, the present detectable size of cancer is roughly@1

cm3. If nanoparticle contrast agents can specifically recognize cancer cells through

molecular interaction, selective enhancement of the MR signal of cancer cells can

provide one with a way to clearly distinguish cancer from normal tissues. Tiefena-

uer and coworkers have reported that the detection of cancers is possible through

such molecular recognition of superparamagnetic iron oxide (SPIO) nanoparticle–

antibody conjugates [35]. Conjugation of poly(glutamic acid-lysine-tyrosine)-coated

nanoparticles with anti-carcinoembryonic antigen (CEA) antibody is performed

through a conventional sulfo-MBS crosslinking method. In the T2-weighted MR

images, dark contrast is imaged at the CEA-expressed tumors, although the con-

trast difference is not highly pronounced (Fig. 5.15). Artemov and coworkers have

utilized another approach to detect cancer cells [34]. Since the avidin–biotin inter-

action is strongly binding, avidin conjugated SPIO can efficiently detect biotiny-

lated cancer specific antibodies that bind to the cancer cells (Fig. 5.16a). Their

in vitro fluorescence-assisted cell sorting analyses and MRI confirm cancer detec-

tion (Fig. 5.16b). Au-565 cells with high expression of HER2/neu cancer markers

are imaged as dark MR contrast, while no contrast effect is obtained from MDA-

MB-231 cells with low HER2/neu expression.

Recently, Cheon, Suh, and coworkers have achieved highly efficient cancer

targeting by using high quality, small-sized water-soluble iron oxide (WSIO)

nanoparticle–antibody conjugates [36]. The WSIO nanoparticles have high mag-

netic momentum [@100 emu (g-Fe)�1] and small hydrodynamic size (@9 nm),

which are advantageous for both in vitro and in vivo cancer imaging. When these

Fig. 5.14. In vivo and ex vivo imaging of

engineered transferrin receptor (ETR)

expression in tumors. (a) Schematic of MRI,

(b, c) in vivo imaging of ETR(þ) and ETR(�)

tumor implanted mouse before (b) and after

(c, d) the injection of MION-transferrin. Ex vivo

imaging of excised ETR(þ) and ETR(�)

tumors (e) and their color maps based on T2

(f ). (From Ref. [32], with permission.)

H_________________________________________________________________________________
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nanoparticles are conjugated with Herceptin, they successfully detect cancer cells

(SK-BR-3) as dark MR image (Fig. 5.17b) through molecular interaction between

nanoparticle surface-bound Herceptin and HER2/neu cancer markers, compared

with non-treated (Fig. 5.17a) and WSIO-irrelevant conjugate treated cells (Fig.

5.17c). This MRI result is also confirmed by an optical technique where vivid green

fluorescence from the fluorescein (FITC) is clearly observed only for FITC-WSIO-

Herceptin probe conjugate treated cells (Fig. 5.17d,e). Furthermore, WSIO nano-

particles enable the detection of various cell lines with different levels of HER2/

Fig. 5.15. MR detection of carcinoembryonic antigen (CEA)

overexpressed tumors by using iron oxide–CEA antibody

conjugates. MR images before (a) and after (b) injection of

SPIO–CEA antibody. (From Ref. [35], with permission.)

Fig. 5.16. In vitro MR detection of HER2/neu overexpressed

cancer cells by using avidin-coated SPIO and biotinylated

Herceptin. (a) Schematic and (b) MR images of SPIO–avidin

conjugate treated cells (AU-565, MDA-MB-231, MCF-7). (From

Ref. [34], with permission.)
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Fig. 5.17. In vitro cancer detection using

water-soluble iron oxide (WSIO)–Herceptin

conjugates. MR images of (a) non-treated,

(b) WSIO–Herceptin treated, (c) WSIO-

irrelevant antibody treated breast cancer cells

(SK-BR-3). (d) MR image of WSIO–Herceptin

conjugate treated cell lines with increasing

expression levels of HER2/neu receptors:

Bx-PC-3, MDA-MB-231, BT-474, and NIH3T6.7

cell lines. Control conjugates are treated to

Bx-PC-3 cell lines. (From Ref. [36], with

permission.)
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neu cancer marker expression: Bx-PC-3, MDA-MB-231, BT-474, and NIH3T6.7 cell

lines, which are arranged in the order of increasing HER2/neu expression level.

T2-weighted MR signals of the cell lines treated with WSIO–Herceptin probe con-

jugates become darker as the expression level of the HER2/neu receptors is in-

creased (Fig. 5.17f ). Notably, the MR signal intensities of the cell lines treated

with WSIO–Herceptin probe conjugates show a marked difference from that of

control conjugates, indicating excellent specific binding efficiency of the probe

conjugates.

These magnetic probes have been successfully extended to the in vivo detection

of cancer cells implanted in mouse [36]. When these WSIO–Herceptin conjugates

are intravenously injected into a mouse, they successfully reach and recognize

HER2/neu receptors overexpressed from cancer cells which results in a significant

MR contrast effect in the tumor sites, with a@20% decrease in T2 compared with

control experiments (Fig. 5.18a–c). In high-resolution MR images of WSIO–

Herceptin conjugate treated mouse measured at 9.4-T MRI, a dark MR image ini-

tially appears near the bottom region of the tumor and then gradually grows and

spreads to the central and upper region of the tumor as time elapses (Fig. 5.18d).

They found that such a time-dependent MR signal change reveals the heteroge-

neous pattern of the intratumoral vasculatures, where the bottom side of the tumor

has well-developed vascular structures.

5.4

Summary and Outlook

Although there has been much progress in the development of magnetic nanopar-

ticle contrast agents for molecular MRI in the past few years, their successful utili-

zation is limited to in vitro systems, except for a few in vivo cases. The main diffi-

culties lie in their poor MR contrast effects and limited stability under in vivo
conditions. The MR signal enhancing effect of conventional iron oxide-based nano-

particles is unsatisfactory, compared with other diagnostic tools such as fluores-

cence and PET, and needs to be improved. Therefore, it is important to develop

new types of magnetic nanoparticle contrast agents that can significantly improve

contrast effects. Since nanoparticles with higher magnetization values provide

stronger MR contrast effects, the development of novel nanoparticles with superior

magnetism is the first prerequisite. Concurrently, since the MR contrast effects of

nanoparticles are strongly correlated with a material’s characteristics in terms of

their size, shape, composition, single crystallinity, and magnetism, it is important

to have a good nanoparticle model system that can clearly describe the relationship

between nanoscale material characteristics and MR contrast effects (Fig. 5.19a).

The next required step is to impart high colloidal stability and biocompatibility to

the magnetic nanoparticles. As described in previous sections, various coating ma-

terials have been developed for such applications, but it is still necessary to develop

general and more reliable protocols for tailoring nanoparticle surfaces with desired

coating materials. Since a smaller overall size is advantageous for escaping the re-
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ticuloendothelial system, the coating materials should be as small as possible while

possessing high colloidal stability without any aggregation under physiological

conditions (Fig. 5.19b).

The toxicity of magnetic nanoparticles is also a very important issue that needs

to be resolved before clinical utilization. Although iron oxide nanoparticles have

been regarded as clinically benign materials, potential cytotoxicity arising from

their size, shape, and coating materials should also be examined, along with

Fig. 5.18. In vivo MRI of cancer targeting

events of WSIO–Herceptin conjugates. Color

maps of T2-weighted MR images of cancer cell

implanted (NIH3T6.7) mice at different

temporal points (pre-injection, immediate

post, 4 h) after the intravenous injection of

(a) WSIO-irrelevant antibody control conjugates

and (b) WSIO–Herceptin probe conjugates.

(c) T2 versus time after the injection of WSIO-

antibody conjugates in (a) and (b) samples.

(d) T2*-weighted MR images of cancer cell

implanted (NIH3T6.7) mouse at 9.4 Tesla and

their color maps at different temporal points

after probe conjugate injection. Tumor area is

circled with white dotted lines. A dark MR

image gradually grows and spreads from the

bottom region of the tumor to the central and

upper region of the tumor (red circles). (e)

Fluorescence immunohistochemical analyses

of an excised tumor slice. Endothelial vessels

were stained with Rhodamine-anti-CD31 (red

fluorescence) and probe conjugates were stained

with FITC-anti-human IgG (green fluorescence).

(From Ref. [36], with permission.)
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systematic guidelines for the nano-toxicity evaluation of newly developed novel

nanoparticles.

Once novel nanoparticles with highly enhanced magnetism, small size, and high

colloidal and biostability are developed, significant improvements in MR detection

sensitivity and target specificity are expected (Fig. 5.19c,d). This can bring huge ad-

vances in current cancer diagnosis and biomedical imaging fields. For example,

highly enhanced MR contrast of a biological target through the molecular rec-

ognition of such nanoparticle contrast agents will promise in vivo diagnosis of

early-stage cancer with sub-millimeter dimension. In addition, many unrevealed

Fig. 5.19. Nanoparticle-assisted molecular

MRI. (a) Modern molecular chemistry

approach enables the tailored synthesis of high

quality magnetic nanoparticles with desired

sizes and monodispersity. (b) Then, evaluation

and optimization of materials properties such

as magnetism, hydrodynamic size, and

colloidal and biostabilities are important.

(c) When these nanoparticles are conjugated

to biomolecules, the resulting nanoparticle–

biomolecule conjugates possess the

capabilities of both MR contrast effects and

molecular recognition of target biosystems.

(d) This enables molecular MRI that can report

various biological events, such as pinpointing

cancer diagnosis, cell migration, cell signaling,

and genetic developments, with high sensitivity

and specificity.
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biological processes, such as in vivo pathways of cell evolutions, cell differentia-

tions, cell-to-cell interactions, molecular signaling pathways, could be precisely

monitored at the molecular level by using next-generation nanoparticle contrast

agents.
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6.1

Introduction

Despite new discoveries of drugs and treatment combinations for cancer the mor-

tality rate has not improved in recent decades. There is an urgent need to improve

treatment and imaging in patients diagnosed with distant metastatic cancers.

Cancer as a confined disease is treatable today; in contrast, distant metastatic dis-

ease outcome has not improved over the past 30 years and most patient succumb

to this severe, devastating form of the disease. Furthermore, new drugs and con-

trast agents need to be developed to monitor the efficacy of response to treatments.

Nanotechnology for treatment and diagnostics has been the focus of developmen-

tal research in the past 10 years and continues to grow exponentially. This thriving

field of research focuses on materials that are on the nanometer scale, opening up

new avenues that can lead to the development of highly specific compounds for

treatment and imaging. Several reviews focus on the fabrication of nanoparticles

for various applications, including encapsulation of drugs, and mainly summarize

the latest developments for untargeted nanoparticles that are distinguishable by

different coating materials, nanomaterials and various sizes and shapes. Nanopar-

ticles open new opportunities to treat cancers by hyperthermia, to encapsulate

drugs like doxorubicin, camptotecin or radiolabeled compounds that can be func-

tionalized for higher specificity to reduce systemic exposure, and to deliver specifi-

cally nanoparticles to tumors, metastases peripheral organs and the brain.

The specific targeting of tumor cells and metastases has been more intensely

under investigation. Several receptors overexpressed in cancer cells have been tar-

geted. Although with different success with respect to specificity (some of these tar-

gets are also expressed in peripheral tissue), targeting of tumor cells can be surface

binding only or by receptor-mediated endocytotic uptake of delivered compounds,

which was observed to various extents, depending on the type of receptor.

Among targeting moieties on cancer cells, tumors and metastases the receptors

for luteinizing hormone releasing hormone (LHRH) have been studied in detail

since 1980.
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The importance of LHRH receptors as specific targeting moiety for cancer treat-

ments and diagnosis has become evident as peripheral organs express little or no

receptors; however, most human cancer cells that belong to cancers of the highest

incidence and death rates have tested positive for LHRH receptors. Most im-

portantly, this chapter overviews specific targeting of nanoparticles using LHRH

receptors for specific delivery, higher efficiency and faster accumulation of nano-

particles within tumor cells. Current applications in nanotechnology targeting the

LHRH receptor for treatment and imaging will be explained and the latest findings

and discoveries will be summarized for this highly important receptor.

Several reviews and book chapters have been published over the past decade that

summarize LHRH receptors and their function in gonadal and pituitary tissues.

This chapter tries to connect the current knowledge of LHRH and LHRH receptors

in malignant tissue to specifically target nanoparticles through LHRH receptors to

primary tumors and metastases. The current literature regarding LHRH receptors

in malignancies will be reviewed and the latest findings in the development of tar-

geted treatment and diagnosis will be discussed, with emphasis on nanoparticle

construction and their consequences in vitro and in vivo.

6.2

Cancer

Cancer is the second leading cause of death, with 10.9 million newly diagnosed

cases worldwide in 2005, claiming a total of 6.7 million lives [1]. In the USA, one

in four deaths are caused by cancer [2].

Despite new drugs and treatment combinations for cancer the mortality rate has

not improved in recent decades. Of 1 372 910 new diagnosed cases for all cancers

in 2005 in the USA 570 380 Americans died [2]. The highest mortality rate of all

occurring deaths in the United States in men and women was lung cancer, claim-

ing the life of 28% of patients [3]. Since 1974 the survival rate has increased by

only 13% as more sensitive diagnostic techniques have made very early detection

of cancers possible. The yearly cancer death rates in men and women over the

past 70 years has not improved despite new treatment regimens [1, 3]. The reason

for this poor development becomes apparent in looking at the 5-year survival rates

of cancer patients (Table 6.1, [4–29]).

Cancer death is dependent on the disease stage, whether the tumor is confined

to the organ of origin and can be resected surgically, treated with radiation therapy

or with systemic chemotherapeutics. The table clearly depicts the problem occur-

ring in the distant, metastatic disease of cancer, which significantly reduces the

5-year survival rate of the patients to single digits compared with the organ-

confined disease stage (Table 6.1).

This serious situation can be explained for prostate and breast cancers as exam-

ples: The second leading cause of cancer death in men is prostatic adenocarci-

noma, and in women mammary carcinoma. Both cancers develop mixed popula-
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Tab. 6.1. Occurrence of cancer by organ, survival rates in local

and distant metastatic disease and their LHRH-receptor

expression.

Cancer type Deaths 5-year survival rate (%) Ref.New

cases

Metastatic

disease

Localized

disease

LHRH-

receptors

expressed

(%)

Lung 186 550 165 130 2.1 49 N.D.

Prostate 230 110 29 900 34 100 (86%

discovered)

86 4–7

Breast 217 440 40 580 23 97 52 8–12

Colon 106 370 56 730 9 90 (only 38%

discovered)

Yes 13, 14

Pancreas 31 860 31 270 1.6 16 67 9, 15, 16

Ovary 25 580 16 090 30 94 (only 29%

discovered)

80 17–21

Leukemia 33 440 23 300 64

Non-Hodgkin’s

lymphoma

54 370 19 410 56 84 Yes 23

Esophagus 14 250 13 300 2.2 29.1 Yes 24

Liver 18 920 14 270 1.9 16.3 Yes 25

Uterine corpus

(Endometrium)

(Cervix)

40 320

10 370

7 090

3 710

26

17

96

92

80 18, 19, 26

Urinary bladder 60 240 12 710 6 94

Melanoma 55 100 7 910 13.8 96.7 Yes 22, 27

Kidney 35 710 12 480 9.1 89 Yes 28

Brain 18 400 12 690 Yes 29

1 368 030 newly diagnosed cancer cases in the USA in 2004, 563 700

Americans die. The numbers are stated for the most frequent cancer

types for men and women combined [3].

Survival rates are given for patients with localized (malignancy

entirely confined to the organ of origin) and distant (malignancy has

invaded lymph nodes or organs remote from the primary tumor)

disease.

176 6 LHRH Conjugated Magnetic Nanoparticles for Diagnosis and Treatment of Cancers



tions of hormone (estrogen/androgen) dependent and independent cells, which are

poorly to well differentiated, and have variable proliferation rates. The preferred

treatment for men with organ-confined disease is radical prostatectomy, while in

women it is mastectomy. Initially, patients are treated with radiation and/or che-

motherapy (cyclophosphamide, doxorubicin, 5-fluorouracil) [30, 31], in addition to

hormone ablation. Although androgen ablation in prostate cancer patients (LHRH

agonists, Leuprolide) [32] leads to a reduction of the primary tumor, and to its par-

tial regression, within 2 years the disease can re-emerge in a poorly differentiated,

androgen-independent form, after which there is no therapy available to prolong

the patient’s life [33]. In breast cancer patients estrogen ablation is achieved by ta-

moxifen treatment [34] or ovariectomy. Surgical removal of the primary tumor is

invasive and has side effects, depending on the area of resection, on the tumor (en-

capsulated or invasive), and can even lead to increased proliferation of metastases

as single metastatic cells and dormant cancer cells start to proliferate [35]. At the

time of diagnosis up to 70% of prostate cancer patients [36, 37] and 40% of breast

cancer patients have already developed occult metastases [38]. Bone and lymph

node metastases occur in 26% of prostate adenocarcinomas [39] and in 23% of

breast cancer patients [38]. More than 70% of patients die from skeletal metastases

[40]. Often removal of the primary tumor can promote metastatic growth, and dor-

mant cancer cells can become secondary, often more aggressive, tumors [35].

Current treatments are palliative and can only prolong the life of patients, they

do not cure patients. Often, high doses of chemotherapeutics administered sys-

temically are necessary to achieve the pharmacological effective concentration.

Even to maintain a state of remission in the disease a high dose chemotherapy is

required over a long period [41]. Because of the high toxicity and poor specificity of

currently used drugs, an increase in chemotherapeutic dosages is not desirable.

The administration of high drug concentrations has disadvantages regarding side

effects as chemotherapeutics not only destroy malignant tumors but also healthy

tissue and organs, which eventually forces an end to such treatment. Often, pa-

tients in recurrent disease do not respond to chemotherapy. This is due to an ac-

quired drug-resistance, which decreases the efficacy of chemotherapy. Dormant

metastatic disease is not treatable with chemo- or radiation-therapy as these destroy

only fast proliferating cells [38, 42, 43].

Currently used chemotherapeutic drugs are systemically active and cannot target

single dormant cancer cells, or slow growing tumors [38, 44], because most

chemotherapeutic drugs are not selective for cancer cells and destroy only rapidly

dividing cells.

6.2.1

Conventional Approaches to Cancer/Metastases Detection

Sensitive non-invasive detection and monitoring tools are needed for early tumor

detection and for monitoring disease progression, efficacy of treatment regimens

and responses to treatments. Higher resolution and improved imaging techniques

are needed to detect single, disseminated cancer cells or even small cancer cell

6.2 Cancer 177



clusters in peripheral organs, bones and lymph nodes at the earliest stage before

development of secondary tumors. Current detection methods are invasive and

lack the sensitivity to detect micrometastases.

Clinically, metastases have been quantified by counting macroscopic nodules

from biopsy specimen or tumor cell colonies in histological sections. The detection

rates with these methods is 1–2% [45–47]. These approaches are invasive and lack

the sensitivity necessary to detect micrometastases or single disseminated cells and

cell clusters in peripheral organs. The use of immunocytochemistry techniques in-

creased the detection rate of bone metastases in bone marrow aspirates up to 30%

[48–50]. RT-PCR techniques (reverse transcriptase polymerase chain reaction) have

been developed to detect cytokeratin 18 in bone marrow, with a sensitivity of a sin-

gle cell in 2� 107 bone marrow cells [51]. Although these techniques are superior

to histological examinations they involve invasive procedures and can take up to 7

days for a final diagnosis.

Non-invasive detection methods include X-ray, Mammography, Ultrasound, Mag-

netic Resonance Imaging (MRI), and nuclear imaging techniques such as Positron

Emission Tomography (PET), SPECT (single-photon emission tomography) and

Computed Tomography (CT). PET, SPECT and CT techniques require radiochemi-

cals, which can have significant systemic toxicity. Unlike mammography and ultra-

sound, MRI and CT are independent of tissue depth. They exploit pure tissue–

energy interactions and do not require isotopes. Mammography has high false pos-

itive rates (70%), whereas MRI is costly and ultrasound has a low spatial resolution

and is dependent on tissue depth. The accuracy for detection of tumors from

breast cancer by mammography was 36%, by ultrasound 33% and by MRI 77%

[52, 53]. Contrast agents like ferrofluids enhanced the detection of tumors by 35%

compared with unenhanced MRI (6%) or dynamic CT (14%). Intraoperative ultra-

sound detected liver metastases as small as 5 mm [54] and reduced false-positive

diagnosis [55]. MRI can distinguish metastases from hemangiomas and cysts and

is potentially valuable for the detection of occult metastatic disease in the sub-

centimeter size [56, 57]. Micrometastases as small as 2 mm were detected; PET

imaging for pelvic lymph nodes detected metastases as small as 6 mm [58].

Clinically used contrast agents for MRI are gadolinium chelates and iron oxide

based particles (superparamagnetic iron oxide nanoparticles ¼ SPIONs) [55, 59].

SPIONs have important advantages over gadolinium chelates: they have low toxic-

ity (in some instances toxicities were reported at concentrations more than 100-fold

above the clinically effective dosage [59]) and their detection limit in MRI is in the

subnanomolar range, exceeding Gd imaging by a factor of 100 [60]. The accumula-

tion and binding of the nanoparticles to the target cells was either absent or non-

specific and, therefore, insufficient and limited the diagnostic applications to liver,

spleen, and bone marrow, all of which are dependent on the reticulo-endothelial

system (RES). In the past decade, contrast agents that enhance MR imaging have

been used for imaging liver [61, 62], spleen [61, 62], gastrointestinal tracts, cardio-

vascular diseases, cancer [63, 64] and even lymph node metastases [65–67]. The

contrast agent accumulated in healthy tissue and enhanced the resolution of MRI

between malignant and healthy tissue [65–67].
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6.2.2

Current Chemotherapeutic Approaches and their Disadvantages in Cancer Treatments

Currently used chemotherapeutic drugs are systemically active, have severe side ef-

fects and do not target specifically tumors or single dormant cancer cells. Most cur-

rent chemotherapeutics interfere with the proliferation machinery of fast growing

cells – they are not effective on slow growing tumors or dormant cancer cells [38,

43, 44]. Most chemotherapeutic drugs are not selective for cancer cells and do not

discriminate between healthy and diseased tissue. However, because they interfere

with the proliferation machinery of the cancer cells they show a relatively high

efficacy on fast proliferating cells: Cyclophosphamide (Cytoxan) destroys genetic

material that controls tumor cell growth; methotrexate and 5-fluorouracil (5FU)

are antimetabolites that interfere with cancer cell division; antimicrotuble reagents

prevent cell division by acting on the microtubules, among them are paclitaxel

(Taxol), docetaxel (Taxotere), vincristine (Oncovin), vinblastine (Velban); doxorubi-

cin (Adriamycin) is a tumor antibiotic. To be effective these drugs need to enter,

and accumulate in, the tumor cells. High systemic dosages are required to reach

therapeutically effective concentrations at the tumor site, which causes severe side

effects and peripheral tissue damage. Among the side effects are destruction of

bone marrow cells, which impairs the production of erythrocytes, causes cardiotox-

icity, nephrotoxicity, hepatotoxicity and hematotoxicity. Because bone marrow cells

produce erythrocytes for oxygen transport, patients become anemic as a result of

bone marrow destruction. Hematotoxicity includes the destruction of platelets

needed for blood clotting and leukocytes to fight infections. Immediate side effects

are nausea, alopecia, and fatigue. Longer lasting effects are the increased risk for

infections, which persists until the immune system has recovered from the chemo-

therapy (4–6 weeks).

6.2.2.1 Multidrug Resistance

High-dose chemotherapy does not necessarily cure the patient. Many patients re-

lapse. Cancer can recur after high-dose chemotherapy, often with a lack of re-

sponse to further chemotherapy, which in turn leads to terminal disease even after

several years of apparent disease-free state. This phenomenon is defined as

multidrug-resistance (MDR) and is attributed to multiple mechanisms [68, 69].

Most cancers, like colon, kidney, breast, ovarian, prostatic, lung cancers, over-

express the p-glycoprotein gene (also known as the multidrug resistance gene). Its

gene product is the protein p-glycoprotein (Pgp), which is located in membranes,

Golgi apparatus and nucleus [70, 71]. Pgp is a transmembrane efflux pump that

actively excretes cytotoxic drugs of different molecular structure through an

ATPase mechanism [72], thus decreasing intracellular drug concentrations. Mod-

ulators for Pgp pumps have been reported and include Verapamil, a compound

that competes with the drug efflux pump.

During differentiation and progression, cancer cells can acquire the ability to re-

move the administered drug through such a pump mechanism. Other mecha-

nisms include alteration of enzymatic activities like topoisomerase or glutathione
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S-reductase activity, altered apoptosis regulation, altered transport or alteration of

intracellular drug distribution due to increased sequestration of cytoplasmatic

vesicles [73].

The severity of side effects during administration of chemotherapeutic drugs and

the occurrence of MDR emerges as non-responsive or refractory disease to chemo-

therapeutic drugs.

6.2.2.2 Drug Delivery to Tumors

Tumor morphology is differently organized with normal tissue, to meet the physi-

ological requirements for fast growth. Table 6.2 summarizes some of the key char-

acteristics of tumor tissue compared with normal tissue. Consequently, tumor tis-

sue shows certain characteristics that distinguishes it from normal tissue.

Malignant tissues have adapted to their increased requirement of nutrients and ox-

ygen by the following characteristics: angiogenesis, tortuous vasculature, leaky

basement membranes, lack of lymphatic system (Table 6.2).

Fast growing tumors require high amounts of nutrients, which need to be

transported to the fast growing tissues and metabolic waste products need to be

eliminated at a higher rates than with normal cells. Newly growing tumors can

only meet their nutrient requirements until an average tumor volume of 2 mm3,

beyond that the tumoral diffusion limit restricts further growth [74]. Further

tumor growth requires the formation of neovasculature, a process called angiogen-

esis. The highly increased ‘‘fuel’’ requirement leads to specific morphologic charac-

teristics in tumors vasculature, which is tortuous, chaotic and lacks the hierarchic

Tab. 6.2. Differences between tumors and normal tissues.

Normal tissue Tumor tissue

Cell growth Low proliferation High proliferation

Vasculature No or little angiogenesis

Normal proliferation

None

High angiogenesis

Chaotic

High proliferation of endothelial cells

Occlusions

Not hypoxic Hypoxic

Low permeability High permeability

Lymphatic system Functional Lacking

Interstitial pressure Normal High

Pore size (nm) 2–60 100–780
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branching pattern found in normal vasculature [75–77]. The fast proliferating

tumor cells causes occlusion of the capillary vasculature, which leads to hypoxia

and eventually necrosis of tumor tissue [77]. The basement membranes of tumor

vasculature is often aberrant, leading to leakiness and increased permeability [76,

78] to counterbalance the high oxygen and nutrient requirements for the fast pro-

liferating tumors [79]. In addition the lack of lymphatic drainage system [80, 81] in

conjunction with aberrant cell proliferation and occlusion of capillary vessels in-

creases drastically the interstitial pressure in tumor tissue, which is filled with hy-

aluronate and proteoglycan-containing fluids. Ideally, removal of the drug from the

interstitial into the intracellular compartment of the tumor cell would create the

necessary concentration gradient to the plasma to allow further extravasation of

the drug.

Increased interstitial pressure in the tumor tissue interferes with extravasation of

the drugs, causing an increase in drug concentration in the tumor interstitium.

The dense packing of tumor cells further reduces diffusion of compounds in solid

tumors [41]. This phenomenon is explained by the enhanced permeability and re-

tention effect (EPR) and is characterized by the accumulation of a compound in

the interstitium. At this stage, further delivery of drug to the tumor cells is stag-

nant when the accumulation of the drug in the interstitium exceeds the drug con-

centration in the plasma [82, 83].

6.3

Nanoparticles as Vehicles for Drug Delivery and Diagnosis

The delivery of drugs using nanoparticles can improve current drug administration

and treatment. Presently, nanoparticles are under development that can be used

for hyperthermic destruction of tumor cells, may incorporate drugs that are slowly

released, and at the same time protect the pharmaceutical compound from de-

struction, alteration in the plasma, and, moreover, opens a possibility to deliver

highly lipophilic compounds.

Delivery of drugs through nanoparticles needs to take into account the in vivo
distribution of systemically injected particles. The biodistribution and circulation

time of contrast agents is determined by several factors, including size, charge,

and surface chemistry [84, 85] (Fig. 6.1).

Charged particles are rapidly coated with plasma proteins, known as opsoniza-

tion, aggregate and have an increased phagocytotic index [8, 86]. Opsonized par-

ticles and nanoparticles exceeding a diameter of 100 nm are easily recognized by

macrophages of the reticuloendothelial system (RES) and preferentially delivered

into liver, spleen, lymph nodes, microglia and bones, and reside and accumulate

within the macrophages in these organs as fast as 5 min [87–93]. During this pro-

cess nanoparticles are removed from the circulation and the drug is inaccessible to

treat tumor tissues. Nanoparticles can be specifically designed for increased uptake

by macrophages that deliver them through the RES system of liver (Kupffer cells),
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spleen, lymph nodes (perivascular macrophages), nervous system (microglia) and

bones (osteoclasts) [87, 88]. This clearance can occur within 0.5–5 min [90], thus

removing the active nanoparticles from the circulation and prevent their access to

the tumor tissue.

Coating of nanoparticles with polymers alters their distribution in vivo. For ex-
ample, a hydrophilic coating increases the circulation time by preventing interac-

tion with the RES.

Nanoparticles with a hydrophilic coating, neutral charge and that are <100 nm

show characteristics that render them unrecognizable by the macrophage system

[94]. These particles then access the tumor tissue through their hyperpermeable

vasculature, accumulate in the interstitial compartment and are retained therein

due to the lack of a functional lymphatic drainage (EPR effect) [83, 84, 95, 96]. If

nanoparticles are biodegraded in the interstitium the drug can be released and en-

ter the tumor cells through diffusion.

Nanoparticles can enter the tumor cells from the interstitial tumoral compart-

ment. Depending on the surface and ligand characteristics the particles can enter

by different pathways, among which are pinocytosis or endocytosis [97–99].

Figure 6.1 illustrates the different routes nanoparticles may encounter in vivo,
depending on their size.

In summary, nanoparticles for the delivery of drugs to tumors offer an attractive

possibility for avoiding obstacles that occur during conventional systemic drug ad-

Fig. 6.1. In vivo distribution of nanoparticles by size.
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ministration. However, new obstacles come into play, when nanoparticles are intro-

duced into the system. The route of administration, particle size and composition,

degradable coatings, biologically acceptable coatings, endocytosis properties, and

stability in physiological salinity all determine the fate of nanoparticles. Nanopar-

ticles injected into biological systems should not agglomerate to avoid not only

macrophage uptake but, most importantly, thrombosis. The accumulation of nano-

particles at the target can be enhanced by either attaching ligands onto the surface

of the nanoparticles or, in the case of magnetic nanoparticles, by using an external

magnetic field.

6.3.1

Targeting Tumor Cells

Cancer therapy, ideally, should only destroy malignant cells, whether they are sin-

gly spread in the periphery or confined in an organ as a tumor. The conjugation of

drug molecules with tumor specific ligands could facilitate targeting to the tumor

cells and avoid uptake from normal cells: the normal cell would be spared and re-

main undestroyed whereas the tumor cells could accumulate and concentrate drug

molecules, reaching the pharmacologically required concentration. This approach

could overcome drug resistance, and side effects to vital organs can be eradicated

or minimized through reduced systemic exposure. Malignant cells can be destroyed

more effectively: even tumor cells inaccessible to surgery can be destroyed. The

specific targeting of drug molecules can lower the plasma concentration and, at

the same time, increase the efficacy through concentration of the drugs at the

tumor cells.

The overall goal of active targeting is to increase the specificity of a drug to the

tumor cells, to increase the concentration of the compound at the target cells and

to incorporate and retain the drug or compound within the tumor cells (e.g., in the

case of contrast agents). High efficiency internalizing and recycling receptors could

improve cellular uptake through receptor-mediated endocytosis. This process is

highly specific and efficient in cells expressing sufficient numbers of receptors

and having sufficient receptor capacities.

Nanoparticles can be directed to the tumors by passive or active targeting.

Passive targeting can be achieved by changing the size/hydrophobicity or other

physicochemical characteristics of the newly designed nanoparticles to target the

reticulo-endothelial system. Active targeting involves the direction of magnetic

particles by using an external magnetic field or by using ligand-conjugated

nanoparticles.

6.3.1.1 Passive Targeting

Passive targeting can be achieved by using nanoparticles of less than 100 nm size

and free of charge, which determines the delivery to the tumors and metastases in

peripheral organs through enhanced circulation time and at the site of the tumor

cells through increased incorporation and concentration. The circulation time is
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enhanced by hydrophilic coating of nanoparticles, whereas a hydrophobic coating

ensures delivery to the liver and spleen. Examples for the delivery of nanoparticles

through the RES include Endorem and AMI25, dextran-coated iron oxide nano-

particles of 62–150 nm diameter, which accumulated in liver and spleen after in-

travenous injection and have been clinically used for liver diagnostics as they accu-

mulate up to 80% in the liver [100–102, 62]. Bone marrow imaging for tumor

detection has been studied with AMI25 iron particles, which were delivered

through the RES to the bone marrow [63, 64, 67]. Recently, occult lymph node me-

tastases from prostate, bladder, breast, renal, penile, rectal and testicular cancer

patients were diagnosed using dextran-coated nanoparticles (hydrodynamic size

30 nm) [65, 66]. This application exploits the difference between normal and ma-

lignant lymph nodes by delivering iron oxide nanoparticles through macrophages.

In malignant lymph, nodes macrophages cannot infiltrate the tumor cells. Conse-

quently, malignant lymph nodes do not accumulate macrophage delivered iron

oxide nanoparticles.

Other examples of passive targeting include polyacrylcyanoacrylate particles

loaded with insulin, which have been orally administered into rats and were incor-

porated via the Peyer’s patches in the intestinal lining into the lymphatic system

[103], and the delivery of cucurbitan to cervical lymph nodes [104]. Gadolinium

lipid nanoemulsions (70–90 nm) are an example of nanoparticles with increased

circulation time. The nanoemulsion was synthesized from hydrogenated phospha-

tidylcholine, and gadolinium-diethylenetriaminepentaacetic acid (Gd-DTPA), which

had been coated with polyoxyethylene to create a hydrophilic moiety. Bioavailability

was determined for different routes of administration. Intravenous injection was

advantageous over i.p. injections with respect to bioavailability, tumor retention

and increased accumulation. Tumor accumulation was 49.7 mg-Gd per g-tumor at

24 h compared with 21 mg-Gd per g-tumor at 12 h in the i.p. treated groups. How-

ever, intravenous administration resulted in higher Gd accumulation in liver and

spleen, lung and kidney compared with i.p. injected groups. Repeated injection

with a two-fold enriched formulation led to 100 mg-Gd per g-wt.-tissue [105]. The

increased efficacy was due to prolonged circulation of the particles, reduced inter-

action with the RES, and reduced excretion of the compound Gd and increased re-

tention in the tumor tissue. Polymeric nanoparticles (28 nm) prepared through

polymer–metal complex formation between cisplatinum (CDDP) and poly(ethylene

glycol)-poly(glutamic acid) block copolymers were tested for their efficacy in deliv-

ering cisplatinum to tumors. Lewis lung carcinoma bearing mice were injected i.v.

with free CDDP (4 mg kg�1) or CDDP/m. CDDP/m had prolonged blood circula-

tion time, and accumulated in the tumors 20-fold higher compared with free

CDDP, whereas the accumulation in normal tissue was reduced [106]. These data

clearly show the advantages of drug encapsulation and coating and size selection of

nanoparticles with respect of increased bioavailability, increased target accumula-

tion, and reduced accumulation in normal organs.

In the above applications the accumulation and binding of nanoparticles to the

target cells was either absent or non-specific and, therefore, insufficient, and lim-

ited the diagnostic applications to liver and lymph nodes.

184 6 LHRH Conjugated Magnetic Nanoparticles for Diagnosis and Treatment of Cancers



Not only drugs could be delivered to the tumors and cancer cells, but nanopar-

ticles like iron oxide nanoparticles can also be used for imaging procedures.

6.3.1.2 Active Targeting

In the past 5 years more attention has been paid to the identification and develop-

ment of specific antigens and receptors that are unique to cancer cells. The ideal

targeting moiety should be expressed on all tumor cells, including metastatic cells

in the periphery, but not on healthy, normal cells. Targeting of nanoparticles or

drugs has to meet the following characteristics:

� Specificity – to exclusively target cancer cells.
� Efficiency – faster uptake through receptor-mediated endocytosis, systemic de-

livered compounds concentrate on tumor cells, no involvement of peripheral

tissues, faster delivery to tumor cells.
� Stability – the ligand should not be degraded.
� Functionality – receptor-mediated endocytosis, specific binding to tumor cells

through receptors, facilitating increased uptake.
� Neutral surface coating – nanoparticles should not be recognized by macro-

phages.
� Increased retention through compartmentalization.

The decoration of nanoparticles with tumor targeting molecules, such as hor-

mones, growth factors etc., can increase the efficacy of a treatment regimen by

increasing the concentration of the drug at the tumor site, reducing the re-

quirement of systemically administered drug for therapeutic efficacy, and can

facilitate sustained intracellular retention of the drug. Antibodies for targeting

malignancies have been approved and include Anti-CD 20 (Rituxan2, non-

Hodgkins lymphoma), Anti-Her-2 (Herceptin2, metastatic breast cancer), Anti

CD 33 (Mylotarg2 myelogenous leukemia), and Gefitinib (Iressa2, non-small cell

lung cancer) [107]. Other targets under intense investigation include antiangiogen-

esis compounds to specifically destroy tumor vasculature and eventually starve the

tumor tissue. Angiogenesis is a complex process and the number of potential tar-

gets includes compounds for limiting endothelial proliferation, expression of

angiogenesis inhibitors, and a decrease of angiogenesis stimulatory factors often

secreted by tumor cells. The most prominent candidate for targeting vasculature

is the vascular endothelial growth factor (VEGF) and an integrin for which anti-

bodies have been developed for the use in conjugation in vascular imaging and

tumor vasculature specific drug delivery.

Several specific receptors are overexpressed on tumor cells and have been identi-

fied and targeted with drug–ligand complexes or ligand–nanoparticle constructs.

Some examples, which include lactoferrin [108, 109], ceruloplasmin [108, 109]

and insulin [110], have been studied as targeting moieties; the ligands had strong

surface binding on tumor cells, yet were not phagocytosed. High efficiency inter-

nalizing receptors could improve cellular uptake through receptor-mediated endo-
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cytosis and increase dramatically the specificity of uptake in cancer cells, avoiding

uptake in peripheral and healthy tissue.

Ligands that are endocytosed and recycled include transferrin [111–115], folate

[116, 117], TGF alpha [118], nerve growth factor [119], Her2/neu [120], somatosta-

tin, bombesin [121], steroid hormones, CD-8 [122], and HIV-1 tat [123, 124].

This chapter reviews in detail the use of Luteinizing Hormone Releasing Hor-

mone (LHRH) as ligand to target the cancer cells. The following outline describes

the characteristics and function of LHRH and its receptors regarding tumor treat-

ment and detection.

Drugs delivered in conjugation with LHRH, studied over the past 20 years, in-

clude doxorubicine conjugates, studied intensely by Schally and co-investigators

[22–24, 121, 125–129], lytic peptides conjugated to LHRH [8, 130], CPT-11 conju-

gated to LHRH and to pokeweed antiviral protein [159, 160]. Conjugates of lytic

peptides or doxorubicin/doxorubicin derivatives with LHRH specifically target and

destroy prostate, ovarian and breast cancer cells and their metastases, all of which

express LHRH receptors in vitro and in vivo [22–24, 121, 125–130]. Metastases and

disseminated cells derived from breast cancer xenografts of estrogen-independent

MDA-MB-435S.luc cells, in the presence and absence of the primary tumor, have

been detected, characterized and successfully targeted by CG/LHRH–lytic peptide

conjugates [161–164, 318]. Schally et al. have treated several cancers with LHRH–

doxorubicin conjugates and have developed a drug, which is currently in Phase III

clinical trials (personal communication). These studies clearly demonstrate that tu-

mors can be specifically targeted in vivo in experimental xenograft-bearing mice

and rats. Moreover, in the above experiments none of the reported side effects of

the free compounds were observed, suggesting increased specificity, targeting and

efficacy with decreased systemic exposure. In studies using LHRH cytotoxic conju-

gates of doxorubicin the anterior pituitary did not show any permanent damage –

complete recovery of pituitary function was observed [128, 129].

6.3.2

Detection of Tumors and Metastases using Nanoparticles

6.3.2.1 Nanoparticles for Magnetic Resonance Imaging

The MRI signal in magnetic particles is created through the interaction of total

water signal and the magnetic properties of longitudinal (T1) and transversal (T2)

relaxivity.

MRI resolution can be increased by: (a) extending the scan time, (b) using high

efficiency coils, (c) increasing field strengths, (d) increasing accumulation of con-

trast agent in cells or tissue, (e) compartmentalization of particles within the target

cells, and (f ) retention of particles.

To acquire the best image the signal-to-noise ratio must be optimized. An in-

crease in field strength can cause neurological side effects like seizure, and/or car-

diovascular effects. Clinically, MRI is conducted at 1.5 T, which is without side

effects and well tolerated. MRI requires long imaging times, which can last up to

1 h. To enhance MRI sensitivities, contrast agents must accumulate in the target
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cells, without leaking into surrounding tissue, at sufficient concentrations to in-

crease relaxation times and must be retained within the tissue during the imaging

procedure. In MRI, the signal can be amplified through an increase in intracellular

concentration of the contrast agent [131, 132].

Clinically used contrast agents are paramagnetic gadolinium chelates (DTPA ¼
diethyl tetraminepentaacetic acid) or ferrofluids. The use of superparamagnetic

iron-based particles for magnetic resonance imaging has several advantages [133]:

Image enhancement with regard to relaxation time is greater in superparamag-

netic particles – the change in T1 relaxation time is seven-fold, T2 relaxation time

16-fold, compared with gadolinium DTPA [134]. Gd is highly water-soluble and it

is readily excreted, which allows only a short time for imaging and reduces cellular

uptake [135, 136]. Superparamagnetic particles are less likely to aggregate because

they lack remnant magnetization [137] and retain their physical characteristics

even when chemically inert materials are attached [138]. Magnetite can adsorb or

attach chemically to inert material without changing the characteristics of T2 relax-

ivity [138].

To significantly reduce relaxation time, gadolinium chelates have to be adminis-

tered at high concentrations [139]. In vitro, increased Gd payloads resulted in in-

creased T1 relaxivities and increased the resolution of fibrin clots [137]. In addi-

tion, superparamagnetic iron oxide particles have a much more favorable ratio of

efficacy dose to LD50: 1/2400 compared with 1/50 for Gd-DTPA contrast agents

[140]; in some instances toxicities were reported at concentrations 100-fold above

the clinically effective dosage [139].

Monocrystalline Fe requires up to 1 mg of Fe per kg of tissue for MRI [141, 142].

In liver, up to 2.5 mg-Fe per kg of tissue showed a linear relationship with T2 re-

laxation [143]. Best imaging was obtained at 5–50 mg-Fe per kg of tissue sample

[144]. A four-fold increase of the dose of superparamagnetic iron particles resulted

in a decrease of signal loss by a factor of 10 [145].

Iron oxide nanoparticles are biologically safe and show no toxicity [139]. They are

metabolized into elemental iron and oxygen by hydrolytic enzymes and the iron

joins the normal body stores and is subsequently incorporated into hemoglobin.

Iron homeostasis is controlled by absorption, excretion and storage. Acute toxicity

has not been observed, in rats or human clinical trials. The administered iron was

excreted over a period of four weeks [146]. Renal function, hepatic parameters,

serum electrolytes, lactate dehydrogenase remained unchanged from baseline pa-

rameters after treatment with ferrofluids [146]. The elevation of serum iron levels

persisted for a maximum of 48 h and caused no symptoms. In rats, 250 mg per kg

of iron particles injected intravenously caused no side effects, in mice 350 mg kg�1

were well tolerated [147].

In the past decade, contrast agents that enhance MRI have been tested for

various applications, such as imaging of liver, spleen, gastrointestinal tracts, cardio-

vascular diseases and cancer detection. Administered systemically, the accumula-

tion of unconjugated nanoparticles has been confined to liver, spleen, and bone

marrow, all of which are dependent on the reticulo-endothelial system (RES), and

did not directly accumulate in the tumor cells.
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In these applications, the biodistribution of nanoparticulate contrast agents was

exclusively determined by size, charge and surface chemistry (Fig. 6.1) [84, 85].

Systemically administered nanoparticles that are non-specific were incorporated

by the MPS system, or they enter cells through endocytotic pathways involving

clathrin-coated pit formation, sequestration and accumulation in vacuolar or lyso-

somal compartments of the cells [98, 99, 148]. Endocytotic cellular up-take of

dextran-coated iron-oxide nanoparticles has been shown for tumor cells in vitro to

range from 0.01 to 100 ng of iron per 106 cells within 1 h. In contrast macrophage

uptake was about nine times higher [149, 150]. For example, occult lymph node

metastases from prostate, bladder, breast, renal, penile, rectal and testicular cancer

patients have been diagnosed using dextran-coated nanoparticles (hydrodynamic

size 30 nm) [65, 66]. This application exploited the difference between normal

and malignant lymph nodes by delivering iron oxide nanoparticles through macro-

phages. In malignant lymph nodes, macrophages could not infiltrate the tumor

cells. Consequently, malignant lymph nodes did not accumulate macrophage-

delivered iron oxide nanoparticles, and so they were not labeled.

The accumulation and binding of the nanoparticles to the tumor cells was either

absent or non-specific and therefore insufficient and limited the diagnostic applica-

tions to liver and lymph nodes with limited sensitivity.

6.3.2.2 Targeted Delivery of Nanoparticles to Increase Cellular Uptake for

Higher MRI Resolution

Targeted delivery of nanoparticles can enhance the cellular accumulation of the

contrast agent within the cancer cells, can increase the retention and thereby im-

prove the resolution and specificity in imaging modalities.

The MRI signal can be amplified through an increase of the intracellular concen-

tration of the contrast agent [131, 132]. Relaxation times in the acquisition of mag-

netic resonance imaging, i.e., the contrast of the image, increase with larger par-

ticles [151]. Compartmentalized particles and clusters have larger relaxation rates

than free dispersed particles [152]. If the target cells are sufficiently loaded with

iron oxide particles the MRI resolution can be as high as 25 mm [153].

This task requires specifically designed particles that concentrate in the target

cells. A pre-requisite of the target cells is that they express high efficiency, internal-

izing, and functional receptors on their surface, to promote accumulation of the

particles in the target cells, without leaking into surrounding tissue. Particle accu-

mulation can be increased by targeting specific receptors on the cancer cells to fa-

cilitate receptor-mediated endocytosis of the delivered iron particle or to bind and

accumulate the particles on the cell surface. Ideally, the injected nanoparticles

should not be recognized by macrophages.

Examples for targeted uptake include dextran-coated monocrystalline iron oxide

nanoparticles (MIONs) linked to transferrin [115] or to folate [116, 117].

Antibody-coupled paramagnetic liposomes targeting integrin aVb3 of endothelial

vascular cells greatly increased the MRI of angiogenic vasculature in rabbit carci-

noma [154]. The aVb3-conjugated nanoparticles increased the signal enhancement
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post-injection much faster than untargeted nanoparticle delivery (2 versus 24 h)

[155, 156].

Dextran-coated nanoparticles have been conjugated to target Her2/neu receptors

[158]. Folate-linked iron oxide nanoparticles accumulated in folate receptor ex-

pressing KB cells [116] and reached a maximal level of 75 pg-Fe per cell in BT20

breast cancer cell incubation and were poorly incorporated by macrophages [117].

CD-8 conjugated crosslinked iron oxide nanoparticles have been incorporated into

T cells after 1 h of incubation at concentrations up to 100 pg-Fe per cell [122].

LHRH iron oxide nanoparticles coated with a silica shell specifically targeted and

accumulated in MC-F7 human breast cancer cells in vitro [157]. Basically, the

main purpose for targeted delivery of drugs or contrast agents is the improved spe-

cificity for a particular cell type, reduced requirement of the compound necessary

to gain the desired effect, and the possibility to directly incorporate the desired

compound into the target cells, and a sustained retention of the particles within

the target cells. The design of nanoparticles carrying specific ligands reduces and

avoids the uptake in non-target cells and tissue.

6.4

LHRH and its Receptors

6.4.1

The Ligand Luteinizing Hormone Releasing Hormone – LHRH

Luteinizing hormone releasing hormone (LHRH), also referred to as gonadotropin

releasing hormone (GnRH), was purified 30 years ago and its isolation was hon-

ored with the Nobel Prize of Medicine that the laureates Schally and Guellerin re-

ceived in 1977 for their discovery of peptide hormones in the brain.

LHRH is excreted from the arcuate nucleus of the hypothalamus into the pitu-

itary gland in a pulsatile manner [165]. In gonadotrophic cells of the adenohypoph-

ysis, LHRH stimulates the release of luteinizing hormone and follicle stimulating

hormone, which are released into the main body circulation and regulate the pro-

duction of sex hormones (estradiol and testosterone) and, thereby, the function of

normal reproduction in mammals, humans and mice. This relationship is called

the pituitary/gonadal axis (Fig. 6.2). The pulsatile release of LHRH is crucial for

maintaining its function on the pituitary/gonadal axis and ensuring the optimal

function of reproductive organs and maintaining fertility [166–168]. Sustained ad-

ministration of LHRH or its analogs to patients suppressed steroid hormone pro-

duction and downregulated and desensitized the LHRH receptor in the pituitary

[166, 167]. This observation was exploited for treatments of hormone-dependent

cancers; steroid hormone suppression using Leuprolide, which binds to the

LHRH receptor, stopped the release of testosterone and inhibited the proliferation

of the cancers. Over the last 30 years more than a thousand LHRH agonists and
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antagonists have been developed, and are used in the clinic to treat hormone-

dependent cancers [169] (Table 6.3). The common mechanism of action is the

ablation of hormones by administration of these pituitary acting antagonists.

Suppression of gonadal steroid secretion reduced the growth of these hormone-

dependent tumors (Fig. 6.2). Hormone ablation was considered to be the only

mechanism of action for LHRH agonists, but recent identification of a second

LHRH receptor and the expression of LHRH receptors in malignancies explained

why LHRH also had a direct effect on the proliferation and metastatic behavior of

cancers [12, 170–173].

In 1971, type I LHRH was isolated the pituitary of pigs and its structure was

revealed [174]. The gonadotropic hormone LHRH is also expressed in gonadal

peripheral tissue like Leydig cells in the testes and ovarian cells as well as in nu-

merous malignancies. The decapeptide LHRH is produced in numerous species

with astonishing homology during evolution. To date 23 different forms have been

identified with highly conserved sequences [170–181].

All these peptides consist of 10 amino acids and share at least 50% sequence

identity, with the main differences occurring in amino acids 5–8 (Table 6.3) [170,

182–184]. The different isoforms of LHRH were named after the species of its iso-

lation. Two different forms of LHRH coexist in vertebrates, LHRH I and LHRH II.

LHRH I (mLHRH) has been isolated from the hypothalamus in pigs [174]; and

Fig. 6.2. Gonadal/pituitary axis and interaction of LHRH with gonadal function.
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Tab. 6.3. Amino acid sequences of LHRH forms and synthetic analogs [170].

LHRH forms Naturally occurring LHRH

1 2 3 4 5 6 7 8 9 10

mLHRH

(LHRH-I)

pGlu His Trp Ser Tyr Gly Leu Arg Pro Gly NH2

cLHRH

(LHRH II)

pGlu His Trp Ser His Gly Trp Tyr Pro Gly NH2

lLHRH

(LHRH III)

pGlu His Trp Ser His Asp Trp Lys Pro Gly NH2

rLHRH pGlu His Trp Ser Tyr Gly Leu Trp Pro Gly NH2

cfLHRH pGlu His Trp Ser His Gly Leu Pro Pro Gly NH2

LHRH agonists

Lupron[a]

(TAP)

pGlu His Trp Ser Tyr D Leu Leu Arg Pro NEt

Zoladex[a]

(Zeneca)

pGlu His Trp Ser Tyr D Ser

(tBu)

Leu Arg Pro Gly NH2

Supprelin[a]

(Roberts)

pGlu His Trp Ser Tyr D His

(ImBzl)

Leu Arg Pro Gly NH2

Synarel[a]

(Searle)

pGlu His Trp Ser Tyr D Nal Leu Arg Pro Gly NH2

Triptorelin[a]

(Ferring)

pGlu His Trp Ser Tyr D Trp Leu Arg Pro Gly NH2

Buserelin[a]

(Hoechst)

pGlu His Trp Ser Tyr D Ser

(tBu)

Leu Arg Pro NEt

LHRH antagonists

Centroelix[a]

(Asta Medica)

D Nal D Cpa D Pal Ser Tyr D Cit Leu Arg Pro D Ala NH2

Ganirelix[a]

(Organon)

D Nal D Cpa D Pal Ser Tyr D hArg

(Et)2

Leu D hArg

(Et)2

Pro D Ala NH2

Abarelix[b]

(Praecis)

D Nal D Cpa D Pal Ser N Me

Tyr

D Asn Leu Lys

(iPr)

Pro D Ala NH2

Antide[c]

(Ares

Seronon)

D Nal D Cpa D Pal Ser Lys

(Nic)

D Cit Leu Lys

(iPr)

Pro D Ala NH2

Teverelix[d]

(Ardana)

D Nal D Cpa D Pal Ser Tyr D hCit Leu Lys

(iPr)

Pro D Ala NH2

Fe 200486[c]

(Ferring)

D Nal D Cpa D Pal Ser Aph

(Hor)

D Aph

(Cba)

Leu Lys

(iPr)

Pro D Ala NH2

Nal-Glu[c]

(NIH)

D Nal D Cpa D Pal Ser Arg D Glu

(AA)

Leu Arg Pro D Ala NH2

[a] ¼ Market, [b] ¼ Phase I, [c] ¼ Phase II, [d] ¼ Phase III
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LHRH II (cLHRH) has been isolated from chicken [182] and from the forebrain of

the teleost fish, the lamprey eel. LHRH III (lLHRH) has also been identified and

characterized [183–185]. LHRH II has been conserved from fish to humans [170,

182–184]. In humans, LHRH II is synthesized in several extrapituitary tissues like

kidney, bone marrow, and prostate at significant higher levels [186] and in the fe-

male reproductive tract such as placenta, endometrium, breast, ovary and granu-

losa cells [187–189].

LHRH hormones have manifold functions besides reproductive maintenance,

including neuroendocrine (growth hormone release in fish), paracrine (placenta

and gonads), autocrine (LHRH neurons, immune cells, breast and prostate cancer

cells), neurotransmitter in central and peripheral nervous system (symphathic gan-

glion, mid brain), energy and feeding behavior [175–178, 184, 190–194].

Direct effects of LHRH agonists and antagonists have been studied – most

importantly, the antiproliferative effects of LHRH I on hormone-dependent and

-independent tumor cells, including gonadal cancers like ovarian, endometrial,

prostate and breast and non-gonadal cancers like melanoma. In endometrial, ovar-

ian, breast and prostate cancers in vitro proliferation was inhibited by agonists and

antagonists of LHRH I in a time and dose dependent manner [195–197]. Interest-

ingly, the effects on LHRH agonists/antagonists seem to be different in tumor

tissue of the reproductive tract, where LHRH antagonists have agonistic effects on

the LHRH receptor type II [195]. Further functions of LHRH in gonadal malignan-

cies and melanoma were antimitogenic, through effects on IGF-I, EGF and c-fos

expression and antimetastatic-affecting matrix metalloproteinases, adhesion mole-

cules, and plasminogen activator in prostate cancer cells [198].

6.4.2

Analogs of LHRH

The highly conserved sequence of the amino (pGlu His Trp Ser) and carboxy (Pro

Gly NH2) termini suggests that these amino acids are critical for receptor binding

and activation. The amino terminus is involved in receptor binding and activation,

whereas the carboxy terminus contains regions for receptor binding only. Struc-

tural changes in these particular amino acids created agonists and antagonists

that had been clinically exploited for the stimulation of hormone production, for

contraception and treatment of hormone-dependent cancers and diseases [170].

Substitution of amino acids at the amino terminal produced compounds with anal-

ogous antagonistic properties, including Cetrorelix and Ganirelix, which are cur-

rently marketed. Agonists on the market include Lupron, Zoladex, Sepprelin, Trip-

torelin and Buserelin (for sequences see Millar et al. 2004 [170]). Substitution of

amino acid 6 by D-Gly enhances activity in the pituitary receptor [170] (Table 6.3).

Table 6.3 lists amino acid sequences for various agonists and antagonists. Analogs

of LHRH are applied for hormonal ablation, whereas antagonists (like Cetrorelix)

seem to have antiproliferative effects on ovarian and endometrial cancers rather

than the agonist Triptorelin.
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6.4.3

Receptors for LHRH

LHRH affects the proliferation and metastatic potential of many cancers directly

[171–173]. Autocrine/paracrine loops were identified and studied in breast cancer

[199, 200], prostate cancer [201], ovarian cancer [202] and melanoma cell lines

[172]. LHRH receptors not only are expressed in gonadal malignancies like pros-

tate [4, 5, 203], breast [10], ovarian [204–208], endometrial cancers [26, 209], but

have also been detected in several non-gonadal malignancies, such as laryngeal

cancers [24] renal [28], pancreatic [15, 16], brain [29], melanoma [22, 27] liver

[25], colon [13, 14, 210] and recently in non-Hodgkin’s lymphoma [23] (Table 6.1).

These findings suggest that there may be a connection between cancer and LHRH

receptor expression. LHRH receptors are very widespread among malignancies

rather than healthy tissues.

Consequently, LHRH seems to be a very appropriate candidate for specific tar-

geting of malignancies. Most tumors overexpress LHRH receptors in much higher

concentrations than normal tissue (where they can be entirely absent) [125, 211].

Non-malignant tissue of lung, liver, skeletal muscle, pancreas, other visceral or-

gans and kidney express little or no LHRH receptors [11, 203, 212, 213].

Although LHRH-receptor transcripts detected in breast and ovarian cancers are

identical to those in pituitary [214] the receptors may differ functionally. In binding

studies [12], pituitary LHRH-receptors showed high affinity for agonists such as

buserelin (nanomolar Kd), whereas most LHRH-receptors in extrapituitary sites,

including malignancies, have low affinity (micromolar Kd) but show higher recep-

tor capacities (Table 6.4).

For example, LHRH receptors were found in 57% of patients with pancreatic

cancers and 67% in pancreatic inflammatory disease, compared with normal tissue

with only 9% [16]. Pancreatic cancers showed low-affinity binding sites for LHRH

in the membrane, and high-affinity binding sites in the nuclei [9]. In melanoma

cells the LHRH receptor type I has high affinity/low capacity [172].

LHRH receptors have been cloned from mouse, rat, sheep, cow and human with

an amino acid sequence homology of >85% [213–222]. The nucleotide sequence

of LHRH receptors from breast, ovarian, endometrial and prostate cancers is iden-

tical to that of the pituitary receptor [5, 197, 213–215, 223–228].

The LHRH receptor belongs to the large superfamily of the seven-

transmembrane domain receptors that bind G-proteins (G-protein binding recep-

tors, GPBR) (Fig. 6.3) [229–232]. Typically, GPBRs contain a C-terminal cytoplas-

matic tail, which is lacking in the LHRH receptor type I. This C-terminal tail is

phosphorylated by ligand binding and facilitates the binding of b-arrestins, G

protein activation, desensitization and internalization of the receptor, and down-

regulation via endocytosis and processing [233]. The internalization kinetics of

LHRH-receptor type I [234] showed a 20-fold increase in uptake rate constants of

the bound radioligand within 1 h compared with kinetics in wild-type TSH recep-

tor, another member of the GBP receptor family (with cytoplasmatic tail).
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6.4.4

Function–Signal Transduction Pathways

Signal transduction pathways activated by binding of LHRH to a tumor’s receptor

are quite different to the classical pituitary binding. The physiological significance

of this remains under investigation (Fig. 6.4).

In the pituitary, binding of LHRH to its receptor (type I) initiates coupling to

Gaq/11 binding followed by activation of phospholipase C (PLC), and hydrolysis

Fig. 6.3. Schematic of the human LHRH-receptor as an

example of a seven-transmembrane receptor G protein binding

receptor [170].

Tab. 6.4. LHRH-receptor binding affinities and capacities.

Cell type High affinity LHRH-receptor Low affinity LHRH-receptor

Bmax (fmol/

106 cells)

Kd (nM) Bmax (pmol/

106 cells)

Kd (mM)

aT3-1[a] 231.9G 53.7 0.867G 0.26

PC-3[a] 8.6G 3.3 0.185G 0.08

PC-3[b] 97.2G 10 15.3G 1.5 118.2G 24 0.625G 0.022

LNCaP[b] 355.3G 19 12.8G 2.5 203G 31 0.438G 0.016

MCF-7[c] 307G 21 10.8G 3.1 138G 26 0.358G 0.041

MDA-MB-435S[c] 64.6G 10 14.38G 1.8 298G 36 0.936G 0.054

Hec1B 72 1.5 42 3.1

NIH-OVCAR3 49 2.3 73 2.4

aYang [160] passage # not reported.
bLeuschner [130] – # 20.
cLeuschner unpublished data – # 237.
dGründker [279].

aT3-1 (mouse pituitary, endogenous LHRH receptors, Kaiser [280]);

Hec1B [d] endometrial cancer cell line; NIH-OVCAR3 [d] ovarian

cancer cell line.
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of phosphoinositide to diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3).

These secondary messengers mobilize calcium from intracellular stores and acti-

vate PKC (protein kinase C) [235, 236]. LHRH also activates PLA2 (phospholipase

A2), PLD and MAP-kinases (mitogen-activated protein), providing signals for gene

expression for gonadotropin synthesis and secretion [235, 236]. The physiological

function for this difference is unresolved.

Binding of LHRH to gonadal and receptors on cancer cells activates different sig-

nal transduction cascades. In malignant tissue, LHRH receptors have been sug-

gested to regulate cell proliferation and the metastatic potential in tumors. LHRH

receptor expression in tumors is associated with the phosphorylation of the epider-

mal growth factor receptor: the activated EGF receptor phosphorylates a protein

corresponding to the LHRH receptor [237, 238]. Growth factor receptor expression

can be reduced in the presence of LHRH most likely by phosphotyrosine phospha-

Fig. 6.4. Signal transduction pathways

activated by LHRH-receptor binding in

pituitary, gonadal and cancerous tissue.

(1) Unknown signaling cascade leading to

reduction of cell proliferation; (2) signal

transduction pathway in pituitary for gonadal

function; (3) signaling cascades for LHRH

receptor I in malignancies: (3a) signaling

resulting in decrease of cell proliferation

through MAP kinase pathway, (3b) signaling

interferes with EGF receptor expression,

(3c) signaling cascade that result in reduction

of cell cycle and reduction of DNA synthesis,

(3d) signaling cascade that reduces apoptosis.

Abbreviations are defined at the end of this

chapter. (Based on Ref. [207] with modification

from Refs. [173, 206, 244, 245, 253, 281].)
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tase (PTP), which in turn is connected to the G-protein ai in tumors [239, 240]

(Fig. 6.4).

In cancer cells, LHRH receptor coupling occurred to multiple G proteins and the

activation of multiple effectors has been reported. In prostate cancer cells, LHRH I

binding facilitates the coupling of Gai protein [241], and human gynecological

cancer coupling of Gaq and Gai was demonstrated in ovarian and uterine cancer

cells [20, 240]. Gai coupling is prevalent in cancers, such as in ovarian [239, 240,

242], uterine leiomyosarcomas, uterine endometrial carcinomas and human pros-

tate cancers [241]. Coupling to Gai protein is poorly understood and it is suggested

that Gai activation underlies the antiproliferative effects of LHRH in cancers [240,

243]. Gai coupling can be activated by both agonist and antagonists of LHRH, sug-

gesting the involvement of an additional form of LHRH receptor distinct from the

pituitary receptor type [239, 241]. Antiproliferative action in choriocarcinoma, be-

nign prostate hyperplasia and human embryonic kidney cells, all of which express

LHRH receptor type I, was demonstrated with agonists and some antagonists

through activation of Gai coupling. The signal transduction resulted in activation

of caspase and trans-membrane transfer of phosphatidylserine to the outer mem-

brane, JNK and p38 [244].

In hormone-dependent tumors, binding of LHRH to its receptor decreased cyclic

AMP levels, which is followed by an activation of phosphotyrosine phosphatase

(PTP). This event interferes with the mitogenic signal transduction pathways,

which normally activate growth factor cascades such as MAP kinase. The transcrip-

tion is affected downstream, which include genes such as matrix metalloprotei-

nases, urokinase plasminogen activator (genes for metastatic potency), c-fos (a

protooncogene), and cell adhesion molecules. The overall result is reduction of pro-

liferation and interference with the metastatic potential of the cancer cells.

Antagonistic LHRH analogs inhibited Gaq/11-based signaling, suggesting that

their antiproliferative effect on reproductive tumors could be dependent on ligand-

selective activation on a Gai form of LHRH-receptor I through stress-activated pro-

tein kinase pathways (SAP-K) [244].

In hormone-dependent and -independent prostate cancers the antiproliferative

effects of LHRH I were attributed through EGF and IGF receptor reduction initi-

ated by different molecular mechanisms, dependent on hormone requirements of

these types of cancer. In hormone-dependent prostate cancer cells LHRH I coun-

teracts the stimulatory effects of epidermal growth factor (EGF) by decreasing the

EGF receptors and insulin-like growth factors (IGF) [245, 281].

In breast, ovarian and endometrial cancers LHRH can bind to either Gaq or Gai,

the latter inhibiting proliferation. Emons et al. have found that endometrial and

ovarian cancer cells PTP (phosphotyrosine phosphatase) are activated by LHRH/

LHRH-receptor action, which counteracts the phosphorylation of EGF receptors,

affects the growth factor signal transduction cascade (MAP-K, c-fos), and interferes

with cell proliferation [239, 246–248] (Fig. 6.4). Positive correlation between EGF

receptor activation and LHRH receptors were observed in various LHRH receptor

expressing cancers [6, 24]. Consequently, EGF receptors can be downregulated to-
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gether with LHRH receptors through LHRH-analogs or LHRH-targeting treat-

ments [6, 249–251].

LHRH can influence apoptosis in cancer cells through activation of nuclear fac-

tor kB [252, 253]: LHRH agonists can activate the cJun N-terminal kinase/activator

protein 1 (AP-1) pathway, protein kinase C (PKC) or mitogen-activated protein kin-

ase (MAPK/ERK) [20]. In contrast, when the antagonist cetrorelix was tested in

ovarian and endometrial cancer cells the antiproliferative effects were not mediated

through LHRH receptor type I, suggesting binding to, therefore, LHRH receptor

type II. The signal transduction pathway of LHRH II is still unknown [20].

6.4.5

LHRH Receptor-mediated Uptake

Extensive internalization and downregulation of the receptor via endocytosis and

processing has been studied and described in detail for the pituitary receptor [233].

Receptor internalization is highly influenced by the second intracellular loop of the

seven-transmembrane receptor [254].

The COOH-terminal tail, which is lacking in the pituitary LHRH-receptor, deter-

mines the internalization and the recycling kinetics and causes resistance of the

receptor to desensitization. Several examples of this observation have been re-

ported. For example, deletion of the cytoplasmatic tail in TSH receptors decreased

the internalization [255]. The chicken LHRH receptor showed rapid internalization

that was dependent on the cytoplasmatic tail [256]. As mentioned earlier the pitu-

itary LHRH receptor (type I) lacks the cytoplasmatic tail; however, the receptor still

internalized and recycled, and is resistant to desensitization [257, 258]. These turn-

overs are much slower than with other GPCRs: While angiotensin II internalized

50–60% [259] and GRP receptors up to 80% [260, 261] of their agonists within 1 h,

the LHRH receptor type I internalized only 26% [254]. This agrees with results

for the LHRH-II receptor in the marmoset and rhesus monkey containing a C-

terminal, cytoplasmatic tail that facilitated a more rapid internalization [262, 263].

Receptor-mediated endocytosis can be described with the four-compartment

model [264] that includes (1) receptor endocytosis from cell surface to endosome,

(2) recycling from endosome to plasma membrane, (3) receptor movement from

endosome to lysosome for degradation, and (4) delivery of de novo synthesized re-

ceptors to the plasma membrane (Fig. 6.5). The classical pathway involves GPCR

kinases, b-arrestin, clathrin-coated pits and GTPase dynamin.

As a representative mode for receptor internalization and recycling the process is

described here for the type I receptor. Despite the lack of cytoplasmatic tail the

LHRH receptor type I displays distinct characteristics described for other GPCRs

that internalized via a clathrin-dependent mechanism, appeared to be independent

of b-arrestin levels and recycled through an acidified endosomal compartment (Fig.

6.5).

LHRH incubation showed internalization of the ligand–receptor complex and re-

distributed into vesicular compartments [234]. The internalization was tempera-
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ture and time dependent and was suppressed at 4 �C; internalization was observed

after 20 min and reached its maximum after 1–2 h.

The uptake mechanisms through LHRH receptors are cell type dependent and

dependent on the type of LHRH receptor. In HeLa cells, internalization of the re-

ceptor was independent of dynamin; clathrin mediation was involved in the inter-

nalization of the receptor [265]. Receptor recycling to the plasma membrane in

HEK 293 cells (human embryonic cells) was observed as early as 15 min and com-

pleted after 1 h. The intracellular pool of receptors was decreased by 68% due to

reappearance of receptors at the plasma membrane. The reappearance of plasma

membrane receptors was clearly due to recycling of the receptor rather than by de
novo synthesis. Recycling of the receptors caused a loss of 10% of the initially de-

tected surface receptors. When kinetics of LHRH and TSH (retained cytoplasmatic

tail) receptors were compared, significantly lower rates were determined in HEK

293 cells for the endocytotic rate (16-fold), recycling (2.5-fold) and degradation rates

(30-fold) for the LHRH receptor [234].

6.4.6

LHRH Receptor Type II

The existence of two LHRH isoforms in human tissue led to a search for a second

LHRH receptor in human tissue. These studies were supported by the following

Fig. 6.5. Receptor-mediated endocytosis and recycling of the receptor.
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observations: Effects on LHRH agonists/antagonists were different in tumor tissue

of the reproductive tract, where LHRH antagonists have agonistic effects on the

LHRH receptor type II. A recent study on human endometrial cancers and ovarian

cancer cell lines demonstrated that the proliferation of these human cancer cells

was dose and time dependent, but independent of the LHRH receptor I, suggest-

ing the existence of a second LHRH receptor [206]. LHRH type II has been found

in ovarian cancer cell lines [266] and had antiproliferative activity. In human malig-

nant tumors in vitro, LHRH I agonists and antagonists inhibited the cell prolifera-

tion in a dose and time dependent manner. LHRH type II has antiproliferative

effects on gynecological cancers to a much higher efficacy than triptorelin [267].

RTPCR and Southern Blot analysis showed the expression of LHRH receptor II

mRNA in ovarian and endometrial cancer cell lines [266]. In addition, these cell

lines responded to LHRH II with reduction in proliferation, to a much higher de-

gree than with LHRH I or triptorelin [267]. In breast cancer cells the antiprolifera-

tive effects of Triptorelin (a LHRH-antagonist) and a LHRH II analog inhibited

epidermal growth factor induced signal transduction and restored sensitivity to

tamoxifen [313]. Recently, in a clinical study, primary and metastatic stromal

sarcoma tested positive for LHRH receptor I and II expression using immuno-

histochemistry methods [209]. Interestingly, recurrent tumors had the highest

levels in LHRH receptor I and II expression, suggesting a link between malig-

nancy and LHRH receptors types [209].

Studies on human prostate cancer cells in vitro showed the existence of an

80-kDa protein that specifically bound to LHRH II in addition to the conven-

tional LHRH I receptor. In this study, efficacy and function was studied and

the authors found that a novel LHRH II antagonist completely inhibited Ca in-

crease and induced, at high concentrations, cell death through apoptotic processes

[268].

In ovarian and endometrial cancers, LHRH II is a more potent inhibitor for cell

proliferation [252], receptors of type II have a higher sensitivity to LHRH II ligand

[269, 270], and LHRH agonists and antagonists inhibited tumor growth [272]. Type

II LHRH receptor has been cloned from monkeys and was highly selective to

LHRH II [212, 263, 271]. To date, a functional form of the LHRH receptor type II

has not been found in humans, although several observations suggest its existence.

Therefore, it is referred to as a putative receptor. Millar found that the type II re-

ceptor was more widely distributed: mRNA for LHRH receptor-type II was found

in numerous pituitary, brain, mammary glands, uterus, testes, prostate, seminal

vesicles, thyroid, heart, pancreas and adrenal tissue, including ovarian and endo-

metrial cancers [193, 212, 242, 268, 273]. In prostate cancer, a novel LHRH II bind-

ing protein was detected recently [268], suggesting the existence of a type II recep-

tor in prostate cancer cells. In human pituitary and brain, immunoreactivity to the

LHRH receptor type II was demonstrated [212].

Humans may be particularly unusual with respect to the LHRH control of their

reproductive axis in that they possess two distinct LHRH precursor genes, on chro-

mosomes 8p11-p21 and 20p13, but only one conventional LHRH receptor subtype
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(type I LHRH receptor) encoded within the genome, on chromosome 4. A dis-

rupted human type II LHRH receptor gene homologue is present on chromosome

1q12. In humans, on chromosome 1 and 14 in various tissues a gene for the

LHRH receptor II was found, which is not expressed because it contained a prema-

ture stop codon [275, 276]. Evidence in support of this concept is available follow-

ing the characterization of the chromosomal loci encoding the human type II

LHRH receptor homologue, a rat type II LHRH receptor gene remnant (on rat

chromosome 18) and a mouse type II LHRH ligand precursor gene remnant (on

mouse chromosome 2) [277]. The lack of the C-terminal tail causes the type I

LHRH receptor to be slowly internalized and to be resistant to desensitization

[257, 258]. In contrast, type II LHRH receptors are rapidly internalized and desen-

sitized, contain the c-Terminal tail, and activated a different signal transduction

cascade [257, 278]. The LHRH type II specifically induces an intracellular Ca2þ in-

crease that was inhibited by triptorelix in prostate cancers [268]; LHRH receptor

type II was found in monkeys, prostate cancer cells show a Gai linked activation

signaling cascade [241]. In ovarian cancer the LHRH-receptor II coupled to the

Gaq/11 and activated extracellular signal regulated kinase (ERK1/2), but differs in

activating p38 and mitogen-activated protein (MAP) kinase [19].

The above-summarized results and the fact that endometrial, ovarian, breast and

prostate cancer cells have two types of LHRH binding sites (low- and high-affinity/

low- and high-capacity) indicate the existence of a second LHRH receptor type.

Only the high-affinity/low-capacity receptor type resembles the LHRH receptor

type I form of the pituitary. There are reasons to believe that the low affinity bind-

ing site on these cancer cells is the putative LHRH receptor II. mRNA for the

LHRH receptor type II is expressed in human endometrial and ovarian cancer

cells. LHRH II was more potent in its antiproliferative effect than LHRH I agonists

[19]. Leung et al. found similar results in ovarian cancers [273]. In pancreatic can-

cers the low-affinity receptor was located in the cell membrane, whereas the high-

affinity receptor was in the nuclear membrane [9] (Table 6.4).

In summary, LHRH is a most appropriate ligand for targeting cancers, as there

are receptors overexpressed in gonadal tissue, multiple cancers and pituitary. In ad-

dition, the LHRH receptor signal transduction pathway in tumor cells is different

to normal cells in that the classical PLC/PKC pathway from pituitary is not acti-

vated by LHRH binding to a LHRH receptor in a tumor cell; multiple G protein

subgroups can be activated. The LHRH binding activates signals to mitogenic sig-

nal transduction pathways related to growth factor receptors and tyrosine kinase

activities as well as the activation of antimetastatic signals [247, 281].

The expression of LHRH II in malignant cells and tumors could be exploited by

targeting even more specifically malignancies, increasing uptake through activation

of tumor-specific signal transduction cascades and improving the intracellular de-

livery of nanoparticles conjugated with LHRH to highest efficiency.

The next section reviews the use of nanoparticles linked to LHRH for magnetic

resonance imaging, treatment and drug delivery, with emphasis on specific proper-

ties of the in vivo use of these nanoparticles.
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6.5

LHRH-bound Magnetic Nanoparticles

6.5.1

Synthesis and Characterization

The nanoparticles referred to here are superparamagnetic iron oxide nanoparticles

(SPIONs) that were fabricated, by wet chemical synthesis, with amine groups on

their surface, which facilitated the binding of LHRH through carbodiimide activa-

tion. The binding of LHRH or Hecate to SPIONs was confirmed by FTIR (Fourier-

transformation infrared) spectroscopy and HPLC analysis. The SPION surface was

saturated by the LHRH peptide, as FTIR spectral analysis of peptide bound mag-

netite nanoparticles revealed the absence of characteristic bands of aNH2 (3200

and 1625 cm�1) present in unbound nanoparticles [297, 300]. The LHRH-SPIONs

were monodisperse under transmission election micrographs and had an average

diameter of 10–20 nm. Both free SPIONs and LHRH-SPIONs retained the cubic

spinel structure. Moreover, the particles remained superparamagnetic, regardless

of binding to the ligand (Fig. 6.6). Unconjugated SPIONs showed a higher

saturation magnetization than LHRH–SPIONs (Ms ¼ 72:1 compared with 30.6

emu g�1). The coercivity for LHRH-SPIONs was greater than for SPIONs alone

(Fig. 6.6). Zeta potential measurements revealed that SPIONs were positively

charged (z ¼ 28:5G 1:93 mV), whereas LHRH-SPIONs were almost neutral

(z ¼ �2:2G 0:58 mV). Similar values were reported by Shieh et al. [301] for nano-

particles of similar surface chemistry (z ¼ 23:3 mV). Magnetic data were calculated

per g of powder of both SPIONs and LHRH-SPIONs.

In another study LHRH conjugated nanoshells were prepared for treatment with

hyperthermia. To increase the iron particle concentration within the tumor tissue,

Fig. 6.6. (A) TEM micrograph of LHRH-SPION nanoparticles.

Inset: electron diffraction pattern. (B) Hysteresis and saturation

magnetization at 300 K for LHRH-SPIONs (dashed line) and

SPION nanoparticles (solid line).
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nanoparticles were decorated with LHRH to target the cancer cells and increase the

cellular accumulation. Bergey et al. have developed a specific targeting device [157].

The particle consisted of a silica shell (7 nm thick) that housed inside a magnetic

core of Fe2O3 (18 nm diameter), a two-photon optical probe and, on the outside,

carried the ligand LHRH (DLys6) as targeting moiety; the optical probe served as

a tracking device. The final particle diameter ranged between 20 and 50 nm – small

enough to diffuse into tissue without destroying the cells. The ligands were co-

valently attached to the silica surface through spacer molecules (Fig. 6.7). In this

nanoclinic, the ligands consisted of an analog of LHRH that has higher binding

affinity to the LHRH receptor due to exchange of amino acid 6 into D-Lys.

6.5.2

Treatment using Hyperthermia

Tumor cells are more sensitive to temperatures above 42 �C than normal cells [282,

283] and can be destroyed by increasing locally the temperature to 41–42 �C for 30

min [284–287]. Magnetic particles generate heat when exposed to an alternating

magnetic field (AMF) by hysteresis loss [287–289]. These exposures require high

power to elicit heat.

The increase of temperature occurs during the thermal loss resulting from re-

orientation of the magnetism of the magnetic material with low electrical conduc-

tivity [288]. The size of the magnetic particle, which can be controlled by appropri-

ate synthesis methods, determines the heating potential, as nanoparticulate size

compared with micro size and degree of dispersion reduces the required AC power

[290, 291]. Specific absorption power rates (SAR) have been determined in suspen-

sions of magnetite nanoparticles of various size and coating. SAR of dextran fer-

rites were 180–210 W (g-Fe)�1 (120 nm), sonicated dextran ferrites ranged from

12 to 240 W (g-Fe)�1, uncoated ferro-suspension 0–45 W (g-Fe)�1 (6–10 nm).

Ultrasonification caused dispersion of agglomerated particles and can destroy in

Fig. 6.7. Nanoclinics for hyperthermia treatment [157].
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part the dextran coating. Carboxymethyldextran magnetite particles (130 nm) had

an SAR of 90 W (g-Fe)�1. SAR data allow an estimate of the amount of particles

necessary to heat human tissues [292, 293]. Ferrofluids directly injected into tumor

tissue destroyed tumor cells after exposure to the magnetic field [289]. This effect

was highly specific and cell destruction was only observed in cells containing the

magnetic particles [294]. This process is known as magnetocytolysis.

Similar to the diagnostic magnetic resonance imaging approach, an increase in

intracellular particle number and concentration increases the efficacy of tumor de-

struction through hyperthermia.

In vitro, LHRH expressing human breast cancer cells, MCF-7, and the receptor

negative ovarian cancer cell line were incubated with nanoclinics linked to LHRH

or nanoclinics alone. The LHRH-nanoclinic uptake was time dependent, and nano-

shells accumulated within 30 min. In contrast, a human ovarian cancer cell line

that did not express LHRH receptors did not incorporate LHRH-nanoshells.

LHRH decorated nanoparticles were eight times more potent in destroying

MCF-7 cells. The number of lysed cells was linearly dependent on the magnetic

field exposure time and the concentration of nanoparticles. The same nanoshells

without LHRH resulted in comparable cell lysis in MCF-7 and UCI 107 cells. Up-

regulation of LHRH receptors through EGF increased magnetocytolysis two-fold,

whereas downregulation of receptors decreased the treatment effect 2.5-fold.

Several crucial observations were made that support the high specificity of these

ligand-conjugated nanoclinics: (a) the LHRH-nanoclinics specifically entered the

receptor-expressing MCF-7 cells; (b) nanoclinics without the ligand only incorpo-

rated particles to a significantly lower amount and were independent of the

cell type used; and (c) LHRH-receptor positive MCF-7 cells incorporated higher

amounts of LHRH-nanoclinics when LHRH receptors were upregulated through

EGF, and lower amounts after downregulation of receptors. These data showed

the importance of highly selective nanoclinic uptake.

These studies demonstrated specific targeting of cancer cells and incorporation

of magnetic nanoparticles conjugated to LHRH and showed in vitro accumulation

of magnetic nanoparticles through receptor-mediated endocytosis. These results

suggest that specific targeting can increase the efficacy of hyperthermic therapy

and keep other organs unaffected.

6.5.3

Treatment using Lytic Peptides

6.5.3.1 Destruction of Metastases through LHRH-SPION-Hecate

Recent studies on LHRH-SPIONs conjugated with Hecate, a membrane destroying

peptide [6, 295, 315–317], resulted in tumor destruction and elimination of lung

metastases in nude mice bearing LHRH receptor expressing MDA-MB-435S.luc

breast cancer xenografts. Tumor bearing mice were injected once a week for 3

weeks with LHRH-SPION-Hecate conjugates in the presence and absence of

LHRH, SPION-Hecate or saline. At necropsy tumor cells were determined in

lung homogenates, and iron contents were also determined. In mice treated with
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LHRH-SPION-Hecate, tumor cell death occurred in primary tumors and lung me-

tastases. Unconjugated SPION Hecate did not reduce the number metastatic cells

in lungs (Fig. 6.8) or destroy the primary tumors when compared with saline con-

trols. Iron oxide particles in the treated organs were still detectable 1 week after

injections, suggesting that LHRH-SPION-Hecate may be useful in imaging and

treating the cancer, most importantly serving as a monitoring tool for treatment re-

sponse [318].

6.5.4

Detection of Tumors and Metastases

6.5.4.1 Targeted Delivery of SPION Contrast Agents for MRI

The development of iron oxide nanoparticles as a contrast agent for MR images

requires high accumulation of nanoparticles in the cells of the target tissue. Relax-

ation times in the acquisition of magnetic resonance imaging, i.e., the contrast of

the image, is increased with larger particles [151]. Compartmentalized particles

and clusters have larger relaxation rates than free dispersed particles [152]. Highly

efficient receptors were required on human breast cancer cells to increase the iron

accumulation within the cells. Furthermore, the particles were designed to provide

Fig. 6.8. LHRH-SPION-Hecate destroys lung metastases in

MDA-MB-435S.luc tumor-bearing mice; co-injection with LHRH

or Hecate-SPIONs does not destroy lung metastases (A). Iron

is detectable in targeted treatment groups after 1 week (B).
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target specificity, a long circulation time and low opsonization to escape macro-

phage recognition.

The following outline describes the development of LHRH-targeted nanopar-

ticles to human breast cancer cells. The increase of cellular accumulation of iron

oxide nanoparticles in LHRH receptor positive human breast cancer cells and their

metastases iron oxide nanoparticles were developed, which carried LHRH as tar-

geting moiety. Human breast cancer cells overexpress LHRH receptors. Recently,

the targeted destruction of primary tumors and metastases had been shown in

human breast cancer cells, MDA-MB-435S.luc, both in vitro and in vivo [8, 295–

299].

6.5.4.2 In Vitro Studies on Receptor-targeted LHRH-SPION Uptake

The accumulation of ligand conjugated and unconjugated SPIONs was compared

in MDA-MB-435S.luc, TM4 mouse Sertoli cells to determine whether the iron ac-

cumulation was specific for individual receptors on the target cells (Fig. 6.9A). In

Fig. 6.9. (A) Iron uptake from SPIONs,

LHRH-SPIONs and LHRH-SPIONs plus LHRH

in LHRH receptor expressing breast cancer

cells (MDA-MB-435S.luc) and receptor

negative mouse Sertoli cells (TM4).

(B) Saturation kinetics in MDA-MB-435S.luc

cells. (C) Incorporation of SPIONs or LHRH-

SPIONs into THP-1 macrophages [297].
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LHRH receptor overexpressing human breast cancer cells LHRH-SPIONs accumu-

lated quickly and reached an intracellular iron concentration of 452 pg cell�1

whereas free SPIONs reached 51 pg cell�1 as the highest concentration (Fig.

6.9B). Blocking of the LHRH receptor significantly prevented LHRH-SPION up-

take, suggesting that specific receptor-mediated uptake was the mechanism of up-

take. Maximal concentrations within the breast cancer cells were reached within

1 h, whereas low temperature (4 �C) prevented receptor-mediated iron uptake to

less than 1.1 pg cell�1. The mouse Sertoli cell line showed, at all concentrations,

iron uptake between 29 and 37 pg cell�1 irrespective of LHRH conjugation (Fig.

6.9A).

Most importantly, macrophages incorporated significantly less LHRH-SPIONs

(85 pg cell�1) than free SPIONs (246 pg cell�1) (Fig. 6.9C), suggesting that LHRH

provided a coating as well a targeting moiety. This was expected as LHRH-SPIONs

were neutral, while SPIONs were positively charged. Others have shown that neu-

tral nanoparticles are less easily incorporated by macrophages than are charged

nanoparticles, predicting an increased circulation time in vivo [86, 297–299].
TEM sections from human breast cancer cells in vitro showed that LHRH-

SPION accumulation in the breast cancer cells resulted in cluster formation in

the cytosol and the nucleus. In contrast, no iron particles were observed in cells

incubated at 4 �C [297–299]. Compared with other ligand conjugated nanoparticles

LHRH-SPION uptake was highly efficient and resulted in the highest iron con-

tents in LHRH receptor expressing cancer cells. Dextran-coated nanoparticles <10

nm in diameter resulted in 0.9–1.3 pg-Fe per cell [120], whereas Her2/neu target-

ing of the same cells increased the uptake by a factor of 2.6 pg-Fe per cell. Folate-

linked iron oxide nanoparticles reached a maximal level of 75 pg-Fe per cell in

BT20 breast cancer cell incubation [117]. CD-8 conjugated crosslinked iron oxide

nanoparticles were incorporated into T cells after 1 h of incubation at concentra-

tions up to 100 pg-Fe per cell [122]. The targeted up-take of nanoparticles in cancer

cells has been demonstrated for ferrofluids: dextran-coated Monocrystalline Iron

Oxide Nanoparticles (MIONs) linked to transferrin resulted in a 10-fold increase

in accumulation in rat glioma cells compared with free MIONs [111]. In contrast,

human fibroblasts did not incorporate transferrin-linked MIONs; the particles

were only bound to the membranes, but not internalized [302]. LHRH iron oxide

nanoparticles coated with a silica shell specifically targeted and accumulated in

MC-F7 human breast cancer cells in vitro [157].
Anionic maghemite chelate dimercaptosuccinic acid particles were incorporated

in macrophages at up to 6 pg-Fe per cell, and in HeLa cancer cells up to 40 pg-Fe

per cell, and showed saturation kinetics [152]. HIV-1 tat dextran-coated SPIONs

were incorporated into CD34 cells up to 30 pg cell�1 [303, 304].

6.5.4.3 In Vivo Studies on Receptor-targeted LHRH-SPION Uptake

When SPIONs and LHRH-SPIONs were injected intravenously into human breast

cancer (MDA-MB-435S.luc) xenograft-bearing nude mice, up to 59.1% of iron par-

ticles accumulated in tumors of LHRH-SPION injected mice compared with 8% in

groups injected with SPIONs (Fig. 6.10A, B). Lung tissue from tumor-bearing
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mice, which contained significant numbers of metastatic breast cancer cells, accu-

mulated up to 20% LHRH-SPIONs and only 2% SPIONs (Fig. 6.10A, B). Neither

lungs nor livers of normal mice accumulated LHRH-SPIONs, suggesting that

LHRH-SPIONs were not incorporated into macrophages in vivo as predicted from

low in vitro macrophage uptake (Fig. 6.10). LHRH-SPIONs were either incorpo-

rated into tumors or metastatic cells or they were excreted as observed in normal

mice. The high accumulation of SPIONs in the livers suggested that these particles

were incorporated by macrophages and transported therein to the liver, where they

accumulated to 55%.

Unconjugated SPIONs accumulated to 8% in tumors (p < 0:00006), 55% in the

livers, (p < 0:00006), 2% in lungs, (p < 0:031), and 3.3% in kidneys, (p < 0:33)

(Fig. 6.10B).

When lung sections from LHRH-SPION- and SPION-injected mice were stained

for iron, only lungs from mice injected with LHRH-SPIONs tested positive [298,

299]. The iron contents of lungs correlated directly with the number of metastatic

cells (Fig. 6.11) [297]. The average iron content per lung cancer cell was calculated

to be 77.8G 23.5 pg Fe per metastatic cell in lungs. Lung sections from tumor-

bearing mice showed iron clusters in groups after LHRH-SPION treatment. No

iron clusters were observed in SPION-injected groups (Fig. 6.10C, D).

The specific targeting of tumors and metastases and the low accumulation in the

livers seemed to be a combination of ligand conjugation and physical characteris-

tics of the LHRH-SPIONs. The LHRH-SPIONs had a sufficiently long circulation

Fig. 6.10. Relative iron distribution in human

breast cancer xenograft-bearing mice after

injection of SPIONs and LHRH-SPIONs.

(A) Iron contents in organs and tumors after

LHRH-SPION injection, (B) after SPION

injection (100% ¼ 5 mg-Fe per mouse). TEM

micrographs (C) from lung section with

metastases after LHRH-SPION injection and

(D) after SPION injection [297].
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time, similar to albumin-coated particles with neutral zeta potential [305]. Most

important, neutral particles were less prone to accumulate in liver (20%) [86], be-

cause they showed the lowest opsonization and were, therefore, not recognized by

macrophages of the RES. Coating nanoparticles with short peptides increased the

colloidal stage and decreased the non-specific binding to fibronectin, an effect that

was similar to PEG coating [274, 306]. It is highly likely that LHRH served as coat-

ing itself, considering the low liver accumulation of LHRH-SPIONs in normal

(non-tumor) bearing mice.

The biodistribution and circulation time of contrast agents is determined by sev-

eral factors, such as size, charge, and surface chemistry [84, 85]. Nanoparticles of

hydrodynamic size greater than 50 nm, and hydrophilic surface and high charges

are eliminated from the circulation within minutes by phagocytotic cells of the

reticulo-endothelial system (RES). Therefore, the accumulation of such particles

was observed in liver, spleen, bone marrow, and were less likely to accumulate in

other organs such as breast tissue, lymph nodes, intestinal tissue or gonads [301,

307, 308]. Coating iron oxide nanoparticles of <50 nm diameter with poly(ethylene

glycol) (PEG), sialic acid, neuraminic acid, mucin or glycophorin increased the cir-

culation time [309]. Dextran-coated nanoparticles of <50 nm were detected to 82%

in the livers of rats after intravenous injection [310]. Ligand decoration with LHRH

was highly superior in increasing SPION concentration in target cells lowering

liver accumulation. Other in vivo studies delivered PEG-coated particles decorated

with carcinoembryonic antigen, which resulted in 1% tumor, 54% liver and 22%

spleen accumulation [309]. Transferrin-decorated MION particles accumulated in

rat glioma cells, passing the blood–brain barrier, and were detectable in xenografts

[311, 312].

Subcellular Distribution of LHRH and SPIONs in Tissues, Metastases and Tumors

The subcellular distribution of LHRH-SPIONs in tumors showed clusters of sub-

microsize, which were absent in tumors of mice injected with SPIONs alone [296].

Fig. 6.11. Linear relationship between the metastatic cells in

lungs and the iron content in tissue [297].
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TEM images of the MDA-MB-435S.luc tumors, lungs, liver and kidneys con-

firmed previous observations. Sections containing LHRH-SPIONs were compared

with those of mice injected with unconjugated SPIONs [296–298]. Iron oxide

nanoparticles were detected in the cytoplasm of the tumor cells. The regions con-

taining the nanoparticles were identified as iron in energy dispersive X-ray spec-

troscopy analysis; large nanoparticle clusters were formed in the breast cancer xen-

ografts of nude mice injected with LHRH-SPIONs, whereas single nanoparticles

were observed in the tumors of the mice injected with SPIONs. At higher magnifi-

cation these clusters appeared to be monodisperse [296–298]. Similar observations

were made in lung sections of tumor-bearing mice; lungs from mice injected with

LHRH-SPIONs with metastases had iron particle clusters in their metastases (Fig.

6.10C). These clusters were absent in lung metastases of mice with SPION injec-

tions (Fig. 6.10D) [296–298]. TEM images from livers showed high iron accumula-

tion in SPION injected groups, and no visible iron accumulation in kidneys of

either LHRH-SPION or SPION injected groups [296].

In summary, the LHRH-SPION particles accumulated at high concentrations in

cells expressing functional LHRH receptors. Neutral particles are less prone to ac-

cumulate in the liver due to escape from macrophages of the RES. LHRH-SPIONs

were poorly recognized and incorporated into macrophages, which improves iron

accumulation in tumors and metastases. Metastases incorporate specifically

LHRH-SPIONs. Iron cluster formation suggests a good possibility to increase the

relaxation times during MRI. LHRH has a dual function: coating and targeting.

Enhancement of Magnetic Resonance Images in Tumors and Metastases Prelimi-

nary magnetic resonance images of tumors and lung sections containing metasta-

ses have also been obtained from the 7 T animal MRI and were analyzed using

acquisition of multiple orders of intermolecular multiple-quantum coherence

(iMQC) in a multi-CRAZED sequence. The multi-CRAZED sequence is an

imaging pulse sequence that consists of 90-{delay t}-{gradient pulse, area GT}-Y-

{gradient pulse, area nGT}-{delay TE}-180-{delay(TE-nt)}acquisitions, that uses the

difference in echo timing to acquire multiple echoes and results in up to five

echoes that are separated by t, described as DQC (þ/�2 quantum coherence),

SQC (þ/�1 quantum coherence) and ZQC (zero-quantum coherence) (Fig. 6.12

[314]). Tumors and lung sections containing metastatic cells have been analyzed

using different acquisition modalities.

The images in Fig. 6.13(A, B) were obtained from tumor pieces of 1–2 cm of

tumor samples with LHRH-SPION nanoparticles, while the images at the bottom

correspond to 1–2 cm of tumor sample from mice, injected with saline. Due to the

heterogeneity of tumor tissue, significant contrast differences are needed to reveal

the presence of tumors or the attachment of the magnetic nanoparticles. Hence,

classical MRI, such as the T2 images shown in Fig. 6.13(A) [314], did not reveal sig-

nificant contrast differences between the tumors with or without LHRH-SPIONs,

i.e., they did not overcome tissue heterogeneity. Increased contrast was observed

in the T2* image acquisition. Multi-CRAZED images show the contrast for each
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of the five images and resulted in enhanced contrast in LHRH-SPION-containing

tumors for DQC and ZQC images (Fig. 6.13C).

Similar results were obtained with sections from lungs containing metastases

from mice injected with LHRH-SPIONs or saline (Fig. 6.14 [319]).

This may be due to the increased concentration of the LHRH particles and for-

mation of clusters, as shown in the TEM image in Fig. 6.10(C). Such particle clus-

ters should give rise to increased contrast due to increased magnetic moments, and

their effects on the surrounding water molecules [314].

6.6

Future Outlook

In summary, LHRH is a most appropriate ligand for targeting cancers, as there are

receptors overexpressed in gonadal tissue, multiple cancers, their metastases and

pituitary. In addition, the LHRH receptor signal transduction pathway in tumor

cells is different to normal cells in that that the classical PLC/PKC pathway from

the pituitary is not activated by LHRH binding to a LHRH receptor in a tumor

cell, and multiple G protein subgroups can be activated. The LHRH binding acti-

vates signals to mitogenic signal transduction pathways related to growth factor re-

ceptors and tyrosine kinase activities as well as the activation of antimetastatic sig-

Fig. 6.12. The multi-CRAZED sequence uses

its echo timing to acquire multiple echoes that

result in up to five echoes that are separated

by t, described as DQC (G2 quantum

coherence), SQC (G1 quantum coherence) and

ZQC (zero-quantum coherence) [314]. The

þSQC (þ1 or single-quantum coherence) and

MSQC (�1 or single-quantum coherence)

images have primarily conventional contrast;

the DQC (þ2-quantum), ZQC (0-quantum)

and MDQC (2-quantum) coherences have

contrast from subvoxel variations in

magnetization density or resonance frequency.

Additional gradient pulses permit image

acquisition in the standard way (single-line

acquisition shown here) [314].
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nals, which can be exploited in designing the LHRH targeting of nanoparticles for

cancer treatment [247, 281].

The expression of LHRH II in malignant cells and tumors could be exploited by

targeting even more specifically malignancies, increasing uptake through activa-

tion of tumor specific signal transduction cascades, and improving specifically tar-

Fig. 6.13. (A) Conventional T2 scans obtained

from tumor sites in nude mice inoculated with

saline (bottom image) and LHRH-SPIONs

(top image). Tumor pieces ca. 1–2 cm.

(B) Presence of LHRH-SPIONs revealed by T2*

MRI of nude mice xenograft after injection of

saline (bottom image) and LHRH-SPIONs

(top image) using multi-CRAZED analysis [314].

(C) Multi-CRAZED images of a mouse breast

tumor embedded with nanoparticles (left) and

without nanoparticles (right): 0-quantum (ZQC

image); 1-quantum (SQC image); 2-quantum

(DQC image); �1-quantum (MSQC image);

�2-quantum (MDQC image) [314].
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geted and intracellular delivery of nanoparticles conjugated with LHRH with high-

est efficiency. These characteristics could lead to a new era of targeted imaging and

treatment and increase the potential of nanoparticle applications in the future.
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Abbreviations

AP-1 Activator protein 1

CT Computed tomography

EGF Epidermal growth factor

EGF-R Epidermal growth factor receptor

FSH Follicle stimulating hormone

GnRH Gonadotropin-releasing hormone

Fig. 6.14. Multi-CRAZED images from

metastases containing lung tissue from

tumor-bearing mice. Images (a)–(e) are lung

sections from saline controls, and (f )–(j)

are lung sections from mice injected with

LHRH-SPIONs. (a) and (f ) are 0-quantum

(ZQC image); (b) and (g) are 1-quantum

(SQC image); (c) and (h) are 2-quantum

(DQC image); (d) and (i) are �1-quantum

(MSQC image); (e) and (j) are �2-quantum

(MDQC image) [319].
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GPCR G protein-coupled receptor

Jak-Stat Janus kinase signal transducers and activators of transcription

JNK cJun N-terminal kinase

LHRH Luteinizing hormone releasing hormone

MAPK Mitogen-activated protein kinase

MDR Multidrug resistance

MRI Magnetic resonance imaging

MMP Matrix metallo proteinases

Nrf2 Nuclear factor erythroid 2-related factor 2

NF-kB Nuclear factor kB

PET Positron emission tomography

PI-3 K Phosphatidylinositol 3-kinase

PKC Protein kinase C

PTP Phosphotyrosine phosphatase

RPTK Phosphotyrosine Kinase Receptor

RT-PCR Reverse transcriptase polymerase chain reaction

SAP-K Stress activator activated protein kinase

SPECT Single-photon emission tomography

SPIONs Superparamagnetic iron oxide nanoparticles

TSH Thyroid stimulating hormone

TRH Thyrotropin releasing hormone

uPa Urokinase plasminogen activator

References

1 Global Cancer Statistics, www.cancer

.org, 2002.

2 A. Jemal, T. Murray, E. Ward, A.

Samuels, R.C. Tiwari, A. Ghafoor,

E.J. Feuer, M.J. Thun. Cancer

statistics, CA Cancer J. Clin. 2005, 54,
10–30.

3 Cancer Facts and Figures 2004, Ameri-

can Cancer Society, www.acs.org.

4 A. Qayum, W. Gullick, R. Clayton,

K. Sikora, J. Waxman. The effects of

gnrh analogues in prostate cancer are

mediated through tumor receptors,

Br. J. Cancer. 1990, 62, 96–99.
5 G. Halmos, J. Arencibia, A. Schally,

R. Davis, D. Bostwick. High

incidence of receptors for luteinizing

hormone-releasing hormone (LHRH)

and LHRH receptor gene expression

in human prostate cancers, J. Urol.
2000, 163(2), 623–629.

6 C. Leuschner, F. Enright, B.

Gawronska-Kozak, W. Hansel.

Human prostate cancer cells and

xenografts are targeted and destroyed

through LHRH receptors, Prostate.
2003, 56, 239–249.

7 B. Straub, M. Muller, H. Krause,

M. Schrader, C. Goessl, R.

Heicappell, K. Miller. Increased

incidence of luteinizing hormone-

releasing hormone receptor gene

messenger RNA expression in

hormone-refractory human prostate

cancers. Clin. Cancer Res. 2001, Aug
7(8), 2340–2343.

8 C. Leuschner, C. Kumar, W.

Hansel, J. Hormes. Targeting breast

cancer cells and their metastses

through luteinizing hormone

releasing hormone (LHRH) using

magnetic nanoparticles, J. Biomed.
Nanotechnol. 2005, 1, 1–5.

9 B. Szende, G. Srkalovic, J. Timar, J.

Mulchahey, J. Neill, K. Lapis, A.

Csikos, K. Szepeshazi, A. Schally.

References 213



Localization of receptors for lHRH in

pancreatic and mammary cancer cells,

Proc. Natl. Acad. Sci. U.S.A. 1991, 88,
4153–4160.

10 K. Baumann, L. Kiesel, M.

Kaufmann, G. Bastert, B.

Runnebaum. Characterization of

binding sites for a GnRH-agonist

(buserelin) in human breast cancer

biopsies and their distribution in

relation to tumor parameters, Breast
Cancer Res. Treat. 1993(25), 1, 37–46.

11 M. Fekete, J.L. Williff, A.V.

Schally. Characteristics and

distribution of receptors for [D-Trp6]-

luteinizing hormone releasing

hormone, somatostatin, epidermal

growth factor and sex steroids in 500

biopsy samples of human breast

cancer, J. Clin. Lab. Anal. 1989, 3,
137–147.

12 K. Eidne, C. Flanagan, R. Millar.

Gonadotropin releasing hormone

binding sites in human breast

carcinoma, Science. 1985, 229,
989–999.

13 A. Ben-Yehudah, S. Yarkone, A.

Nechushtan, R. Belostotsky, H.

Lorberboum-Galski. Linker based

LhRH-PE chimeric proteins inhibit

cancer growth in nude mice, Med.
Oncol. 1999, 16, 38–45.

14 A. Ben-Yehudah, D. Prus, H.

Lorberboum-Galski. IV

administration of L-GNRH-PE66

efficiently inhibits growth of colon

adenocarcinoma xenografts in nude

mice. Int. J. Cancer 2001, 92, 263–268.
15 M. Fekete, A. Zalatnai, A. Comaru

Schally, A. Schally. Membrane

receptors for peptides in experimental

and human pancreatic cancers,

Pancreas. 1989, 4, 521–528.
16 H. Friess, M. Buchler, L. Kiesel, M.

Kruger, H. Beger. LHRH receptors

in the human pancreas: Basis for

antihormonal treatment ductas

carcinoma of the pancreas, Int. J.
Panreatol. 1991, 10, 151–159.

17 G. Emons, O. Ortmann, M. Becker,

G. Irmer, B. Springer, R. Laun,

F. Holzel, K. Schulz, A. Schally,

High affinity binding and direct

antiproliferative effects of LHRH

analogs I human ovarian cancer cell

lines, Cancer Res. 1993, 53, 5439–5446.
18 P. Volker, C. Grundker, O.

Schmidt, K.D. Schulz, G. Emons.

Expression of receptors for luteinizing

hormone-releasing hormone in

human ovarian and endometrial

cancers: Frequency, autoregulation,

and correlation with direct anti-

proliferative activity of luteinizing

hormone-releasing hormone

analogues. Am. J. Obstet. Gynecol.
2002, 186, 171–179.

19 C. Grundker, A. Gunthert, R.

Millar, G. Emons. Expression of

gonadotropin releasing Hormone II

receptor in human endometrial and

ovarian cancer cells and effects of

gnrh II on tumor cell proliferation,

J. Clin. Endocrinol. Metab. 2002, 87,
1427–1430.

20 C. Grundker, G. Emons. Role of

gonadotropin-releasing hormone

(GnRH) in ovarian cancer, Reprod.
Biol. Endocrinol. 2003, 65, 1–7.

21 C. Verschraegen, S. Westphalen,

W. Hu, E. Loyer, A. Kudelka, P.

Volker, J. Kavanagh, M. Steger, K.

Schulz, G. Emons. Phase II study of

cetrorelix, a luteinizing hormone-

releasing hormone antagonist in

patients with platinum-resistant

ovarian cancer, Gynecol. Oncol. 2003,
90(3), 552–559.

22 G. Keller, A. Schally, T. Gaiser, A.

Nagy, B. Baker, G. Westphal, G.

Halmos, J. Engel. Human malignant

melanomas express receptors for

luteinizing hormone releasing

hormone allowing targeted therapy

with cytotoxic luteinizing hormone

releasing hormone analogue, Cancer
Res. 2005, 65, 5857–5863.

23 G. Keller, A. Schally, T. Gaiser, A.

Nagy, B. Baker, G. Halmos, J.B.

Engel. Receptors for LHRH expressed

in human non-Hodgkins lymphomas

can be targeted for therapy with the

cytotoxic LHRH analogue AN 207,

Eur. J. Cancer. 2005, 41, 2196–2202.
24 L. Krebs, X. Wang, A. Nagy, A.

Schally, P. Prasad, C. Liebow. A

conjugate of doxorubicin and and

analog of lHRH shows increased

214 6 LHRH Conjugated Magnetic Nanoparticles for Diagnosis and Treatment of Cancers



efficacy against oral and laryngeal

cancers, Oral Oncol. 2002, 38,
657–663.

25 S. Gong, G. Zhao, H. Zhao, W. Lu,

G. Liu, P. Zhu. Ability of luteinizing

hormone releasing hormone-

Pseudomonas aeruginosa exotoxin 40

binding to LHRH receptor on human

liver cancer cells, World J.
Gastroenterol. 2004, 10(19), 2870–2873.

26 A. Imai, T. Ohno, K. Lida, T. Fuseya,

T. Fueui, T. Tamaya. Presence of

gnrh receptor and its messenger

ribonucleic acid in endometrial

carcinoma and endometrium, Gynecol.
Oncol. 1994, 55, 144–148.

27 R. Moretti, M. Montagnani, J. von

Groeninghen, P. Limonta. Locally

expressed LHRH receptors mediate

the oncostatic and antimetastatic

activity of LHRH agonists on

melanoma cells, J. Clin. Endocrinol.
Metab. 2002, 87, 3791–3797.

28 N. Sion-Vardi, J. Kaneti, T. Segal-

Abramson, J. Giat, J. Levy, Y.

Sharoni. Gonadotropin-releasing

hormone specific binding sites in

normal and malignant renal tissue,

J. Urol. 1992, 148(5), 1568–1570.
29 J. van Groeninghen, L. Kiesel, D.

Winkler, M. Zwirner. Effects of

LHRH in nervous system tumours,

Lancet. 1998, 352, 372–373.
30 M. De Lena, C. Brambilla, A.

Morabito, G. Bonadonna.

Adriamycin plus vincristine

compared to and combined with

cyclophosphamide, methotrexate and

5-fluorouracil for advanced breast

cancer, Cancer. 1975, 35, 1108–1115.
31 J. Bull, D. Tormey, S. Li, P.

Carbone, G. Falkson, J. Blom, E.

Perlin, R. Simon. A randomized

comparative trial of adriamycin versus

methotrexate in combination drug

therapy, Cancer. 1978, 41, 1649–1657.
32 R. Santen. Endocrine treatment of

prostate cancer, J. Clin. Endocrinol.
Metab. 1992, 75, 685–689.

33 J. Emmet, L. Greene, A.

Papantoniou. Endocrine therapy in

carcinoma of the prostate gland: 10

year survival studies, J. Urol. 1960, 83,
471–484.

34 R. O’Regan, V. Jordan. Tamoxifen to

raloxifene and beyond, Semin. Oncol.
2001, 28, 260–273.

35 M. O’Reilly, L. Holmgren, Y.

Shing, C. Chen, R. Rosenthal, M.

Moses, W. Lane, Y. Cao, E. Sage, J.

Folkman. Angiostatin: A novel

angiogenesis inhibitor that mediates

the suppression of metastases by a

Lewis lung carcinoma, Cell. 1994, 79,
315–328.

36 S. Eccles, G. Box, W. Court, J.

Sandle, C. Dean. Preclinical models

for the evaluation of targeted therapies

of metastatic disease, Cell Biophys.
1994, 24–25, 279–291.

37 H. Walter. Simultaneous occurrence

of malignant tumors and systemic

diseases, Radiol. Clin. 1951, 20,
405–512.

38 K. Pantel, M. Otte. Occult micro-

metastasis: Enrichment, identification

and characterization of single

disseminated tumour cells, Semin.
Cancer Biol. 2001, 11, 327–337.

39 C. Mettlin, G. Murphy, R. Ho,

H. Menck. The National Cancer

data base report on longitudinal

observations on prostate cancer,

Cancer. 1996, 77, 2162–2166.
40 C. Galasko. The anatomy and

pathways of skeletal metastases, in

Bone Metastases, L. Weiss, A.H.

Gilbert (Eds.), Boston, GK Hall,

1981, pp. 49–63.

41 S. Jang, M. Wientjes, D. Lu, J. Au.

Drug delivery and transport to solid

tumors, Pharm. Res. 2003, 20,
1337–1350.

42 S. Honig. Hormonal therapy and

chemotherapy, in Diseases of the Breast,
J.R. Harris, M.E. Lippman, M.

Morrow, S. Hellman (Eds.),

Lippincott-Raven Publishers,

Philadelphia, 1996, pp. 669–734.

43 K. Pantel, R. Cote, O. Fodstadt.

Detection and clinical importance of

micrometastatic disease, J. Natl.
Cancer Inst. 1999, 91, 1113–1124.

44 S. Braun, K. Pantel. Biological

characteristics in micrometastatic

cancer cells in bone marrow,

Cancer Metastasis Rev. 1999, 18,
75–90.

References 215



45 S. Braun, K. Pantel, P. Muller, W.

Janni, F. Hepp, C. Kentenich, S.

Gastroph, A. Wischnik, T. Dimpfl,

G. Kindermann, G. Riethmuller, G.

Schlimok. Cytokeratin-positive cells

in the bone marrow and survival of

patients with stage I, II, or III breast

cancer, N. Engl. J. Med. 2000, 342,
525–533.

46 I. Diel, B. Krempien, M. Kaufmann,

S. Costa, R. Goerner, D. von

Fournier, G. Bastert. Ergebnisse

von Beckenkammbiopsien von 475

Patientinnen mit primaerem und

metastasiertem Mammakarzinom,

Tumor Diagn. Ther. 1992, 13, 85–90.
47 K. Morikawa, S. Walker, M.

Nakajima, S. Pathak, J. Jessup, I.

Fidler. Influence of organ

environment on the growth selection

and metastasis of human colon

carcinoma cells in nude mice, Cancer
Res. 1988, 48, 6863–6871.

48 K. Pantel, R. Cote, O. Fodstadt.

Detection and clinical importance of

micrometastatic disease, J. Natl.
Cancer Inst. 1999, 91, 1113–1124.

49 K. Pantel, V. Mueller, M. Auer,

N. Nusser, N. Harbeck, S. Braun.

Detection and clinical implications

of early systemic tumor cell

dissemination in breast cancer, Clin.
Cancer Res. 2003, 9, 6326–6334.

50 D. Dearnaley, J. Sloane, M.

Ormerod, K. Steele, R. Coombes.

Clink Hmc, Powles TJ, Ford HT,

Neville AM: Increased detection of

mammary carcinoma cells in marrow

smears using antisera to epithelial

membrane antigen, Br. J. Cancer.
1981, 44, 85–90.

51 P. Tschentscher, C. Wagener, M.

Neumaier. Sensitive and specific

cytokeratin 18 reverse transcriptase-

polymerase chain reaction that

excludes amplification of processed

pseudogenes from contaminating

genomic DNA, Clin. Chem. 1997, 43,

2244–2250.

52 M. Robsen ME. K. Offit. Breast MRI

for women with hereditary cancer risk.

JAMA. 2004, 292, 1368.
53 E. Warner, D. Plewes, K. Hill, P.

Causer, J. Zubovits, R. Jong, M.

Cutrara, G. DeBoer, M. Yaffe, S.

Messner, W. Meschino, C. Piron, S.

Narod. Surveillance of BRCA1 and

BRCA2 mutation carriers with

magnetic resonance imaging,

ultrasound, mammography, and

clinical breast examination, JAMA.
2004, 292(11), 1317–1325.

54 K. Hagspiel, K. Neidl, A.

Eichenberger, W. Weder, B.

Marincek. Detection of liver

metastases: Comparison of

superparamagnetic iron oxide-

enhanced and unenhanced MR

imaging at 1.5 T with dynamic CT,

intraoperative US, and percutaneous,

US. Radiol. 1995, 196(2), 471–478.
55 O. Clement, N. Siauwe. Liver

imaging with ferrumxodides. Top.
Magn. Res. Imaging. 1998, 9, 167–
182.

56 E. Morris, L. Schwartz, D.

Dershaw. MR imaging of the breast

in patients with occult primary breast

carcinoma, Radiology. 1997, 205,
437–440.

57 C. Schorn, U. Fischer. MRI of the

breast in patients with metastatic

disease of unknown primary, Eur.
Radiol. 1999, 9, 470–473.

58 J. De Jong, J. Pruim, P. Elsinga, W.

Vaalburg, H. Mensink. Visualization

of prostate cancer with 11C choline

positron emmision tomography, Eur.
Urol. 2002, 442, 18–23.

59 Y. Wang, S. Hussain, G. Kresting.

Superparamagnetic iron oxide

contrast agents: Physicochemical

characteristics and applications in

MR imaging, Eur. Radiol. 2001, 11,
2319–2331.

60 R. Weissleder, G. Elizondo,

J. Wittenberg, C. Rabito,

H. Bengele, L. Josephson. Ultrasmall

superparamagnetic iron oxide:

Characterization of a new class of

contrast agents for MR imaging,

Radiology. 1990, 175(2), 489–493.
61 R. Weissleder, D. Stark, B.

Engelstad, B. Bacon, C. Compton,

D. White, P. Jacobas, J. Lewis.

Superparamagnetic iron oxide:

Pharmacokinetics and toxicity, Am. J.
Roentgenol. 1989, 152, 167–173.

216 6 LHRH Conjugated Magnetic Nanoparticles for Diagnosis and Treatment of Cancers



62 B. Bonnemain. Superparamagnetic

agents in magnetic resonance

imaging: Physicochemical charac-

teristics and clinical applications,

J. Drug Target. 1998, 6, 167–174.
63 H. Daldrup, T. Link, S. Blasius, A.

Strozyk, S. Konemann, H. Jurgens,

E. Rummeny. Monitoring radiation

induced changes in bone marrow

histopathology with ultra small

superparamagnetic iron oxide

(USPIO) enhanced MRI, J. Magn.
Reson. Imag. 1999, 9, 643–652.

64 B. Van de Berg, F. Lecouvert, J.

Kanku, J. Jamart, B. Van Beers, B.

Maldague, J. Malghem. Ferrum-

oxides enhanced quantitative magnetic

resonance imaging of the normal and

abnormal bone marrow. Preliminary

assessment, J. Magn. Reson. Imag.
1999, 9, 322–328.

65 M. Harisinghani, J. Barentsz, P.

Hahn, W. Deserno, S. Tabatabaei,

C. Hulsbergen, J. Rosette, R.

Weissleder. Noninvasive detection

of clinically occult lymph node

metastases in prostate cancer,

N. Engl. J. Med. 2003, 348, 2491–
2499.

66 M.G. Harisinghani, M.A. Saksena,

P.F. Hahn, B. King, J. Kim, M.T.

Torabi, R. Weissleder. Ferumoxtran-

10-enhanced MR lymphangiography:

Does contrast enhanced imaging alone

suffice for accurate lymph node

characterization? Amer. J. Roentgenol.
2006, 186, 144–148.

67 J. Mintorovich, K. Shansi, Eovist.

Injection and Reovist injection, Two

liver specific contrast agents for MRI,

Oncol. Supp. 2000(3), 14, 37–40.
68 M. Kavellaris, D. Kuo, C. Burkhart,

D. Regl, M. Norris, M. Haber, S.

Horwitz. Taxol resistant epithelial

ovarian tumors are associated with

altered expression of specific beta

tubulin isotypes, J. Clin. Invest. 1997,
100, 1282–1293.

69 M. Lehnert, S. Emerson, W.

Dalton, R. de Guili, S. Salmon. In

vitro evaluation of chemosensitizers

for clinical reversal of p-glycoprotein

associated: Taxol resistance. J. Natl.
Cancer Inst. Mongr. 1993, 15, 63–67.

70 N. Baldini, K. Scotlandi, M. Serra,

T. Shikita, N. Zini, A. Ognibene, S.

Santi, R. Ferracini, N.M. Maraldi.

Nuclear immunolocalization of

P-glycoprotein in multidrug-

resistant cell lines showing similar

mechanisms of doxorubicin

distribution. Eur. J. Cell Biol. 1995, 68,
226–239.

71 A. Molinari, A. Calcabrini, S.

Meschini, A. Stringaro, D. Del

Bufalo, M. Cianfriglia, G. Arancia.

Detection of P-glycoprotein in the

Golgi apparatus of drug-untreated

human melanoma cells. Int. J. Cancer.
1998, 75, 885–893.

72 J. Hamada, T. Tsuruo. Characteri-

zation of the ATPase activity of the 170

to 180 kilodalton membrane glyco-

protein associated with multi-drug

resistance: the 170 to 180 kilodalton

membrane glycoprotein is an ATPase,

J. Biol. Cheml. 1988, 263, 1454–1458.
73 R. Krishna, L. Mayer. Multidrug

resistance (MDR) in cancer-

mechanisms reversal using

modulators of MDR and the role of

MDR modulators in influencing the

pharmacokinetics of anticancer drugs.

Eur. J. Cancer Sci. 2000, 11, 265–283.
74 A. Jones, A. Harris. New

developments in angiogenesis: a

major mechanism for tumor growth

and target for therapy, Cancer J. from
Sci. Am. 1998, 4, 209–217.

75 J. Murray, J. Carmichael. Targeting

solid tumours: Challenges,

disappointments and opportunities.

Adv. Drug Delivery Rev. 1995, 17,
117–127.

76 R. Jain. Molecular regulation of vessel

maturation. Nat. Med. 2003, 9, 685–93.
77 T.P. Padera, B.R. Stoll, J.B.

Tooredman, D. Capen, E. di Tomaso,

R.K. Jain. Pathology: Cancer cells

compress intratumour vessels. Nature
2004, 427, 695.

78 K. Weindel, J.R. Moringlane, D.

Marme, H.A. Weich. Detection and

quantification of vascular endothelial

growth factor/vascular permeability

factor in brain tumor tissue and cyst

fluid: the key to angiogenesis?

Neurosurgery 1994, 35, 439–449.

References 217



79 S.P. Olesen. Rapid increase in blood

brain barrier permeability during

svere hypoxia and metabolic

inhibition. Brain Res. 1986, 368,
24–29.

80 Y. Boucher, M. Leunig, R.K. Jain.

Tumor angiogenesis and interstitial

hypertension, Cancer Res. 1996, 56,
4264–4266.

81 G. Helmlinger, P.A. Netti, H.C.

Lichtenbeld, R.J. Melder, R.K. Jain.

Solid stress inhibits the growth of

multicellular tumor spheroids, Nat.
Biotechnol. 1997, 15, 778–783.

82 H. Maeda. The enhanced permeability

and retention effect in tumor

vasculature, the key role of tumor

sensitive macromolecular drug

targeting, Adv. Enzyme Regul. 2001, 41,
189–207.

83 H. Maeda. Tumor vascular

permeability and the EPR effect in

macromolecular therapeutics: A

review, J. Controlled Release. 2000, 65,
271–284.

84 E. Seneterre, R. Weissleder, D.

Jaramillo, P. Reimer, A. Lee, T.

Brady, J. Wittenberg. Bone marrow:

Ultrasmall superparamagnetic iron

oxide for MR imaging, Radiology.
1991, 179(2), 529–533.

85 D. Pouliquen, I. Lucet, C. Chouly,

R. Perdrisot, J. Le Jeune, P. Jallet.

Liver-directed superparamagnetic iron

oxide: Quantitation of T2 relaxation

effects. Magn. Reson. Imag. 1993, 11,
219–228.

86 C. Chouly, D. Pouliquen, J. Lucet,

J. Jeune, P. Jallet. Development of

superparamagnetic nanoparticles for

MRI: Effect of particle size, charge

and surface nature on biodistribution,

J. Microencapsul. 1996, 13, 245–255.
87 J. Kreuter. Drug targeting with

nanoparticles. Eur. J. Drug Metab.
Pharmacokine. 1994, 19, 253–256.

88 L. Araujo, R. Lobenberg, J. Kreuter.

Influence of the surfactant concen-

tration of the body distribution of

nanoparticles, J. Drug Target. 1999, 6,
373–385.

89 V. Lenaerts, J. Nagelkerke, T. Van

Berkel, P. Couvreur, L. Grislain,

M. Roland, P. Speiser. In vivo uptake

of polyisobutyl cyanoacrylate

nanoparticles by rat liver Kupffer,

endothelial, and parenchymal cells.

J. Pharm. Sci. 1984, 73, 980–982.
90 P. Couvreur, B. Kante, V. Lenaerts,

V. Scailteur, M. Roland, P. Speiser.

Tissue distribution of antitumor drugs

associated with polyalkylcyanoacrylate

nanoparticles, J. Pharm. Sci. 1980, 69,
199–202.

91 J. Panyam, V. Labhasetwar.

Biodegradable nanoparticles for drug

and gene delivery to cells and tissue.

Adv. Drug Del. Rev. 2003, 55, 329–
347.

92 M. Ferrari. Cancer nanotechnology:

opportunities and challenges, Nat. Rev.
2005, 5, 161–171.

93 J. Vasir, V. Labhasetwar. Targeted

drug delivery in cancer therapy,

Technol. Cancer Res. Treatment. 2005, 4,
363–374.

94 A. Chonn, S. Semple, P. Cullis.

Separation of large unilamellar

liposomes from blood components by

a spin column procedure: Towards

identifying plasma proteins which

mediate liposome clearance in vivo,

Biochim. Biophys. Acta. 1991, 1070,
215–222.

95 F. Yuan. Transvascular drug delivery

in solid tumors, Semin. Radiat. Oncol.
1998, 8, 164–175.

96 Y. Noguchi, J. Wu, R. Duncan, J.

Strohalm, K. Ulbrich, T. Akaike,

H. Maeda. Early phase tumor

accumulation of macromolecules: A

great difference in clearance rate

between tumor and normal tissues,

Jpn. J. Cancer Res. 1998, 89, 307–314.
97 R. Weissleder, H. Cheng, A.

Bogdanova, A. Bogdanov.

Magnetically labeled cells can be

detected by MR imaging, J. Magn.
Reson. Imag. 1997, 7, 258–263.

98 T. Yeh, W. Zhang, S. Ildstad, C.

Ho. Intracellular labeling of T-cells

with superparamagnetic contrast

agents, Magn. Reson. Med. 1993, 5,
617–625.

99 U. Schoepf, E. Marecos, R. Melder,

R. Jain, R. Weissleder. Intracellular

magnetic labeling of lymphocytes

for in vivo trafficking studies,

218 6 LHRH Conjugated Magnetic Nanoparticles for Diagnosis and Treatment of Cancers



Biotechniques. 1998, 24(4), 642–646,
648–651.

100 R. Weissleder, D. Stark, B.

Engelstad, B. Bacon, C. Compton,

D. White, P. Jacobs, J. Lewis.

Superparamagnetic iron oxide:

Pharmacokinetics and toxicity, Am. J.
Roentgenol. 1989, 152, 167–173.

101 P. Reimer, E. Rummeny, H.

Daldrup, T. Balzer, B. Tomach, T.

Berns, P. Peters. Clinical results with

Resovist: A phase 2 clinical trial,

Radiology. 1995, 195, 489–496.
102 P. Robinson. Imaging liver

metastases: Current limitations and

future prospects, Br. J. Radiol. 2000,
73, 234–241.

103 Y. Nishioka, H. Yoshino. Lymphatic

targeting with nanoparticulate system,

Adv. Drug Delivery Rev. 2001, 47,
55–64.

104 K. Yang, Y. Wen, L. Li, C. Wang, S.

Hou, C. Li. Preparation of

cucurbitacinBE polylactic acid nano-

particles for targeting cervical lymph

nodes, Hua Xi Kou Qiang Yi Xue Za
Zhi. 2001, 19, 347–350.

105 T. Watanabe, H. Ichikawa, M.

Fukumori. Tumor accumulation of

gadolinium in lipid nanoparticles

intravenously injected for neutron

capture therapy in cancer, Eur. J.
Pharmaceut. Biopharmaceut. 2002, 54,
119–124.

106 N. Nishiyama, S. Okazaki, H.

Cabral, M. Miyamoto, Y. Kato, Y.

Sugiyama, K. Nishio, Y. Matsumura,

K. Kataoka. Novel cisplatin-

incorporated polymeric micelles can

eradicate solid tumors in mice, Cancer
Res. 2003, 63, 8977–8983.

107 R. Abou-Jawde, T. Choueiri, C.

Alemany, T. Mekhail, An overview

of targeted treatments in cancer,

Clin. Therapeut. 2005, 25, 2121–
2137.

108 A. Gupta, A. Curtis. Lactoferrin and

ceruloplsmin derivatized superpara-

magnetic iron oxide nanoparticles

for targeting cell surface receptors,

Biomaterials. 2004, 25, 3029–3040.
109 A. Gupta, M. Gupta. Synthesis and

surface engineering of ironoxide

nanoparticles for biomedical

applications, Biomaterials. 2005, 26,
3995–4021.

110 A. Gupta, C. Berry, M. Gupta, A.

Curtis. Receptor mediated targeting

of magnetic nanoparticles using

insulin as a surface ligand to prevent

endocytosis, IEEE Trans. Nanobiosci.
2003, 2, 256–261.

111 Z. Qian, H. Li, H. Sun, K. Ho.

Targeted drug delivery via transferring

receptor mediated endocytosis

pathway, Pharmacol. Rev. 2002, 54,
561–587.

112 A. Moore, J. Basilion, E. Chiocca,

R. Weissleder. Measuring

transferring receptor gene expression

by NMR imaging, Biochim. Biophys.
Acta. 1998, 1402, 239–249.

113 A. Moore, L. Josephson, R.

Bhoreade, J. Basilion, R.

Weissleder. Human transferring

receptor gene as a marker gene for

MR imaging, Radiology. 2001, 221,
244–250.

114 C. Berry, S. Charles, S. Wells, M.

Da.by, A. Curtis. The influence of

transferring stabilized magnetic

nanoparticles on human dermal

fibroblasts in culture, Int. J. Pharm.
2004, 269, 211.

115 D. Hogemann, L. Josephson, R.

Weissleder, J. Basilion. Improve-

ment of MRI probes to allow efficient

detection of gene expression, Bioconju-
gate Chem. 2000, 11(6), 941–946.

116 H. Choi, S. Choi, R. Zhou, H.

Kung, I. Chen. Iron oxide nano-

particles as magnetic resonance

contrast agent for tumor imaging via

folate receptor-targeted delivery, Acad.
Radiol. 2004, 11, 996–1004.

117 Y. Zhang, N. Kohler, M. Zhang.

Surface modification of superpara-

magnetic magnetite nanoparticles and

their intracellular uptake, Biomaterials.
2002, 23, 1553–1561.

118 N. Tanji, K. Aoki, M. Yokoyama.

Growth factors: Roles in andrology,

Arch. Androl. 2001, 47, 1–7.
119 M. Boyle, M. Lawman, A. Gee, M.

Young. Nerve growth factor: A

chemotactic factor for polymorpho-

nuclear leukocytes in vivo, J. Immunol.
1985, 134, 564–568.

References 219



120 M. Funovics, B. Kapeller, C.

Hoeller, H. Su, R. Kunstfeld, S.

Puig, K. Macfelda. MR imaging of

the her2/neu and 9.2.27 tumor

antigens using immunospecific

contrast agents, Magn. Reson. Imag.
2004, 22, 843-M.

121 A. Nagy, A. Schally. Targeting

cytotoxic conjugates of somatostatin,

luteinizing hormone releasing

hormone and bombesin to cancers

expressing their receptors: A smarter

chemotherapy, Curr. Pharmaceut.
Design. 2005, 11, 1167–1180.

122 M. Kircher, U. Mahmood, R. King,

R. Weissleder, L. Josephson. A

multimodal nanoparticle for

preoperative magnetic resonance

imaging and intraoperative optical

brain tumor delineation, Cancer Res.
2003, 63, 8122–8125.

123 L. Josephson, C. Tung, A. Moore,

R. Weissleder. High efficiency

intracellular magnetic labeling with

novel superparamagnetic-tat peptide

conjugates, Bioconjugate Chem. 1999,

10, 186–191.

124 C. Dodd, H. Hsu, W. Chu, P. Yang,

H. Zhang, J. Mountz, K. Zinn,

J. Forder, L. Josephson, R.

Weissleder, J. Mountz, J. Mountz.

Normal T-cell response and in vivo

magnetic resonance imaging of T

cells loaded with HIV transactivator-

peptide-derived superparamagnetic

nanoparticles, J. Immunol. Methods.
2001, 256, 89–105.

125 A. Schally, A. Nagy. Cancer

chemotherapy based on targeting of

cytotoxic peptide conjugates to their

receptors on tumors, Eur. J.
Endocrinol. 1999, 141(1), 1–14.

126 A. Nagy, A. Schally. Targeting

cytotoxic luteinizing hormone

releasing hormone analogs to breast,

ovarian, endometrial and prostate

cancers, Biol. Reprod. 2005, 73,
851–859.

127 L. Chatzistamou, A. Schally, A.

Nagy, K. Szepeshazi, G. Halmos.

Effective treatment of metastatic

MDA-MB 435 human estrogen

independent breast carcinomas with a

targeted cytotoxic analogue of

luteinizing hormone releasing

hormone AN-207, Clin. Cancer Res.
2000, 6, 4158–4168.

128 M. Kovacs, A. Schally, B. Csernus,

R. Busto, Z. Rekasi, A. Nagy.

Targeted cytotoxic analogue of LHRH

only transiently decreases the gene

expression of pituitary receptors for

LHRH, J. Neuroendocrinol. 2002, 14,
5–13.

129 M. Kovacs, A. Schally, A. Nagy, M.

Koppan, K. Groot. Recovery of

pituitary function after treatment with

a targeted cytotoxic analog of LHRH,

Proc. Natl. Acad. Sci. U.S.A. 1997, 94,
1420–1425.

130 C. Leuschner, F. Enright, B.

Gawronska-Kozak, W. Hansel.

Human prostate cancer cells and

xenografts are targeted and destroyed

through LHRH receptors, Prostate.
2003, 56, 239–249.

131 P. Foster-Gareau, C. Heyn, A.

Alejski, B.K. Rutt. Imaging single

mammalian cells with a 1.5 T clinical

MRI scanner, Magn. Reson. Med.,
2003, 49, 968–971.

132 K.A. Hinds, J.M. Hill, E.M. Shapiro,

M.O. Laukkanen, A.C. Silva, C.A.

Combs, T.R. Varney, R.S. Balaban,

A.P. Koretsky, C.E. Dunbar. Highly

efficient endosomal labeling of

progenitor and stem cells with large

magnetic particles allows magnetic

resonance imaging of single cells,

Blood 2003, 102, 867–872.

133 A. Merbach, E. Toth. The Chemistry
of Contrast Agents in Medical Magnetic
Resonance Imaging, 2001, Wiley,

Chichester.

134 C. Simonsen, L. Ostergaard, P.

Vestergaard-Poulsen, L. Rohl, A.

Bjornerud, C. Gyldensted. CBF and

CBV measurements by USPIO bolus

tracking: Reproducibility and

comparison with Gd based values,

J. Magn. Reson. Imag. 1999, 9,
342–347.

135 R. Low. MR imaging in liver using

gadolinium chelates, Magn. Reson.
Imag. Clin. N. Am. 2001, 9, 372–374.

136 C. Jung, P. Jacobs. Physical and

chemical properties of superpara-

magnetic iron oxide MR contrast

220 6 LHRH Conjugated Magnetic Nanoparticles for Diagnosis and Treatment of Cancers



agents: ferrumoxides, ferumoxtran,

ferumoxsil, Magn. Reson. Imag. 1995,
13, 661–674.

137 S. Flacke, S. Fischer, M. Scott, R.

Fuhrhop, J. Allen, M. McLean, P.

Winter, G. Sicard, P. Gaffney, S.

Wickline, G. Lanza. Novel MRI

contrast agent for molecular imaging

of fibrin: Implications for detecting

vulnerable plaques, Circulation. 2001,
104, 1280–1285.

138 T. Suwa, S. Ozawa, M. Ueda, N.

Ando, M. Kitajima. Magnetic

resonance imaging of esophageal

squamous cell carcinoma using

magnetite particles coated with anti-

epidermal growth factor receptor

antibody, Int. J. Cancer. 1998, 75,
626–634.

139 Y. Wang, S. Hussain, G. Kresting.

Superparamagnetic iron oxide contrast

agents: Physicochemical characteristics

and applications in MR imaging, Eur.
Radiol. 2001, 11, 2319–2331.

140 D. Pouliquen, R. Perdrisot, A.

Ermias, S. Akoka, P. Jallet, J. Le

Jeune. Superparamagnetic iron

oxide nanoparticles as a liver MRI

contrast agent: Contribution of

microencapsulation to improved

biodistribution, Magn. Reson. Imag.
1989, 7, 619–627.

141 R. Weissleder, A. Lee, B. Khaw, T.

Shen, T. Brady. Antimyosin labeled

monocrystalline iron oxide allows

detection of myocardial infarct: MR

antibody imaging, Radiology. 1992,
182, 281–285.

142 R. Weissleder, A. Lee, A. Fischman,

P. Reimer, T. Shen, R. Wilkinson,

R. Callahan, T. Brady. Polyclonal

human immunoglobulin G labeled

with polymeric iron oxide: Antibody

MR imaging, Radiology. 1991, 181,
245–249.

143 P. Moroz, H. Pardoe, S. Jones, T. St

Pierre, S. Song, B. Gray. Arterial

embolization hyperthermia: Hepatic

iron particle distribution and its

potential determination by magnetic

resonance imaging, Phys. Med. Biol.
2002, 47, 1591–1602.

144 H. Pardoe, W. Chua-anusorn,

T. St Pierre, J. Dobsen. Detection

limits for ferromagnetic particle

concentrations using magnetic reso-

nance imaging based proton transverse

relaxation rate measurements, Phys.
Med. Biol. 2003, 48, N89–N95.

145 S. Schmitz, S. Coupland, R. Gust.

Superparamagnetic iron oxide

enhanced MRI of artherosclerotic

plaques in Watanabe rabbits, Invest.
Radiol. 2000, 35, 460–471.

146 A. Luebbe, C. Bergeman, H. Riess,

F. Schriever, P. Reichardt, K.

Possinger, M. Matthia, B. Doerken,

F. Herrmann, R. Guertler, P.

Hohenberger, N. Haas, R. Sohr, B.

Sander, A. Lemke, D. Ohlendorf,

W. Huhnt, D. Huhn. Clinical

experiences with magnetic drug

targeting: A Phase I study with 4-

epidoxorubicin in 14 patients with

advanced solid tumors, Cancer Res.
1996, 56, 4686–4693.

147 B. Bacon, D. Stark, C. Park, S.

Saini, E. Groman, P. Hahn, C.

Compton, J. Ferrucci. Ferrite

particles: A new magnetic resonance

imaging contrast agent. Lack of acute

or chronic hepatotoxicity after

intravenous administration, J. Lab.
Clin. Med. 1987, 110, 164–171.

148 D. Schafer. Coupling dynamics

and membrane dynamics during

endocytosis, Curr. Opin. Cell Biol.
2002, 14, 76–81.

149 A. Moore, R. Weissleder, A.

Bogdanov. Uptake of dextran-

coated monocrystalline iron oxides

in tumor cells and macrophages,

J. Magn. Reson. Imag. 1997, 7, 1140–
1145.

150 A. Moore, E. Marecos, A. Bogdanov,

R. Weissleder. Tumoral distribution

of long-circulating dextran coated iron

oxide nanoparticles in a rodent model,

Radiology. 2000, 214, 568–574.
151 E. Shapiro, S. Skrtic, K. Sharer, J.

Hill, C. Dunbar, A. Koretsky. MRI

detection of single particles for cellular

imaging, Proc. Natl. Acad. Sci. U.S.A.
2004, 101, 10 901–10 906.

152 C. Billotey, C. Wilhelm, M. Devaud,

J. Bacri, J. Bittoun, F. Gazeau. Cell

internalization of anionic maghemite

nanoparticles: Quantitative effect on

References 221



magnetic resonance imaging, Magn.
Reson. Med. 2003, 49, 646–654.

153 J. Bulte, I. Duncan, J. Fank. In vivo

tracking of magnetically labeled cells

following transplantation, J. Cereb.
Blood Flow Metab. 2002, 22, 899–907.

154 D. Sipkins. Detection of tumor

angiogenesis in vivo by aVb3-targeted

magnetic resonance imaging, Nat.
Med. 1998, 4, 623–626.

155 P. Winter. Nanotechnology in cancer

drug delivery, in Nanofabrication for
Biomedical Applications, J. Hormes, C.

Kumar, C. Leuschner (Eds.), Wiley-

VCH, Weinheim, 2004.

156 P. Winter, S. Caruthers, A.

Kassner, T. Haris, L. Chinen, J.

Allen, E. Lacy, H. Zhang, J.

Robertson, S. Wickline, G. Lanza.

Molecular imaging of angiogenesis in

nascent Vx-2 rabbit tumors using a

novel alpha (nu)beta3-targeted

nanoparticle and 1.5 tesla magnetic

resonance imaging, Cancer Res. 2003,
263, 5838–5843.

157 E. Bergey, L. Levy, X. Wang, L.

Krebs, M. Lal, K. Kim, S. Pakatchi,

C. Liebow, P. Prasad. DC Magnetic

field induced magnetocytolysis of

cancer cells targeted by LH-RH

magnetic nanoparticles in vitro,

Biomed. Microdevices. 2002, 4,
293–299.

158 M. Funovics, B. Kapeller, C.

Hoeller, H. Su, R. Kunstfeld, S.

Puig, K. Macfelda. MR imaging of

the her2/neu and 9.2.27 tumor

antigens using immunospecific

contrast agents, Magn. Reson. Imaging.
2004, 22, 843-M.

159 S. Dharap, Y. Wang, J. Khandare,

B. Qiu, S. Gunaseelan, P. Sinko,

S. Stein, A. Farmanfarmaian, T.

Minko. Tumor specific targeting of an

anticancer drug delivery system by

LHRH peptide, Proc. Natl. Acad. Sci.
U.S.A. 2005, 102, 12 962–12 967.

160 W. Yang, M. Wieczorck, M. Allen,

T. Nett. Cytotoxic activity of gonado-

tropin releasing hormone Pokeweed

antiviral protein conjugates in cell

lines expressing GnRH receptors,

Endocrinology. 2003, 144, 1456–
1463.

161 C. Leuschner, F. Enright, B.

Gawronska, J. Keener, W. Hansel.

Lytic peptide conjugated to luteinizing

hormone kills breast cancer cells in

vivo and in vitro. AACR-NCI-EORTC

International conference, Molecular

Targets and Cancer Therapeutics.

2001, Miami, FL, Abstract 489.

162 C. Leuschner, F. Enright, P.

Melrose, W. Hansel. Targeted

destruction of androgen-sensitive and

insensitive prostate cancer cells and

xenografts throughluteinizinghormone

receptors, Prostate. 2001, 46, 116–125.
163 B. Gawronska, C. Leuschner, F.

Enright, W. Hansel. Effects of a lytic

peptide conjugated to beta hCG on

ovarian cancer studies in vitro and in

vivo, Gynecol. Oncol. 2002, 85, 45–52.
164 C. Leuschner, F. Enright, B.

Gawronska, W. Hansel. Membrane

disrupting lytic peptide conjugates

destroy hormone dependent and

independent breast cancer cells in

vitro and in vivo, Breast Cancer Res.
Treatment. 2003, 78, 17–27.

165 G. Fink. Gonadotropin secretion

and its control, in The Physiology of
Reproduction, E. Knobil, J. Neill
(Eds.), Raven Press, New York, 1988,

1349–1377.

166 S. Kalra. Mandatory neuropeptide

steroid signaling for the preovulatory

luteinizing hormone releasing

hormone discharge, Endocrine Rev.
1993, 14, 507–538.

167 A. Schally. Hypothalamic hormones

from neuroendocrinology to cancer

therapy, Anticancer Drugs. 1994, 5,
115–130.

168 S. Stojilkovis, K. Catt. Expression

and signal transduction pathways of

gonadotropin releasing hormone

receptors, Recent Progr. Hormone Res.
1995, 30, 161–205.

169 A. Schally, A. Comaru Schally, A.

Nagy, M. Kovacs, K. Szepashizai, A.

Plonowski, J. Varga, G. Halmos.

Hypothalamic hormones and cancer,

Frontiers Neuroendocrinol. 2001, 22,
248–291.

170 R. Millar, A. Lu, A. Pawson, C.

Flanagan, K. Morgan, S. Maudsley.

Gonadotropin releasing hormone

222 6 LHRH Conjugated Magnetic Nanoparticles for Diagnosis and Treatment of Cancers



receptors, Endocrine Rev. 2004, 25,
235–275.

171 P. Limonta, R. Moretti, M. Marelli,

M. Motta. The biology of gonado-

tropin hormone releasing hormone:

Role in the control of tumor growth

and progression in humans, Fontiers
Neuroendocrinol. 2003, 24, 279–295.

172 R. Moretti, M. Montagnani, J. von

Groeninghen, P. Limonta. Locally

expressed LHRH receptors mediate

the oncostatic and antimetastatic

activity of LHRH agonists on

melanoma cells, J. Clin. Endocrinol.
Metab. 2002, 87, 3791–3797.

173 R.M. Moretti, M.M. Marelli, J.C.

van Groeninghen, M. Motta, P.

Limonta. Inhibitory activity of

luteinizing hormone releasing

hormone on tumor growth and

progression. Endocrine Relat. Cancers,
2003, 10, 161–167.

174 H. Matsuo, Y. Baba, R. Nair, A.

Arimura, A. Schally. Structure of

the porcine LH and FSH releasing

hormone. I. The proposed amino acid

sequence, Biochem. Biophys. Res.
Commun. 1971, 43, 1334–1339.

175 J. King, R. Millar. Structural and

functional evolution of gonadotropin

releasing hormone, Int. Rev. Cytol.
1987, 106, 149–182.

176 J. King, R. Millar. Evolutionary

aspects of gonadotropin releasing

hormone and its receptor, Cell Mol.
Neurobiol. 1995, 15, 5–23.

177 R. Millar, B. Troskie, Y. Sun, T.

Ott, I. Wakefield, D. Myvurth, A.

Pawson, J. Davidson, A. Katz, J.

Hapgood, N. Illing, W. Heinstein,

S. Sealfon, R. Peter, E. Terasawa, J.

King. Plasticity in the structural and

functional evolution of GnRH: A

peptide for all seasons. Advances in

comparative endocrinology, Proc. XIII
International Congress of Comparative
Endocrinology. Yokohama, Japan, 1997,

pp. 15–27.

178 N. Sherwood. The GnRH family of

peptides, Trends Neurosci. 1987, 10,
129–132.

179 M. Jiminez-Linan, B. Rubin, J. King.

Examination of guinea pig luteinizing

hormone releasing hormone gene

reveals a unique decapeptide and

existence of two transcripts in the

brain, Endocrinology. 1997, 138,
423–430.

180 M. Yoo, H. Kang, H. Choi, J. Kim,

B. Troskie, R. Millar, H. Kwon.

Molecular cloning, distribution and

pharmacological characterization of a

novel gonadotropin-releasing hormone

([Trp8]GnRH) in frog brain, Mol. Cell
Endocrinol. 2000, 164, 197–204.

181 B. Adams, J. Tello, J. Erchegeyi,

C. Warby, D. Hong, K. Akinsanya,

G. Mackie, W. Vale, J. Rivier, N.

Sherwood. Six novel gonadotropin

releasing hormones are encoded as

triplets on each of two genes in a

protochrodate, Ciona interstinalis.

Endocrinology. 2003, 144, 1907–1919.
182 E. Dubois, M. Zandbergen, J. Peute,

H. Goos. Evolutionary development of

three gonadotropin releasing hormone

systems in vertebrates, Brain Res. Bull.
2002, 57, 413–418.

183 W. Yu, S. Karanth, S. Sower, A.

Parlow, S. McCann. The similarity

of FSH releasing factor to lamprey

gonadotropin releasing hormone III

(GnRH III), Proc. Soc. Exp. Biol. Med.
2002, 224, 87–92.

184 K. Miyamoto, Y. Hasegawa, M.

Nomura, M. Igarashi, K. Kangawa,

H. Matsue. Identification of the

second gonadotropin releasing

hormone in chicken hypothalamus

evidence that gonadotropin secretion

is probably controlled by two distinct

gonadotropin releasing hormones in

avian species, Proc. Natl. Acad. Sci.
U.S.A. 1984, 81, 3874–3878.

185 S. Sower, Y. Chiang, S. Lovas, J.

Conlon. Primary structure and

biological activity of a third gonado-

tropin releasing hormone from the

lamprey brain, Endocrinology. 1993, 132,
1125–1131.

186 R. White, J. Eisen, T. Kasten,

R. Fernald. Second gene for

gonadotropin releasing hormone in

humans, Proc. Natl. Acad. Sci. U.S.A.
1998, 95, 305–309.

187 S. Kang, C. Tai, P. Nathwani, P.

Leung. Differential regulation of two

forms of GnRH messenger RNA in

References 223



human granulose luteal cells,

Endocrinology. 2001, 142, 182–192.
188 K. Choi, N. Auersperg, P. Lleung.

Expression and antiproliferative effect

of a second form of gonadotropin

releasing hormone in normal and

neoplastic ovarian surface epithelial

cells, J. Clin. Endocrinol. Metab. 2001,
86, 5075–5078.

189 S. Khosravi, P. Leung. Differential

regulation of gonadotropin releasing

hormone (GnRH I) and GnRH II

messenger ribonucleic acid by gonadal

steroids in humban granulose luteal

cells, J. Clin. Endocrinol. Metab. 2003,
88, 663–372.

190 G. Emons, A. Schally. The use of

luteinizing hormone releasing

hormone agonists and antagonists in

gynaecological cancers, Hum. Reprod.
1994, 9, 1364–1379.

191 S. Sealfon, H. Weinstein, R.

Millar. Molecular mechanisms of

ligand interaction with the gonado-

tropin releasing hormone receptor,

Endocrinol. Rev. 1997, 18, 180–205.
192 A. Hsueh, J. Schaeffer. Gonado-

tropin releasing hormone as a paracrine

hormone and neutrotransmitter

in extra-pituitary sites, J. Steroid
Biochem. 1985, 23, 757–764.

193 R. Millar. GnRH II and type II

GnRH receptors, Trends Endocrinol.
Metab. 2003, 14, 35–43.

194 J. Temple, R. Millar, E. Rissman. An

evolutionarily conserved form of

gonadotropin-releasing hormone

coordinates energy and reproductive

behavior, Endocrinology. 2003, 144(1),
13–19.

195 G. Emons, O. Ortmann, K. Schulz,

A. Schally. Growth inhibitory actions

of lHRH on tumor cells. Trends
Endocrinol. Metab. 1997, 8, 355–362.

196 G. Emons, S. Weis, O. Ortmann, C.

Grundker, K. Schulz. LHRH might

act as a negative autocrine regulator

of proliferation of human ovarian

cancer, Eur. J. Endocrinol. 2000, 142,
665–670.

197 D. Dondi, P. Limonta, R. Motetti,

M. Marelli, E. Garattini, M. Motta.

Antiproliferative effects of LHRH

agonists on human androgen

independent prostate cancer cell line

DU145: Evidence for an autocrine

inhibitory LHRH loop, Cancer Res.
1994, 54, 4091–4095.

198 R.M. Moretti, M. Montagnani

Marelli, J.C. van Grohnignhen, M.

Motta, P. Limonta. Inhibitory activity

of luteinizing hormone releasing

hormone on tumor growth and

progression, Endocrine Relat. Cancer.
2003, 10, 161–167.

199 W. Miller, W. Scott, R. Morris, H.

Fraser, R. Sharp. Growth of human

breast cancer cells inhibited by a

luteinizing hormone releasing

hormone agonist, Nature. 1985, 313,
231–233.

200 K. Eidne, C. Flanagan, R. Millar.

Gonadotropin releasing hormone

binding sites in human breast

carcinoma, Science. 1985, 229,
989–999.

201 D. Dondi, P. Limonta, R. Moretti,

M. Montagnani Motta. Anti-

proliferative effects of lutei rele

agonists on human androgen

independent prostate cancer cell line

DU 145: Evidence for an autocrine-

inhibitory loop, Cancer Res. 1994, 54,
4091–4095.

202 G. Emons, S. Weiss, O. Ortmann.

LHRH might act as a negative

autocrine regulator of proliferation

of human ovarian cancer, Eur. J.
Endocrinol. 2000, 142, 665–670.

203 A. Tieva, P. Stattin, P. Wikstrom,

A. Bergh, J. Damber. Gonadotropin-

releasing hormone receptor expression

in the human prostate, Prostate. 2001,
47(4), 276–284.

204 G. Emons, O. Ortmann, M. Becker,

G. Irmer, B. Springer, R. Laun,

F. Holzel, K. Schulz, A. Schally,

High affinity binding and direct

antiproliferative effects of LHRH

analogs I human ovarian cancer cell

lines, Cancer Res. 1993, 53, 5439–5446.
205 A. Gunthert, C. Grundker, B.

Bottcher, G. Emons. Luteinizing

hormone-releasing hormone (LHRH)

inhibits apoptosis induced by cytotoxic

agent and UV-light but not apoptosis

mediated through CD95 in human

ovarian and endometrial cancer cells,

224 6 LHRH Conjugated Magnetic Nanoparticles for Diagnosis and Treatment of Cancers



Anticancer Res. 2004, 24(3a),
1727–1732.

206 C. Grundker, L. Schlotawa, V.

Viereck, N. Eicke, A. Horst, B.

Kairies, G. Emons. Antiproliferative

effects of the GnRH antagonist

cetrorelix and of GnRH-II on human

endometrial and ovarian cancer cells

are not mediated through the GnRH

type I receptor, Eur. J. Endocrinol.
2004, 151, 141–149.

207 C. Grundker, G. Emons. Role of

gonadotropin-releasing hormone

(GnRH) in ovarian cancer, Reprod.
Biol. Endocrinol. 2003, 7, 1, 65.

208 C. Verschraegen, S. Westphalen,

W. Hu, E. Loyer, A. Kudelka, P.

Volker, J. Kavanagh, M. Steger, K.

Schulz, G. Emons. Phase II study of

cetrorelix, a luteinizing hormone-

releasing hormone antagonist in

patients with platinum-resistant

ovarian cancer, Gynecol. Oncol. 2003,
90(3), 552–559.

209 O. Reich, F. Nogales, S. Regauer.

Gonadotropin-releasing hormone

receptor expression in endometrial

stromal sarcomas: An immuno-

histochemical study, Mod. Pathol.
2005, 18(4), 573–576.

210 R. Eaveri, A. Ben-Yehudah, H.

Lorberboum-Galski.Surfaceantigens/

receptors for targeted cancer treatment:

The GnRH receptor/binding site for

targeted adenocarcinoma therapy,

Curr. Cancer Drug Targets. 2004, 4(8),
673–687.

211 J. Reubi. Peptide receptors as

molecular targets for cancer diagnosis

and therapy, Endocrine Rev. 2003, 24,
389–427.

212 R. Millar, S. Lowe, D. Conklin,

A. Pawson, S. Maudsley, B. Troskie,

T. Ott, M. Millar, G. Lincoln, R.

Sellar, B. Faurholm, G. Scobie,

R. Kuestner, E. Terasawa. A novel

mammalian receptor for the

evolutionarily conserved type II

GnRH, Proc. Natl. Acad. Sci. U.S.A.
2001, 98, 9636–9641.

213 L. Chi, W. Zhou, A. Prikhozan,

C. Flanagan, K. Davidson. Cloning

and characterization of the human

gonadotropin releasing hormone

receptor, Mol. Cell. Endocrinol. 1993,
91, R1–6.

214 S. Kakar, L. Musgrove, D. Devor, J.

Sellers, J. Neill. Cloning sequencing

and expressison of human GnRH

receptor, Biochem. Biophys. Res.
Commun. 1992, 189, 289–295.

215 M. Tsutsumi, W. Zhou, R. Miller,

P. Mellon, J. Roberts, C. Flanagan,

K. Dong, B. Gillo, S. Sealfon.

Cloning and functional expression

of a mouse gonadotropin releasing

hormone receptor. Mol. Endocrinol.
1992, 6, 1163–1169.

216 J. Reinhart, L. Mertz, K. Catt.

Molecular cloning and expression of

CDNA encoding the murine

gonadotropin-releasing hormone

receptor, J. Biol. Chem. 1992, 267,

21 281–21 284.

217 U. Kaiser, D. Zhao, G. Cardona, W.

Chin. Isolation and characterization

of cDNAs encoding the rat pituitary

gonadotropin-releasing hormone

receptor, Biochem. Biophys. Res.
Commun. 1992, 189, 1645–1652.

218 K. Eidne, R. Sellar, G. Couper, L.

Anderson, P. Taylor. Molecular

cloning and characterization of the rat

pituitary gonadotropin releasing

hormone (GnRH) receptor, Mol. Cell.
Endocrinol. 1992, 90, R5–R9.

219 M. Perrin, L. Bilezekjian, C.

Hoeger, C. Donaldson, J. Rivier,

Y. Haas, W. Vale. Molecular and

functional characterization of GnRH

receptors cloned from rat pituitary and

a mouse pituitary tumor cell line,

Biochem. Biophys. Res. Commun. 1993,
191, 1139–1144.

220 J. Brooks, P. Taylor, P. Saunders, K.

Eidne, W. Struthers, A. McNeilly.

Cloning and sequencing of the sheep

pituitary gonadotropin releasing

hormone receptor and changes in

expression of its mRNA during the

estrous cycle, Mol. Cell. Endocrinol.
1993, 94, R23–R27.

221 N. Illing, G. Jacobs, I. Becker, C.

Flanagan, J. Davidson, R. Millar.

Comparative sequence analysis and

functional characterization of the

cloned sheep gonadotropin releasing

hormne receptor reveal differences

References 225



in primary structure and ligand

specificity amon mammalian

receptors. Biochem. Biophys. Res.
Commun. 1993, 196, 745–751.

222 S. Kakar, C. Rahe, J. Neill.

Molecular cloning sequencing and

characterizing the bovine receptor for

gonadotropin releasing hormone

(GnRH), Domest. Anim. Endocrinol.
1993, 10, 335–342.

223 S. Kakar, W. Grizzle, J. Neill. The

nucleotide sequence of human GnRH

receptors in breast and ovarian tumors

are identical with that found in the

pituitary, Mol. Cell Endocrinol. 1994,
106, 145–149.

224 S. Sealfon, R. Millar. Functional

domains of the gondotropin releasing

hormone receptor, Cell Mol. Neurobiol.
1995, 15, 25–42.

225 S. Sealfon, R. Millar. The

gonadotropin releasing hormone

receptor: Structural determinations

and regulatory control, Human Reprod
Update. 1995, 1, 216–230.

226 G. Halmos, A. Nagy, N. Lamharzi,

A. Schally. Cytotoxic analogs of

luteinizing hormone releasing

hormone bind with high affinity to

human breast cancers, Cancer Lett.
1999, 136, 129–136.

227 G. Irmer, C. Burger, R. Muller, O.

Ortmann, U. Peter, S. Kakar, J.

Neill, K. Schulz, G. Emons.

Expression of the messenger RNAs

for luteinizing hormone-releasing

hormone (LHRH) and its receptor

in human ovarian epithelial

carcinoma, Cancer Res. 1995, 55(4),
817–822.

228 P. Limonta, D. Dondi, R. Moretti,

R. Maggi, M. Motta. Antiproliferative

effects of luteinizing hormone-

releasing hormone agonists on the

human prostatic cancer cell line

LNCaP, J. Clin. Endocrinol. Metab.
1992, 75(1), 207–212.

229 S. Stojilkovic, J. Reinhart, K. Catt.

GnRH receptors: Structure and signal

transduction pathways, Endocrine Rev.
1994, 15, 462–499.

230 E. Neer. Heterotrimeric G proteins:

Organizers of transmembrane signals,

Cell. 1995, 80, 249–257.

231 C. Heldin. Dimerization of cell

surface receptors in signal

transduction, Cell. 1995, 80, 213–223.
232 K. Hsieh, T. Martin. Thyrotropin

releasing hormone and gonadotropin

releasing hormone receptors activate

phospholipase C by coupling to the

guanosine triphosphate binding

proteins Gq and G11, Mol. Endocrinol.
1992, 6, 1673–1681.

233 E. Loumaye, K. Catt. Agonist induced

regulation of pituitary receptors for

gonadotropin releasing hormone.

Dissociation of receptor recruitment

from hormone release in cultured

gonadotrophs. J. Biol. Chem. 1983,
258, 12 002–12 009.

234 M. Vrecl, L. Anderson, A.

Hanyaloglu, A. McGregor, A.

Groarke, G. Milligan, P. Taylor, K.

Eidne. Agonist induced endocytosis

and recycling of the gonadotropin

releasing hormone receptor: Effect of

b-arrestin on internalization kinetics,

Mol. Endocrinol. 1998, 12, 1818–1829.
235 S. Kraus, Z. Naor, R. Seger.

Intracellular signaling pathways

mediated by the gnrh receptor, Arch.
Med. Res. 2001, 32, 499–509.

236 Z. Naor, D. Harris, S. Shacham.

Mechanism of gnrh receptor

signaling: Combinatorial cross talk of

ca and protein kinase C. Frontiers
Neuroendocrinol. 1998, 19, 1–19.

237 C. Liebow, M. Lee, A. Kamer, A.

Schally. Regulation of luteinizing

hormone releasing hormone by

heterologous and autologous receptor

stimulated tyrosine phosphorylation.

Proc. Natl. Acad. Sci. U.S.A. 1991, 88,
2244–2248.

238 C. Grundker, P. Volker, K. Schulz,

G. Emons. Luteinizing hormone-

releasing hormone agonist triptorelin

and antagonist cetrorelix inhibit EGF-

induced c-fos expression in human

gynecological cancers, Gynecol. Oncol.
2000, 78(2), 194–202.

239 G. Grundker, P. Volker, G. Emons.

Antiproliferative signaling of lHRH

inhuman endometrial and ovarian

cancer cells through G protein

alpha(I) mediated activation of

phosphotyrosine phosphatase,

226 6 LHRH Conjugated Magnetic Nanoparticles for Diagnosis and Treatment of Cancers



Endocrinology. 2001, 142, 2369–
2380.

240 A. Imai, H. Tkagi, S. Horibe, T.

Fuseya, T. Tamaya. Coupling of

gonadotropin releasing hormone

receptor to Gi protein in human

reproductive tract tumors, J. Clin.
Endocrinol. Metab. 1996, 81,
3249–3253.

241 M. Marelli, R.M. Moretti, D.

Dondi, M. Motta, P. Limonta.

Luteinizing hormone releasing

hormone agonists interfere with the

mitogenic activity of the insulin-like

growth factor system in androgen-

independent prostate cancer cells.

Endocrinology. 1999, 140, 5250–
5256.

242 C. Grundker, K. Schulz, A.R.

Gunthert, G. Emons. Luteinizing

hormone-releasing hormone induces

nuclear factor kappaB-activation and

inhibits apoptosis in ovarian cancer

cells. J. Clin. Endocrinol. Metab. 2000,
85, 3815–3820.

243 H. Everest, J. Hislp, T. Harding,

J. Uney, A. Flynn, R. Millar, C.

McArdle. Signalling and anti-

proliferative effects mediated by

GnRH receptors after expression in

breast cancer cells using recombinant

adenovirus, Endocrinology. 2001, 142,
4663–4672.

244 S. Maudsley, L. Davidson, A.

Pawson, R. Chan, R. Lopez de

Maturana, R. Millar. Gonadotropin

releasing hormone antagonists

promote proapoptotic signaling in

peripheral reproductive tumor cells by

activating a Gai coupling state of the

type I GNRH receptor, Cancer Res.
2004, 64, 7533–7544.

245 P. Limonta, R.M. Moretti, M.M.

Marelli, M. Motta. The biology of

gonadotropin hormone-releasing

hormone: Role in the control of tumor

growth and progression in humans.

Front Neuroendocrinol. 2003, 24,
279–295.

246 C. Grundker, A.R. Gunthert, S.

Westphalen, G. Emons. Biology of

the gonadotropin-releasing hormone

system in gynecological cancers. Eur.
J. Endocrinol. 2002, 146, 1–14.

247 G. Emons, V. Muller, O. Ortmann,

G. Grossmann, U. Tautner, B. von

Stuckrad, K. Schulz, A. Schally.

Luteinizing hormone releasing

hormone agonist triptorelin

antagonizes signal transduction

and mitogenic activity of epidermal

growth factor in human ovarian and

endometrial cancer cell lines, Int. J.
Oncol. 1996, 9, 1129–1137.

248 M. Lee, C. Liebow, A. Kramer, A.

Schally. Effects of epidermal growth

factor and analogues of luteinizing

hormone releasing hormone and

somatostatin on phosphorylation of

tyrosine residues of specific substrates

in various tumors, Proc. Natl. Acad.
Sci. U.S.A. 1991, 88, 1656–1660.

249 L. Krebs, X. Wang, H. Pudavar, E.

Bergey, A. Schally, A. Nagy, P.

Prasad, C. Liebow. Regulation of

targeted chemotherapy with cytotoxic

lutenizing hormone-releasing

hormone analogue by epidermal

growth factor, Cancer Res. 2000,
60(15), 4194–4199.

250 A. Nagy, A.V. Schally. Cytotoxic

analogs of luteinizing hormone

releasing hormone (LHRH); a new

approach to targeted chemotherapy.

Drug Future 2002, 27, 389–370.
251 J.M. Arencibia, A.V. Schally, M.

Krupa, A.M. Bajo, A. Nagy, K.

Szepeshazi, A. Plonowski. Targeting

of doxorubicin to ES-2 human ovarian

cancers in nude mice by linking to

an analog of luteinizing hormone-

releasing hormone improves its

effectiveness. Int. J. Oncol. 2001, 19,
571–577.

252 G. Emons, C. Grundker, A.R.

Gunthert, S. Westphalen, J.

Kavanagh, C. Verschraegen. GnRH

antagonists in the treatment of

gynecological and breast cancers.

Endocrine Relat. Cancer, 2003, 10,
291–299.

253 C. Grundker, A. Huschmand Nia,

G. Emons. Gonadotropin-releasing

hormone receptor-targeted gene

therapy of gynecologic cancers. Mol.
Cancer Ther. 2005, 4, 225–231.

254 K. Arora, A. Sakai, K. Catt. Effects

of second intracellular loop mutations

References 227



on signal transduction and internali-

zation of the gonadotropin releasing

hormone receptor, J. Biol. Chem. 1995,

270, 22 820–22 826.

255 D. Nussenveig, M. Heinflink, M.

Gershengorn. Agonist-stimulated

internalization of the thyrotropin-

releasing hormone receptor is

dependent on two domains in the

receptor carboxyl terminus, J. Biol.
Chem. 1993, 268, 2389–2392.

256 A. Pawson, A. Katz, Y. Sun, J. Lopes,

N. Illing, R. Millar, J. Davidson.

Contrasting internalization kinetics of

human and chicken gonadotropin

releasing hormone receptors mediated

by c-terminal tail, J. Endocinol. 1998,
156, R9–R12.

257 C. McArdle, J. Franklin, L. Green,

J. Hislop. Signaling cycling and

desensitization of gnrh receptors,

J. Endocrinol. 2002, 173, 1–11.
258 A. Heding, M. Vreel, J. Bogerd,

A. McGregor, R. Sellar, P. Taylor,

K. Eidne. GnRH receptors with

intracellular carboxyl terminal tails

undergo acute desentitization of total

inosito phosphate production and

exhibit accelerated internalization

kinetics, J. Biol. Chem. 1998, 273,

11 472–11 477.

259 L. Hunyady, A. Baukal, T. Balla,

K. Catt, Independence of type I

angiotensin II receptor endocytosis

from G protein coupling and signal

transduction, J. Biol. Chem. 1994, 269,
24 798–24 804.

260 R. Benya, Z. Fathi, J. Battey, R.

Jensen. Serines and threonines in the

gastrin-releasing peptide receptor

carboxyl terminus mediate

internalization, J. Biol. Chem. 1993,
268, 20 285–20 290.

261 R.T. Jensen, Z. Fathi, J. Battey, R.

Jensen. Serines and threonines in the

gastrin-releasing peptide receptor

carboxyl terminus mediate

internalization. J. Biol. Chem. 1993,
268, 20 285–20 290.

262 R. Millar, S. Lowe, D. Conklin, A.

Pawson, S. Maudsley, B. Troskie, T.

Ott, M. Millar, G. Lincoln, R.

Sellar, B. Faurholm, G. Scobie, R.

Kuestner, E. Terasawa, A. Katz. A

novel mammalian receptor for the

evolutionarily conserved type II

GnRH, Proc. Natl. Acad. Sci. U.S.A.
2001, 98, 9636–9641.

263 J. Neill, L. Duck, J. Sellers, L.

Musgrove. A gonadotropin-releasing

hormone (GnRH) receptor specific for

GnRH II in primates, Biochem.

Biophys. Res. Commun. 2001, 282,
1012–1018.

264 J. Koenig, J. Edwardson. Endocytosis

and recycling of G protein coupled

receptors, Trends Pharmacol. Sci. 1997,
18, 276–287.

265 J. Hislop, H. Everest, A. Flynn, T.

Harding, J. Uney, B. Troskie, R.

Millar, C. McArdle. Differential

internalization of mammalian and

non-mammalian gonadotropin

releasing hormone receptors:

Uncoupling of dynamin dependent

internalization from mitogen activated

protein kinase signaling, J. Biol. Chem.

2001, 276, 39 685–39 694.

266 C. Grundker, A. Gunthert,

R. Millar, G. Emons. Expression

of GnRH II receptor in human

endometrial and ovarian cancer cells

and effects of GnRH II on tumor cell

proliferation, J. Clin. Endocrinol.
Metab. 2002, 87, 1427–1430.

267 C. Grundker, A.R. Gunthert,

M. Hellriegel, G. Emons.

Gonadotropin-releasing hormone

(GnRH) agonist triptorelin inhibits

estradiol-induced serum response

element (SRE) activation and c-fos

expression in human endometrial,

ovarian and breast cancer cells.

Eur. J. Endocrinol. 2004, 151, 619–628.
268 K. Maiti, Y. Oh, J. Moon. Differential

effects of gonadotropin releasing

hormone I and II on prostate cancer

cell signaling and cell death, J. Clin.
Endocrinol. Metab. 2005, 90, 4287–
4298.

269 N. Illing, B. Troskie, C. Nahornia,

J. Hapgood, R. Peter, R. Millar.

Two gonadotropin releasing hormone

receptor subtypes with distinct ligand

selectivity and differential distribution

in brain and pituitary in the goldfish

(Carassius auratus), Proc. Natl. Acad.
Sci. U.S.A., 1999, 96, 2526–2531.

228 6 LHRH Conjugated Magnetic Nanoparticles for Diagnosis and Treatment of Cancers



270 L. Wang, J. Bogerd, H. Choi, J.

Seong, J. Soh, S. Chun, M.

Blomenrohr, B. Troskie, R. Millar,

W. Yu, S. McCann, H. Kwon. Three

distinct types of GnRH receptor

characterized in the bull frog, Proc.
Natl. Acad. Sci. U.S.A. 2001, 98,
361–366.

271 A. Wang, J. Li, K. Maiti, W. Kim,

H. Kang, J. Seong, H. Kwon.

Preferential ligand selectivity of the

monkey type II gonadotropin

releasing hormone receptor for GnRH

2 and its analogs, Mol. Cell Endocrinol.
2003, 209, 33–42.

272 G. Emons, O. Ortmann, K.D. Schulz,

A.V. Schally. Growth inhibitory

actions of LHRH on tumor cells, Trends
Endocrinol. Metab. 1997, 8, 355–362.

273 P. Leung, C. Cheng, X. Zhu.

Multifactorial role of GnRH I

and GnRH II in the human ovary,

Mol. Cell Endocrinol. 2003, 202, 145–
153.

274 S.-F. Cheng, L.-K. Chau. Colloidal

gold-modified optical fiber for

chemical and biochemical sensing.

Anal. Chem. 2003, 75, 16.

275 B. Faurholm, R. Millar, A. Katz.

The genes encoding the type II

gonadotropin releasing hormone

receptor and the ribonucleoprotein

RBM8A in human overlap in two

genomic loci, Genomics. 2001, 78,
15–18.

276 J. Neill. GnRH and GnRH receptor

genes in the human genome,

Endocrinology. 2002, 143, 737–743.
277 A. Pawson, K. Morgan, S. Maudsley,

R. Millar. Type II gonadotrophin-

releasing hormone (GnRH-II) in

reproductive biology, Reproduction.
2003, 126(3), 271–278.

278 S. Acharjee, K. Maiti. Cells. 2002, 14,
101–107.

279 C. Grundker, P. Volker, F.

Griesinger, A. Ramaswamy, A. Nagy,

A. Schally, G. Emons. Antitumor

effects of the cytotoxic luteinizing

hormone-releasing hormone analog

AN-152 on human endometrial and

ovarian cancers xenografted into nude

mice, Am. J. Obstet. Gynecol. 2002,
187, 528–537.

280 U. Kaiser, P. Conn, W. Chin.

Studies of gonadotropon releasing

hormone (GnRH) action using GnRH

receptor expressing pituitary cell lines,

Endocrinol. Rev. 1997, 18, 46–70.
281 R. Moretti, M. Marelli, D. Dondi.

LHRH agonists interfere with the

stimularory actions of egf in human

prostate cancer cell lines LNCaP and

DU 145, J. Clin. Endocrinol. Metab.
1996, 81, 3930–3937.

282 M. Hiraoka, S. Jo, K. Akuta, Y.

Nishimura, M. Takahashi, M. Abe.

Radiofrequency capacitive

hyperthermia for deep-seated tumors.

II. Effects of thermoradiotherapy.

Cancer. 1987, 60, 128–135.
283 R. Cavaliere, E.C. Ciocatto, B.C.

Giovanella, C. Heidelberger, R.O.

Johnson, M. Margottini, B.

Mondovi, G. Moricca, A. Rossi-

Fanelli. Selective heat sensitivity

of cancer cells. Biochemical and

clinical studies. Cancer. 1967, 20,
1351–1381.

284 P. Wust, B. Hildebrandt, G.

Sreenivasa, B. Rau, J. Gellermann,

H. Riess, R. Felix, P.M. Schlag.

Hyperthermia in combined treatment

of cancer. Lancet Oncol. 2002, 3,
487–497.

285 A. Jordan, R. Scholz, P. Wust, H.

Faehling, R. Felix. Magnetic fluid

hyperthermia (MFH): Cancer

treatment with AC magnetic field

induced excitation of biocompatible

superparamagnetic nanoparticles.

J. Magn. Magn. Mater. 1999, 201,
413–419.

286 I. Hilger, R. Hergt, W.A. Kaiser.

Effects of magnetic thermoablation

in muscle tissue using iron oxide

particles: An in vitro study. Invest.
Radiol. 2000, 35, 170–179.

287 M. Shinkai, M. Matsui, T. Koba-

yashi. Heat properties of magneto-

liposomes for local hyperthermia. Jpn.
J. Hyperthermic Oncol. 1994, 10, 168–
177.

288 R. Hiergeist, W. Andrae, N. Buske,

R. Hergt, I. Hilger, U. Richter, W.

Kaiser. Application of magnetite

ferrofluids for hyperthermia. J. Magn.
Magn. Mater. 1999, 201, 420–422.

References 229



289 W. Schutt, C. Gruttner, U. Hafeli,

M. Zborowski, J. Teller, H. Putzar,

C. Schumichen. Applications of

magnetic targeting in diagnosis and

therapy – possibilities and limitations:

A mini-review. Hybridoma. 1997, 16,
109.

290 I. Hilger, K. Fruhauf, W. Andra, R.

Hiergeist, R. Hergt, W.A. Kaiser.

Heating potential of iron oxides for

therapeutic purposes in interventional

radiology. Acad. Radiol. 2002, 9,
198–202.

291 R.E. Rosenzweig. Heating magnetic

fluid with alternating magnetic field.

J. Magn. Magn. Mater. 2002, 252,
370–374.

292 A.V. Brusentsov, V.V. Gogosov,

T.N. Buntsova, A.V. Sergeev, N.Y.

Jurchenko, A. Kuznetsow, O.

Kuznetsow, L.I. Shumakov.

Evaluation of ferromagnetic fluids and

suspensions for the site-specific

radiofrequency-induced hyperthermia

of MX11 sarcoma cells in vitro.

J. Magn. Magn. Mater. 2001, 225,
113–119.

293 A. Jordan, R. Scholz, P. Wust, H.

Fahling, J. Krause, W. Wlodarczyk,

B. Sander, T. Vogl, R. Felix. Effects

of magnetic fluid hyperthermia

(MFH) on C3H mammary carcinoma

in vivo. Int. J. Hyperthermia 1997, 13,

587–605.

294 A. Halbreich, J. Rodger, J.N. Pons,

D. Geldwerth, M.F. Da Silva, M.

Roudier, J.C. Bacri, Biochimie 1998,
80, 379.

295 W. Hansel, C. Leuschner, F.

Enright. Targeted destruction of

prostate cancers and their metastases

by lytic peptide conjugates. Mol. Cell
Endocrinol, 2005, in the press.

296 J. Zhou, C. Leuschner, C. Kumar, J.

Hormes, W. Soboyejo: Subcellular

accumulation of magnetic

nanoparticles in breast tumors and

metastases. Biomaterials, 2006, 27,
2001–2008.

297 C. Leuschner, C. Kumar, W.

Hansel, J. Zhou, W. Soboyejo, J.

Hormes. Ligand conjugated super-

paramagnetic iron oxide nanoparticles

for early detection of metastases.

Breast Cancer Res. Treatment, 2006, 99,
2, 163–176.

298 C. Leuschner, C. Kumar, J. Hormes,

W. Hansel. Targeting breast cancer

cells and their metastases through

luteinizing hormone releasing

hormone receptors using magnetic

nanoparticles. J. Biomed. Nanotechnol.,
2005, 2, 229–233.

299 C. Leuschner, C. Kumar, M.

Urbina, J. Zhou, W. Soboyejo, W.

Hansel, F. Hormes. The use of ligand

conjugated superparamagnetic iron

oxide nanoparticles (SPION) for early

detection of metastases. NSTI Nano-
technol. Technical Proc., 2005, 1, 5–6.

300 C. Kumar, C. Leuschner, E. Doomes,

L. Henry, M. Juban, J. Hormes.

Efficacy of lytic peptide bound

magnetite nanoparticles in destroying

breast cancer cells, J. Nanosci.
Nanotechnol. 2004, 4, 245–249.

301 D. Shieh, F. Chen, C. Su, C. Yeh, M.

Wu, Y. Wu, C. Tsai, D. Wu, D. Chen,

C. Chou. Aqueous dispersions of

magnetite nanoparticles with NHþ
surfaces for magnetic manipulations

of biomolecules and MRI contrast

agents, Biomaterials. 2005, 26,
7183–7191.

302 C. Berry, S. Charles, S. Wells, M.

Daby, A. Curtis. The influence of

transferring stabilized magnetic

nanoparticles on human dermal

fibroblasts in culture, Int. J. Pharm.

2004, 269, 211.

303 L. Josephson, C. Tung, A. Moore,

R. Weissleder. High efficiency

intracellular magnetic labeling with

novel superparamagnetic-tat peptide

conjugates, Bioconjugate Chem. 1999,

10, 186–191.

304 C. Dodd, H. Hsu, W. Chu, P. Yang,

H. Zhang, J. Mountz, K. Zinn, J.

Forder, L. Josephson, R.

Weissleder, J. Mountz, J. Mountz.

Normal T-cell response and in vivo

magnetic resonance imaging of T cells

loaded with HIV transactivator-

peptide-derived superparamagnetic

nanoparticles, J. Immunol. Methods.
2001, 256, 89–105.

305 M. Roser, D. Fischer, T. Kissel.

Surface-modified biodegradable

230 6 LHRH Conjugated Magnetic Nanoparticles for Diagnosis and Treatment of Cancers



albumin nano- and microspheres. II:

Effect of surface charges on in vitro

phagocytosis and biodistribution in

rats, Eur. J. Pharm. Biopharm. 1998,

46, 255–263.

306 F. Pineaud, D. King. Bioactivation

and cell targeting of semiconductor

CdSe, J. Am. Chem Soc. 2004, 126,
6115–6123.

307 D. Pouliquen, J. Le Jeune, R.

Perdrisot, A. Ermias, P. Jallet. Iron

oxide nanoparticles for use as an MRI

contrast agent: Pharmacokinetics and

metabolism, Magn. Reson. Imag. 1991,
9, 275–283.

308 S. Saini, D. Stark, P. Hahn, J.

Wittenberg, T. Brady, J. Ferrucci.

Ferrite particles: A superparamagnetic

MR contrast agent for the reticulo-

endothelial system, Radiology. 1987,
162, 211–216.

309 L. Tiefenauer, A. Tschirky, G.

Kuhne, R. Andres. In vivo evaluation

of magnetite nanoparticles for use as a

tumor contrast agent in MRI, Magn.
Reson. Imag. 1996, 14, 391–402.

310 R. Weissleder, D. Stark, B.

Engelstad, B. Bacon, C. Compton,

D. White, P. Jacobs, J. Lewis.

Superparamagnetic iron oxide:

Pharmacokinetics and toxicity, Am. J.
Roentgenol. 1989, 152, 167–173.

311 A. Moore, L. Josephson, R. Bhorade,

J. Basilion, R. Weissleder. Human

transferrin receptor gene as a marker

gene for MR imaging, Radiology. 2001,
221, 244–250.

312 A. Moore, E. Marecos, A. Bogdanov,

R. Weissleder. Tumoral distribution

of long-circulating dextran coated

iron oxide nanoparticles in a rodent

model, Radiology. 2000, 214, 568–
574.

313 A.R. Gunthert, C. Grundker, A.

Olota, J. Lasche, N. Eicke, G.

Emons. Analogs of GnRH-I and

GnRH-II inhibit epidermal growth

factor-induced signal transduction and

resensitize resistant human breast

cancer cells to 4OH-tamoxifen. Eur. J.
Endocrinol. 2005, 153, 613–625.

314 K.L. Shannon, R.T. Branca, G.

Galiana, S. Cenzano, L.S.

Bouchard, W. Soboyeyo, W.

Warren. Simultaneous acquisition of

multiple orders of intermolecular

multiple-quantum coherence images

in vivo. Magn. Reson. Imaging. 2004,
22, 1407–1412.

315 M. Zaleska, G. Bodek, B. Jana, W.

Hansel, A.J. Ziecik. Targeted

destruction of normal and cancer cells

through lutropin/choriogonadotropin

receptors using hecate-bCG conjugate.

Exp. Clin Endocrinol. Diabetes. 2003,
111, 146–153.

316 G. Bodek, N.A. Rahman, M. Zaleska,

R. Soliymani, H. Lankinen, W.

Hansel, I. Huhtaniemi, A.J. Ziecik.

A novel approach of targeted ablation

of mammary carcinoma cells through

luteinizing hormone receptors using

Hecate-CGb conjugate. Breast Cancer
Res. Treat. 2003, 79, 1–10.

317 C. Leuschner, W. Hansel.

Membrane disrupting lytic peptides

for cancer treatments. Curr. Pharm.
Des. 2004, 10, 2299–2310.

318 C. Leuschner, C. Kumar, W.

Hansel, F.J. Hormes. Targeting breast

cancers and metastases with LHRH

and a lytic peptide bound to iron oxide

nanoparticles. Clin. Cancer Res. 2005,
11, B 262, 9097s.

319 J. Meng, G. Galiana, T. Branca, J.

Zhou, C. Leuschner, C. Kumar, J.

Hormes, T. Otiti, A. Beye, W.

Warren, W.O. Soboyejo, LHRH-

functionalized superparamagnetic

ironoxide nanoparticles (SPIONs) for

contrast enhancement in MRI, 2006,

in preparation.

References 231



Nanotechnologies for the Life Sciences Vol. 7
Nanomaterials for Cancer Diagnosis. Edited by Challa S. S. R. Kumar
Copyright 8 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31387-7

7

Carbon Nanotubes in Cancer Therapy and

Diagnosis

Pu Chun Ke and Lyndon L. Larcom

7.1

Overview

Integrating nanomaterials and biomedicine is a recent endeavor that aims to pro-

vide highly localized detection and treatment for cancers and diseases. Under-

standing the intricate interplay of nanomaterials and biological components and

biological systems necessitates combining materials science, nanotechnology,

physics, chemistry, biology, and biomedicine. The impact of this grand exploration

touches areas of fundamental science and engineering, health care, and environ-

mental control and protection. Recent advances in our understanding of carcino-

genesis have led us to consider taking advantage of the special characteristics of

both cancer cells and nanomaterials to detect and treat tumors. Integrating cancer

therapy and nanomaterials captivates scientific imagination, offers new hope for

human well-being, and unavoidably invites controversy and debate as experienced

by many scientific and technological developments during their infancy.

Carbon nanotubes (CNTs) are mosaics of carbon atoms synthesized into cylin-

ders of single or multiple layers [1]. The astonishingly simple and plain structures

of CNTs transcend the most important classes of nanomaterials owing to their un-

surpassed stiffness, easy accommodation of chemical and biological versatilities,

and rich quantum electronic properties [2–7]. Since their discovery a mere decade

ago, CNTs have orchestrated a broad array of applications, including novel compo-

sites [8, 9], electrochemical sensors [10, 11], field emission [12, 13], memory, and

nanoscale devices [14–16], just to name a few. In the rapidly growing field of bio-

technology, CNTs have been utilized as platforms for ultrasensitive recognition of

antibodies (Fig. 7.1, left) [17], as nucleic acids sequencers [18], and as biosepera-

tors, biocatalysts [19], and ion channel blockers (Fig. 7.1, right) [20] for facilitating

biochemical reactions and biological processes. Within the realm of nanomedicine,

an emerging field of utilizing nanomaterials and nanostructures for medicine,

CNTs have been transformed into scaffolds for neuronal and ligamentous tissue

growth for regenerative interventions of the central nervous system and orthopedic

sites [21–23], substrates for detecting antibodies associated with human auto-

immune diseases with high specificity [24], and carriers of contrast agent aquated
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Gd3þ-ion clusters for greatly enhanced magnetic resonance imaging [25]. Once co-

valently or noncovalently attached by nucleic acids (DNA or RNA including short-

stranded RNA for gene silencing) [26, 27], vaccines (e.g., B cell epitopes) [28], and

proteins [29, 30], CNTs have shown to be effective gene and drug delivery vectors

that may someday co-exist with or challenge conventional viral and particulate sys-

tems [31]. Selective destruction of cancer cells using functionalized CNTs as trans-

porters and near-infrared (NIR) heat inducing agents, as reported by Dai’s group

[32], highlights research towards nanomedicine for cancer diagnosis and therapy.

To propel research in nanomedicine, the new ‘‘Nanotechnology for Cancer Diag-

nosis and Therapy’’ initiative was announced by the National Cancer Institute

(NCI) in September 2005 [33]. Nanoscience with its implications for biomedicine

has been highlighted as one of the ‘‘Priority Areas’’ of the National Science Foun-

dation (NSF) [34] and in the ‘‘Roadmap’’ of the National Institutes of Health (NIH)

[35]. It is not beyond our wildest dream that within the next decade or so we might

be able to determine to what extent the atomic world obeys the laws of quantum

mechanics, resolve the passionate debate between Drexler and Smalley on ‘‘the

fat fingers’’ of nanobots and molecular assemblies [36], and witness how nature

selectively embraces the ‘‘smart’’ creatures such as CNTs, buckyballs, dendrimers,

quantum dots, and other nanoparticles offered by mankind.

This chapter reviews, for the first time to our knowledge, the state-of-the-art in

cancer diagnosis and therapy from the perspective of single-walled carbon nano-

tubes (SWNTs). Through the introduction of these early developments we wish to

present a panorama of how SWNTs can be used for biomedicine. There are many

reasons for using SWNTs instead of multiwalled carbon nanotubes (MWNTs) as

our model systems. They resemble nucleic acids in physical dimensions and pres-

ent excellent platforms for biosensing and biocompatibility, as compared with viral

Fig. 7.1. (Left) Scheme for specific recognition

of 10E3 mAb with an SWNT device coated

with a U1A antigen–Tween conjugate [17].

(8 National Academy of Sciences.) (Right)

Docking simulation shows a capped SWNT of

0.9 nm in diameter fitting into a selective K-

channel [20]. (8 The American Society for

Biochemistry and Molecular Biology, Inc.)
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and particulate gene and drug delivery vectors. They possess an enormously high

aspect ratio, which allows for efficient permeation of their attached drug loads

through tissues and cells. Their large surface areas are able to carry many biomole-

cules to their respective targets for sensing, sequencing, and therapy. Their stabil-

ity, flexibility, and non-immunogenicity may prolong the circulation and availability

of attached drugs. Their hydrophobicity may facilitate interaction with cell mem-

branes, and the rich electronic properties of SWNTs may open up new routes and

methodologies for probing and imaging the states of cancerous tissues and cells.

Because nanotechnology is such a rapidly changing field and because nanomedi-

cine is still in its very infancy, it is beyond our ability to grasp and thus to convey

all of the exciting frontiers and aspects of this new science. Instead, we will eluci-

date only a few of these innovations in this chapter, which is organized into the

following sections: Section 7.1 gives an overview; Section 7.2 covers SWNT modifi-

cation for solubility and biocompatibility; Section 7.3 deals with diffusion of

SWNT–biomolecular complexes; Section 7.4 covers gene and drug delivery with

SWNT transporters; Section 7.5 deals with sensing and treating cancer cells utiliz-

ing SWNTs; Section 7.6 covers the cytotoxicity of SWNTs; Section 7.7 deals cancers

and SWNTs; and Section 7.8 provides a summary.

7.2

SWNT Modification for Solubility and Biocompatibility

Pristine SWNTs in aqueous solution form bundles due to the hydrophobic interac-

tions, van der Waals attractions, and p-stacking among individual tubes. Bundle

formation presents a major hurdle for the applications of SWNTs in biological sys-

tems and medicine. Solutions to this problem include two major routes, covalent

and noncovalent modifications of SWNTs. Covalent modification of SWNTs in-

volves esterification or amidation of acid-oxidized nanotubes and side-wall covalent

attachment of functional groups [37–41]. These covalent schemes are often charac-

terized by uncertainties in determining reaction efficacy and by undesirable modi-

fications in the physical and chemical properties of SWNTs [28, 42, 43]. In compar-

ison, the noncovalent modifications of SWNTs employ nonspecific attachment of

proteins [17, 30], linear bio- and synthetic polymers [DNA, RNA, poly(vinyl pyrro-

lidone), polystyrene sulfonate], and surfactants [sodium dodecyl sulfate (SDS) etc.]

[42–49]. Many surfactants, organic solvents, and residues, however, cause cytotox-

icity [50] and/or other side effects that limit the biocompatibility of SWNTs. Devel-

oping alternative schemes is thus crucial for facilitating the full range of biological

and biomedical applications for SWNTs and their derivatives.

7.2.1

Chemical Modifications of SWNTs for Solubility

Chemical modification of SWNTs is an emerging research area in the fields of ma-

terials science and nanotechnology, and is pertinent to the biological applications
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of SWNTs when it is deemed necessary to attach fluorescent tags, drugs, and pro-

teins. These modifications include the functionalization of oxidized SWNTs and

covalent modification of SWNTs. Organic chemistry plays a major role in these

approaches.

7.2.1.1 Functionalization of SWNTs through Oxidation

Functionalization of SWNTs utilizing acidic media (e.g., 3:1 mixture of concen-

trated sulfuric to concentrated nitric acids) may open the ends of the SWNTs and

create functionalities suitable for further derivatization at these acid-induced defect

sites. Long-chain alkylamines may be coupled with the carboxylic groups present

on the surface of oxidized SWNTs. The coupling of organic acids with amines is a

well-known reaction, but tends to proceed only at relatively high temperatures.

This reaction is often facilitated by converting the acids into a more reactive moi-

ety, usually a mixed anhydride R(CO)O(CO)R 0 or acid chloride RCOCl. The acid

chloride is generally highly reactive, hydrolyzes upon exposure to air (or the hu-

midity therein), and degrades back to carboxylic acid. Activation of the carboxyl

moieties with thionyl chloride and their subsequent reaction with amines are

feasible. Alternatively, oxidized SWNTs can be condensed directly with amines.

Typically, the solubility of such modified SWNTs is approximately 0.5 mg mL�1 in

organic solvents such as tetrahydrofuran or dichlorobenzene [51]. However, the

electronic properties of these functionalized SWNTs are often deviated or even

lost. In most cases, the SWNTs are greatly shortened [52].

Functionalization of SWNTs creates charge polarity to the tubes and may lead to

their separation from pristine SWNT clusters in polar solvents. This separation is

desirable since it breaks the persistent hydrophobic forces and van der Waals inter-

actions among the tubes and renders SWNTs soluble, thus enabling their further

incorporation by biological systems. This functionalization process also facilitates

the characterization and purification of single SWNTs. The presence of the func-

tional addends at the defect sites of oxidized CNTs can be monitored by either

Raman or IR spectroscopy, which easily identify amide- or ester-bond formation.

Regarding biosensing, oxidized SWNTs may, for example, react with an alkyl thiol

with a subsequent chemical attachment to gold particles [52–54]. These SWNT–

gold particle complexes can be used to construct microelectrode arrays. Potential

applications of these microelectrode arrays include developing bio-electrochemical

sensors and designing novel molecular-recognition electrodes [51].

One scheme that could lead to gene sequencing and recognition is the attach-

ment of peptide nucleic acids (PNA) via N-hydroxysuccinimide (NHS) esters

formed on carboxylated SWNTs, as demonstrated by Williams et al. [55] in 2002

(Fig. 7.2). There are several rationales for using PNA to construct such complexes.

First, PNA molecules are uncharged DNA analogues that can be hybridized with

complementary DNA, and these PNA attached SWNTs may be incorporated into

larger electronic devices by recognition-based assembly. PNA treated SWNTs may

also serve in biological systems as probes based on sequence-specific attachment.

Second, PNA is compatible with the most convenient solvents such as DMF,

though less soluble in aqueous solutions. Third, PNA is not susceptible to enzy-
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matic degradation due to its synthetic status. Lastly, PNA–DNA duplexes are ther-

mally more stable than their DNA–DNA counterparts because PNA is neutral and

does not induce electrostatic repulsion. The higher thermal stability of PNA–DNA

suggests that shorter sticky ends are required for room-temperature hybridiza-

tion, which reduces nonspecific electrostatic interactions with metallic electrodes,

or with silicon oxide, which is desirable for lithography [55].

7.2.1.2 Functionalization of SWNTs through Covalent Modifications

Apart from oxidation, SWNTs also can be treated with dichlorocarbene, which can

be induced by chloroform–sodium hydroxide interaction or phenyl(bromodichloro-

methyl)mercury [56, 57]. SWNTs react with molecular fluorine at 150–600 �C, and

these derivatized SWNTs can be retrieved with hydrazine [51]. SWNTs functional-

ized through this procedure dissolve well in polar solvents, although the fluorine

atoms may be substituted by alkyl groups for higher solubility [58]. Fluorination

Fig. 7.2. Attachment of DNA to carbon

nanotubes. (a, b) N-Hydroxysuccinimide

(NHS) esters formed on carboxylated SWNTs

are displaced by PNA, forming an amide

linkage. (c) A DNA fragment with a single-

stranded, ‘‘sticky’’ end hybridizes by base-

pairing to the PNA–SWNT. (d, e) Atomic-force

microscope (tapping mode) images of PNA–

SWNTs. SWNTs appear as bright lines; the

paler strands represent bound DNA. Scale

bars: 100 nm; nanotube diameters: (d) 0.9 and

(e) 1.6 nm [55]. (8 Nature Publishing Group.)
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can also shorten the SWNT to less than 50 nm [51, 59], which has broad implica-

tions should the permeation of nuclear membrane pores by SWNTs and their de-

rivatives be desirable.

SWNTs may be functionalized through aryl diazonium chemistry [60], and be

derivatized with CaC bonds by the electrochemical reduction of various diazonium

salts. In addition, because the oxidative coupling of amines can result in their at-

tachment to SWNT surfaces [51, 61], these nanotube-bound amine moieties have

great versatility for use as gene and drug carriers.

Another covalent SWNT functionalization is derived from the chemical process-

ing of fullerenes [62], which is accomplished by the addition of nitrenes, carbenes,

or radicals. Functionalized SWNTs may also be constructed via electrophilic addi-

tion by adding chloroform to the side walls of SWNTs during a mechanochemical

reaction with AlCl3. Hydroxyl groups may replace the chlorine atoms, which then

may be esterified to yield corresponding esters [51]. This method not only pro-

duces soluble SWNTs but also adds free functional groups for further linking to

biomacromolecules.

Based on the methodology of 1,3-dipolar cycloaddition of azomethine ylides,

Prato et al. have devised a route for covalently attaching pyrrolidine rings substi-

tuted with chemical functions to the side walls of SWNTs [63, 64]. They chose the

triethylene glycol group as the N-substituent of the a-amino acid due to its high

solubilizing power. These SWNTs were soluble in chlorinated solvents, acetone,

and alcohols but insoluble in diethyl ether or hexane. In particular, the solubility

of these functionalized SWNTs in dichloromethane or chloroform was as high as

50 mg mL�1, suggesting an average covalent attachment of one pyrrolidine ring

to every one hundred carbon atoms of the SWNTs. Moreover, the covalent attach-

ment of pyrrolidine rings to pristine SWNTs quenches their signature NIR band

of van Hove transitions [51, 64]. Water-soluble SWNTs can also be obtained by

exposing the tubes to N-substituted a-amino acid with a terminated amino tert-

butoxycarbonyl (Boc) protected group and paraformaldehyde. Upon treatment

with gaseous hydrochloric acid, the N-Boc groups can be removed by treating the

SWNTs with hydrochloric acid, which further releases the corresponding ammo-

nium salts from the water-soluble SWNTs [51, 65].

7.2.2

Noncovalent Modifications of SWNTs for Solubility

Noncovalent solubilization of SWNTs has recently gained recognition partly due to

the growing concern over the covalent schemes, including their induced alteration

to and/or the loss of the mechanical and electronic properties of SWNTs. Noncova-

lent schemes are also attractive because of their relative ease of releasing load from

the tubes, though this release may sometimes act against the purpose of applica-

tion, causing uncertainties in quantifying gene and drug transfection. This route

of solubilization schemes is unlimited to the field of organic chemistry and often

embraces the contributions from researchers in materials sciences, biochemistry,

and biophysics. Smalley’s group first proposed the idea that SWNTs could be solu-
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bilized in aqueous media of amphiphilic molecules such as surfactants [45]. The

hydrophobic moieties of the surfactants were hypothesized to interact through

wrapping with the hydrophobic surfaces of the SWNTs. This interaction was un-

derstood to be facilitated by the van der Waals attractions between the surfactants

and the SWNTs in close proximity. Zheng et al. extended this simple scheme to

include biomacromolecules such as single-stranded DNA (ssDNA) for the solubili-

zation of SWNTs and sorting of metallic nanotubes from semiconducting ones

(Fig. 7.3) [49]. The underlining binding mechanism is the hydrophobic interaction

between the nitrogenous bases of the ssDNA and the side walls of the SWNTs, at-

tributed by the p-stacking of the nitrogenous bases and the p-electrons of the car-

bon atoms on the SWNTs. Poly(A) and poly(C) have lower dispersion efficiencies

than poly(T), possibly because these nucleotides tend to strongly self-stack in solu-

tion and therefore have smaller free energies for binding to SWNTs. In addition to

using nucleic acids, a few groups, most notably Dai’s group at Stanford, have dis-

persed SWNTs in solutions of peptides and proteins such as bovine serum albu-

min (BSA) and streptavidin [17, 30]. These research efforts have formed the basis

for creating biocompatible nanomaterials for biosensing and therapeutics. How-

ever, a direct comparison of the solubility from the noncovalent methods with that

from the covalent schemes is unavailable, since most noncovalent studies were

conducted through visualization rather than quantification.

Fig. 7.3. Binding model of a (10,0) SWNT

wrapped by a poly(T) sequence of ssDNA. (a)

The right-handed helical structure shown here

is one of several binding structures found,

including left-handed helices and linearly

adsorbed structures. In all cases, the bases

(red) orient to stack with the surface of the

nanotube, and extend away from the sugar–

phosphate backbone (yellow). (b) The DNA

wraps to provide a tube within which the

SWNT can reside, hence converting it into a

water-soluble object [49]. (8 Nature Publishing

Group.)
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Recently, our group reported the solubilization of SWNTs using RNA polymers

[66]. The structure of this RNA resembles that of ssDNA except that it possesses a

hydroxyl group instead of a hydrogen atom at the 2 0 of their nucleotides. This

structural difference, though seemingly minute, opens the door for many exciting

applications, including using RNA as catalysts for inorganic particle growth and

organic chemical reactions, and as agents for RNA interference (RNAi) for gene

silencing. Using single-molecule fluorescence microscopy our group observed that

poly(rU) RNA molecules, when exposed to SWNTs immobilized on a quartz sub-

strate, bound to SWNTs instead of randomly distributing on the substrate. The sur-

face property of this substrate changed from hydrophilic to hydrophobic during the

chemical deposition of SWNTs. This suggests that p-stacking may dominate the

hydrophobic interaction when nucleic acids are noncovalently attached to SWNTs

(Figs. 7.4a, b) [46].

The binding induced changes in Raman spectra are shown in Fig. 7.4(c). The

samples were prepared using the same protocol as described for fluorescence

imaging except that the labeling was omitted to prevent the strong fluorescence

signal of labeled poly(rU) from masking the Raman signal of SWNTs. The Raman

spectra were excited with a 647.1 nm laser line and the laser power was maintained

at approximately 1 mW to avoid heating. A Leica microscope equipped with a 50�
dry objective (NA ¼ 0:75) was used to focus the laser beam at various spots on the

pristine and poly(rU)-bound isolated SWNTs. The Raman scattered light was col-

lected using an ISA Triax 550 spectrometer equipped with a liquid-nitrogen cooled

CCD. The bottom spectrum corresponds to pristine SWNTs, while the top spec-

trum corresponds to poly(rU) bound isolated SWNTs. The frequency positions of

the RBM, D, and G bands were determined from a Lorentzian line shape analysis.

The characteristic RBM was observed between 190–290 cm�1, while the G band

frequency was centered at 1593 cm�1. No significant shift in the peak positions

was found in the spectrum of poly(rU) bound SWNT as compared with that of the

pristine SWNTs, possibly because the charge transfer from the poly(rU) molecules

to the SWNT was too minute to discern. The Raman spectrum of SWNT-poly(rU)

hybrids exhibits a noticeable decrease in the intensity of the RBM band and a small

enhancement in the D band intensity compared with the corresponding peaks of

the spectrum for isolated SWNTs alone. These changes in Raman spectra are indic-

ative of the effective binding of poly(rU) with SWNTs [46].

7.2.2.1 Solubilization of SWNTs Using Lysophospholipids Enables Cellular

Studies [67]

This section details a new approach for solubilizing SWNTs using single-chained

phospholipids, or lysophospholipids. This approach is promising because it en-

ables cellular studies using SWNTs and other nanomaterials. The potential ap-

plications of lysophospholipid solubilized SWNTs and their biofunctionalized

derivatives include in vivo imaging, biosensing, and gene and drug delivery for

biomedicine.

We first obtained pristine SWNTs using the arc-deposition method. The average

diameter of the SWNTs was approximately 1.4 nm measured by Raman spectros-
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copy, with an average molecular weight of 1� 106 Dalton (Da), estimated from

TEM. To measure the solubility provided by pure phospholipids, SWNTs were

dispersed in phosphate-buffered saline (PBS, pH 7.4) containing phospholipids of

varying amounts. After sonication for 1 h at room temperature, SWNTs were

found to be completely solubilized by LPC 18:0 (Fig. 7.5), and by cell growth medi-

ums (Fig. 7.6a). The weight ratio of solubilized SWNTs to LPC was approximately

1:10, corresponding to a molar ratio of 1:20 000 at saturation (Fig. 7.6b), indicating

their high binding capacity. Comparable solubility of SWNTs was also obtained

with LPA 16:0 (Fig. 7.5), and LPG 18:0 (Fig. 7.5), based on the same treatments.

Approximately half of the soluble SWNTs were sedimented at 16 060g RCF at tip,

based on measured optical densities (Fig. 7.6c), indicating their heterogeneous size

Fig. 7.4. (a, b) Fluorescence images of SWNT-

poly(rU) hybrids. Individual poly(rU) molecules

are visible as small blobs in (b) due to the

relatively low concentration. SWNTs in both

panels are over 50 mm long. (c) Raman spectra

collected at a laser excitation wavelength of

647.1 nm from pristine (bottom) and poly(rU)

bound isolated SWNTs (top) on silicon

substrates. Plots are normalized with respect

to the amplitudes of the G bands. The

asterisks at 305 cm�1 correspond to the

Raman lines of the silicon substrates [46].

(8 American Institute of Physics.)
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distribution. From elution volumes measured with chromatography, we estimated

that the SWNT-LPC and the SWNT-LPA complexes had an average molecular

weight of 14� 106 Da and 18� 106 Da, respectively (Fig. 7.6d). Since each SWNT

carries approximately 20 000 LPC molecules and the molecular weight of each LPC

is 523.7 Da, the ‘‘molecular weight’’ of each SWNT-LPC complex is estimated at

11:5� 106 Da, which agrees with our measured value of 14� 106 Da. The discrep-

ancy is mainly caused by the heterogeneous size distribution of the SWNTs and

the occurrence of small SWNT bundles.

Figure 7.6(e) compares SWNT solubility for LPC, LPG, and the surfactant SDS

(Fig. 7.5), a routine solvent for SWNTs [45]. At 6177g RCF at tip, on a per molecule

basis, LPC is approximately 2:5� more effective than SDS in dispersing SWNTs in

PBS. At 16060g RCF at tip, LPC is approximately 10� more effective than SDS in

dispersing SWNTs, possibly because the resulting micelles differ in size. This dif-

ference might be because LPC has a bulkier head group for interfacing with water

and a longer acyl chain for binding with SWNTs. SWNTs with LPG are slightly

more soluble than with SDS. Solubilization of SWNTs with lysophospholipids was

also more effective than with nucleic acids [47, 49, 68], and was far more effective

than with proteins [29, 39]. The aqueous SWNT-lysophospholipid solutions were

exceptionally stable for months at room temperature, a promising feature in re-

gards to possible applications in both biology and medicine.

Fig. 7.5. Structures of lysophospholipids LPC

18:0, LPA 16:0, and LPG 16:0 and SDS. LPC:

lysophosphatidylcholine; LPA: lysophosphatidic

acid; LPG: lysophosphatidylglycerol. The

numbers 18 and 0 in LPC 18:0 denote the total

number of carbon atoms and the total number

of double bonds, respectively, contained in the

sum of the fatty acyl chains [67]. (8 American

Chemical Society.)
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To probe the mechanism of SWNT-lysophospholipid binding, zwitterionic LPC

and net negatively charged LPG at physiological pH were bound to SWNTs and

imaged with TEM (Figs. 7.6a–c). One can see the formation of areas of tightly

packed lysophospholipids in the dark/grey areas, our termed ‘‘lipid phase’’, in

Fig. 7.6. Characteristics of SWNTs solubilized

with phospholipids. (a) Comparison of SWNT

solubility with different aqueous phospholipid

solutions and cell growth mediums, RPMI

supplemented with 10% fetal bovine serum

(FBS) and nutrient broth (NB). SWNTs (1 mg)

were treated with phospholipids (10 mg) in

PBS (1 mL) or growth medium (1 mL). After

bath sonication at room temperature for 1 h

and centrifugation for 3 min at 6177g, the

absorbance was observed at 360 nm as a

measure of the amount of SWNTs solubilized.

The label ‘‘rel O.D.’’ on the y-axis denotes

relative optical density. (b) LPC solubilized

SWNTs. SWNTs (1 mg) were treated with

increasing concentrations of LPC 18:0,

sonicated, and centrifuged as above, with an

absorbance observed at 360 nm. Filled

triangles: SWNTs with LPC; filled squares: LPC

alone as a control for micelles. The latter

showed negligible absorbance at 360 nm.

(c) Sedimentation of LPC-solubilized SWNTs,

prepared as above with SWNTs (1 mg)

and LPC (10 mg). (d) Size-exclusion

chromatography measurements of SWNT-LPC

18:0 (centrifuged at 16 060g for 3 min) and

SWNT-LPA 16:0 complexes (centrifuged at

6177g for 3 min). A linear relationship between

compound log(molecular weight) and elution

volume in mL was established using xylene

cyanole FF with blue color (538.6 Da), horse

heart myoglobin with reddish color (16951.5

Da), and blue dextran with blue color (2� 106

Da). (e) Comparison of SWNT solubility in

LPC, LPG, and SDS solutions, prepared from

SWNTs (1 mg) and detergents (10 mg) as

above [67]. (8 American Chemical Society.)
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Figs. 7.7(a–c). The light/blank areas in Figs. 7.7(a–c) correspond to lysophospho-

lipid free regions or our termed ‘‘vacuum phase’’. In the lipid phase SWNTs are

wrapped by striations of@5 nm for LPC and 5–7 nm for LPG. Such organizations

were previously reported for the binding of SDS and synthetic lipids on CNTs [69].

However, in the vacuum phase (Figs. 7.7a, c) SWNTs are practically naked, indicat-

ing that the binding of lysophospholipids to SWNTs is controlled by the local lyso-

phospholipid environment rather than by specific interactions between lysophos-

pholipids and SWNTs.

Neither LPC nor LPG binds to SWNTs in the vacuum phase, while both coat

SWNTs in the lipid phase. LPC on an SWNT or an SWNT bundle displays such a

consistent organized pattern along the tube(s) that striations remain approximately

the same size (Figs. 7.7a, c). By contrast, the binding of LPG to SWNTs in the lipid

phase does not follow the same pattern (Fig. 7.7b). The size and orientation of the

Fig. 7.7. TEM images of SWNT-LPC (a and c)

and SWNT-LPG (b) complexes. Recorded with

an Hitachi 7600 and stained with uranyl

acetate. Numbers 1–4 in (a) and (c)

correspond to (1) an isolated SWNT in the

vacuum phase, (2) an LPC striation on an

SWNT/SWNT bundle, (3) possibly an LPC

micelle on the substrate in the lipid phase, and

(4) an uncoated SWNT bundle in the vacuum

phase. Note the less organized and wider

striations of SWNT-LPG complexes in (b), as

compared with those in (a) and (c) for SWNT-

LPC. Scale bar (a–c): 20 nm. (d) Hypothesized

microscopic binding modes of LPC and LPG

with SWNTs. The lysophospholipids are shown

as truncated triangles, their head groups are at

the base of the triangles, and the SWNTs are

the inner circles and tubes. The left-hand side

illustrates the proposed lipid spiral wrapping

along the tube axis while the right-hand side

shows their possible binding around the

circumference of the tubes [67]. (8 American

Chemical Society.)
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striations change along the axis of SWNTs. These differences could be related to the

different lysophospholipid organizations shown in their respective backgrounds.

Figures 7.7(a) and (c) show that the lipid phase of LPC is composed of many large

objects of @5 nm, which are probably micelles, while the lipid phase of LPG is

homogeneous, most probably composed of individual lysophospholipids. Another

major difference in the binding of LPC vs. LPG in the lipid phase is the shape of

the striations. The crests of striations are approximately 0.2 nm above the surface

of SWNT(s) for SWNTs, while the clefts almost touch the surface of SWNT(s) for

LPC.

There has been an ongoing debate on the binding mode of amphiphilic surfac-

tants and cylindrical SWNTs [42, 43, 69]. Surfactants are hypothesized in the liter-

ature as adopting one of three configurations: (a) micelles; (b) half-cylinders; and

(c) random adsorption (Fig. 7.8) [42]. The periodic wrapping in the lipid phase, as

observed in our experiment, strongly suggests that the microscopic binding mode

is the ‘‘half-cylinders’’ (Fig. 7.7d). Note that the macroscopic arcs formed by lyso-

phospholipids along the SWNT axis are not semi-spherical but are extended arcs,

because the ends of lysophospholipid tails within an arc can not occupy the same

point and must be offset along the tube axis. Furthermore, LPC on SWNTs (Fig.

7.7a, c) exhibits macroscopic spirals possibly resulting from the wrapping of de-

formed lipid-composed long half-cylinder(s). In some cases, the step of the spiral

is equal to the width of the half-cylinder; thus a single half-cylinder can provide a

complete coating of the tube surface. For SWNT bundles, we observed binding

with a larger step corresponding to double spiral wrapping. We also noticed that,

in some cases, the ring binding mode and the rings were tilted with respect to the

tube axis. As long as the tube diameter remains static, the wrapping mode is con-

served along the tube. However, the wrapping mode may change when the bundle

size varies (Fig. 7.7a). In contrast, the TEM images with LPG (Fig. 7.7b) exhibit al-

terations of the wrapping mode down the tube axis. In addition, the average width

Fig. 7.8. Schematic representations of the

mechanisms by which surfactants help

disperse SWNTs. (a) SWNT encapsulated in

a cylindrical surfactant micelle; right-hand

side: cross section; left-hand side: side view.

(b) Half-cylinder adsorption of surfactant

molecules on a SWNT. (c) Random adsorption

of surfactant molecules on an SWNT [42].

(8 American Chemical Society.)
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of the LPG striations is noticeably larger than that of LPC (Fig. 7.7b vs. Fig. 7.7a)

owing to a net negative charge of LPG head groups. A macroscopic configuration,

like LPG head groups in consecutive half-cylinders, paired and in contact with

weakly polarizable SWNT surfaces is energetically unfavorable. To reduce the re-

pulsion between LPG head groups, the SWNT-LPG system must pay an ‘‘energy

penalty’’ by distorting and/or broadening the striations (Fig. 7.7d, lower section).

Indeed, our experimental data revealed that LPC bound better to SWNTs than

LPG (Fig. 7.6e).

To confirm our observation, we tested double-chained phospholipids for their

SWNT solubility. The phospholipids used were dimyristoylphosphatidylcholine

(PC 24:0), which is zwitterionic at physiological pH; and 1,2-dioleoylphosphatidyl-

glycerol (PG 36:2) and 1,2-dipalmityolphosphatidylethanolamine (PE 32:0), both of

which are negatively charged at physiological pH. None of the above phospholipids

provided good solubility for SWNTs.

From a geometrical perspective the three-dimensional (3D) structures of lyso-

phospholipids and detergent molecules can be approximated as cones (Fig. 7.7d).

The packing of conical objects normally results in spherically shaped objects, e.g.,

micelles, due to their curvophilicity. In contrast, double-chained phospholipids are

considered to be curvophobic [70], their 3D structures are approximated as cylin-

ders and their packing assumes bilayers. Obviously, wrapping around a cylindrical

object, i.e., an SWNT, is geometrically preferential for curvophilic lysophospho-

lipids but not for curvophobic phospholipids.

The geometrical considerations further support the microscopic binding mode

shown in Fig. 7.7(d). ‘‘Half-cylinder’’ wrapping is the only microscopic mode that

results in semi-spherical curvature along the SWNTaxis and SWNT circumference.

In addition to the packing consideration, we calculated the average number of LPC

necessary for coating an average SWNT, assuming tight packing and the LPC head

group size of 0.6 nm. We found that ‘‘half-cylinder’’ binding will result in a lipids-

to-tube ratio of 21 000:1 – in excellent agreement with our experimentally esti-

mated ratio of 20 000:1.

Free lysophospholipids and micelles in SWNT-lysophospholipid solution were

removed by filtration through 100 kDa Microcon (Amicon, Inc) centrifugation

tubes and washed four times. The resulting lysophospholipid-free and micelle-

free SWNT-LPC complexes were tested by in vivo bioassay using colon cancer

(CACO-2) and macrophage (THP-1) cell lines. Each cell line was incubated in its

own eight-well chamber slide (LabTek) for 48 h at 37 �C in a CO2 incubator. Before

treatment, cell adhesion was checked by differential interference contrast (DIC)

microscopy using a Zeiss 135 Axiovert inverted microscope. Treatments ranging

from 5 to 40 ppm of lysophospholipid-free and micelle-free SWNT-LPC complexes

were added to each adherent cell line and incubated for 3 h at 37 �C in a CO2 incu-

bator. After incubation, control and treated cells were fixed with 4% paraformalde-

hyde for 30 min, washed in PBS and subjected to an APO-BrdU TUNEL assay

(Invitrogen). This assay detects the onset of apoptosis by fluorescent detection of

nuclear DNA fragments or DNA breaks. Cells were labeled with deoxythymidine

analogue 5-bromo-2 0-deoxyuridine-5 0-triphosphate (BrdUTP) followed by the addi-
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tion of Alexa-Fluor 488 labeled anti-BrdU antibody. Propidium iodide (PI) was used

to image the total DNA content of cells. The prepared cells were imaged using a

Zeiss 510 LSM confocal fluorescence microscope.

Our bioassays showed no loss of cell viability (Figs. 7.9 and 7.10) when both co-

lon cancer cells (CACO-2) and macrophage (THP-1) cell lines were treated with

20–40 ppm of lysophospholipid-free and micelle-free SWNT-LPC. CACO-2 cell nu-

clei remained unaffected by treatment of 20 ppm SWNT-LPC (Fig. 7.9c), which was

also the case for the macrophage THP-1 cell line treated with 40 ppm SWNT-LPC

(Fig. 7.10c). Cell plasma membranes remained intact in both CACO-2 cells (Fig.

7.9e) and THP-1 cells (Fig. 7.10e), and the onset of apoptosis by Apo-BrdU TUNEL

assay was not detected in either cell line (Fig. 7.9d and Fig. 7.10d). Motile THP-1

cells treated at 40 ppm SWNT-LPC exhibited elongated cell bodies (Fig. 7.10h),

which is thought to be due to SWNT-LPC disruption of plasma membranes or

cytoskeleton.

SWNTs, otherwise a collection of hydrophobic synthetic nanoparticles, have been

solubilized in aqueous lysophospholipid solutions with extended stability. The

biocompatibility of lysophospholipids is unsurpassed since they occur naturally in

the cell membrane. The signaling capacity of lysophospholipids and the electronic

property of SWNTs may be combined for disease detection. The strong absorbance

of isolated SWNTs in NIR [44] can be utilized for noninvasive imaging and sens-

ing. Furthermore, since the head groups of lysophospholipids can be functional-

Fig. 7.9. Fixed CACO-2 cells incubated with

SWNT-LPC for 3 h and examined for apoptosis

by APO-BrdU TUNEL assay. Panels (a, b, e, f )

show control cells and (c, d, g, h) show cells

that have been incubated with 20 ppm of

SWNT-LPC. The merged areas shows cells with

intact plasma and nuclear membranes in

control (f ) and in treatments (h). PI staining

revealed intact cell nuclei in control (a) and

treated cells (c). Neither control (b) nor

treated cells (d) appear apoptotic since there

was an absence of anti-BrdU antibody labeled

staining in the FITC channel. The DIC channel

shows intact plasma membranes in both

control (e) and treated cells (g). Scale bars:

20 mm.
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ized with tags such as quantum dots, antioxidants, and monoclonal antibodies, this

solubility method opens the door for utilizing nanomaterials for in vivo imaging,

cancer diagnosis and therapy, and novel nanomedicines.

7.3

Diffusion of SWNT–Biomolecular Complexes

The enhanced elucidation of gene function in human health has led to the need

for more effective and robust means for delivering therapeutic genes to target cells.

While no single gene transfection method developed to date has been found to be

optimal for all cells, SWNTs offer a promising alternative since they can be treated

or functionalized for biocompatibility [30]. Recent biochemical assays and theoret-

ical studies have indicated that the nonspecific binding of DNA with SWNTs is

realized through the p-stacking between the bases of DNA and the p-electrons of

carbon atoms as well as the hydrophobic interaction between the bases of DNA

and the sidewalls of SWNTs [49, 71]. Helical wrapping of ssDNA on SWNTs is en-

ergetically favorable and sequence dependent [49, 71, 72]. While current efforts on

interfacing SWNTs with nucleic acids have focused almost exclusively on DNA,

Fig. 7.10. Confocal images of fixed

macrophages (THP-1) incubated with SWNT-

LPC for 3 h and examined for apoptosis by

APO-BrdU TUNEL assay. Panels (a, b, e, f ) are

control cells and (c, d, g, h) are treated cells

that have been incubated with 40 ppm of

lysophospholipid-free and micelle-free SWNT-

LPC. The merged areas show cells with intact

plasma and nuclear membranes in control (f )

and in treated cells (h). The treated cells have

become elongated. PI staining revealed intact

cell nuclei in control (a) and treated cells (c).

Neither control (b) nor treated cells (d) appear

apoptotic since there was an absence of anti-

BrdU antibody labeled staining in the FITC

channel. The DIC channel shows intact cell

membranes in control (e) and treatments with

elongated cell bodies (g). Scale bars: 20 mm.

7.3 Diffusion of SWNT–Biomolecular Complexes 247



equal attention should be paid to RNA due to its biological significance. For exam-

ple: (a) messenger RNAs (mRNAs) are the physical gene transcripts that are

translated to functional proteins at the ribosomal level; (b) some RNAs act as en-

zymes to catalyze various cellular biochemical pathways, they serve as mediators

for various organic reactions [73–76] and are often utilized as templates for the

growth of inorganic-particles [77]; and (c) small interfering RNAs (siRNAs), which

disrupt mRNAs prior to translation, will cause the silencing of a specific post-

transcriptional gene’s expression. The use of siRNA is a powerful research tool

that has a pivotal role in deciphering the functions and interactions of thousands

of unknown genes [78]. Albumin, in contrast, is one of the most abundant serum

proteins present in the mammalian circulatory system, contributing over 80% of

the colloid osmotic pressure [79]. Indeed, the nonspecific binding of SWNTs to

BSA has been elucidated as a general phenomenon [17]. In this section, we intro-

duce the first study by our group on the diffusion of SWNT-poly(rU) and SWNT-

BSA hybrids, two of the most elementary synthetic biomolecular complexes. This

study provides a physical guidance to gene delivery using SWNT as transporters.

Diffusion refers to the process by which particles intermingle as a result of their

kinetic energy of random motion. It plays a central role in the transportation of

small particles across cell membranes, in cytoplasm, and in nuclei. For the applica-

tions of gene and drug delivery, the innate hydrophobicity of SWNTs causes the

tubes to aggregate or clump, presenting a major challenge for cellular studies.

The addition of nucleic acids or proteins mediates the separation of pristine

SWNTs through p-stacking and/or by decreasing the degree of hydrophobic inter-

actions, thus markedly enhancing the solubility of the nanotubes. Further, nucleic

acids and proteins can be labeled with fluorescent dye molecules and, conse-

quently, SWNTs can be visualized when bound with these biomolecules. Single-

molecule fluorescence microscopy (SMFM) has been utilized for the diffusion

studies of phospholipids in biomembranes [80, 81]. Superior to confocal micros-

copy, wide-field SMFM simultaneously collects significant statistics without averag-

ing or losing molecular individuality [80–82]. Unlike scanning electron microscopy

(SEM) and crystallography, SMFM is non-invasive and is, therefore, suitable for

in vitro and in vivo studies of biological processes.
In SMFM, the trajectories of fluorescently labeled biomolecules can be followed

at nanometer resolution. Based on the displacement of the centre of mass (COM)

of a molecule, the mean-square-displacement (MSD) [83] of the molecule can be

obtained with Eq. (1), where xi and yi are the positional coordinates of the COM

of the molecule in frame i, and n denotes the frame number with time interval Dt.

MSDðDtÞ ¼ hðxiþn � xiÞ2 þ ðyiþn � yiÞ2i ð1Þ

The diffusion coefficient D of the molecule undergoing a two-dimensional (2D)

random walk is given as D ¼ MSD=4Dt.
For diffusion studies, pristine SWNTs were first synthesized using the arc-

deposition method [84]. The average diameter of the SWNTs was 1.4 nm, as con-

firmed by Raman spectroscopy and transmission electron microscopy. The sample
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of SWNT-poly(rU) hybrids was prepared by modifying the protocol used by Zheng

et al. [49], employing the following procedure. A mixture of poly(rU) (0.2 mg mL�1,

lyophilized polyuridylic acid, Midland, 500–2600 nucleotides) and SWNTs (0.01

mg mL�1) in TE buffer (10 mm Tris, 1 mm EDTA, pH 7.3) was first placed on ice

and probe-sonicated at 10 W for 30 min (VC 130 PB, Sonics). The resultant

SWNT-poly(rU) suspension was then centrifuged at 5000 rpm for 10 min to pellet

the poly(rU)-wrapped and bare SWNTs. The supernatant of unbound poly(rU) was

removed and the pellet resuspended in TE buffer. The sample was then labeled

with OliGreen (Molecular Probes, absorption 500 nm, emission 520 nm), which

fluoresces strongly only when bound to nucleic acids, and which specifically exhib-

its a large fluorescence enhancement when bound to the U bases in poly(rU).

SWNT-BSA hybrids were prepared by the same procedure as that for the SWNT-

poly(rU) hybrids, except labeling since BSA was pre-labeled with TRITC (Sigma,

absorption 550 nm, emission 570 nm).

Binding of SWNTs and poly(rU) was analyzed by SEM (S4700, Hitachi), and a

drop of the solution containing poly(rU) (0.2 mg mL�1) and SWNTs (0.01 mg mL�1)

in TE buffer was dispersed on a silicon substrate after probe-sonication. The sub-

strate was left to dry overnight then coated with chromium prior to imaging. An

SEM analysis revealed that the average length of the SWNTs was approximately

400 nm with a standard deviation of 50 nm for the 50 hybrids examined. As shown

in Fig. 7.11, poly(rU) molecules are seen bound at (a) the end or (b) midpoint of an

SWNT(s). In Fig. 7.11(c), possibly two SWNT-poly(rU) hybrids are joined together.

Figure 7.11 suggests that poly(rU) molecules remain bound to SWNTs even in dry

conditions. However, the poly(rU) appear mostly as globules and no helical wrap-

ping of poly(rU) on SWNTs is evident due to the possible lack of hydrogen bonds

with water molecules [66].

Diffusing poly(rU), SWNT-poly(rU), and SWNT-BSA were imaged on an EPI

fluorescence microscope. The excitation source of the microscope was a mercury

lamp (PTI). Fluorescence was collected with a water immersion objective (Olym-

pus, 60�, NA ¼ 1:2) that was then focused onto a CCD camera (Roper, Cascade

512B). The imaging of poly(rU) and SWNT-poly(rU) was excited with blue light

while that of SWNT-BSA was excited with green light. Approximately 100 poly(rU),

SWNT-poly(rU), and SWNT-BSA hybrids were tracked, respectively, at a rate of

six frames per second. The intensity of possible photoluminescence for isolated

SWNTs [44, 85, 86] is expected to be much weaker than the fluorescence of the

ultrasensitive OliGreen dye (approximately five bases of poly(rU) per dye) with a

wavelength shifting to NIR. Our control experiments confirmed this phenomenon

in which isolated SWNTs or SWNT hybrids were not visible without fluorescence

labeling.

Figure 7.12(a) shows a fluorescence image sequence of an SWNT-poly(rU) hy-

brid diffusing in TE buffer with a time interval of 1.5 s. Figure 7.12(b) displays

the corresponding 2D time trajectory of the SWNT-poly(rU) hybrid. The time inter-

val between the consecutive steps is 0.167 s. The diamonds in the trajectory repre-

sent the COMs of the hybrid in individual image frames. The histogram of the

bootstrap diffusion coefficients [87] as an ensemble was calculated for 1000 sam-
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Fig. 7.11. SEM images of a poly(rU) molecule

bound at (a) the end and (b) midpoint of an

SWNT(s); (c) possibly, two SWNT-poly(rU)

hybrids joined together. Scale bar: 100 nm. The

SWNTs are seen individually or in very small

bundles (a10 nm in diameter). Tertiary

structures of the poly(rU) may prevent their

nitrogenous bases from fully binding to the

SWNT sidewalls. However, limited by the

instrument resolution (@2.5 nm), these fine

structures were not clearly resolvable. The

background structure is due to the chromium

coating used to enhance image contrast [66].

(8 American Institute of Physics.)

Fig. 7.12. (a) Fluorescence sequence of an SWNT-poly(rU)

hybrid diffusing in TE buffer (1-4). Time interval: 1.5 s; (b)

corresponding random walk of the SWNT-RNA hybrid in (a).

Time interval: 0.167 s. Scale bars: 1 mm [66]. (8 American

Institute of Physics.)
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pling instances based on a linear fitting of the MSD versus time interval Dt. The
stability/resolution of the imaging system was calibrated to be 5� 10�5 mm2 s�1

with fluorescence beads immobilized on glass slides. As shown in Figure 7.13,

the diffusion coefficients DSWNT-polyðrUÞ and DSWNT-BSA of the SWNT-poly(rU) and

the SWNT-BSA hybrids were measured to be 0:374G 0:045 and 0:442G 0:046

mm2 s�1, respectively. The numbers after ‘‘G’’ give the standard deviations of the

means. By comparison, the mean diffusion coefficient DpolyðrUÞ of poly(rU) alone

(inset of Fig. 7.13) was found to be 0:661G 0:110 mm2 s�1, almost twice that for

the SWNT-poly(rU) hybrids due to their different conformations [66].

The diffusion coefficient of a small particle in solution, according to Einstein’s

relation, can be described by D ¼ kBT=kdrag, where kB is the Boltzmann constant,

T is the temperature of the solution, and kdrag is the drag coefficient. For a rod-

like particle, kdrag z hd, where h is the viscosity of the solution, and d is the longest

dimension of the particle [88], which is approximately 400 nm for the SWNTs used

in our diffusion experiment. The SWNT-poly(rU) hybrids, compared with SWNT-

BSA, exhibit a relatively smaller mean diffusion coefficient that may be induced

by the overhangs of the poly(rU) extruding from the ends of the SWNTs (refer to

Fig. 7.11a). While the radius of gyration RG of BSA is merely 3 nm [89], as opposed

to an order of tens of nanometers for the RG of poly(rU), the diffusion of SWNT-

BSA is less affected. Here DD is defined as the full-width at half-maximum for the

distribution of diffusion coefficient. By Gaussian fitting, DDpolyðrUÞ is found to be

0.235 mm2 s�1 (inset of Fig. 7.13), a broad distribution attributed to the length vari-

ation (500–2600 nucleotides), the instability, and the conformational changes of

the poly(rU) molecules (in transient linear stretches, globules, and other tertiary

structures). DDSWNT-polyðrUÞ and DDSWNT-BSA for the two hybrids obtained from the

Gaussian fittings in Fig. 7.13 are 0.092 and 0.094 mm2 s�1, respectively. In compar-

Fig. 7.13. Bootstrap histograms of the

diffusion coefficients of SWNT-poly(rU) (solid

bars) and SWNT-BSA (hollow bars) in TE

buffer. Inset: bootstrap histogram of the

diffusion coefficient of poly(rU) in TE buffer.

For each case, approximately 100 hybrids were

tracked with 1000 instances of bootstrap

sampling. Also illustrated are the Gaussian

fitting curves for the three cases [66].

(8 American Institute of Physics.)
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ison with poly(rU), the narrower distributions of the diffusion coefficients for the

two hybrids possibly result from the rod-like structure of the SWNTs, which is ex-

pected to dominate the diffusion of the hybrids. Following Einstein’s relation and

based on the rule of error analysis, it can be derived that Sd ¼ dSD=D, where Sd

and SD are the standard deviations of d and D, and d and D are the means of d
and D, respectively. Using the measured diffusion coefficients of SWNT-poly(rU),

it can be calculated that the standard deviation Sd of the length of SWNT (d) is ap-
proximately 48 nm. This deviation agrees with the SEM observation, which found a

12.5% deviation for the length distribution of the SWNT-poly(rU) hybrids. In that

regard, a single-molecule diffusion study can be used as a measure for the struc-

tural information of SWNTs and their hybrids [66].

The measured mean diffusion coefficients suggest that a SWNT hybrid would

take approximately 1–2 min to diffuse across a cell 10 mm in diameter, consistent

with the known diffusion coefficients of DNA and proteins within the cell’s cyto-

plasm [89]. Faster diffusion can be achieved with SWNT hybrids prepared using

extended probe-sonication. In future diffusion studies, the persistence length [90],

a parameter that describes bending stiffness and flexibility, will be measured for

SWNTs. The effect of the binding of nucleic acids and proteins on the persistence

length of SWNTs will be also evaluated. These studies will provide knowledge on

the flexibility of SWNTs in comparison with biomacromolecules, such as flexible

double-stranded DNA, semiflexible actin filaments, or rigid microtubules. These

diffusion studies on SWNTs can be extended to cell membranes and nuclei where

hindered diffusion [81, 88] and reptation [88, 91, 92] may be significant. These

studies facilitate, from a physical viewpoint, the applications of gene transfection

using SWNTs as transporters.

7.4

Gene and Drug Delivery with SWNT Transporters

Gene delivery and transfection, or the introduction and expression of foreign DNA,

continue to draw strong interest because of their potential for gene therapy and

disease prevention potential [93]. One of the greatest challenges for gene delivery

is the physicochemical properties of DNA such as its negative charge and hydro-

dynamic volume. Transporters for DNA must be developed for gene delivery and

gene transfection. Solutions to this problem have included viral (retroviral, lentivi-

ral, and adenoviral) vectors and non-viral transfection vectors, including cationic

lipids [94], polyethylenimine (PEI), and other cationic polymers [93, 95]. The viral

transfection vectors have proven to be the most effective due to their natural ability

to introduce foreign genetic information into cells. However, these viral vectors

often provoke immune responses from cells, preventing successful gene delivery.

Non-viral transfection vectors can avoid immune responses but are often hindered

by low efficiency rates for nuclear membrane penetration and gene expression.

Even though a few of the cationic polymers such as PEI boost relatively high effi-

ciency rates for non-viral vectors, they exhibit cytotoxicity [96].
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Since none of the current transfection vectors are ideal, alternative vectors must

be sought through the exploration of new materials and methods, and SWNTs are

one possibility. They possess versatile electronic and mechanical properties and

have found numerous applications in both nanotechnology and materials science.

Because SWNTs have a large surface area, stability, flexibility, and biocompatibility,

they have excellent prospects for effective drug and gene delivery, and therapies

[28]. Recently, Pantarotto et al. showed that fluorescently labeled SWNTs that co-

valently bind with bioactive peptides can penetrate cellular and nuclear mem-

branes (Fig. 7.14) [97]. However, the mechanism for the translocation of SWNTs

has yet to be determined and, therefore, can only be speculated upon. Shi Kam

et al. have reported the appearance of SWNT–streptavidin conjugates within pro-

myelocytic leukemia and T cells via the endocytosis pathway (Fig. 7.15) [98].

7.4.1

RNA Translocation with SWNT Transporters

To explore the possibilities of SWNTs as transporters for gene delivery and trans-

fection, we conducted a novel examination of the translocation of nucleic acid

RNA polymer poly(rU) into breast cancer cells (MCF7). The non-specific binding

Fig. 7.14. EPI-fluorescence (A) and confocal

microscopy (B) images of 3T3 cells incubated

at 37 �C with 1 and 5 mM concentration of

CNT 1, respectively. EPI fluorescence micro-

scopy images of 3T6 cells incubated at 37 �C

with 1 (C, D) and 5 mM (E, F) concentration

of CNT 2. The nucleus is stained with DAPI

(C and E) [97]. (8 The Royal Society of

Chemistry.)
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mechanism for SWNTs and poly(rU) in our study, as opposed to the covalent bind-

ing scheme by Pantarotto et al. and Shi Kam et al. in their respective peptide and

protein delivery studies [97, 98], may offer more options and flexibility for the re-

lease of the load carried by SWNTs upon delivery. The sectioning property of

confocal fluorescence microscopy in our study allows for axial discrimination of

fluorescently labeled SWNT-poly(rU) hybrids on cell membranes, within either

the cytoplasm, or the nucleus. In addition to confocal fluorescence imaging of

SWNT-poly(rU) incubated with MCF7 breast cancer cells, we performed radio-

isotope labeling, cell enumeration, and an MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay, which measures

Fig. 7.15. (Top) Synthesis and schematic

of various SWNT conjugates. (i) EDC,

5-(5-aminopentyl)thioureidyl fluorescein,

phosphate buffer; (ii) EDC, biotin-LC-PEO-

amine, phosphate buffer; (iii) fluoresceinated

streptavidin. (Bottom) Confocal images of

cells after incubation in solutions of SWNT

conjugates: (a) after incubation in 2; (b) after

incubation in a mixture of 4 (green due to SA)

and the red endocytosis marker FM 4-64 at

37 �C (image shows fluorescence in the green

region only); (c) same as (b) with additional

red fluorescence shown due to FM 4-64

stained endosomes; and (d) same as (b) after

incubation at 4 �C [98]. (8 American Chemical

Society.)
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cellular metabolic activity through absorption. These additional studies quantita-

tively evaluate the direct cellular uptake and the cytotoxicity of SWNTs.

In our studies, SWNT bundles were synthesized using the arc-deposition

method, with the dominant SWNT diameter of @1.4 nm [84]. SWNT bundles

were probe-sonicated (VC 130 PB, Sonics & Materials) at 8 W for 90 min on ice in

10% FBS/PBS buffer. The SWNTs at a concentration of 0.4 mg mL�1 were filtered

through a 0.45 mm filter before incubating with MCF7. Both the control cells and

the cells treated with SWNTs were enumerated at 24, 48, and 72 h. The cell growth

medium was RPMI supplemented with 10% FBS and 1% penicillin streptomycin.

After the designated time of incubation, cells were released by trypsin-EDTA treat-

ment (5 min) and counted with hemocytometry. Precautions were also taken to

prevent contamination in preparing the SWNTs, including filtration to remove the

bacteria and sterilization of the instruments in contact with the sample. The MTS

assay was performed after treating MCF7 cells with various concentrations of

SWNTs (0, 0.0125, 0.025, 0.05, 0.1, 0.125, 0.25, 0.5, and 1 mg mL�1). After 24 h

of incubation, the growth medium was removed from the 96-well-plate and PBS

(200 mL) was used to wash the cells twice. RPMI-1640 medium without phenol

red (approx. 200 mL) and MTS (25 mL) were added to each cell well, followed by

incubation at 37 �C for 3 h. The absorbance in each well was measured using a

spectrophotometric plate reader (Benchmark Microplate Reader, Bio-Rad) at a

wavelength of 490 nm.

The translocation of SWNTs into cells was confirmed by radioisotope labeling

assay. SWNTs were probe-sonicated in RPMI-1640 growth medium and incubated

with radioactive [methyl-3H]thymidine overnight. The radioactively labeled SWNTs

were collected by centrifugation and re-suspended in PBS before incubating with

MCF7 cells. After incubation, the cells were released by trypsin-EDTA and recol-

lected as pellet by centrifugation. The pellet of MCF7 cells was thoroughly washed

with PBS buffer twice to remove excess SWNTs and thymidine bound on the cell

surface. The scintillation counts (Beckman Coulter, LS6500) read from the MCF7

cells, as opposed to those from the supernatants and the PBS washing buffer,

yielded the translocation efficiencies of the radioactively labeled SWNTs at 1.3%,

6.3%, 10.7%, and 15.4% for incubation times of 0.5, 1, 2, and 4 h, respectively

[67]. This result confirms that SWNTs alone can penetrate through cellular mem-

branes with an increased efficiency over time, and concurs with the general under-

standing that cell membranes intake small hydrophobic particles.

For the imaging experiment, the SWNT-poly(rU) hybrids were prepared as

follows. A mixture of poly(rU) (0.5 mg mL�1) and SWNTs (0.125 mg mL�1) in

TE (10 mm Tris-HCl, 1 mm EDTA) buffer was probe-sonicated. From scanning

electron microscopy and single-molecule diffusion studies, the prepared SWNT-

poly(rU) hybrids were characterized in small bundles or isolated form with an av-

erage length of 400 nm [66].

To visualize the SWNT-poly(rU) hybrids, poly(rU) was fluorescently labeled with

PI, which has an excitation peak at 535 nm and an emission peak at 617 nm.

PI intercalates between the base pairs of nucleic acids, it is membrane imperme-

able, and is generally excluded by viable cells. To achieve fluorescent labeling, PI
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(0.05 mL mL�1) in TE buffer was incubated with SWNT-poly(rU) hybrids at a

volume ratio of 1:20 for at least 15 min. Excess PI and unbound poly(rU) were

removed by cassette dialysis (Slide-A-Lyzer, 10,000 MWCO, Pierce) for a total of

36 h with three changes of buffer solution.

Approximately 10 000 MCF7 cells were deposited in each well of an eight-

chambered slide to form a sparsely distributed layer of cells to ensure good expo-

sure of cell membranes to SWNT-poly(rU) hybrids. Cells were directly cultured on

the chamber glass slide using RPMI-1640 growth medium at 37 �C under 5% CO2.

All cells were incubated for 24 h until an approximate 60% confluence was

achieved. Twenty mL of PI, PIþpoly(rU), or PI-labeled SWNT-poly(rU) hybrids

(0.05 mL mL�1) was added to the chamber slide, and the cells were incubated for

2, 3, or 4 h. After incubation, the cells were washed twice with growth medium

(200 mL) and kept in PBS (400 mL) before imaging with the confocal fluorescence

microscope (LSM510, Zeiss, objective NA ¼ 1:3, oil). Fluorescence from PI was

collected in the TRITC channel, and the background was recorded from the

bright-field channel of the microscope.

The confocal fluorescence images of the two controls, PI and PIþpoly(rU),

showed little to no fluorescence after incubation and the MCF7 cells appeared

elongated and healthy (Fig. 7.16). In contrast, the PI control (Fig. 7.16a) showed

one instance of intense fluorescence from a PI stained circular unhealthy cell.

The minimal fluorescence intensity surrounding the cellular membrane for the

PIþpoly(rU) (Fig. 7.16b) was probably due to electrostatic interactions between

the charged poly(rU) and cellular membrane.

The confocal fluorescence images of the MCF7 cells that were incubated with

the SWNT-poly(rU) hybrids for 2 h showed translocation into the cytoplasm with-

out accumulation of SWNT-poly(rU) hybrids on the outside of the cellular mem-

brane. Figure 7.17 shows MCF7 cells appearing to retain the SWNT-poly(rU) hy-

brids after an incubation of 3 h. All the images were taken from a stack of slices

scanned through the cells with a full scanning depth of approximately 10 mm and

Fig. 7.16. Control experiments showing little to no uptake of

(a) PI, except in the dying circular cell, and (b) PIþpoly(rU).

Scale bar ¼ 10 mm [68]. (8 American Chemical Society.)
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a scanning step of 1.01 mm. Smaller red spots with low intensities as shown in

Figs. 7.17(a–e) are thought to be small soluble SWNT-poly(rU) hybrids and/or PI-

labeled poly(rU) dissociated from SWNTs after translocation. Their gradual dis-

appearance (Figs. 7.17f–h) implies the uneven distribution of SWNT-poly(rU) hy-

brids in cytoplasm and/or possibly the defocusing of the hybrids. Figure 7.17(b)

shows the uptake of an SWNT-poly(rU) hybrid in the cytoplasm, as indicated by

the arrow. Figure 7.17(d) shows an instance of an SWNT-poly(rU) hybrid appear-

ing in the vicinity of cell membrane; however, whether the exact location of the

hybrid is within or on the cell membrane is unclear. In Figs. 7.17(f ) and (g), the

fluorescent spot was observed to co-localize with the nucleus, which supports

the possibility that the SWNT-poly(rU) hybrid could have penetrated through the

nuclear membrane. The observed fluorescence in Figs. 7.17(f ) and (g) could also

be from PI-labeled poly(rU) released from SWNTs due to dissociation kinetics and

the change of pH between cytosol and nucleus [68].

The released nucleic acids may be used as templates for transfection at a later

stage. Energetically, the fluorescence in the nucleus is unlikely to be from either

free PI or PI dissociated from poly(rU) and then re-intercalated with the host

Fig. 7.17. Confocal fluorescence images of

MCF7 cells incubated with 0.05 mL mL�1 of

PI-labeled SWNT-poly(rU) for 3 h. Images

(a)–(h) were acquired at different depths

(z ¼ 0:5; 1:51; 2:52; 3:53; 4:54; 5:55; 6:56; 7:57

mm), across the z-axis normal to the chamber

slide surface. The arrows point to the

fluorescent spots where large SWNT-poly(rU)

hybrids are localized. Scale bar ¼ 10 mm [68].

(8 American Chemical Society.)
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DNA or RNA. However, the binding dynamics of SWNTs and nucleic acids are

beyond the scope of this chapter. The strong fluorescence in Figs. 7.17(f ) and (g)

fades gradually [Figs. 7.17(e) and (h)], which further indicates that the SWNT-

poly(rU) hybrid was localized within the cell. From the depth information, we esti-

mate that this large SWNT-poly(rU) hybrid is less than 2 mm long. This length is

consistent with that of the SWNTs obtained with probe sonication, confirming that

the observed fluorescence was from the SWNT-poly(rU) hybrid. After 4 h of incu-

bation the SWNTs were still present within the MCF7 cytoplasm and nucleus [68].

The uptake of the SWNTs-poly(rU) is hypothesized to be a result of amphipathic

properties of both the cellular membrane and the SWNT-poly(rU) hybrids. Due to

thermal agitation, lateral diffusion of phospholipids within the biomembrane may

contribute to the translocation of SWNT-poly(rU) hybrids by allowing hydrophobic

interactions between the hydrocarbon chains and SWNTs within the bilayer. The

uptake of the SWNTs by the nuclear membrane is attributed to passive ratchet

diffusion [99]. Cell mitosis might also play a significant role in the internalization

of the SWNT-poly(rU) hybrids. During cell division, the nuclear envelope breaks

down into multiple small vesicles early in mitosis, which may allow the transloca-

tion of SWNT-poly(rU) hybrids. In the telophase, the last mitotic stage, the nuclear

envelop reforms, possibly incorporating the SWNT-poly(rU) hybrids. Once the

SWNT-poly(rU) hybrids are within the MCF7 cells, it is possible that endosomes

in the cytoplasm store SWNTs after poly(rU) translocation.

In summary, we have demonstrated the delivery of RNA polymer using SWNTs

as transporters [68]. Translocation of SWNTs into MCF7 cells was confirmed by ra-

dioisotope labeling assay. Based on the sectioning property of confocal microscopy,

fluorescently labeled SWNT-poly(rU) hybrids were found across the cellular and

the nuclear membranes of MCF7 cells while the controls were excluded. Both cell

growth and MTS studies have shown no cytotoxicity in either MCF7 breast cancer

cells or d2C keratinocytes for concentrations up to 1 mg mL�1. These studies show

the potential of using SWNTs as transporters for gene delivery, but further bio-

physical and biochemical studies must be conducted to better decipher the mecha-

nisms of SWNT translocation across cellular and nuclear membranes. Assays on

gene transfection using SWNT transporters need to be performed to move towards

the final goal of gene therapy and disease prevention.

7.4.2

Gene Transfection with SWNT Transporters

Limited literature is available on gene transfection with CNT transporters, with the

only proofs of concept being reported by Pantarotto et al. [100] and Liu et al. [101].

The efficiencies of DNA transfection in mammalian cells were not optimal in these

preliminary studies, yet they showed at least one order of magnitude enhancement

over DNA alone.

Pantarotto [100] revealed that both SWNTs and MWNTs were covalently modi-

fied by pyrrolidine rings, each bearing a free amino-terminal oligoethylene glycol

moiety attached to the nitrogen atom. The concentration of the functional groups
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was 0.55 and 0.90 mmol g�1 for functionalized-SWNTs and MWNTs, respectively.

The presence of these functional groups led to a much increased solubility of the

CNTs in aqueous solution. The electrostatic interaction of positively charged am-

monium functionalized CNTs with the negatively charged phosphate backbone of

plasmid DNA was confirmed by TEM. Plasmid DNA molecules, encoded with

marker gene (b-galactosidase; b-gal) were seen adopting spherical, toroidal, or

supercoiled structures 15–300 nm in diameter when exposed to the positively

charged groups [100]. The varying degree of plasmid condensation could be related

to the charge density, the hydrophobic character of the interaction, and the number

of plasmid DNA molecules in the condensate [102]. Tighter packing of functional-

ized SWNTs was noticeable in regions of larger CNT bundles.

The interaction of functionalized CNTs with HeLa cells was also visualized by

TEM. HeLa cells were incubated with ammonium functionalized CNTs at a con-

centration of 2.5 mg mL�1 for 1 h and the mixture was then embedded in an epoxy

resin. Solidified resin was sliced by an ultramicrotome and the slices were exam-

ined by TEM. CNTs were spotted inside the cells; higher magnifications provided

more convincing evidence of their internalization. Nuclear localization and the

translocation of CNTs through plasma cell membranes were also seen. The mech-

anism hereby was believed to be the binding of the cationic functional groups

on the CNTs to the cell membranes, which could be facilitated by spontaneous

insertion of the CNTs across the cell membranes. Subsequent translocation and

diffusion of the functionalized CNTs within the intracellular space could occur fol-

lowing these nonendocytotic processes [100].

The ability of ammonium-functionalized SWNTs to enter cells and potentially

reach their nuclei resulted in the delivery of plasmid DNA to CHO cells. Hypothet-

ically, these functionalized SWNTs entered the cells via a spontaneous mechanism

in which the tubes pierced through the cell membranes due to their enormous as-

pect ratio. This model is consistent with molecular dynamics simulations which

predicted that hydrophobic CNTs with hydrophilic functional groups could sponta-

neously insert into a lipid bilayer. Both the hydrophobicity of SWNTs and the rapid

lateral diffusion of lipids in the membrane bilayer could contribute to the uptake of

SWNT-plasmid DNA complexes [100].

The rate of gene transfection depended on the charge ratio of the ammonium

groups on the SWNT surface to the phosphate groups of the DNA backbone.

Gene expression efficiencies 5–10� higher than those without the presence of

SWNTs were obtained when the charge ratio was maintained within the range of

2:1 to 6:1. Gene expression also increased with incubation time of up to 3 h and

decreased thereafter. Although the measured transfection efficiency was far from

optimal, functionalized SWNTs seem to offer ample opportunities for chemical

and biological modifications than do cationic macromolecules such as peptides,

dendrimers, and liposomes. The other significant advantage that functionalized

SWNTs have over conventional gene and drug delivery methods is their signifi-

cantly reduced cytotoxicity [100].

In the study conducted by Liu et al. [101], dendritic polyethylenimine (PEI), a

most efficient and popular polymer for gene delivery, was grafted onto MWNTs to
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anchor DNA. Carboxylic acid groups were first created on the side walls of the

MWNTs by heating the tubes at reflux in 3 m nitric acid. The carboxylic acid groups

were then transformed into acyl chloride groups by consecutive treatments of thi-

onyl chloride and ethylenediamine [26, 57]. PEI was then grafted onto MWNTs

based on the activated monomer mechanism or the activated chain mechanism.

Protonated aziridine monomers or the terminal iminium ion groups of propaga-

tion chains were transferred to amines on the surface of the MWNTs to form PEI-

g-MWNTs complexes. DNA encoded with pCMV-Luc gene was then immobilized

securely onto the complexes through strong electrostatic interactions arising from

the amines. The formation of DNA-PEI-g-MWNT complexes was confirmed by the

total inhibition of DNA migration in gel electrophoresis [101].

The PEI obtained by cationic polymerization of aziridine had a dendritic struc-

ture that contained primary, secondary, and tertiary amines with a molar ratio of

about 1:2:1 [103]. The polymer chemistry of the PEI should not have been affected

by their grafting onto the surface of MWNTs. Grafted PEI with a high content of

primary, secondary, and tertiary amines could function as anchor points for the im-

mobilization of DNA onto the surface of MWNTs. Consequently, the migration of

DNA was totally inhibited in gel electrophoresis when the weight ratio of PEI-g-

MWNTs to DNA was about 4:1. By comparison, the control experiments using

MWNTs and NH2-MWNTs showed little inhibition on the migration of DNA,

even at a high weight ratio of 100:1. This is because the nonspecific adsorption of

PEI on the surface of MWNTs did not facilitate the secure anchoring of DNA,

possibly due to weak interactions between the PEI and MWNTs [101].

The PEI-g-MWNTs gene transporters created in the Liu study [101] yielded more

encouraging results than the Pantarotto scheme [100], which used functionalized

SWNTs. Figure 7.18 details a head-to-head comparison of transfection efficiency

in human embryonic kidney 293 cells for DNA-PEI (25 kDa), DNA-PEI-g-MWNTs,

and DNA alone. Under the optimal conditions, the transfection efficiency using

PEI-g-MWNTs was three times higher than that using PEI, and, remarkably, four

orders of magnitude higher than that using naked DNA. Transfection efficiencies

using PEI-g-MWNTs in COS7 and HepG2 cells, under optimal conditions, were

consistently 2 1
2 times greater than efficiencies using PEI, and were much higher

than efficiencies using DNA [101].

The mechanisms proposed and speculated upon in the literature for CNT uptake

or their derivatives by cells include phagocytosis, endocytosis, insertion, or passive

diffusion. Liu et al. [101] attributed DNA uptake to endocytosis because PEI-g-

MWNTs, once labeled with fluorescein isothiocyanate and left incubating in cells

for 1 h, significantly reduced their presence in cells with increasing temperature.

The high transfection efficiency obtained using PEI-g-MWNTs was perhaps due to

the secure anchoring of DNA onto the surface of MWNTs. The proton-sponge ef-

fect of the grafted PEI could allow the DNA-PEI-g-MWNTs complexes to escape

easily from highly acidic endosomes or other vesicles in cells. The larger complexes

of DNA-PEI-g-MWNTs could have improved the proton-sponge effect of PEI and

facilitated a more effective sedimentation onto the cells [101].
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7.4.3

Gene Transfection with SWNT Transporters for RNA Interference

In addition to its fundamental roles in gene transcription and translation, RNA has

been used for two decades to reduce (or interfere with) expression of targeted

genes in various systems such as plants, fungi and higher organisms. This process,

known as RNAi, is a natural defense mechanism that is thought to have evolved to

protect organisms from viral diseases. Many viruses have a genetic blueprint made

from RNA instead of DNA. The genetic information of many viruses is held in

the form of double-stranded RNA and an enzyme known as Dicer first chops the

double-stranded RNA of invaded viruses into small segments of genetic code of

approximately 22 bases long. These segments, known as siRNAs, are surprisingly

stable and, unlike ssDNA or RNA anti-sense oligonucleotides, do not need exten-

sive modification to survive in tissue culture media or even within living cells.

These newly formed siRNA then separate into single strands and some bind to in-

tact lengths of single-stranded viral RNA. Finally, proteins target this tagged viral

RNA and destroy it. As a result, RNAi shuts off key viral genes, potentially nip-

ping infections in the bud. In theory, RNAi can be used to treat any disease such

as cancer, which is an overactive gene or genes, or HIV, a virus with no cure and

vaccine.

In one of the most exciting developments thus far, Dai’s group reported gene

silencing with SWNT delivered siRNA [104]. Phospholipids (PL) were adsorbed

Fig. 7.18. Transfection efficiency of PEI-g-MWNTs for DNA

delivery relative to that of PEI and naked DNA in 293 cells. The

level of pCMV-Luc gene expression is given in RLU per mg of

protein for quadruplicate runs [101]. (8 Wiley-VCH Verlag

GmbH & Co. KGaA, Weinheim.)
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onto SWNTs and the head groups of the PL were covalently linked by single-

chained poly(ethylene glycol) (PEG, MW ¼ 2000) with terminal amine or malei-

mide groups (PL-PEG-NH2 or PL-PEG-maleimide). The PL-PEG bound to SWNTs

via van der Waals and hydrophobic interactions between the fatty alkyl chains of

the PL and the side walls of the SWNTs. Although double-chained PL molecules

do not solubilize SWNTs, the presence of the PEG greatly increased the hydro-

philic moiety of the PL-PEG-SWNT complexes, rendering SWNTs soluble in an

aqueous solution. The amine or maleimide terminal on the PL-PEG immobilized

on SWNTs was used to conjugate biofunctionalities such as DNA and siRNA.

A crosslinker, sulfosuccinimidyl 6-(3 0-[2-pyridyldithio]propionamido)hexanoate

(sulfo-LC-SPDP), was attached to a thiol-containing biomolecule (X) to form

SWNT-PL-PEG-SS-X (1-X). The biomolecule X was either 1-DNA (15-mer DNA

with fluorescence label Cy3) or 1-siRNA. No disulfide linkage was employed in

the control experiments [104].

In the study by Dai’s group, biomolecules DNA or siRNA were transported by

functionalized SWNTs into mammalian cells. SWNTs and their derivatives, after

the cellular internalization of biomolecules, were believed to be allocated in endo-

somes and/or lysosomes. The disulfide bonds linking the biomolecules and the PL-

PEI complexes were cleaved and the biomolecules were released by enzymes in

lysosomal compartments whose pH (@5) is significantly lower than that of the

cytosol (pH 7.2). Translocation of SWNT complexes across the cell membranes

was believed to result from endocytosis [104]. Active releasing of endocytosed spe-

cies from endosomes or lysosomes allows molecule cargoes to reach their intended

destinations, thus preventing degradation inside the endosomes or lysosomes [105].

No effect on cell viability or proliferation was found by the presence of SWNTs in

this study.

Both 1-siRNA and 2-siRNA were prepared where the siRNA was capable of si-

lencing the gene encoding lamin A/C protein present inside the nuclear lamina

of cells. HeLa cells were again used to incubate with 1-siRNA (50–500 nm) for up

to 24 h. The concentration of SWNTs was 10 nm and cells of 40 000 per well in the

presence of 5% FBS were fixed 48–72 h later. The cells were then stained with anti-

lamin and fluorescently labeled secondary antibodies. The commercial transfecting

agent lipofectamine (1 mg L�1) was used for comparison with the SWNT delivery

system.

Minimal fluorescence was observed in the experiment (Fig. 7.19b) compared

with that of the untreated control (Fig. 7.19a), indicating a significant reduction in

the expression of lamin A/C proteins by 1-siRNA. The potency of RNAi was char-

acterized using flow cytometry in the order 1-siRNA, 2-siRNA, and lipofectamine-

siRNA, for a given concentration of siRNA (Fig. 7.19c). The higher silencing po-

tency with 1-siRNA than 2-siRNA is possibly due to the release of siRNA from

SWNTs by breaking their linking disulfide bonds. This released and subsequently

more effective siRNA can then readily escape from endosomes or lysosomes. This

two-fold increase in the silencing potency using 1-siRNA compared with lipofect-

amine was attributed to the high surface area of SWNTs for siRNA cargo load-

ing, the high intracellular transporting ability of SWNTs, and the high degree of
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endosome/lysosome escape owing to the breakage of the disulfide bond. Excellent

siRNA delivery and silencing of the luciferase gene were also observed [104]. This

study has shown great promise for using SWNT as molecular transporters for gene

therapy.

7.4.4

Drug Delivery with SWNT Transporters

This section reviews recent developments in drug delivery with SWNT trans-

porters, and highlights the research by Pantarotto et al. on immunization with

peptide-functionalized SWNTs for enhancing virus-specific neutralizing antibody

responses [28], and the research by Dai’s group on intracellular protein transport

for inducing apoptosis and on the highly sensitive electronic detection of anti-

bodies associated with human autoimmune diseases [106].

7.4.4.1 Vaccine Delivery by SWNTs

Developing new and effective delivery approaches is of paramount importance for

administering protective antigens. SWNTs could serve as excellent transporters for

Fig. 7.19. Confocal microscopy RNAi assay for

(a) untreated control HeLa cells and (b) cells

incubated with 1-siRNA, the latter showing a

much weaker fluorescence than (a) due to

silencing of the expression of lamin protein by

RNAi. (c) Silencing efficiency of lipofectamin-

siRNA (left-hand bars), 2-siRNA (middle bars)

and 1-siRNA (right-hand bars) for 50 and 500

nm siRNA concentrations. Cells were fixed and

stained with anti-lamin and a fluorescently

labeled secondary antibody prior to analysis.

The confocal images were captured at similar

experimental settings for (a) and (b) [104].

(8 American Chemical Society.)
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the effective utilization of antigens that have previously been unable to induce ade-

quate or appropriate responses, thus providing significant means of enhancing and

modulating immune responses. In vaccine delivery, conserving the conformation

of antigen is crucial. This conservation, in turn, yields the induction of antibody

responses with the right specificity. Therefore, the presence of SWNTs should not

change the biofunctionality of the antigen when they are linked together. Pantar-

otto et al. evaluated the capacity of mono- and bis-derivatized SWNTs to present B

cell epitope from the VP1 coat protein of FMDV [107]. The knowledge obtained

from this study served to enhance the neutralizing potential of the B cell epitope.

The chemical route for obtaining water-soluble SWNTs is based on the method-

ology described in Section 7.2.1.2. SWNTs were functionalized with a pyrrolidine

ring through the 1,3-dipolar cycloaddition of azomethine ylides [108]. The amino-

derivatized SWNTs were subsequently used to covalently link a series of peptides

by different strategies. In one approach, B cell epitope, a peptide corresponding

to the sequence 141-159 derived from VP1 protein of FMDV, was coupled to

functionalized SWNTs, employing a selective chemical ligation to obtain the

mono-conjugate 2 [28]. In another approach, functionalized SWNTs were co-

valently attached to two FMDV peptides to yield the bis-conjugate 3. The latter

approach involved a derivatization of the free amino groups of SWNT 1 using

an excess of Boc-Lys(Boc)-OH activated with DIC (diisopropylcarbodiimide) and

HOBt (1-hydroxybenzotriazole) in DMF, and subsequent cleavage of Boc (tert-

butyloxycarbonyl) with TFA (trifluoroacetic acid). The free amino groups were

neutralized with DIEA (diisopropylethylamine) and coupled with N-succinimidyl

3-maleimidopropionate in DMF [108]. Excess reagent was removed by adding

an amino-PEGA resin. The N-terminal acetylated FMDV 141-159 peptide, with

an additional cysteine, was dissolved in water and linked to the two maleimido

moieties [109]. Unreacted peptides were removed using a scavenger resin, and

reverse-phase HPLC confirmed a peptide covalent bond formation to the SWNTs.

The solubilities of the mono-conjugate 2 and the bis-conjugate 3, were 18.0 and

12.5 mg mL�1, respectively [28].

The activity of the FMDV 141-159 peptide was confirmed using a monoclonal

assay. Anti-FMDV 141-159 peptide mAb was presented to a covalently linked anti-

mouse Fcg antibody. SWNTs alone did not react with mAb, while free peptides,

mono-conjugates 2, and bis-conjugates 3 all interacted with mAb in increasing

masses [28]. However, an analysis of the three sensorgrams showed no difference

in the association rate constants and only a small decrease of the dissociation rate

constant for the bis-conjugate 3, which might be ascribed to the avidity of the bi-

valent reagent [28]. Thus both mono- and bis-conjugates preserve the conforma-

tion of their attached peptides.

An immunization protocol was tested on the coupling of nonimmunogenic pep-

tides to SWNTs. Anti-peptide antibody responses were measured by ELISA using

BSA-conjugated FMDV141-159 peptide as antigen (Fig. 7.20 left). The sensitivity

of the ELISA was greater than that for the free peptides. The anti-FMDV 141-

159 antibody response slightly increased when OVA was injected with the mono-

conjugate 2. Using the bis-conjugate 3 as an immunogen (Fig. 7.20 left) also

264 7 Carbon Nanotubes in Cancer Therapy and Diagnosis



significantly elevated the anti-peptide antibody titers. Antibody responses were

specific to the FMDV 141-159 peptides but not to the functional groups linking

peptides to the SWNTs, because serum antibodies showed little reactivity to control

peptides conjugated to BSA (Fig. 7.20 left). Both the peptide conjugates and OVA

were sampled by antigen-presenting cells. Assistance from the OVA-specific T

helper cells enabled the B cells to produce antibodies that recognized the FMDV

141-159 peptides. No anti-SWNT antibodies were detected (Fig. 7.20 left) [28]. The

bystander help provided by the carrier (OVA) should be directed to the covalently

Fig. 7.20. (Left-hand side): Anti-peptide

antibody responses following immunization

with peptides and peptide–SWNTs. Groups

of BALB/c mice were co-immunized

intraperitoneally with OVA and free FMDV

141-159 peptide, mono-conjugate 2, or bis-

conjugate 3 in Freund’s adjuvant emulsion.

Serum samples collected 2 weeks after the

booster immunization (on day 14 post

priming) were screened by ELISA for the

presence of antibodies using FMDV 141-159

peptide conjugated to BSA (solid bars), control

peptide conjugated to BSA (open bars), or

SWNT 1 functionalized with maleimido group

without peptide (hashed bars) as solid-

phase antigens. Data represent mean of

log10(antibody titers) from five mice per group.

(Right-hand side): Neutralization indices of

serum samples of immunized mice. Serum

samples were collected 2 weeks after the boost

of mice co-immunized intraperitoneally with

OVA and free FMDV 141-159 peptide, mono-

conjugate 2, or bis-conjugate 3 in Freund’s

emulsion. Data represent the mean of antibody

titers from five mice per group [28]. (8 Elsevier

Science Ltd.)
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attached peptides and not to the SWNTs. This study indicated that SWNTs alone do

not possess intrinsic immunogenicity.

Mono-conjugate 2 elicited virus-neutralizing antibody responses in mice (Fig.

7.20 right), which were significantly higher than those induced by the bis-

conjugate 3 or the control free peptide. An increased number of epitopes at the

surface of SWNTs enhanced the immunogenicity of the attached peptides while

decreasing the neutralizing titers. It was hypothesized that both copies of the

FMDV peptides of the bis-conjugate 3 assumed different conformations than that

of their native state, thus failing to invoke antibody responses with the correct

specificity [28]. The preferential induction of peptide-specific antibodies with en-

hanced virus neutralizing capacity using mono-conjugate 2, coupled with the non-

responsiveness to the attached SWNTs, demonstrated the presentation of the at-

tached peptides in vivo, suggesting their possible use as antigen delivery systems

since no anti-carbon antibodies were elicited that could influence immune re-

sponses to their attached peptides.

7.4.4.2 Protein Delivery by SWNTs

The Shi Kam and Dai study [106] explored protein delivery with SWNTs. The pro-

teins used, including streptavidin (SA), protein A (SpA), BSA, and cytochrome c
(cytc), were fluorescently labeled and bound to the side walls of SWNTs via a non-

covalent and nonspecific mechanism (Section 7.2.2). Translocation of these pro-

teins in mammalian cell lines, including HeLa, NIH-3T3 fibroblast, HL60, and

Jurkats, cells was observed by confocal fluorescence microscopy. Endocytosis, an

energy dependent internalization mechanism based on the engulfing of the for-

eign particles, was believed to be responsible since the uptake showed a distinct

temperature dependence. For example, incubating the cells in protein–SWNTs

conjugates at 4 �C yielded little uptake [106].

Cellular uptake of large proteins (molecular weight > 80 kDa) was poor, while

the binding and intracellular protein transport by SWNTs appeared general for

small- and medium-sized proteins [106]. Figure 7.21 compares the fluorescence

level detected for cells incubated with proteins alone, and for cells incubated with

protein–SWNTs; this suggests that while proteins in solutions were unable to tra-

verse across cell membranes, SWNTs were able to transport protein cargoes inside

cells possibly due to their hydrophobicity and high aspect ratio. SWNT-protein con-

jugates, once internalized within the cells, were found co-localized with red endo-

cytosis endosome marker FM 4-64 [98], suggesting the confinement of the conju-

gates in endosomal lipid vesicles. Once within cells, the endosomes could fuse

with lysosomes, and cause the degradation of the internalized species in the acidic

lysosomes. To prevent lysosomal degradation, chloroquine was added to the cell

medium during the incubation of cells in protein–SWNT conjugates to trigger an

endosomal release of internalized molecules into the cell cytoplasm. Chloroquine

is a membrane-permeable base that can localize inside endosomes and cause in-

creases in pH. The resulting osmotic pressure led to swelling and eventual rupture

of the endosomal compartments (Fig. 7.22). This phenomenon suggests that it is

possible to create biological functionality for these internalized ‘‘cargo’’ molecules.
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HeLa and NIH-3T3 cell lines, known to undergo cyt-c-induced apoptosis [110],

were used for intracellular transport of cyt-c with SWNTs and for apoptosis assay.

After cell incubation in the cyt-c-SWNT conjugates, apoptosis was analyzed using

fluorescently (FITC) labeled Annexin V. Annexin V-FITC is an efficient marker for

early stage apoptosis as it binds to the phospholipid flipped from the inner to the

outer leaflet of the plasma membrane during apoptosis. For NIH-3T3 cells in the

presence of chloroquine and incubated, respectively, with cyt-c-SWNT conjugates

and with cyt-c alone, the degree of Annexin V staining was characterized by both

confocal microscopy (Fig. 7.23a, b) and cell flow cytometry (Fig. 7.23c). Signifi-

cantly higher percentages of apoptosed cells were observed when incubated with

cyt-c-SWNT conjugates than with cyt-c alone [106]. Figure 7.23(c; inset) shows the

Fig. 7.21. Cell cytometry data for untreated

HL60 cells (labeled as ‘‘control’’), and for

HL60 cells incubated in solutions of

fluorescently labeled SA and SpA (a), and

treated with the respective fluorescent protein–

SWNT conjugates (b). Cells were incubated in

protein–SWNTs solutions for 2 h [106].

(8 American Chemical Society.)

Fig. 7.22. Endosomal rupture. Cells were

incubated with (a) cyt-c-SWNT conjugate and

(b) cyt-c-SWNTþ 100 mm of chloroquine at

37 �C and 5% CO2. Confocal images were taken

immediately after incubation and washing.

These images indicate the release of protein–

SWNT conjugates from the endosome: overall

green color across the cell in (b) vs. green

individualized spots inside the cells in (a)

[106]. (8 American Chemical Society.)
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blebbing of the cellular membrane stained by Annexin V-FITC, a phenomenon

associated with cells undergoing apoptosis.

To investigate the effect of endosomal release on the efficiency of apoptosis in-

duction by cyt-c transported by SWNTs, cells were incubated in cyt-c-SWNT in

both the presence and absence of chloroquine. Higher degrees of apoptosis were

consistently observed for cells treated with cyt-c-SWNT in the presence of chloro-

quine (Fig. 7.23c). This higher degree of apoptosis is due to the more efficient en-

dosomal releasing of proteins, suggesting that the cytochrome c bound and trans-

ported inside cells by SWNT carriers remained biologically active for apoptosis

induction [106]. However, it is unclear if the functionality of cytochrome c was ob-

Fig. 7.23. Apoptosis induction by cytochrome

c cargos transported inside cells by SWNTs.

(a) Confocal image of NIH-3T3 cells after 3 h

incubation in 50 mm cytochrome c alone (no

SWNT present) and 20 min staining by

Annexin V-FITC (green fluorescent). (b) Cell

images after incubation in 50 mm cytochrome

c-SWNTs in the presence of 100 mm

chloroquine and after Annexin V-FITC staining.

(c) Cytometry data of the percentage of cells

undergoing early stage apoptosis (as stained

by Annexin V-FITC) after exposure to 100 mm

chloroquine only (labeled ‘‘untreated’’),

SWNTþ 100 mm of chloroquine, 10 mm cyt-

cþ 100 mm chloroquine, 10 mm cyt-c-

SWNTþ 100 mm chloroquine, and cyt-c-SWNT

without chloroquine. Inset: representative

confocal image of the blebbing of the cellular

membrane (stained by Annexin V-FITC) as the

cell undergoes apoptosis. Note that PI co-

staining was used, and all data shown here

excluded PI-positive cells and were recorded 4–

5 h after exposure to chloroquine. The level of

PI staining for all cells was a normal@4–6%

out of@10 000 [106]. (8 American Chemical

Society.)
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tained after detaching from the SWNTs, or if it remained effective even when pro-

teins were still bound to the SWNTs.

7.4.4.3 Biosensing by SWNTs

In a separate study by Dai’s group [17], SWNTs were employed as biosensors for

potential medical diagnostic and biological applications. In this scheme (Fig. 7.1

left), SWNTs were coated with U1A antigen-Tween conjugates and the immobi-

lized antigens were recognized by 10E3 mAbs. The U1A RNA splicing factor is a

prominent autoantigen target in systemic lupus erythematosus and mixed connec-

tive tissue disease, and detection of its autoantibodies by ELISA forms a clinical

fluorescence assay. With SWNT sensors, binding can be monitored in real-time

electronically without labeling, with the resulting sensitivity at a remarkable 1 nm

or less.

Similar results were obtained with two other U1A-specific mAbs. In contrast,

two different mAbs (3E6 and 6E3) specifically used for TIAR (a structurally related

but different RNA binding protein autoantigen) failed to recognize the U1A splic-

ing factor. This result compares favorably with fluorescence-based detection of im-

mobilized antigens, where the limit of detection was found to be 2.3 nm [17]. In

addition to offering a higher sensitivity, Dai’s scheme also permitted sample prep-

aration and detection to be performed in solution without protein denaturation.

This study serves as a proof of concept that SWNT devices can detect clinically

and biologically important interactions, with a potential for screening assays of

mAb panels for use as reagents or therapeutics. Since the human proteome con-

tains more than 300 000 different protein isoforms, methods for high-throughput

screening of mAbs are crucial for their identification. Furthermore, multiplex anal-

ysis of autoantibodies may be performed with arrays of SWNT devices to diagnose

patients with autoimmune diseases such as HIV, complementing or overtaking

other recently developed techniques such as planar array-based methods [17].

7.5

Sensing and Treating Cancer Cells Utilizing SWNTs

A milestone in the possible use of SWNTs to diagnose and treat cancer was re-

cently reported by Dai et al. [32]. They demonstrated how several unique character-

istics of SWNTs could be combined to serve the purpose of selectively causing can-

cer cell destruction. SWNTs functioned as multifunctional biological transporters

for cargoes such as Cy3-DNA, various phospholipids, and folate moiety. The de-

struction of the cancer cells was due to the strong absorbance of translocated

SWNTs in the NIR range (700–1100 nm) because of distinct first and second van

Hove optical transitions (Fig. 7.24) [44].

Ex vitro studies showed an increase to approximately 70 �C after heating SWNTs

of various concentrations for 2 min with continuous 808 nm laser light [32]. Heat-

ing was caused from optical stimulation of electronic excitations of SWNTs that

was transferred to molecular vibration energies and heat. The transfer to molecular
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vibration energies and heat has another interesting effect if pulsed NIR laser light

is discharged. The pulsed optical stimulation of SWNTs seemed to cause the

release of their cargoes, as demonstrated with confocal fluorescent images of Cy3-

DNA-SWNT complexes (Fig. 7.25).

Perhaps more important than the demonstration of SWNT complex transloca-

tion is the preservation of cell viability. As previously shown, SWNT complexes be-

low certain concentrations have no adverse affect on cell viability, and biological

systems like cells experience limited or no damage because they are completely

transparent to continuous NIR light. These two noninvasive aspects were com-

bined to induce the destruction of cancer cells. Once cancer cells internalized

SWNT complexes and were exposed to continuous NIR laser light, they experi-

enced excessive heating and eventual death [32]. After exposure to this treatment,

cells appeared round with aggregated SWNT complexes appearing within the

growth medium (Fig. 7.26 left).

Another key issue involving cell viability in this experiment is the ability of can-

cer cells to selectively internalize SWNTs, thus ensuring that they can destroy

harmful cells while preserving healthy ones. Specifically, SWNTs were conjugated

with various phospholipids (PL), a poly(ethylene glycol) (PEG) moiety, and termi-

nal folic acid (FA) group that provided specificity for this selective internalization

(Fig. 7.27). Additionally, the preparation of cancer cells required some ingenuity

Fig. 7.24. Semiconducting SWNTs electronic

structure and density diagram of electronic

states. Optical emission and excitation

transitions are represented by solid arrows;

dashed arrows show non-radiative relaxation of

the electron in the conduction band and of the

hole in the valence band before emission [86].

(8 American Association for the Advancement

of Science.)
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Fig. 7.25. NIR laser light excitation of Cy3-

DNA-SWNT complexes causing DNA release

and nuclear translocation. Confocal image of

HeLa cells after 12 h incubation with 2.5–

5 mg L�1 Cy3-DNA-SWNT complexes and

radiation with six NIR pulses at 808 nm and

intensity of 1.4 W cm�2 for 10 s. Yellow

coloring represents colocalization of green Cy3-

DNA and red DRAQ5 in cell nuclei [32].

(8 National Academy of Sciences.)

Fig. 7.26. Image of dead and aggregated cells

after internalization of DNA-SWNT and

continuous NIR laser radiation exposure for

2 min at 1.4 W cm�2. The dead cells show

round and aggregated morphology 24 h after

laser activated cell death. Black aggregates of

SWNTs are released from dead cells and could

visually be seen floating. Raman data and SEM

image of black aggregates (�36 000) confirm

aggregates are SWNTs [32]. (8 National

Academy of Sciences.)
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that included folate moiety starvation to increase the number of folate receptors on

the membranes of these cells. SWNTs conjugated with folate moiety were selec-

tively internalized by cancer cells with folate receptor markers, and then bom-

barded with continuous NIR laser, which heated these internalized SWNTs, which

in turn destroyed the cancer cells. Whereas the folate-starved cancer cells were de-

stroyed (Fig. 7.28), healthy cells without SWNTs complexes were transparent to the

laser light and remained viable [32].

Though much more research is necessary, this study clearly demonstrated the

amazing transporting potential for functionalized SWNTs to deliver both drugs

and cancer therapies due to their unique chemical and optical properties.

7.6

Cytotoxicity of SWNTs

Toxicity has been a controversial issue, shadowing the science of nanotechnology.

An improved understanding of the cytotoxicity of SWNTs will undoubtedly benefit

research on the biological and biomedical aspects of nanomaterials. An early study

by Shvedova et al. determined that transition metal catalysts such as iron and

nickel at SWNT concentrations of 0.06 mg mL�1 and higher were toxic to human

epidermal keratinocytes [111]. Indeed, inhaling SWNTs, perplexingly, caused the

Fig. 7.27. Chemical structures of the cancer

cell targeting scheme. (a) PL-PEG-FA and PL-

PEG-FITC are conjugated with SWNTs and

synthesized by conjugating PL-PEG-NH2 with

FA or FITC. (b) Diagram of selective

internalization of PL-PEG-FA-SWNTs into

folate-starved cells with increased folate

receptors (FR). (c) No internalization of PL-

PEG-FA-SWNTs into normal cells without folate

receptors [32]. (8 National Academy of

Sciences.)
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growth of granulomas in the lungs of rats, and in the total absence of such pulmo-

nary biomarkers as inflammation, cell proliferation, and cytotoxicity [112, 113]. An-

other study by Colvin’s group using the buckyball C60, a cousin of SWNTs, revealed

that nano-C60 had a greater toxicity to human skin cells than C60(OH)24 – the full-

erene molecules containing most additional chemical groups on their surfaces.

However, fullerene molecules with a higher degree of surface modification were

far less toxic due to their inability to generate oxygen radicals [114]. Colvin et al.

also found that the toxicity of water-soluble SWNTs to human dermal fibroblasts

decreased as the functionalization of the tubes increased [115]. Their specific func-

Fig. 7.28. Images of SWNT complexes

internalized by folate-starved cells. (Top):

Confocal image showing the round cell

morphology of dead cells. (Bottom): Confocal

fluorescence image of SWNTs carrying two

cargoes, PL-PEG-FA and PL-PEG-FITC,

internalized within folate-starved cancer cells.

The green FITC fluorescence represents the

internalization of SWNT with FA and FITC

cargoes [32]. (8 National Academy of

Sciences.)
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tionalizations included SWNT-phenyl-SO3X ratios of 18, 41, and 80 and SWNT-

phenyl-(COOH)2 with a carbon/-phenyl-(COOH)2 ratio of 23. The cytotoxicity of

unfunctionalized SWNTs was 200 parts per billion (ppb), ten times lower than

unfunctionalized fullerenes, and modified SWNTs were found to be noncytotoxic.

Therefore, while cell death did increase with dose concentration, it did not exceed

50% for concentrations of modified SWNTs up to 2000 ppm [115]. Pantarotto et al.

supported this supposition, consistently finding that 90% of fibroblasts remained

alive when incubated with SWNTs of 5 mm [97]. Shi Kam et al. have reported that

promyelocytic leukemia cells were viable when the SWNT concentrations were

below 1.25 mm [98].

Figure 7.29 shows cell growth for MCF7 cells both with and without SWNTs (0.4

mg mL�1) [68]. A similar result was observed for d2C keratinocytes cells (data not

shown). In both cases, no significant difference in growth was observed for SWNTs

treated MCF7 or d2C cells over a 3 day period. The cell count for the MCF7 cells

with SWNTs showed only a minimal decrease in the number of cells for day 2 and

day 3; however, the overall trend mirrored the cell count for the control MCF7

cells. An MTS assay for cellular metabolism (Fig. 7.30) on the absorbance of

MCF7 cells was performed on cultures without SWNTs (control) and with SWNTs

of various concentrations. Absorbance was similar for the control cells (0.631) and

for those of various concentrations of SWNTs (0.607 to 0.631). The highest concen-

trations of SWNTs (1 and 0.5 mg mL�1) have the largest drop in absorbance (0.024

and 0.021, respectively). However, at concentrations lower than 0.5 mg mL�1, the

absorbances have variances of less than 0.01. Our results suggest that SWNT of a

concentration as high as 1 mg mL�1 has no effect on metabolism and cell viability,

suggesting some general trends in biological responses to nanoparticles. Nonethe-

less, notably, a comprehensive risk assessment of SWNTs should go beyond cyto-

toxicity and account for such crucial issues as exposure rates, uptake mechanisms,

and cellular transport of SWNTs and their derivatives. These studies formulate the

practice of nanomedicine, guide scientific and technological advancement, and

have profound impacts on workplace protection and environment control.

Fig. 7.29. Cell growth curves for MCF7 cells without (control;

left-hand bars) and with SWNTs (0.04 mg mL�1). Incubation

time was 72 h [68]. (8 American Chemical Society.)
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7.7

Cancers and SWNTs

An estimated almost 1.4 million new cases of cancer will be diagnosed in 2005 and

over 1500 people will die of the disease per day. Despite intensive research, prog-

ress in treatment of the disease has been slow and very few significant advances

have been made since President Nixon declared his ‘‘War on Cancer’’ and passage

of the National Cancer Act in 1971. Traditional chemotherapy and radiotherapy

protocols result in actual cures only infrequently and are often accompanied by

serious side effects, some of which are permanent. Since therapy for metastatic

cancer requires a method that will destroy cancer cells distant from the primary

neoplasm, an effective therapy must involve widespread, but specific tumor cell

destruction. There are several causes for the failure of current therapies to cure

cancer. While cancer cells are more sensitive than their healthy counterparts to ra-

diation and the drugs used for chemotherapy, the differential between the two is

not sufficiently large to allow destruction of all of the cancer cells without damag-

ing the healthy ones. Frequently, even in cases where most of the cancer cells are

destroyed, some transformed cells escape detection and survive to establish second-

ary tumors – sometimes years later. In the process of destroying the tumor, cells of

the immune system can be damaged, leading to immunosuppression and eventu-

ally tolerance of the tumor. Patients can suffer permanent damage, resulting in

neuropathies and arthropathies. A dose that will destroy the tumor, yet not severely

damage the host is difficult to determine; and in many cases, it may be impossible

to obtain. In addition, cells surviving an initial attack will be stimulated to mutate,

Fig. 7.30. MTS assay of MCF7 cell absorbance vs. SWNT

concentration. The control cell absorbance was measured to be

0.630. Cell absorbance ranges from 0.607 to 0.631 for SWNT

concentrations of 0.0125–1 mg mL�1 [68]. (8 American

Chemical Society.)
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resulting in a more aggressive phenotype. Current evidence indicates that meta-

static tumor cells have several mutations. Usually, at least one of these involves a

gene coding for DNA repair. This facilitates further mutation and allows the cells

to evolve mechanisms for evading destruction. The aim of our current research is

to overcome these complications by using nanotubes to target tumor cells with

greater specificity so that physical, chemical and genetic therapies can selectively

destroy tumor cells, allowing more effective killing without damaging sensitive

healthy tissue.

As previously described, the work of Dai et al. [106] represents the first major

step toward the direct application of SWNTs for cancer therapy. Here, cells were

killed by laser irradiation of engulfed SWNTs, raising the temperature to 70 �C. In-

ternalization of the SWNTs was stimulated by starving the cells for folate and con-

jugation of the SWNTs with folic acid. While the studies were performed in a

somewhat artificial system in vitro, modifications of the technique could make

this approach a valuable contribution to the anti-tumor armantarium. The value

of hyperthermia as an anti-cancer therapy has long been recognized and current

studies indicate that it can lead to significant improvement in response when com-

bined with radiation or chemotherapy. In these studies only temperatures in the

range 41–43 �C are required. Van der Heijden et al. [116] found that raising the

temperature to only 43 �C was synergistic with four different drugs for the killing

of four different human bladder transitional carcinoma cell lines. Raaphorst and

Yang [117] found that a temperature of only 41 �C sensitized human cells to killing

with cisplatin. The mechanism of enhanced killing involved inhibition of DNA

repair, and increased intracellular drug concentrations [118]. In a recent study of

sixty eight patients with advanced cervical cancer, Westermann et al. [119] achieved

complete remission in 90% of the patients by combining hyperthermia with both

radiation and chemotherapy. After 538 days, 74% of the patients remained alive

without signs of recurrence. Here the temperature was raised to 41 �C. Hence

only moderate heating by laser irradiation of intracellular SWNTs could enhance

tumor destruction. The synergistic interaction of hyperthermia and chemotherapy

could be utilized if SWNT drug delivery vehicles were also to serve as infrared tar-

gets for heating.

Another use of SWNTs for enhancing radiation therapy has been suggested by

Yinghuai et al. [120], who have successfully attached C(2)B(10) carborane cages to

SWNTs. These could be used to increase concentrations of boron in tumor cells

relative to blood and other organs, resulting in sensitization of the tumors for neu-

tron capture therapy.

An obvious method for targeting SWNTs to tumor cells is to attach antibodies

specific for the tumor cell surface. Cancer therapy with monoclonal antibodies

alone has had minimal success; the best results having been found with trastuzu-

mab (Herceptin) for treatment of her2/nu positive breast cancers [121] and with

antibodies against CD20 for non-Hodgkin’s lymphoma (Rituxan, Zevalin, Bexxar

[122]). While the coupling of monoclonals with radioisotopes or toxins (e.g., ricin)

is also being explored, a problem with these approaches is that the antibodies are

usually produced in mice, causing them to be recognized as foreign by the
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immune system of the patient and destroyed. Conjugating antibodies to SWNTs

could extend their lifetimes while targeting the SWNTs to the site of the primary

tumor and to metastatic sites. Binding of a toxin to the nanotube or laser heating

would then increase the effectiveness of killing. Anti-angiogenesis therapies are

also being explored. While these produced promising results during early develop-

ment, at present they have had limited effectiveness clinically. Recent data indicate

the anionic phospholipids, particularly phosphatidylserine, become exposed on the

external surface of the vascular endothelial cells in tumors. An antibody produced

against these phospholipids localizes in the tumor vasculature and slows the

growth of tumors in mice [123]. This effect can be enhanced by pretreatment

with docetaxel [124]. Conjugation of this type of antibody to SWNTs would serve

to target the SWNTs to the tumor. In this case, blood supply to the tumor would

be inhibited by the antibody while additional destruction of the tumor vasculature

and the surrounding tissue could be done with laser heating.

The possible uses of SWNTs as delivery vehicles for genes or siRNAs are too nu-

merous to be reviewed here. Transfection of the tumor suppressor gene p53 should

be attempted, since this is the most commonly mutated tumor suppressor gene in

human cancers. Mutated forms of p53 appear in almost 50% of some tumor types.

Both transfection of the p53 gene and transfection of siRNA against the apoptosis

inhibitor bcl-2 should drive tumor to self-destruction. Transfection of siRNA the p-

glycoprotein coded for by the multidrug resistance gene MDR1 would restore sen-

sitivity of resistant cancer cells to chemotherapeutic drugs. It is possible to attach

multiple moieties to SWNTs because of their structure. This will allow almost lim-

itless possibilities for combinations of targeting ligands and inducers of apoptosis

or necrosis.

7.8

Summary

Iijima could not possibly have imagined, in 1991 [125], the subsequent flurry of

enchanting scientific endeavors surrounding CNTs whose impact seems to have

increasingly touched every corner of our life. Perhaps no other nanostructure or

nanomaterial invented so far has attracted this grand level of attention and fervent

study. Much remains to be done to offer high sensitivity and localized treatment

for cancers and diseases with functionalized and thus intelligent nanostructures

and nanomaterials. The realization of this dream demands joint efforts by re-

searchers in the fields of materials science, physical science, and life science, as na-

ture never intends to favor the description of any specific discipline. It is to our

best hope that, after reading this chapter, you may start to envision shuttling

biomolecules and drug loads through fluidic cell membranes, reporting complex

pathogenic pathways, sensing the pH, ionic strength, and temperature of nano-

scale bioenvironment, detecting, treating, and preventing cancers and diseases, all

with this synthetic wonder material called CNT.
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8.1

Introduction

The elimination of cancer-related suffering and death remains an unachieved goal

of modern medicine, biology, pharmaceutical science and medical engineering. For

this fervent wish to become a reality, what is needed is continued progress, and

even ground-breaking innovation, in both the diagnosis of cancer and its treat-

ment. Nanotechnologies have come into the spotlight because of their potential

for use as novel diagnostic tools that enable detection of primary cancers at their

earliest stages, and in new therapeutic protocols that effectively and selectively

exterminate malignant cells. The present chapter introduces the current status of

efforts to develop nanomaterials for cancer diagnosis and therapy, mainly by focus-

ing on nonspherical (non-particulate) nanomaterials such as nanotubes, nanowires

and nanorods. Because various nanomaterials have been discovered since the first

observation of carbon nanotubes, the physicochemical properties of carbonaceous

as well as non-carbonaceous nanomaterials are introduced first (Section 8.2). Sub-

sequent sections present potential applications of these molecules in cancer diag-

nosis (Section 8.3) and treatment (Section 8.4). Progress in the development of

spherical nanoparticles for these purposes is reviewed in other chapters of this

volume.

8.2

Nanotubes, Nanowires and Nanorods

Nanotubes, nanowires, nanorods, nanotubules, nanoribbons, nanobelts, nano-

onion, nanocapsule, graphite cones, nanopolyhedrons and bamboo tubes, among

others, are the names that have been given to various, mostly one-dimensional,

nanomaterials. Some of them are composed of graphitic tubes (carbon nanomate-

rials), but others are consist of noncarbonic elements. Some are covalently linked

molecules, while others are noncovalently linked assemblages of macromolecules.
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This section an overviews the properties of these nonspherical nanomaterials, giv-

ing a clue as to their potentially unparalleled utility in some applications.

8.2.1

Carbon Nanotubes

The discovery of multi-wall carbon nanotubes (MWNTs) by Iijima in 1991 [1]

stands as the first of a cascade of brilliant discoveries of various nanomaterials

[2, 3]. In 1993, the single-wall carbon nanotube (SWNT), which can be regarded

as the simplest form of MWNT, was discovered by Iijima’s and other groups

[4, 5]. A SWNT is made up of a single layer of graphite molecules rolled up into a

hollow cylinder (Fig. 8.1). Though the diameters of these tubes typically range

from 1.0 to 1.5 nm [4], nanotubes with diameters of as little as 0.43 nm have

been reported [6–8]. MWNTs are tubes composed of two or more concentrically ar-

ranged cylinders (Fig. 8.2). Those consisting of only two cylinders are often re-

ferred to as double-wall carbon nanotubes [9]. Carbon nanotubes are synthesized

by (a) laser ablation [10], (b) high-pressure CO conversion (HiPCO) [11], or (c) an

Fig. 8.1. Electron micrograph of a single-wall carbon

nanotube. (From Ref. [4], with permission.)

Fig. 8.2. Electron micrographs of multi-wall carbon nanotubes.

(From Ref. [1], with permission.)
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arc-discharge technique [12], and their structures can be dramatically influenced

by the conditions under which they are produced, including the metal catalyst

used, the temperature, the atmosphere etc. Thus, by applying the appropriate con-

ditions, various SWNT and MWNTderivatives can be obtained, including the nano-

onion [13], nanocapsule [14, 15], nanopolyhedron [16], bamboo tube [17], graphite

cone [18] and nanohorn [19].

Attractive properties of carbon nanotubes include their high electrical and ther-

mal conductivity, their great tensile strength and their very high elastic modulus

[20]. In particular, the electrical properties of nanotubes have received a great deal

of attention in nanodevice research. SWNTs can be metallic or semiconducting, de-

pending upon their diameter and chiral angle [21–23], which means that they can

act as a molecular wire [24, 25] or as a transistor [26–28]. Indeed, a logic circuit

composed of SWNT field-effect transistors (FETs) has been developed [29], and

the bottom-up fabrication of such nanoscale block units is expected to break the

size limitation that current lithographic technology is encountering.

The electrical conductance [30–33] and capacitance [34], the optical properties

[35] and the stiffness [36] of nanotubes have all been shown to be altered by sur-

face adsorption of various molecules. In addition, by integrating the sensing abili-

ties of nanotubes into logic circuits, nanoscale biosensors could be designed that

simultaneously quantitate different biomolecules (e.g., mRNAs, proteins and meta-

bolic products) and then give a cue for action (e.g., drug release or signal genera-

tion) based on programmed logic. The advent of such devices should revolutionize

cancer diagnosis and treatment (Section 8.3.1).

The strength and stiffness of SWNT or MWNTs [37] have also been explored

with the aim of developing novel materials, such as carbon nanotube paper [38,

39], film [40, 41], fibers [42], gel [43], nanotube–collagen composite [44], and

nanotube–polyurethane composites [45]. One possible use of these materials is as

a scaffold for cell growth [46–49], which may indirectly affect cancer treatment as

well as regenerative medicine.

8.2.2

Noncarbon Nanotubes

Graphite-like layered structures can also be formed from elements other than car-

bon, and an array of noncarbon nanotubes have been fabricated from boron nitride

(BN) [50, 51], nickel chloride (NiCl2), niobium disulfide (NbS2) [52] and molybde-

num disulfide (MoS2) [53], and even a multielement (boron nitride and carbon)

coaxial nanotube [54] has been synthesized. Applications that take advantage of

the unique properties of these materials are currently being explored.

8.2.3

Single-wall Carbon Nanohorns

Single-wall nanohorns (SWNHs) were discovered in 1999 and are thus relatively

new members of the carbon nanomaterial family [19]. They are spherical struc-
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tures with diameters of 80–100 nm, but their constituent parts are graphene nano-

tubes – i.e., they are spherical aggregates of carbon nanotubes (Fig. 8.3). The con-

stitutive tubes have closed ends with cone-shaped caps (horns) and have diameters

of 2–3 nm, which is larger than the typical SWNT. SWNHs have extensive surface

areas and multitudes of horn interstices, which enable large numbers of guest

molecules to be adsorbed. In addition, as with carbon nanotubes [55, 56], oxidiza-

tion or acid treatment can be used to create nano-windows in the walls of SWNHs,

through which small molecules (e.g., N2, Ar, C60 etc.) can infiltrate their interior

space. Furthermore, the size of the pores can be controlled by appropriately con-

trolling the treatment conditions, enabling the preparation of a series of oxidized

SWNHs (oxSWNHs) having distinct molecular sieving effects. Oxidation also in-

troduces functional oxygen groups (e.g., carboxyl and quinine groups) at the

pore-edges of oxSWNHs, to which various chemical compounds [e.g., biotin and

poly(ethylene glycol)] can be coupled to functionalize the surfaces.

In contrast to the synthesis of other carbon nanomaterials, the synthesis of

SWNHs (laser ablation of graphite) does not require a metal catalyst. This enables

production of extremely pure preparations with no potential for toxicity from con-

taminating metals. These unique properties are particularly noteworthy because

they suggest the feasibility of using SWNHs as carriers in drug delivery systems

(see Section 8.4.1).

8.2.4

Nanorods and Nanowires

Whereas nanotubes are hollow cylinders composed of rolled-up single molecular

layers, nanorods and nanowires are not hollow. One way to form these structures

is to use capillary action to fill the interior space of carbon nanotubes, e.g., with

Fig. 8.3. Electron micrograph of single-wall carbon nanohorns.

(Courtesy of Professor S. Iijima and Dr. M. Yudasaka.)
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lead [57] or bismuth [55]. Arc discharge in the presence of metals has also been

used to fill carbon nanotubes with Y [58], Mn [59], Gd [60], T, Cr, Fe, Cp, Ni, Cu,

Zn, Mo, Pd, Sn Ta, W, Dy or Yb [61]. In addition, reacting carbon nanotubes with

volatile metal or nonmetal complexes produces carbide (TiC, NbC, Fe3C, SiC and

BC) nanorods [62]. Similarly, reacting Ga2O vapor with NH3 gas in the presence

of carbon nanotubes yields GaN nanorods [63], while analogous reactions have

been used to synthesize Si3N4 nanorods [63] and oriented silicon carbide nano-

wires [64].

Various other approaches to the fabrication of nanorods (nanowires) that do not

require nanotubes have also been developed, yielding GaN nanorods [65, 66], sili-

con nanowires (SiNW) [67, 68] and indium phosphate nanowires [69]. The nano-

rods obtained were either single crystal [62, 63, 65–67, 70], polycrystalline [62] or

amorphous [62], depending upon the method and materials used [62].

8.2.5

Self-assembled Nanotubes

Self-assembly from smaller molecular blocks is an alternative approach to synthe-

sizing nanotubular structures. Formation of such structures from lipid molecules

was first reported some time ago [71, 72], and has recently been garnering atten-

tion as a tool for microfabrication [73–75]. Peptides represent another set of mole-

cules that can be assembled into tubular structures [76, 77]. In contrast to lipid

tubes, peptide tubes are nanometer scale structures, the diameters of which can

be fine tuned through appropriate design [78]. What is more, casting ionic metal

into a peptide nanotube fabricated from dipeptide building blocks has been used

to form metal nanowires with diameters of only 20 nm [79] (Fig. 8.4). Block copoly-

mers are also versatile for fabricating various types of microstructures, including

tubes [80, 81], vesicles [82] and toroidal structures [83], among others.

Lipid, peptide and polymer self-assemblages, along with natural proteinous as-

semblages, are generally highly biocompatible, so their utility as nano-carriers of

drugs, antigens and genes is currently being investigated. They also have been

used as templates for inorganic wires fabricated through deposition of various in-

organic nanocrystals upon them [84–92].

Fig. 8.4. Silver nanowires were formed by the reduction of

silver ions within the peptide nanotubes, followed by enzymatic

degradation of the peptide mold. (From Ref. [79], with

permission.)
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8.3

Cancer Diagnosis

The recent and rapid progress in genomic medicine has required innovative solu-

tions for high-throughput and parallel identification and/or quantification of large

numbers of biomolecules, including mRNA, proteins and metabolites [93, 94].

Microarray technology combined with fluorescence detection would be one of the

most popular tools for such high-throughput genomic analysis [95–97]; however,

that methodology does not yet have sufficient sensitivity or usability. But by using

nanomaterials, a new type of ultrasensitive high-density sensor array could be fab-

ricated. Although such next-generation nanosensors are still in an early phase of

development, some elemental technologies have already been shown to work.

8.3.1

Carbon Nanotube-based Detection System

As described in Section 8.2.1, the physicochemical properties of carbon nanotubes

can be changed by adsorption of molecules onto their surfaces. The nanotube sen-

sor was first demonstrated as a FET-based gas sensor, in which the electrical resis-

tance of a semiconducting SWNT was altered by exposure to electron-withdrawing

NO2 or O2 or to electron-donating NH3 molecules [30, 31, 98]. Since then, SWNT-

based FETs have been exploited as biosensors through functionalization of the tube

surfaces using various biomolecules. For instance, when the surface was modified

with biotin, the electronic properties of the resultant biotin–SWNT were altered

upon addition of streptavidin (a protein that strongly binds to biotin) [99]. Simi-

larly, when glucose oxidase was immobilized on the surface of SWNTs, the resul-

tant sensor showed increased conductance upon addition of 0.1 m glucose (a

substrate of glucose oxidase), probably reflecting a conformational change in the

enzyme [100] (Fig. 8.5). Finally, human U1A RNA splicing factor is an antigen

in autoimmune diseases such as systemic lupus erythematosus, and detection of

autoantibodies against this protein is a diagnostic criterion for the disease. When

U1A protein was immobilized on the surface of SWNTs, the binding of a monoclo-

nal anti-UIA antibody at concentrations of less than 1 nm was detected as an elec-

tric signal [33], making this construct suitable for development of an ultrasensitive

and label-free diagnostic system.

Fig. 8.5. Enzyme-coated carbon nanotubes as biosensors. Two

electrodes connect a semiconducting SWNT with glucose

oxidase immobilized on its surfaces. (From Ref. [100], with

permission.)
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RNA, DNA and peptide molecules that bind to specific target substances are

termed aptamers [101–103]. They are artificially created using in vitro evolution

systems in the order-made manner, and a myriad of aptamers have already been

generated against a wide variety of biomacromolecules and inorganic substances.

Such aptamers can be used to functionalize the surface of nanotubes to prepare

sensors for target substances. For instance, when a DNA aptamer against throm-

bin [102] was immobilized on the surfaces of SWNTs, the aptamer–SWNT FETs

worked as a thrombin sensor. In addition, because aptamers are generally much

smaller than antibodies, they could be used to fabricate sensors that are both

cheaper and more space-efficient than those fabricated from antibodies.

Another type of ultrasensitive DNA/RNA sensor that has been proposed is one

in which nanoelectrode arrays composed of MWNTs having one tip modified with

oligonucleotides with specifically designed sequences are fabricated on a SiO2 ma-

trix [104] (Fig. 8.6). The hybridization of sub-attomole amounts of single strand

DNAs could then be detected as a electronic signal using the Ru(bpy)3
2þ-mediated

guanine oxidation method [105]. Such arrays of nanotubes should be easy to con-

struct on silicon tips, thereby providing the opportunity to develop multiplexed de-

tection systems [104].

8.3.2

Non-carbon Nanotube-based Detection Systems

Though carbon nanotubes are highly promising materials with which to construct

nanosensors, they also have some limitations. For instance, existing methods of

synthesis produce mixtures of metallic and semiconducting SWNTs, necessitating

their efficient separation before defined nanosensors can be constructed. This

Fig. 8.6. Carbon nanotube nanoelectrode array. MWNT arrays

were grown on Ni spots defined by UV lithography. (From Ref.

[104], with permission.)
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makes noncarbonaceous tubes or wires attractive, as most of them require no sep-

aration step. For instance, silicon nanowires (SiNWs, Section 8.2.4) [67, 68] are

always semiconducting, and their surfaces are easily modified. When the surfaces

of boron-doped SiNWs are modified with 3-aminopropyltriethaoxysilane (APTES)

and connected to source and drain electrodes, the nanowires function as pH-

sensing FETs [106]. Similarly, biotin- and calmodulin-immobilized SiNWs function,

respectively, as anti-biotin antibodies and Ca2þ FET sensors. A SiNW-based ultra-

sensitive DNA sensor has also been developed by functionalizing the surfaces of

SiNWs with a PNA (peptide nucleic acid) that recognizes the gene for the cystic

fibrosis transmembrane receptor [107]. Here, the conductance of the nanowire in-

creased upon PNA–DNA hybridization. Thus, highly sensitive, real-time nano-

sensors can be fabricated using SiNW [106].

In addition to SiNW, metal oxide nanowires are also attractive candidates for the

fabrication of nanosensors. For instance, In2O3 NWs with immobilized anti-PSA

(prostate-specific antigen) antibodies on their surfaces showed enhanced con-

ductivity upon exposure to PSA [108]. Interestingly, a similar SWNT-based sensor

showed suppressed conductivity upon exposure to PSA, enabling complementary

detection of PSA antigen with these two devices [108].

8.3.3

Microcantilevers

Whereas nanotube- or nanowire-based sensors transduce biomolecular recognition

into changes in electrical conductance [30, 31] and capacitance [34] or changes in

optical properties [35], microcantilevers transduce that recognition into the nano-

mechanical bending of a cantilever, which can be measured in situ using optical

beam detection [109–111]. Microcantilevers are generally made of silicon nitride

that is coated on one side with a thin film of gold (Fig. 8.7). They can be con-

structed using low-cost semiconductor microfabrication processes, thus offering

an ideal platform for high-throughput molecular analysis. For instance, a cantilever

on which anti-PSA antibody was immobilized could detect free PSA at a concentra-

tion of 0.2 ng mL�1 against a background of human serum albumin and plasmi-

nogen at concentrations of 1 mg mL�1. Thus, this technique could compete with

Fig. 8.7. Scanning electron micrograph of a section of silicon

nanocantilever. (From Ref. [110], with permission.)
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ELISA-based diagnoses. Notably, however, although the movement of these canti-

levers is on a nanometer scale, a typical microcantilever is 200 mm long, 0.5 mm

thick and 20 mm wide, making it difficult to prepare dense arrays of such sensors.

8.3.4

Nano-tag made of Nanorods

Arraying addressable sensors on a miniaturized tip is one approach to construct-

ing a multiplexed detection system. Other approaches include the simultaneous la-

beling of several biomolecules with distinctive molecular barcodes, which could be

produced with the necessary diversity using nanorods [112, 113]. Sequential elec-

trochemical deposition enables construction of combinatorial striping patterns us-

ing gold and silver nanorods, which then could be detected and read using light

microscopy (Fig. 8.8). Theoretically, 4160 signatures could be generated from 13-

segment, 6.5-mm-long barcodes.

8.4

Cancer Treatment

While nanotube-based diagnosis systems are still at their early stages of develop-

ment, nanotube-based approaches to cancer treatment are at the experimental

Fig. 8.8. Synthesis of multimetal barcodes. (From Ref. [112], with permission.)
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stage. By focusing on drug delivery and imaging systems, several ongoing efforts

to make the most of the potential of nanotubes in this area will be introduced.

8.4.1

Carriers for Drug Delivery Systems

Although synthetic polymers, lipids and peptides are attracting much attention

from those involved in the development of drug delivery systems, new classes of

materials constructed from carbon nanotubes may also be suitable for drug,

protein and gene delivery. Early observations have shown that fluorescently la-

beled nanotubes are automatically taken up by cells [114]. This internalization of

SWNTs, e.g., by HL60 and Jurkat cells, appears to be mediated by endocytosis,

leading to accumulation of SWNTs in the cytoplasm [115]. Moreover, when SWNTs

are covalently modified with a peptide from the foot-and-mouth disease virus, they

elicit a humoral immune response in mice [116]. Likewise, nanotube-based sys-

tems also have been shown to mediate gene delivery in similar fashion [117–119].

In addition to genes and DNA, unmethylated CpG motif [120], which is known to

confer nonspecific protection against various intracellular pathogens and siRNAs

[121] (small RNAs that interfere with the expression of a target gene), has been

linked to SWNTs that were then used to deliver the motif into mammalian cells.

SWNHs (Section 8.2.3) are unique among nanomaterials because their constitu-

ent parts clearly belong to the nanotube-family, but their overall structure is spher-

ical (Fig. 8.3). The diameters of these spheres, about 80–100 nm, suggests they

could show enhanced permeation and retention (EPR) effects [122, 123] and thus

could accumulate within solid tumors showing neovascularity. Furthermore, as the

synthesis of SWNHs does not require a metal catalyst [124], extremely pure prepa-

rations with no contaminating metals can be obtained [125], which would seem to

make SWNHs an excellent candidate to be a carrier in a drug delivery system. In-

deed, it already has been shown that oxidized SWNHs can adsorb dexamethasone

to approximately 200 mg mL�1 and then slowly release the drug in saline buffer

[126]. In addition, peptide aptamers [127] could be used to functionalize the sur-

face of SWNHs and prepare composite materials having multifunctionality [128].

8.4.2

Imaging Agents

New imaging agents that utilize nanomaterials have also been developed, and

one using spherical nanoparticles has already shown good results. For example,

dextran-coated ultrasmall superparamagnetic iron oxide (USPIO) nanoparticles

have been used to image lymph nodes containing micrometastases in patients

with prostate cancer [129]. The development of nanotube-based imaging agents is

still at a primitive stage, but the intrinsic near-infrared (NIR) fluorescence of

SWNTs [130–132] is an attractive property, as tissue and biological fluids are trans-

parent to NIR light [133], perhaps making it possible to use SWNTs as a new class

of bioprobe [134, 135] (Fig. 8.9).
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Multifunctional molecules that can be used for both diagnosis and treatment

should be the ultimate objective of nano-medical material development [136]. For

instance, spherical multimodal composites composed of gold-coated nanoparticles

containing a dielectric silicon core coated with PEG and a cancer-targeting ligand,

Her2, have already been developed. Through illumination with NIR, this compos-

ite material has been successfully used to reveal microscopic tumors in breast, and

then, by increasing the power of the NIR beam (820 nm), the particle’s tempera-

ture was increased enough to induce irreversible heat damage to the carcinoma

cells [137]. Recently, a similar multifunctional agent was constructed from SWNTs

[135]. In that case, SWNTs were functionalized with a folate moiety known to tar-

get tumor-associated antigen [138], and were selectively taken up by cells express-

ing folate receptor. Cells that internalized the SWNTwere killed by irradiation with

NIR [135].

8.5

Conclusions

Carbon nanotubes and related structures (e.g., nanowires and nanorods) are a

recent discovery, and it will take time before materials and protocols that are

clinically applicable for the diagnosis and treatment of cancer are developed. Nev-

ertheless, these materials obviously have unique properties, which should soon

lead to the development of radically new nanodevices.

Although not introduced in this chapter, a family of nanotubes is currently being

investigated with the aim of making new devices that could indirectly influence

Fig. 8.9. Fluorescence image of cell-engulfed SWNT between

1125 and 1600 nm with excitation at 660 nm. (From Ref. [134],

with permission.)
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cancer diagnosis and cancer therapy. These include probe tips for atomic-force mi-

croscopy (AFM) [139–141], ion channel blockers [142], and microcantilevers for

medical catheter applications [36], among others.

Finally, careful attention needs to be paid to the potential toxicity of nanomateri-

als. So far, studies of their toxicity have produced conflicting results [143–148].

Clearly, much additional study of the metabolic pathway taken by nanomaterials

in the body [149] and their potential toxicity will need to be carried out before their

clinical use becomes practical.
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Multifunctional Nanotubes and Nanowires

for Cancer Diagnosis and Therapy

Sang Bok Lee and Sang Jun Son

9.1

Introduction

Nanomaterials have been one of the most widely studied and attractive subjects for

the last decade in the field of biomedical and biotechnological applications, such as

MRI contrasting agent [1], DNA transfection [2], biosensors [3], and drug delivery

[4]. These nanoparticles are particularly interesting because many of their proper-

ties, such as electronic and optical properties, are quite different from those of bulk

material. These new properties have provided new opportunities to develop ideal

diagnostic/therapeutic systems and to overcome existing biological barriers such

as that only very small amounts of monoclonal antibodies can find their targets in
vivo system [5]. For example, liposomes, the simplest biologically friendly form of

nanoparticles, are being used to increase drug concentration at tumor sites; their

doxorubicin-embedded complex was approved by the FDA 10 years ago for the

treatment of Kaposi’s sarcoma, and now they are used in treating breast cancer

[6]. While liposomes deal mainly with sizes, not with unique physical properties,

for their application, inorganic nanoparticles, such as gold nanoparticles [7], gold

nanoshells [8], and quantum dots [9], use the unique electronic and optical proper-

ties of nanoscale materials. They are now in commercial use and development as

diagnostic and therapeutic tools. All of these nanoparticles can be filled with anti-

cancer drugs and detection agents for the targeted gene therapy and early stage

cancer diagnosis [10].

Typically, spherical nanoparticles have been used for most nanobiotechnological

applications because they are easy to make. However, spherical nanoparticles still

need to be improved in terms of controlling particle sizes, surface functionaliza-

tion, and environmental compatibility due to their structural limitations when

multifunctionality is required, especially on their surfaces. The spherical nanopar-

ticle is not an ideal platform for multifunctional nanomaterials because it has a

single surface, so that every surface modification for the multifunctionality takes

place at the same surface, which can lead to malfunction or interruption between

multifunctional components. Tubular nanoparticles have become highly attractive

for multifunctional purposes due to their structural attributes, such as distinctive
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inner and outer surfaces, over conventional spherical nanoparticles. Inner voids can

be used for capturing, concentrating, and releasing species ranging in size from

large proteins to small molecules because tube dimensions can be easily controlled

by template synthesis. Distinctive outer surfaces can be differentially functional-

ized with environmentally friendly and/or probe molecules to a specific target.

These differentially functionalized, or multifunctionalized, nanotubes have enor-

mous potential in biomedical application, including therapeutic tools [11], drug

delivery [12], bioseparations, and biocatalysis [13, 14], and have provided a model

system to study wetting and diffusion problems in nanoscale containers [15]. In

addition to these nanotubes, nanowires or nanorods have also been highlighted

with respect to multifunctionality for biotechnological application [16, 17]. Al-

though nanotubes and nanowires offer huge opportunities and might prove to be

useful in bio-nanotechnology – most likely cancer technology, such as early detec-

tion and targeted drug delivery for cancer tumors – there are as yet few example

applications of diagnostic and therapeutic tools. From this viewpoint, the present

chapter includes (a) the most recent success story of magnetic nanoparticles, (b)

carbon nanotubes, (c) nanotubes and nanowires composed of artificial peptides,

and (d) template-synthesized nanotubes, such as silica and magnetic nanotubes,

for the various biomedical applications.

9.2

Advanced Technologies in Magnetic Nanoparticles for Biomedical Applications

Magnetic particles have been extensively studied in the field of biomedical and bio-

technological applications, including drug delivery, biosensors, chemical and bio-

chemical separation and concentration of trace amount of specific targets, such as

bacteria or leukocytes, enzyme encapsulation, and contrast enhancement in mag-

netic resonance imaging (MRI) [18–20]. Practically, magnetic nanoparticles are

ideal candidate materials for the early detection of cancer and targeted drug deliv-

ery due to their natural MRI capability, together with the ability to modify the par-

ticle surface with targeting moieties [21]. In addition, new synthetic methods have

been recently reported to improve control over particle sizes up to 1-nm scale for

mass production [22–24].

9.2.1

MRI and Therapeutic Application of Magnetic Nanoparticles

Recently, a team of Korean scientists have reported that magnetic nanoparticles

can be successfully used for cancer diagnosis both in vitro and in vivo [23, 25, 26].

Magnetic nanoparticles can play a key role in magnetic resonance (MR) diagnosis

of early state cancer, which requires sensitive and selective detection techniques be-

cause of their strong enhancement in MR signal. In addition, nano-scale size is fa-

vorable for more specific and active targeting toward cancer cells due to the leaky

and small porous structure of such cells. The team, directed by Jinwoo Cheon, re-
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ported that 9 nm water-soluble Fe3O4 iron oxide (WSIO) nanoparticles are ideal

material for cancer diagnosis. Magnetic Fe3O4 nanoparticles were synthesized

through thermal decomposition of Fe(acac)3 (acac ¼ acetylacetonate) in a hot or-

ganic solvent and their surface was covered with 2,3-dimercaptosuccinic acid

(DMSA). The carboxylic group of DMSA ligand is coordinated to the metal surface

and disulfide crosslinkage between the ligands stabilizes the ligand shell. This li-

gand increases the solubility in water, and remaining free thiol groups can be

used to attach target-specific antibodies (Fig. 9.1). In this report, the DMSA ligand

shell was conjugated with the cancer-targeting antibody Herceptin, which has spe-

cific binding properties against a HER2/new receptor overexpressed from breast

cancer cells. For in vitro study, they examined the binding specificity by treating

WSIO-Herceptin probe to a breast cancer cell line, SK-BR-3, and performing an

MRI measurement. There was significant darkening of the MR image of the cell

line treated with WSIO–Herceptin, while no noticeable difference was observed

between the nontreated and WSIO-irrelevant antibody control conjugate-treated

cells. The capability of WSIO with multifunctionality for in vivo use was further

tested with a set of nude mouse implanted at their proximal thigh region with

NIH3T6.7 cell lines overexpressed with HER2/neu cancer markers.

Fig. 9.1. Schematic illustration of 2,3-dimercaptosuccinic acid

(DMSA)-coated water-soluble Fe3O4 iron oxide (WSIO)

nanocrystals and their solubility test (left-hand side) and in vitro

cancer diagnosis assisted by WSIO–Herceptin probe conjugate

(right-hand side). (From Ref. [26].)
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Figure 9.2 shows in vivo MRI of cancer-targeting events of WSIO-antibody

conjugates. Color maps of T2-weighted MR images of cancer cell implanted

(NIH3T6.7) mice at different temporal points (preinjection, immediate post, 4 h)

after the intravenous injection of WSIO-irrelevant antibody control conjugates (a)

and WSIO-Herceptin probe conjugates (b) reveals that WSIO–Herceptin conju-

gates induce an immediate color change in the color-mapped MR signal at the

tumor site within 5 min. This implies that the WSIO–Herceptin probe conjugates

successfully reach and bind to the target cancer cells at the proximal thigh. In the

control experiment with WSIO-irrelevant antibody conjugates, however, no change

was observed, confirming minimal nonspecific binding to the tumor site.

9.2.2

Biomedical Diagnostic Application of Magnetic Nanoparticles

Another interesting application of magnetic nanoparticles (MNPs) was reported

in Science in 2005 by Kim’s group [27]. They developed a technology called

magnetism-based interaction capture (MAGIC) for the detection of molecular in-

teractions in live cells. Combined with confocal microscopy, which has a very nar-

row focal plane, the induced movement of superparamagnetic nanoparticles was

adapted to detect the molecular interaction of interest or to identify molecular tar-

gets. As seen in Fig. 9.3, after internalization of MNPs coated with target-specific

probes into live cells, application of a magnetic field can induce concentration of

MNPs and associated target proteins at the focal plane, and the translocation of

the fluorescent signal can be used to determine whether binding events occur in-

Fig. 9.2. In vivo MRI of cancer-targeting events of WSIO-

irrelevant antibody conjugate (a) and WSIO–Herceptin probe

conjugates (b). (From Ref. [25].)
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side cells between probe molecule and target proteins. In this study, streptavidin-

conjugated MNPs were used as generic reagent for the attachment of biotinylated

molecules to the nanoprobe, and efficient intracellular uptake of nanoparticles was

mediated by transducible fusogenic TAT-HA2 peptide, which has a high density of

cationic residues and thus causes an electrostatic interaction with the negatively

charged cell surface. To visualize and track the distribution of MNPs within cells,

MNPs coated with fluorescein isothiocyanate (FITC) and TAT-HA2 were prepared;

when a magnetic field was applied, specific translocation of MNPs was observed

inside cells. Furthermore, this translocation was reversible; the MNPs rapidly dif-

Fig. 9.3. Schematic of magnetism-base interaction capture

(MAGIC) (left-hand side) and fluorescence microscope images

showing translocation of MNPs coated with FITC and TAT-HA2

inside cells by the magnetic field (right-hand side). (From Ref.

[27].)
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fused away upon removal of the magnetic field and were redirected when it was

reapplied. The authors tested whether the MAGIC principle could be used to detect

a specific intracellular target for Asp-Glu-Val-Asp (DEVD), an apoptosis inhibitor

known to bind caspase-3. After MNPs modified with DEVD and TAT-HA2 were in-

cubated with HeLa cells transfected with caspase-3 fused to red fluorescent protein

(mRFP), the red signal translocated in the direction of the magnetic field. As a sys-

tematic target identification (ID) experiment for a bioactive small molecule, a nor-

malized EGFP-tagged cDNA library was expressed in HeLa cells by retroviral trans-

duction, and MNPs coated with FK506 were introduced into these cells to identify

the receptors for an immunosuppressant, FK506. They identified 19 positive clones

that exhibited specific translocation of EGFP in the direction of the magnetic field,

and several known FK506-binding proteins and proteins of unknown function

were found in these clones. This MAGIC principle can also be use to probe inter-

cellular signaling processes, such as signal-induced phosphorylation and interac-

tion of the NF-kB/IkB.

Enzymes, when immobilized on magnetic nanoparticles (MNPs), can be easily

separated from the reaction medium, stored, and reused with consistent results

[28]. This system offers a relatively simple technique for separating and reusing

enzymes over a longer period than that for both free enzymes alone and enzymes

immobilized by physisorption. The most significant advantage of enzyme immobi-

lization on magnetic nanoparticles is their long-term stability, such as reported by

Gross’s group using Candida rugosa lipase (E.C.3.1.1.3) immobilized on g-Fe2O3

magnetic nanoparticles. Lipases are frequently employed enzymes as they are com-

monly used for the synthesis of enantio-enriched monomers and macromers and

for polymerization reactions [29]. MNPs (20 nm) were prepared by sonication of

Fe(CO) in decalin and the subsequent annealing of amorphous Fe2O3 nanopar-

ticles. Acetylated thiophene on MNPs was reacted directly with the enzyme. The

enzymatic activity of the immobilized lipase was determined by following the ester

cleavage of 4-nitrophenyl butyrate. The activity of Candida rugosa lipase immobi-

lized on MNPs turned out to be lower than that for the free enzyme, but constant

activity over one month was seen in the case of lipase immobilized on MNPs.

Using bifunctional MNPs, Xu’s group reported an instant and sensitive detection

method for pathogens at ultralow concentration [30]. Compared with magnetic mi-

crobeads used in biological separation, MNPs promise high performance because

of their large surface/volume ratios and easy entry into cells. For fast pathogen de-

tection, FePt nanoparticles modified with vancomycin, a broad spectrum antibiotic,

were prepared as a system that combines two kinds of interactions: magnetic di-

pole interactions that aggregate the MNPs under an applied magnetic field and

specific multi-ligand–receptor interactions. Figure 9.4 shows a schematic illustra-

tion for the capture of bacteria by vancomycin-conjugated magnetic nanoparticles.

Vancomycin was used to detect pathogens because it can bind to the terminal pep-

tide, d-Ala-d-Ala, on the cell wall of a Gram-positive bacterium via hydrogen bonds.

After mixing the solution of MNPs modified with vancomycin with a solution of

bacterium, a point magnet was used to capture the ‘‘magnetized’’ bacteria and ag-

gregates were analyzed using a microscopic method. The optical and SEM results
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show that MNPs modified with vancomycin selectively bind to most Gram-positive

bacteria and vancomycin-resistant enterococci (VRE).

9.3

Carbon Nanotubes

Since Iijima discovered the first carbon nanotubes, using the arc discharge method,

in 1991 [31], many nanoparticle-based catalytic methods have been developed and

have contributed to the improvement in quality and size control of carbon nano-

tubes [32, 33]. Typically, carbon nanotubes are one to tens of nanometers in diam-

eter and one to hundreds of micrometers long. Although interest in the application

of carbon nanotubes has focused mainly on microelectronic devices [34–38], tre-

mendous public concern has pressurized research into their effect on human

health. Scientists have begun this bio-related research with the immobilization of

biomolecules on carbon nanotube surfaces [39–42].

9.3.1

Carbon Nanotubes for Targeted Cancer Cell Death

Hongjie Dai’s group have reported that single-wall carbon nanotubes (SWNTs) can

be a good multifunctional biological transporter and near-infrared agent for drug

Fig. 9.4. Illustration of the capture of bacteria by vancomycin-

conjugated magnetic nanoparticles (A), via a plausible

multivalent interaction, and the corresponding control

experiment (B). (From Ref. [30].)
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delivery and cancer therapy [43]. SWNTs prepared from high-pressure CO conver-

sion (Hipco) [44] have strong optical absorbance in the near-infrared (NIR) spectral

window to which biological systems are highly transparent [45] and this property

can be used for optical stimulation of nanotubes inside living cells to release their

cargoes such as DNA and drug molecules or destroy cancer cell selectively. Figure

9.5 shows NIR absorbance of SWNT at 808 nm vs. SWNT concentrations; the

molar extinction coefficient of the solubilized SWNTs (molecular massA170 kDa,

lengthA150 nm, diameterA1.2 nm) measured at l ¼ 808 nm in the NIR was

eA7:9� 106 m
�1 cm�1. The high absorbance of SWNTs in the NIR originates

from electronic transitions between the first or second van Hove singularities of

the nanotubes. This work exploited the high optical absorbance of SWNTs in the

700–1100 nm NIR window transparent to biological systems at a single wavelength

by using an 808-nm laser for in vitro radiation [46]. For the DNA transfection ex-

periment, Hipco SWNTs were conjugated with Cy3-DNA by noncovalent adsorp-

tion and incubated with HeLa cells at 37 �C.

As seen in Fig. 9.6, the green color in confocal fluorescence image was observed

in the cytoplasm region of HeLa, which implies that DNA–SWNT conjugates were

internalized inside the cells, but not the nucleus, with nanotubes as the transporter.

Upon irradiating the HeLa cells with NIR after DNA–SWNT uptake, colocalization

of fluorescence of Cy3-DNA in the cell nucleus was detected, indicating the release

of DNA cargoes from SWNT transporters and nuclear translocation after the laser

pulses. Conversely, experiments carried out at 4 �C found no uptake of Cy3-DNA-

SWNT conjugates inside cells, suggesting an energy-dependent endocytosis mech-

anism [47] for the uptake observed at 37 �C. For selective cancer cell destruction in
vitro, SWNTs were noncovalently functionalized with phospholipids that had a

poly(ethylene glycol) (PEG) moiety and folic acid (FA) terminal group and then in-

Fig. 9.5. NIR absorbance of SWNT at 808 nm vs. SWNT

concentrations (left-hand side) and schematic of Cy3-DNA-

functionalized SWNT (right-hand side). (From Ref. [43].)
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cubated with folate receptor (FR)-overexpressed HeLa cell and normal cells, respec-

tively. FRs are common tumor markers expressed at high levels on the surfaces of

various cancer cells and facilitate cellular internalization of folate-containing spe-

cies by receptor-mediated endocytosis. After NIR irradiation, extensive cell death

for the FR-overexpressed HeLa cells was evidenced by drastic cell morphology

changes, whereas the normal cells remained intact. The selective destruction of

FR-overexpressed cells was a result of selective binding of FA-functionalized

SWNTs and FRs on FR-overexpressed cell surfaces and receptor-mediated endocy-

tosis. This shows that SWNTs are molecular transporters or carriers with very high

optical absorbance in the NIR regime where biological systems are transparent.

Compaired to Au nanoshells employed by Halas, West, and coworkers [48], the

SWNTs can be the better NIR absorbing material for cancer cell destruction as

lower laser power and shorter radiation times are needed.

9.3.2

Carbon Nanotubes for Detection of Cancer Cell

Carbon nanotubes have been integrated into a biosensor for the detection of pros-

tate cancer by Chongwu Zhou’s group [49]. Figure 9.7 shows, schematically, a de-

vice where an active channel made up of nanowires and nanotubes bridges the

source/drain electrodes, and the silicon substrate can be used as a gate. They used

n-type In2O3 nanowires (NW) and p-type carbon nanotubes for the complementary

detection of prostate specific antigen (PSA), a known oncological marker for the

presence of prostate cancer. To detect PSA, they modified the outer surface of NW

or SWNT with anti-PSA monoclonal antibody (PSA-AB), a specific ligand for PSA

protein. As shown in Fig. 9.7(b), the surface of In2O3 NW was functionalized with

3-phosphonopropionic acid, which has a COOH group at one end that was used to

immobilize PSA-AB by forming amide bonds. The SWNT surface was first func-

tionalized with 1-purenbutanoic acid succinimidyl ester and then treated with the

PSA-AB solution (Fig. 9.7c). To investigate the chemical gating effect of PSA on the

Fig. 9.6. Confocal fluorescence images of

HeLa cells showing transporting DNA inside

living cells by SWNTs: (a) After incubation with

Cy3-DNA-SWNT (green); (b) after nucleus

staining of HeLa cells by DRAQ5 (red); and (c)

after incubation within a Cy3-DNA-SWNT at

the low temperature of 4 �C and nucleus

staining. (From Ref. [43].)
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devices, they incubated devices consisting of both individual NWs and individual

semiconducting SWNTs in a PBS-buffered solution containing PSA for 15 h. The

electrical properties of the devices, including both current–voltage (I-Vds) and

current–gate voltage (I-Vg) characteristics, were then measured in air before and

after the PSA incubation. In this experiment, the authors consistently observed en-

hanced conductance for NW devices and reduced conductance for SWNT devices

after PSA incubation. This complementary response in conductance arises because

In2O3 NWs are n-type and SWNTs are p-type semiconductors. As a result, a chem-

ical gating effect of PSA introduces carriers into In2O3 NWs, while the PSA bind-

ing decreases the carrier concentration in nanotubes, thus reducing conductance.

Furthermore, the authors performed real-time PSA detection and succeeded in de-

tecting PSA with a sensitivity of 5 ng mL�1, a level used for the clinical diagnosis

of prostate cancer [50].

9.3.3

Carbon Nanotubes for Targeted Delivery

As new vectors for the delivery of therapeutic molecules, carbon nanotubes (CNTs)

have attracted increasing attention due to the ease of translocation across cell

membranes and lower toxicity [51, 52]. The use of functionalized carbon nano-

tubes (f-CNTs) for drug delivery of small molecules and an alternative strategy for

the introduction of two different and orthogonal functionalizations to CNTs have

been investigated by the group of Alberto Bianco [53]. The orthogonal methodol-

Fig. 9.7. (a) Schematic of a nanosensor. (b) Reaction scheme

for the modification of In2O3 NW. (c) Reaction scheme for the

modification of SWNT. (From Ref. [49].)
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ogy allows the selection and control of the attachment of active molecules to side-

walls and tips of the CNTs. Oxidized MWNTs were activated as the acid chlorides

and treated with diaminotriethylene glycol (mono-protected as phthalimide) (Fig.

9.8). The Boc-protected amine group was then introduced to the sidewalls of the

MWNTs through 1,3-dipolar cycloaddition. The phthalimide group is particularly

useful because it is stable to harsh acidic conditions and orthogonal to the Boc

group. Thus FITC and amphotericin B (AmB) can be attached to the tips and side-

Fig. 9.8. Scheme for two different

orthogonal CNTmodifications. (a) Neat

(COCl)2; Pht-N(CH2CH2O)2CH2CH2NH2,

dry THF, reflux; (b) Boc-

NH(CH2CH2O)2CH2CH2NHCH2COOH/

(CH2O)n, DMF, 1258C; (c) hydrated NH2NH2,

EtOH, reflux; (d) FTIC, DMF; (e) HCl 4 m in

dioxane; (f ) Fmoc-AmB, HOBt/EDCHHCl/

DIPEA, DMF; 25% piperidine in DMF. (From

Ref. [53].)
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walls, respectively, of the CNTs. Fluorescein and AmB were chosen for tracking the

uptake of material and as an antibiotic moiety, the active molecule, respectively.

AmB is the most effective antibiotic, but is highly toxic to mammalian cells, origi-

nating from the formation of aggregates as a result of its lower solubility in water

[54]. From the Human Jurkat lymphoma T cell viability test with either FITC-AmB-

modified MWNTs (FITC-AmB-MWNTs) or AmB as control, the authors observed

the conjugation of AmB to CNTs remarkably reduced the toxic effects. In addition,

maximum fluorescence was observed after only 1 h of incubation, indicating rapid

cell uptake of FITC-AmB-MWNTs. Most conjugates were found in cytoplasm and

around the nuclear membrane. They excluded endocytosis for the mechanism of

cell membrane penetration because NaN3 did not show remarkable influence on

the penetration capacity of MWNT; instead, they proposed a spontaneous mecha-

nism: MWNTs behave like nanoneedles and pass through the cell membrane with-

out causing cell death [55]. They supposed the ability of CNTs to internalize AmB

rapidly into the cytoplasm of Jurkat cells reduces the possibility of disruption of the

cell membrane structure, thus reducing toxicity. They proved that covalent attach-

ment of AmB to the nanotubes not only prevents the aggregation phenomena that

the drug typically displays in solution but also that it has little effect on the antifun-

gal activity.

9.4

Nanotubes and Nanowires Composed of Artificial Peptides

9.4.1

Peptide Nanotubes

In 2001, Ghadiri and coworkers reported peptide nanotubes [56–58] that have a

new class of antibacterial activities on Gram-positive and/or Gram-negative bacte-

ria [59]. This strategy is based on the self-assembly of ring-shaped cyclic peptide

subunits that consist of six or eight alternating d- and l-amino acids. Hydrogen

bonding between unit cyclic peptides allows well-defined tubular structures having

a uniform internal diameter, which is adjustable by changing the number of amino

acid residues in the ring; upon adsorption onto lipid membrane of bacteria, the cy-

clic peptides can stack to form hollow tubular structures that are open-ended, re-

sulting in an increase in membrane permeability, collapse of transmembrane ion

potential, and rapid cell death. Figure 9.9 shows the b-sheet-like, hydrogen-bonded

tubular architecture of the self-assembled, eight-residue cyclic d,l-a-peptide, and the

modes of membrane permeation accessible to peptide nanotubes. Self-assembly of

an eight-residue cyclic d,l-a-peptide subunit is directed by intersubunit backbone-

backbone hydrogen bonding to give b-sheet-like, tubular supramolecular structures

that are open and hollow. Cyclic d,l-a-peptide nanotubes can display sequence-

dependent modes of membrane permeation: intramolecular pore, barrel stave,

and carpet-like (cyclic peptides are depicted as ring structures). Peptide nanotubes

operating through the carpet-like mode of action could have a greater potential for
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membrane discrimination because of their polyvalent display of surface-exposed

hydrophilic side chains for potential interactions with various membrane constitu-

ents. For antibacterial activity test, a series of six- and eight-residue amphiphilic

cyclic d,l-a-peptides was treated against Escherichia coli and methicillin-resistant S.
aureus (MRSA), and each peptide was designed to bear at least one basic residue to

enhance its target specificity towards negatively charged bacterial membranes. In
vitro activity tests revealed that single amino-acid substitution changed membrane

selectivity and activity. In addition, the high efficacy observed against lethal MRSA

infections in mice indicates that this new class of abiotic structure, the cyclic pep-

tide, and its quick bactericidal action may contribute to limit temporal acquirement

of drug-resistant bacteria.

9.4.2

Peptide-Amphiphile Nanofibers

Peptide-amphiphile (PA) nanofibers have been prepared by Stupp’s group using

self-assembly [60]. A PA is composed of several peptide residues, which can be cus-

tomized through the peptide sequence for specific purposes, and an alkyl tail with

16 carbon atoms that pack in the center of the micelle, leaving the peptide seg-

ments exposed to the aqueous environment. Figure 9.10(A) shows the chemical

structure of one example of PAs used in experiments. Here, the PA was consists

of five key structural features. Region 1 is a long alkyl tail that conveys hydrophobic

character to the molecule and, when combined with the peptide region, makes the

molecule amphiphilic. Region 2 is composed of four consecutive cysteine residues

that when oxidized may form disulfide bonds to polymerize the self-assembled

structure. Region 3 is a flexible linker region of three glycine residues to provide

the hydrophilic head group flexibility from the more rigid crosslinked region. Re-

Fig. 9.9. Chemical structure of the cyclic d,l-a-peptides and

schematic representation of the mode of interaction of the tube

caps in forming heterometric transmembrane channels. (From

Ref. [56].)
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Fig. 9.10. (A) Chemical structure of the peptide amphiphiles

(PA). (B) Molecular model of PA. (C) Schematic showing the

self-assembly of PA. (From Ref. [60].)
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gions 4 and 5 are variable regions and can be modified for specific functionalities.

These PAs self-assemble at acidic pH into cylindrical fibers@6–8 nm in diameter

and interior cysteine groups are crosslinked through disulfide bonds to yield pH-

stable nanofibers. Stupp and colleagues have shown many useful applications for

these PA nanofibers, with various functional molecules coupled to the peptide res-

idues of PA for specific applications. For example, 1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid (DOTA) was conjugated to PA to yield PA nanofibers for

the magnetic resonance imaging (MRI) [61]. When the Gd(iii) ion is chelated to

the DOTA, Gd(iii) is detoxified and the complex acts as a strong MR agent. A pep-

tide nucleic acid/PA conjugate (PNA-PA) has been prepared to develop isolation

tools for the poly A-containing mRNAs and biotin has been incorporated into PA

for the high densities of binding sites on their surface [62, 63]. Carbon nanotubes

were successfully encapsulated into PA nanofiber without degradation of their

structural, electronic, and optical properties [64]. The most interesting application

is as a cell differentiator. The authors showed that PA nanofiber composed of the

pentapeptide epitope isoleucine-lysine-valine-alanine-valine (IKVAV), which was

known to promote neurite sprouting and direct neurite growth, can be used to di-

rect the differentiation of neural progenitor cells largely into neurons while sup-

pressing astrocyte differentiation [65]. Once neural progenitor cells are encapsu-

lated within a three-dimensional network of PA nanofiber it is possible to present

to cells the neurite-promoting laminin epitope, which is the peptide element of the

PA, at nearly van der Waals density. As a result, the nanofibers can achieve ampli-

fication of bioactive epitope presentation to cells.

9.5

Template-synthesized Nanotubes and Nanorods

Carbon nanotubes, self-assembled lipid tubes, and peptide nanotubes have been

successfully used in some biomedical applications; however, it is difficult to control

their tube diameter or length and some nanotubes such as the lipid tubes must be

coated with ceramic or metal to make them rugged enough for biomedical use

[66]. Since Martin and coworkers have pioneered a technology, called template syn-

thesis, for preparing monodisperse nanotubes of nearly any size and composed of

nearly any material, tubular structures have become highly attractive for multifunc-

tional nanoparticles [67]. The template method is a general approach for preparing

nanomaterials that involves the synthesis or deposition of the desired material

within the cylindrical and monodisperse pores of a nanopore membrane or other

solid surface [68]. Fig. 9.11 shows an alumina template that has a cylindrical

nanopore with monodisperse diameters and lengths. Porous alumina template

can be obtained by well-established electrochemical anodization on aluminum

plate. These pore dimensions can be typically controlled, ranging from 5 to a

few hundred nanometers in diameter and from tens of nanometers to hundreds

of micrometers in length. Depending on the membrane and synthetic method

used, such as chemical or electrochemical deposition of desired material, solid
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nanowires or hollow nanotubes can be produced. This method has been used

to prepare nanowires and nanotubes composed of many types of material, in-

cluding metals, polymers, semiconductors and carbons. In addition, the template

method can be used to prepare composite nanostructures, including concentric tu-

bular composites.

Several unique properties make these nanotubes potential candidate for biotech-

nological applications. First, their inner voids can be filled with large amounts of

interesting materials, such as fluorophores for high optical signal, drug molecules

to deliver, magnetic materials for in vivo imaging. Second, the distinct outer sur-

faces can be easily modified with biomolecules. Finally, these nanotubes can be

made out of nearly any material. This technology offers tremendous flexibility in

making nanotubes with a desired biological property such as biocompatibility or

biodegradability [69].

9.5.1

Differential Functionalization of Nanotube

As another beautiful example of template synthesis, Martin’s group recently re-

ported a very important technology, so-called differential functionalization between

the inner and outer surfaces of nanotubes based on a silica nanotube [13]. They

used silica nanotubes for proof-of-concept experiments because they are easy to

make, readily suspend in aqueous solution, and because silica surfaces can be eas-

ily modified using simple silane chemistry with commercially available reagents.

The silica walls of nanotubes are completely transparent for UV/Vis light in the

range 200–800 nm, allowing it to pass through to the inner materials. Silica nano-

tubes were synthesized within the pores of nanopore alumina template mem-

branes using a sol–gel method [70]. The authors have developed the following sim-

ple procedure for applying different functional groups to the inner versus outer

surfaces of these nanotubes (Fig. 9.12). Before being liberated from the template

membrane, the inner surface of a nanotube is modified with the first silane. The

Fig. 9.11. Field emission scanning electron micrograph

(FESEM) of a home-made alumina template (60-nm in

diameter). Top (left-hand side) and cross sectional (right-hand

side) images. (Unpublished data prepared by the authors.)
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outer surfaces of nanotubes are not modified because they are in contact with the

membrane template. The template is then dissolved to liberate the nanotubes, af-

fording free outer surfaces that are then modified with a second silane.

To demonstrate this differential functionalization, two sets of nanotubes were

prepared: (a) with the green fluorescent silane N-(triethoxysilylpropyl)dansylamide

attached to inner surfaces and the hydrophobic octadecylsilane (C18) to the outer

surfaces and (b) with the blue fluorescent silane triethoxysilylpropylquinineur-

ethane on the inner surfaces and the bare native (hydrophilic) outer surface. Each

of these nanotubes were added to a vial containing water and the immiscible or-

ganic solvent cyclohexane. The solvents were then mixed and allowed to separate.

The green nanotubes with hydrophobic outer surfaces partition into the (upper)

cyclohexane phase (Fig. 9.13A), while blue fluorescence is seen only from the

aqueous phase with the hydrophilic nanotubes (Fig. 9.11B). When both sets of

nanotubes are added to the solvent mixture in the same vial, tubes with the C18

outer surface chemistry partition into cyclohexane and those with the silica outer

surface chemistry partition into water (Fig. 9.11C).

9.5.2

Selective Extraction of Drug Molecules

Antibody-functionalized nanotubes can be used to extract selectivity one enan-

tiomer from a racemic mixture. Fab fragments of antibody produced against the

drug 4-[3-(4-fluorophenyl)-2-hydroxy-1-[1,2,4]-triazol-1-yl-propyl]benzonitrile (FTB,

Fig. 9.12. Schematic of the differential modification

procedure. * Membrane surfaces also. (From Ref. [13].)
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Fig. 9.14) [71] were immobilized on both inner and outer surfaces of silica nano-

tubes by attaching an aldehyde silane to both surfaces of free-standing silica nano-

tubes liberated from membrane template; the aldehyde group of this silane reacts

with free amino groups on the Fab fragment of antibody via Schiff base chemistry.

After racemic mixtures of the SR and RS enantiomers of FTB were incubated with

Fab-functionalized nanotubes, the tubes were then collected by filtration, and the

amounts of two enantiomers in the filtrate solution were measured by a chiral

HPLC method. Figure 9.14 shows chromatograms both before (chromatogram I)

Fig. 9.13. Vials containing cyclohexane

(upper) and water (lower) under UV light

excitation after addition of 10 mg of nanotubes

with (A) dansylamide on inner and C18 on

outer surfaces and (B) quinineurethane on

inner and no silane on outer surfaces; (C)

10 mg of both A and B nanotubes; 200-nm

diameter nanotubes were used. (From Ref.

[13].)

Fig. 9.14. Chiral HPLC chromatograms for racemic mixtures of

FTB before (I) and after (II, III) extraction with 18 mg mL�1 of

200-nm Fab-containing nanotubes. (From Ref. [13].)

9.5 Template-synthesized Nanotubes and Nanorods 321



and after (chromatogram II) exposure of a solution that contained 20 mm of both

enantiomers to the Fab-functionalized nanotubes. They found that 75% of the RS

enantiomer and none of the SR enantiomer were removed by the nanotubes and

that all of the RS enantiomer was removed (chromatogram III) when the concen-

tration of the racemic mixture was dropped to 10 mm. A control experiment with

bare silica nanotubes containing no Fab fragment showed negligible extraction of

both enantiomers from a 20 mm solution.

Silica nanotubes containing Fab on only the inner surface were prepared by dif-

ferential functionalization. While nanotubes are still embedded within the pores of

template membrane, aminopropyltrimethoxysilane was used to functionalize the

inside of the nanotubes with an amine group. After dissolution of the template,

the resultant nanotubes were treated with glutaraldehyde, a well-known Schiff

base crosslinker, and Fab fragments were immobilized inside the nanotubes

through another imine bond between the primary amine of the Fab antibody and

the remaining aldehyde group of glutaraldehyde. When a racemic mixture of the

drug was incubated with these interior-only Fab-modified nanotubes, 80% of the

RS (and none of the SR) enantiomer was extracted, corresponding to almost half

the amount extracted by nanotubes with Fab on both their inner and outer sur-

faces.

9.5.3

Silica Nanotube Carrier for DNA Transfection

The use of silica nanotubes as a biomolecule carrier, such as a DNA transporter,

has been explored by Wu and coworkers [72]. They used the template synthesis

method to fabricate silica nanotubes (SNT) that can transport DNA molecules to

cells. First, silica nanotubes were prepared inside the pores of 200-nm diameter

commercial alumina membrane using a sol–gel process involving tetraethyl ortho-

silicate. The inner silica layer was then modified with 3-aminopropyltriethoxysilane

(APTS) to generate the polycationic surface required to hold CdSe/ZnS core–shell

quantum dots (QDs) or DNAs through the electrostatic forces. Figure 9.15

shows, briefly, the preparation of fluorescent silica nanotubes and their use for

Fig. 9.15. Schematic illustration of a fluorescent silica

nanotube and its application in gene delivery. (From Ref. [72].)
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gene delivery. Before the gene delivery experiment, cultured mammalican cells

such as monkey kidney COS-7 cells were treated with green fluorescent silica

nanotubes (gfSNTs) to test the cell membrane permeability of silica nanotubes.

They found, by confocal microscopy, that the gfSNT entered about 60–70% of the

cells by endocytosis and were mostly localized in the cytoplasm (Fig. 9.16). Cytotox-

Fig. 9.16. Fluorescence microscopy image of COS-7 cells

incubated with green QD-silica nanotube after nucleus staining

(red) with propidium iodide. (From Ref. [72].)

Fig. 9.17. (A) Bright-field image of COS-7 cells incubated with

DNA/silica nanotube complex. Fluorescence image of the same

cells (B) showing GFP expression and (C) incubated with GFP-

DAN and red-fluorescent silica nanotube. (From Ref. [72].)
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icity tests on nanotubes in the cells, using the 3-(4,5-dimethylthiazol-2-yl)-2,5,di-

phenyltetrazolium bromide (MTT) assay, revealed that approximately 80% of the

cells were still viable after treatment with gfSNT, indicating that silica nanotubes

are not especially toxic under the experimental conditions. For a gene delivery ex-

periment, plasmid DNA was inserted into the nanotube to form a DNA/SNT com-

plex, and the complex was added to COS-7 cells. Cells treated with the DNA/SNT

complex showed cytoplasmic GFP expression (Figure 9.17), whereas cells treated

with free DNA or red fSNT as a control experiment did not. Although the efficiency

of SNT-mediated DNA transfection (ca. 10–20%) is less than that of conventional

calcium phosphate (ca. 60–70%), the advantage of this strategy is that SNTs can

carry other biomolecules such as RNA or proteins.

9.5.4

DNA Nanotubes

Unlike the previous DNA-functionalized nanotubes [73, 74], Martin’s group have

reported DNA nanotubes composed entirely, or predominately, of DNA itself,

based on the template synthesis method and DNA hybridization [75]. First, a tem-

plate membrane was treated with Mallouk’s alternating a,o-diorganophosphonate

(a,o-DOP) Zr(iv) to form the outer skin of a DNA nanotube, which guides the

growth of a DNA layer [76]. As seen in Fig. 9.18, DNA layers were integrated sub-

sequently into the nanotube from the (a,o-DOP) Zr(iv) skin with the alternating

hybridization of the two 15-base segments up to five layers. The nanotubes were

then liberated by dissolution of the template in a solution of diluted phosphoric

acid and 2 m NaCl at 0 �C and collected by centrifugation. A TEM image shows

liberated five-layer DNA nanotubes and shorter nanotubes than the alumina tem-

plate, which is 36 mm thick, indicating that the tubes were broken during mem-

brane dissolution and centrifugation. Because these DNA nanotubes are made of

Fig. 9.18. Scheme of DNA hybridization and TEM image of

five tubes with (A) one-layer and (B) three-layer a,o-DOP/Zr(iv)

skins. (C) Same as for (A) but after heating to 85 �C. (From
Ref. [75].)
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double-stranded DNA (dsDNA), they can be heated above the melting point at

which dsDNA releases the dehybridized ssDNA chains from the tube, which

means this strategy can be used to transport DNA. Consequently, DNA release

from the DNA-nanotube-containing alumina membranes into buffer solution was

investigated, by UV absorbance (260 nm), upon heating from 23 to 85 �C. Figure

9.19 shows that there was, initially, no DNA in solution because the nanotubes

were sequestered within the pores of template; however, above the melting temper-

ature, the release of ssDNA was detected. The same DNA release experiment car-

ried out for nanotubes liberated from the template membrane gave analogous data.

This result shows that a new family of layer-by-layer template-synthesized DNA

nanotubes can be used for DNA transport and that their release can be controlled

by melting the DNA duplexes.

9.5.5

Nanobarcodes for Multiplexing Diagnosis

In 2001, Keating and Natan’s group exploited metallic nanobarcodes that have al-

ternating metal stripes in a nanorod shape for bioanalysis [16]. Multiplexing and

miniaturization is big issues in cancer diagnosis, and in any other bioanalysis. To

develop innovative devices that can measure ever-increasing numbers of species

from smaller and smaller samples volumes, microarray [77] and encoded microbe-

ads [78], or nanoparticles with distinctive fluorescent signatures [79] have been in-

vestigated. Microarrays can encode large numbers of analysis based on position,

but slow diffusion of analytes to the surface is an intrinsic problem of planar mi-

croarray and the range of analyte concentrations that may be detected at the same

time is limited. Although an array of beads in solution, such as microbeads or

Fig. 9.19. Thermal decomposition curves for

(A) nanotubes composed of the DNAs in Fig.

9.18. Number of DNA layers: (i) 2, (ii) 3, (iii) 5.

Nanotubes were embedded within the pores of

the template. Inset: five-layer tubes liberated

from the template. (B) Five-layer nanotubes

composed of hybridized 8 (i), 12 (ii) and 15

(iii) base duplexes. (From Ref. [75].)
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nanoparticles, may circumvent the shortcomings of planar microarrays for assay,

the number of previously reported bead-based assays that can be performed simul-

taneously is limited by the number of spectrally distinguishable fluorophores.

However, metallic barcodes enable a wide variety of bioanalytical measurements

because many thousands of uniquely identifiable particles can be prepared and

then used in fluorescence- and mass spectrometry-based assays. Such nanobarco-

des have been manufactured electrochemically in the pores of alumina or polycar-

bonate using the template synthesis method (Fig. 9.20). Striped, cylindrical metal

nanoparticles were optically characterized by the pattern of differential reflectivity

of adjacent stripes. For example, a metallic nanobarcode composed of Au, Ag, Ni,

Pd, and Pt shows different patterns of optical reflectivity, corresponding to their

own identity, with respect to the wavelength of illumination light (Fig. 9.21). Figure

9.22 shows that barcoded rods can be used as supports for bioassays, and the selec-

tive detection of DNA hybridization on single optically encoded particles was suc-

cessfully demonstrated for an important first step towards multiplexed hybridiza-

tion assays. The authors adapted DNA hybridization and immunoassays for use

on barcodes. A 24-mer analyte DNA binds to a 12-mer capture DNA immobilized

on the surface of a nanobarcode and is later detected by addition of a 12-mer probe

DNA that is complementary to the remaining 12 nucleotides and carries a fluores-

Fig. 9.20. Schematic of the synthesis of nanobarcodes. (From Ref. [16].)
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Fig. 9.22. Sandwich DNA hybridization assay. (i) Fluorescence

readout; (ii) shows the rod ID. The analyte (b) was omitted in

the controls (iii) and (iv). (From Ref. [16].)

Fig. 9.21. Reflectance optical microscopy images and line

profiles for a particle of composition Au-Ni-Pd-Pt with

illumination at 430, 520 and 600 nm. (From Ref. [16].)
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cent tag. Each particle can be seen in both the fluorescence (i) and reflectivity (ii)

images. In a control experiment, in which the analyte is omitted, a very low fluo-

rescence background is observed (iii) and particles are visible only in the reflectivity

image (iv).

9.5.6

Magnetic Nanotubes

Magnetic nanoparticles have been intensively studied for various biomedical appli-

cations, such as early detection of cancer and targeted drug delivery, due to their

unique magnetic field-assisted properties like magnetic resonance imaging (MRI)

and controlled movement in a magnetic field. Therefore, by combining the attrac-

tive magnetic properties with a tubular structure, magnetic nanotubes (MNTs) can

be an ideal candidate for multifunctional nanomaterials in biomedical applications,

such as targeted drug delivery and MRI. In 2005 Lee’s group reported another in-

teresting nanotube based on the template synthesis method [12]. They showed that

MNTs can provide another type of useful tool for biomedical and biotechnological

applications, including magnetic-field-assisted bioseparation, biointeraction, drug

delivery and MRI. Inner voids of MNTs can be used for capturing, concentrating,

and releasing species ranging in size from large proteins to small molecules

because the tube dimensions can be easily controlled by template synthesis. Dis-

tinctive outer surfaces can be differentially functionalized with environmentally

friendly and/or probe molecules for a specific target. The group described the syn-

thesis of MNTs and their uses for magnetic-field-assisted chemical and biochem-

ical separations, immunobinding, and drug delivery.

9.5.6.1 Synthesis and Characterization of Magnetic Nanotubes

Silica nanotubes have been synthesized with a layer of magnetite (Fe3O4) nanopar-

ticles on the inner surface of the nanotube using porous alumina film as template

(60 and 200 nm pore diameter). To form the layer of magnetite nanoparticles, the

silica-nanotube alumina film was dip-coated with a 4:1 mixture solution of FeCl3
(1 m) and FeCl2 (2 m), dried in an Ar stream, and immersed in NH4OH [80]. For

the differential functionalization of MNTs, the inner nanotube surface was treated

with octadecyltriethoxysilane (C18) while MNTs were still embedded in the pores

of alumina template. Free-standing MNTs were obtained after polishing both sides

of the template film mechanically and dissolving the alumina template in a 0.1 m

NaOH solution. After the template was dissolved completely, MNTs were collected

by filtration. Transmission electron microscopy (TEM) images of MNTs (Fig. 9.23)

show clearly the magnetite layers on the inner surface of the nanotubes; bare silica

nanotubes have smooth tubular wall surfaces. Room-temperature magnetization

curves of MNTs obtained by superconducting quantum interference device

(SQUID) showed that both 60- and 200-nm diameter MNTs exhibit superparamag-

netic characteristics and their saturation magnetizations are 2.7 and 2.9 emu g�1,

respectively. Energy dispersive X-ray (EDX) analysis revealed that these magnetic

nanotubes consist mainly of Fe and Si.
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9.5.6.2 Magnetic Field-assisted Chemical Separation and Biointeraction

In an exemplary chemical extraction and separation experiment, MNTs (@109)

functionalized inside with C18 were added to a solution of 1.1 0-dioctadecyl-

3,3,3 0,3 0-tetramethylindocarbo-cyanine perchlorate (DiIC18, 38 mm) in water/

methanol (9:1 v/v, 1 mL). The mixture was then shaken and allowed to stand for

10 min so that the dye molecules could enter the MNTs by the strong hydrophobic

interaction. These nanotubes are completely suspendible in aqueous phases (even

in pure water) due to their outer hydrophilic silica surfaces. A strong magnet was

then used to separate the nanotubes, and thus the DiIC18 molecules, from the so-

lution. Figure 9.24 show that magnetic separation turns an initially red solution,

containing the red dye (DiIC18), almost transparent and clear. UV/Vis spectroscopy

and fluorescence microscopy studies were further performed to show that more

than 95% of the DiIC18 was removed from solution and the hydrophobic dye was

extracted inside the MNTs. As a control experiment, when MNTs without an inner

C18 layer were incubated with DiIC18, no detectable change was observed. The

above results tell us that these MNTs can be used for the extraction, separation,

release, and analysis of trace amounts of extremely hydrophobic toxic chemicals,

such as polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons

(PAHs), in water [81].

MNTs with human IgG inside were prepared and added to a mixed solution

(2 mL, pink color) of fluorescein-labeled anti-bovine IgG [green, 0.71 m in 0.1 m

phosphate-buffered saline (PBS), pH 7.4] and Cy3-labeled anti-human IgG (red,

0.67 m) to show a magnetic bioseparation using antigen–antibody interaction.

BSA-derivatized MNTs (BSA-MNTs) were prepared as well to show a nonspecific

Fig. 9.23. Transmission electron micrographs (TEM) of (A, B)

200 and (C, D) 60-nm diameter silica nanotubes without

magnetite (A, C) and magnetic nanotubes (MNTs) with

magnetite (B, D). (E) Room temperature magnetization curves

of MNTs. (From Ref. [12].)
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biointeraction. The outer surfaces of all the MNTs were functionalized with

poly(ethylene glycol) (PEG) silane to prevent nonspecific adsorptions on silica sur-

faces. After magnetic separation, the solution changes from the original pink to

greenish blue only when MNTs with human IgG inside are added, while the solu-

tion with BSA-MNTs remains pink. This means that red Cy3-labeled anti-human

IgG was separated specifically from the solution by human IgG-MNTs. Fluores-

cence spectra show that 84% of the Cy3-labeled anti-human IgG was separated by

human IgG-MNTs but only 9% by BSA-MNTs.

Very interestingly, the magnetic properties of MNTs can be used to facilitate and

enhance biointeractions between the outer surfaces of MNTs and a specific target

surface. As a potential application, the drug delivery efficiency might be greatly im-

proved by magnetic field-assisted biointeraction when the MNTs carry the drug in-

side and have probe molecules, such as antibody, on the outer surfaces. In a proof-

of-concept experiment, onto a anti-rabbit IgG-modified glass slide, 60-nm diameter

MNTs with FITC-modified inner surfaces and rabbit IgG-modified outer surfaces

were added and incubated for 10 min both with and without a magnetic field ap-

plied to the bottom of the glass slide. After washing the unbound nanotubes, the

number of bound nanotubes were counted at five different regions of fluorescence

microscopy images (Fig. 9.25) and then averaged. A ca. 4.2-fold binding enhance-

ment was observed for the antigen–antibody interactions in the presence of a mag-

netic field, showing that the efficiency of antigen–antibody interactions can be con-

trolled spatially by means of an external magnetic field.

9.5.6.3 Drug Uptake and Controlled Release

MNTs functionalized on their inner surface with an aminosilane (aminopropyltrie-

thoxysilane, APTS) have been prepared for drug delivery experiments. The MNTs

were treated with ATPS while still embedded inside the template, which was then

dissolved, and the nanotubes were collected by filtration. 5-Fluorouracil (5-FU),

4-nitrophenol, and ibuprofen were then loaded in an organic solvent, such as etha-

Fig. 9.24. A vial containing C-18 modified

MNTs before (A) and after (B) magnetic

separation for 2 min. (C) A solution containing

green FITC-labeled anti-bovine IgG and red

Cy3-labeled anti-human IgG after magnetic

separation with BSA-MNTs (left) and human

IgG-MNTs (right). (D) Fluorescence spectra for

measuring the amount of remaining red Cy3-

labeled anti-human IgG in solution. (From Ref.

[12].)
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nol or hexane, as model drug molecules into the pores of MNTs functionalized

with APTS to study the effect of charged hydrogen bonding interactions between

the drug and the inner pore surfaces on loading and release. To remove the drug

molecules bound onto the outer surface of MNTs, and weakly bound drugs, drug-

loaded MNTs were washed with PBS (1 mL) and filtered quickly twice, and redis-

persed in pH 7.4 PBS and incubated at room temperature on a rocking platform.

After separation of MNTs from solution using either a strong NdFeB magnet or

centrifugation, the amount of released drug was determined by UV/Vis spectros-

copy by monitoring changes in absorbance at 264 nm (ibuprofen), 400 nm (4-

nitrophenol), and 266 nm (5-FU). The percentage release of loaded drug was esti-

mated by measuring the absorbance of drug-released solution after 5 days. UV/Vis

spectrophotometry showed that the number of molecules loaded per nanotube was

@107 for ibuprofen,@106 for 4-nitrophenol, and@107 for 5-FU. The value for ibu-

profen is about twice the monolayer coverage of the MNT inner surface area. Fig-

ure 9.26 shows the drug release rate: <10% of ibuprofen was released in 1 h and

80% was released after 24 h. For 5-FU and 4-nitrophenol, however, more than 90%

was released in 1 h. Although several factors have to be considered, such as hydro-

gen bonding, hydrophobic interaction, and solubility, the ionic interaction between

Fig. 9.25. Fluorescence microscope images of bound FITC-

MNTs-Rabbit IgG (60 nm in diameter, 3 mm) following

incubation with anti-rabbit IgG-modified glass with and without

the application of a magnetic field under the glass substrate.

(From Ref. [12].)
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the inner surface of MNTs and drug molecule is a plausible explanation for this

tendency. At pH 7.4, ibuprofen (pKa 4.8) is fully ionized so that Coulomb interac-

tion between negatively-charged ibuprofen and protonated aminopropyl groups on

the interior of MNTs contributes considerably to retardation of drug release. With

4-nitrophenol (pKa 7.2) and 5-FU (pKa 8.1), however, the contribution of Coulomb

interactions is moderate (4-nitrophenol) or almost negligible (5-FU) because the

degree of ionization is less than that of ibuprofen. These results show that the hol-

low tubular structure of magnetic particles is one of the most promising candi-

dates for various applications, including chemical and biochemical separations

and drug delivery, and MNTs with drug-friendly interiors and target-specific exteri-

ors may open up a new field of materials for multifunctional targeted drug delivery.

9.6

Conclusion

We believe that nanotubes or nanowires – with inner chemistry that can be utilized

– can be attractive alternatives to spherical nanoparticles – which utilize a single

surface – for biomedical and biotechnological applications. Tubular nanoparticles

provide more options than spherical ones, especially when multifunctionality is

needed because nanotubes have distinctive inner and outer surfaces that can be

modified and utilized differentially, enabling them to be equipped with the right

function at the right position. The fabrication of nanotubes has been greatly im-

proved by the template synthesis, which affords monodisperse nanotubes with con-

trollable dimensional parameters, such as diameter, length, and wall thickness, to-

gether with the differential functionalization technique. However, since the field of

Fig. 9.26. In vitro release of ibuprofen, 4-nitrophenol (4-NO2-

Ph), and 5-fluorouracil (5-FU) from MNTs (60 nm diameter,

250 nm long), and the pKa of each drug. (From Ref. [12].)
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nanotubes and nanowires is still in the early stages of biotechnological applica-

tions, much fundamental research is needed to solve challenging problems before

commercialization of the technology. For example, although nanotubes can accom-

modate drugs or biomolecules in their inner space, only their inner surface, and

not the whole inner volume, is used in chemical bonds or interactions with chem-

icals. As Martin mentioned in his review [68], capped nanotubes for which the cap

can block the nanotube pore and fall off reversibly according to a chemical or bio-

chemical signal might be one way to overcome such biotechnological problems.

As shown in magnetic particles used for early-stage cancer diagnosis [26] and

magnetism-based interaction capture (MAGIC) [27], or peptide nanotubes used

for a new class of antibacterial agent [59], combining the properties of a nanoma-

terial with an existing technology, such as magnetic resonance (MR) imaging,

optical or electronic methods, enables us to exploit a novel concept that can not be

attained with the conventional technology. Therefore, by combining properties

originating from a tubular structure with existing well-understood technology,

nanotubes can open up new opportunities to develop a new class of therapeutic

and diagnostic tools and to resolve existing biotechnological problems.
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Nanoprobe-based Affinity Mass Spectrometry

for Cancer Marker Protein Profiling

Li-Shing Huang, Yuh-Yih Chien, Shu-Hua Chen, Po-Chiao Lin,

Kai-Yi Wang, Po-Hung Chou, Chun-Cheng Lin, and Yu-Ju Chen

10.1

Introduction

Traditionally, cancer has been considered as a genetic disease; but functionally, it is

the altered protein networks and signaling pathways that drive cancer growth, cell

survival, tumor invasion, and distant metastasis [1]. Although high-throughput ge-

nomic profiling has offered information regarding genomic signature pattern asso-

ciated with sub-classification of tumor types, these techniques suffer a severe limi-

tation in monitoring the changes in protein levels, which are the actual molecules

of action within the cell. In contrast, proteins as the ultimate effectors of gene

function directly participate in biological processes to govern cellular growth, dif-

ferentiation and survival. The change in protein expression patterns in a given dis-

ease state should reflect the pathologic processes taking place within the cells.

Many studies have shown that the differentially expressed levels of proteins are

associated with cancer progression [2, 3]. Protein biomarkers are becoming in-

creasingly important in cancer diagnosis. According to the FDA, biomarkers can

be defined as endogenous molecules that are a measurable indicator specifically

associated with a particular disease or disease state and are able to differentiate

the different physiological states of an individual. More precisely, different types

of markers can be used for early detection of disease, for monitoring effects of ther-

apy, for detecting disease recurrence, and for prognosis. Table 10.1 shows a few ex-

amples of characteristics of FDA-approved serum tumor markers [4–14]. Although

there are only a few types of cancer that can be identified by a single tumor-specific

serum marker [15], their expression levels may correlate the progression of cancer

with different detection sensitivity and specificity. For example, prostate-specific

antigen (PSA) [14, 16] is a specific marker and can be routinely used for screening

high-risk population. In contrast, the change in expression pattern of some

markers are clinically associated with multi types of cancer (Table 10.1).

In the post-genome era, in particular, proteomics opens up new horizons be-

cause it promises to accelerate the discovery of new protein disease marker. The

completion of the human genome project has catalyzed advances in proteomics to
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investigate cellular function at the protein level. Particularly, increasingly sophisti-

cated techniques have been rapidly developed for discovering disease biomarkers

via large-scale differential profiling [17, 18]. The recognition that every disease in-

duces a specific pattern of change in proteomic microenvironments has important

clinical implications for the early detection and progression of disease [19, 20]. Tu-

mors also induce dramatic changes in surrounding stroma, cell–cell contact and

angiogenesis. During the changes, plasma, urine, and saliva are readily available

samples whose protein content reflects the environment encountered by the blood

during its journey through tissues and the circulatory system [21]. Ideally, standard

biological sources, such as the above-mentioned body fluids, could be used for

identifying biomarkers. A rapid, simple, accurate and inexpensive detection of the

relevant marker should be available, together with a measurable and standard base-

line as a reference point for diagnosis. However, body fluid-derived proteomes are

complex, with a wide range in protein abundance that imposes extreme analytical

difficulties for medical studies or clinical diagnoses. Thus, with the advent of a

growing number of candidate protein biomarkers for disease diagnosis, it is ex-

pected that the number and value of molecular diagnostics, prognosis, and treat-

ment monitoring using protein markers will increase. The development of sensi-

tive techniques with great potential to monitor disease onset is urgently needed

for the next phase of cancer diagnosis and monitoring.

This chapter overviews a recently developed technique – nanoprobe-based af-

finity mass spectrometry (NBAMS) – for the characterization of serum protein

markers. Section 10.2 summarizes the fabrication of different types of metal nano-

particle and applications in biology and medical science. The principle of mass

spectrometry, the detection method in NBAMS, will be described in Section 10.3.

Section 10.4 describes the design, workflow, and performance of NBAMS; the ad-

vantages of nanoscale probes such as rapid kinetics, specific detection, and high

sensitivity are addressed. Section 10.5 reviews the application of NBAMS technol-

ogy for selected protein pattern analysis in human plasma/blood. Finally, using

NBAMS as a multiplexed immunoassay is demonstrated in Section 10.6 for screen-

ing of normal individual and cancer patients.

10.2

Fabrication and Biomedical Applications of Nanoparticles

10.2.1

Fabrications and Properties of Nanoparticles

Biomolecule-conjugated nanoparticles (NPs) have been demonstrated to have

promising applications in bioanalysis. Among NPs, colloidal gold has attracted

the attention of scientists for many years [22, 23]. In general, the synthesis of col-

loidal gold involves the use of different reducing agents with an aqueous solution

of tetrachloroauric acid (HAuCl4). By controlling the formation of nuclei and the
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amount of gold for shell growth, i.e., the conditions of reduction, NPs of variant

size could be prepared. For example, small size particles can be formed by using

strong reducing agents such as sodium borohydride and white phosphorus [24–

29]. Depending on the reduction conditions, gold nanoparticles (AuNPs) can be

synthesized in the size range 0.82–150 nm [30, 31]. Under inert gas conditions,

thiol ligands can be assembled on the surface of AuNP by forming the covalent

AuaS bond. Besides AuaS formation, the surface of AuNP can also be modified

by charge–charge absorption to attach proteins under suitable pH. Antibody-

conjugated AuNPs fabricated by charge–charge absorption have been applied in

specific cell and tissue labeling that can be visualized under electronic transmis-

sion microscopy (TEM) [27]. NPs can also be increased in size by silver enhance-

ment so as to be observed under optical microscopy [32]. In addition, BIA core can

be applied to detect the AuNP because the surface plasma resonance (SPR) absorp-

tion peaks of gold colloids display in the visible range, 510–550 nm [33]. The ag-

gregation of AuNPs induces a redshift in the SPR peak, which has been applied

in many bioassay [34], including DNA–DNA hybridization [35], carbohydrate–pro-

tein interactions [36], and carbohydrate–carbohydrate interactions [37]. Recently,

gold colloids have been further explored as affinity probes and used with mass

spectrometry in biomaterial analysis [38–40].

Besides AuNPs, magnetic nanoparticles (MNPs) have also attracted great atten-

tion due to their unique magnetic properties [41–43]. Quantum size effects and

the large surface area to volume ratio of MNPs significantly change their magnetic

properties and superparamagnetic characteristics [44]. The magnetic properties of

iron oxide MNP depend on the particle size [45, 46]. Small particles (<15 nm)

show superparamagnetic character, while large particles are ferromagnetic. MNPs

of different sizes can be synthesized by changing the reaction parameters, such as

the reaction time, temperature, and the concentrations of reagents and stabilizing

surfactants. Because of their special properties, MNPs have been utilized in many

applications, such as specific cell targeting, virus separation [47], drug delivery [48,

49], magnetic resonance imaging (MRI) [50, 51], and hyperthermia in cancer ther-

apy [52].

MNPs can be fabricated in aqueous or organic solvent conditions. In the aque-

ous solvent method [53], MNPs are prepared by stirring the mixture of FeCl2,

FeCl3 and NH4OH (pH adjusting solution) in an ice bath under air. Introduction

of air bubbles using a pipette into the mixed solution results in the oxidation of

Fe2þ ions to Fe3þ, to give Fe3O4 MNPs. Iron oxide NPs synthesized under organic

conditions are better dispersed [54]. In this method, an iron oleic acid metal com-

plex is prepared by the thermal decomposition of pentacarbonyl-iron in the pres-

ence of oleic acid at 100 �C. Then, iron oxide NPs are generated by ageing the

iron complex at 300 �C. The size distribution of monodisperse NPs synthesized

under these conditions ranges from 4 to 20 nm. When the ratio between

pentacarbonyl-iron and oleic acid is changed from 1:2 to 1:3, the particle size is

tuned from 7 to 11 nm.

In addition to iron oxide MNPs, many alloy MNPs have been synthesized re-

cently. For example, FePt NPs are effective NPs that are easily modified with thiol

ligands [55]. The FePt was synthesized by dissolving platinum acetylacetonate and
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hexadecane-1,2-diol in dioctyl ether under inert gas and then heating the resulting

solution to 100 �C. Oleic acid, oleyl amine, and Fe(CO)5 were then added to the re-

action mixture, followed by heating at 300 �C for 30 min. After cooling the reaction

mixture, ethanol was added to precipitate the FePt NPs.

Fig. 10.1. The Her-2/neu expressing cell was prelabeled

with biotinylated antibody and then selectively bound to

streptavidin-conjugated SPIO NP, which acted as contrast

agent in T2-weighted MR imaging. (From Ref. [65].)

Fig. 10.2. In vivo MR detection of cancer-

targeting event of WSIO–antibody conjugates

(a and b). Color maps of T2-weighted MR

images of cancer cell implanted (NIH3T6.7)

mice at different temporal points (preinjection,

immediate post, 4 h) after the intravenous

injection of WSIO-irrelevant antibody control

conjugates (a) and WSIO–Herceptin probe

conjugates (b). Whereas no difference is seen

in the color-mapped MRI for the control

conjugate (a), an immediate (5 min) color

change to blue at the tumor site is evident

with the probe conjugate (b). (c) T2 versus

time after the injection of WSIO–antibody

conjugates in (a) and (b) samples. (From Ref.

[66].)
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Semiconductor quantum dots (QDs) are another type of important NPs devel-

oped to have many bio-applications, such as medical diagnosis, in vivo cell imag-

ing, and molecular recognition [56]. Not only their good size distribution and

uniform shape but also the unique quantum properties makes QDs excellent fluo-

rescent tags. The optical properties of QDs are determined by their sizes. As the

particle size decreases, the spacing between two energy levels increases and the

wavelength of fluorescence becomes shorter. QDs are synthesized by using semi-

conductor materials, such as cadmium sulfide, cadmium selenide, cadmium tellur-

ide [57], or gallium arsenide [58], under organic or aqueous conditions. QDs with a

uniform-size distribution are usually synthesized in organic solvent at high tem-

perature. Trioctylphosphine oxide (TOPO) was first heated followed immediately

by injecting the metal precursor (dimethyl cadmium and selenium powder in trib-

utylphosphine) using a syringe. CdSe NPs were then nucleated and the resulting

solution became colored. The size of NPs can be modulated by changing the

amount of metal precursor and reaction time. QDs so-prepared are hydrophobic

due to the surface surfactant layer, TOPO.

CdSe NP, one of the most commonly used semiconductor NPs, possesses useful

optical properties, including photo-stability, a wide-range excitation, and no red tail

in the emission spectrum. Its quantum yield can be increased by coating with a

higher band-gap material such as ZnS to form core–shell QDs [59]. Based on these

special fluorescent properties, QDs serve as a convenient and effective dye carrier

to be monitored either in vitro or in vivo. Recently, DNA encapsulated QD is used

as a nanosensor to capture target DNA and the binding signal is amplified by fluo-

rescent resonant energy transfer (FRET) through an external fluorescent tag [60].

Interestingly, various color-coded QDs have been applied in the real-time detection

of biomolecule and virus in a microfluidic device [61]. QDs also act as a strong

tracing marker in in vivo cell imaging, which facilitates monitoring of the biomole-

cule distribution [62].

10.2.2

Metal Nanoparticles in Cancer Diagnosis

Sensitive immunoassay methods are being continuously developed and used in

clinical diagnostics to measure specific markers with extremely low concentrations

in highly complex biofluids or to detect the premalignant and malignant lesions in

early stages. Advances in nanotechnology have facilitated the development of novel

ultrasensitive assays for cancer diagnosis in more efficient and economic ways.

This section reviews a few iron oxide and gold nanoparticles to illustrate the appli-

cations of metal nanoparticles in cancer diagnosis. More information is given in

recent reviews [43, 63, 64].

Her-2/neu tyrosine kinase receptor is a 185 kDa protein expressed in approxi-

mately 25% of breast cancer cell surface and is an important target in staging and

treating breast cancer. Artemov’s laboratory [65] have used a two-step labeling pro-

tocol to label the Her-2/neu receptor on a breast cancer cell line (AU-565). As

shown in Fig. 10.1, the receptors on cancer cells were first prelabeled with biotiny-
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lated humanized mAb (Herceptin, anti Her-2/neu antibody), and then streptavidin

superparamagnetic iron oxide microbeads (SPIO-MBs) used as T2 weighted MR

contrast agent were selectively bound to the prelabeled receptors. Because the large

sizes of SPIO-MBs significantly restricted their delivery and diffusion into cell by

passive endocytosis or active transporter system, the particles could remain on the

cell surface, facilitating MR imaging. Labeling extracellular receptors is an impor-

tant advantage for the in vivo application of this method because of the lower prob-

ability of modulating cell physiology.

A similar approach with the use of nanometer-size magnetic nanoparticles

(MNPs) has also been demonstrated in vivo for diagnosis of cancer. Cheon and

workers [66] have coated Herceptin on 9-nm Fe3O4 to give 28 nm sized water-

soluble magnetic iron oxide (WSIO)–Herceptin probes. These probes were injected

into mice with an implanted fibroblast cell line, NIH3T6.7, which possessed over-

expressed Her-2/neu cancer markers. Figure 10.2 showed the T2-weighted MR im-

ages obtained at the different temporal points after the intravenous tail injection.

No change in the color-mapped MR signal (Fig. 10.2a) and T2 values (Fig. 10.2c)

at the tumor site was observed in the control experiment. In contrast, an immedi-

ate color change to blue, at the tumor site, became evident within 5 min of the in-

jection of probes. Cheon’s results successfully demonstrated the application of

antibody-conjugated MNPs for in vivo MR diagnosis of human cancer cells im-

planted in live mice. Notably, the T2-weighted MR signal intensity was dependent

on the size of WSIO. When the MNPs increased in size, the MR signal intensity

decreased [67].

Nanoparticles can also be combined with ELISA assay to develop a more sensi-

tive and efficient assay. Cui and coworkers [68] have fabricated Fe3O4/Au nanopar-

ticles (GoldMag NPs) with core–shell structure and demonstrated that antibody

immobilization efficiency on GoldMag NPs (nanometer scale) was higher than

that on Dynal bead (micrometer scale). The anti-HBV (hepatitis B virus) antibody-

conjugated GoldMag (anti-HBV GoldMag) was used to detect HBV antigen in

blood by ELISA type assay. As shown in Fig. 10.3, the anti-HBV GoldMag NPs

were incubated with HBV positive serum first. After a washing step, the HRP

(horseradish peroxidase) labeled antibody and its substrate were added into the

antibody–nanoparticle complex. By applying an external magnetic field for separa-

tion, the liquid phase was measured by UV/Vis spectroscopy. The absorbance at

280 nm showed a 12-fold difference between positive serum and negative serum

for HBV antibody.

Beside MNPs, AuNPs alone can also be used as contrast reagents for vital optical

imaging of precancers and cancers based on their abilities to resonantly scatter vis-

ible and near-infrared light. Richards-Kortum and coworkers [69] used bioconju-

gates of gold nanoparticles (12 nm in diameter) with monoclonal antibodies

against epidermal growth factor receptor (EGFR), a transmembrane glycoprotein

that is highly overexpressed in epithelial cancers, for molecular specific optical

imaging. Because the aggregation of AuNP increased in scattering cross-section

per particle, this property produced a large optical contrast between isolated AuNPs

and assemblies of AuNPs, and made it suitable for vital optical imaging. Light scat-
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tering from the labeled cells was very strong and could be easily observed using

low-magnification optics and an inexpensive light source such as a laser pointer.

Richards-Kortum’s laboratory has applied anti-EGFR AuNPs to the top of engi-

neered tissue constructs and utilized PVP to help AuNP penetrate the tissue layer

and reach the cervical cancer cell layer. Transmittance and reflectance images of

engineered tissue constructs labeled with anti-EGFR AuNPs (Fig. 10.4) clearly

show the distribution of EGFR expression in living neoplastic cervical tissue. The

advantage of using AuNP as contrast reagent is that, as many markers are not

uniquely expressed in disease cells but are over- or under-expressed, the scattering

from closely spaced aggregates associated with overexpression can magnify the sig-

nal difference owing to moderate levels of overexpression.

PSA is an important serum marker for the diagnosis and monitoring of prostate

cancer. Mirkin and coworkers have developed an ultrasensitive method for detect-

ing PSA using barcode assay [70]. This assay relied on using two particles: a mag-

netic microparticle for capture target protein and DNA-labeled AuNP for signal

amplification. Monoclonal anti-PSA antibody coated magnetic microparticle probes

were used to specifically bind target PSA from bio-mediate. The AuNP probes

functionalized with hybridized barcode DNA strands and polyclonal antibodies to

PSA were used to label microparticle probes through antigen–antibody interaction.

Magnetic separation of the complexed probes and PSA was followed by dehybrid-

ization of the dsDNA on the AuNP probe to release barcode DNA. Because the

AuNP probe carried many DNAs per protein binding event, the binding signal

was amplified and PSA could be detected at 30 attomolar concentration. The bar-

code assay was six orders of magnitude more sensitive than the clinically used

ELISA assay for PSA. The same laboratory further discovered that an even more

sensitive assay was developed by replacing the AuNPs with polystyrene micropar-

ticles, which were loaded with more barcode DNAs to provide a better amplifica-

tion effect (Fig. 10.5) [71].

Fig. 10.3. Schematic of immunoassay using

GoldMag NPs for HBV antigen detection. The

GoldMag NPs coupled with anti-HBV antibody

can capture the HBV antigen by immuno-

reaction, be isolated from liquid by a magnet,

and detected by UV/Vis spectrometry after

adding HRP-labeled anti-HBV antibody and

HRP substrate. (From Ref. [68].)
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Fig. 10.5. Conventional bio-barcode amplification assay. (From Ref. [71].)

Fig. 10.4. Transmittance (A, C, and E) and

reflectance (B and D) images of engineered

tissue constructs labeled with anti-EGFR/gold

conjugated. The tissue constructs consist of

densely packed multiple layers of cervical

cancer (SiHa) cells. The contrast agents were

added on top of the tissue phantoms in 10%

PVP solution in PBS (A and B) or in pure PBS

(C and D). After incubation for@30 min at

room temperature, the phantoms were

transversely sectioned with a Krumdieck tissue

slicer, and the sections were imaged using a

Zeiss Leica inverted laser scanning confocal

microscope with a �10 (A–D) objective. A

small spot on a tissue construct was imaged

using a �40 oil immersion objective to show

high density of the epithelial cell in the

phantom. Reflectance images were obtained

with 647 nm excitation. Arrows show the

surfaces exposed to the contrast agents. Scale

bars are@200 mm (A–D) and@20 mm (E).

(From Ref. [69].)
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10.3

Principles of Mass Spectrometry

Mass spectrometry is a technique that measures the mass-to-charge ratio (m/z) of
molecules. There are three basic components, ion source, mass analyzer and ion

detector, in a typical mass spectrometer. Gaseous ions are formed with sample

molecules in the ion source and then introduced into the mass analyzer for separa-

tion according to their different m/z. Finally, the ions that pass through the mass

analyzer are detected by the ion detector and the molecular weight of the analyte

can be derived. For the analysis of target protein, mass spectrometry has become

the choice of tool for protein characterization. Over the last decade, mass spectrom-

etry has not only advanced technologically but has also greatly expanded in applica-

tions to unknown protein identification, post-translational modification and pro-

tein quantitation in biological and biomedical research.

10.3.1

Matrix-assisted Laser Desorption/Ionization Time-of-flight Mass Spectrometry

Among various types of mass spectrometers, matrix-assisted laser desorption/

ionization time-of-flight mass spectrometry (MALDI-TOF MS) has become one of

the popular tools for protein detection [72, 73]. As shown in Fig. 10.6, the first step

involves mixing and co-crystallizing of the sample and excess molar of ‘‘matrix’’

compounds, which are low molecular weight weak organic acids that strongly ab-

sorb UV radiation. Even though the exact mechanism of desorption/ionization is

not clear, it is generally considered that the matrix absorbs photoenergy from the

laser pulse, resulting in energy transfer and desorption/ionization of matrix and

Fig. 10.6. Schematic of matrix-assisted laser

desorption/ionization time-of-flight mass

spectrometer (MALDI-TOF MS). Analyte ions

are generated by irradiation of laser in the

MALDI ion source and accelerated into the

drift region of TOF mass analyzer. The m/z of

the ions are determined according to their

arrival time at the detector.
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sample molecules from the condensed phase into gaseous phase. Singly and/or

doubly charged sample ions are, therefore, formed during this process. The pulsed

nature of MALDI is often coupled with analysis with a time-of-flight (TOF) mass

analyzer. Ions generated in the MALDI ion source are accelerated electrically into

the drift region, a long, straight and electric field-free tube, and drift to the detector

at the opposite end. Because ions with different mass are given the same kinetic

energy in the ionization region, the lighter and heavier ions will reach the detector

at different times. The m/z of an ion can be calculated according to the time, dis-

tance of flight and the accelerating voltage.

Furthermore, the introduction of peptide mass fingerprints (PMFs) has had a

significant impact on unknown protein identification [74]. Based on the properties

of the specific enzymatic-hydrolysis of protein and MALDI-TOF MS, protein can be

identified simply and rapidly. The protein of interest, which is in many cases puri-

fied by gel electrophoresis, is enzymatically or chemically cleaved into a specific set

of peptides, and the peptide mixture is analyzed by MALDI-TOF MS. The resulting

PMF spectrum is subsequently compared with ‘‘virtual’’ fingerprints obtained by

theoretical cleavage of protein sequences stored in databases in a search to identify

of possible candidate proteins [75]. Due to its high sensitivity, tolerance to impu-

rities, high speed, and the ability to provide molecule weight information on intact

molecule, MALDI-TOF MS has become one of the primary techniques for protein/

peptide profiling and protein identification.

10.3.2

Affinity Mass Spectrometry

Recently, surface-enhanced laser desorption/ionization (SELDI) has evolved rapidly

as a new frontier for biomarker discovery and clinical diagnoses based on proteo-

mic pattern analysis [76, 77]. The major difference between SELDI and MALDI is

the use of a protein chip array that is composed of a chromatographic surface to

retain proteins of interest. SELDI shows diverse applications due its flexibility

for surface modification. Despite its advantages of high sensitivity and high

throughput, however, the pattern recognition platform, unfortunately, suffers from

laboratory-to-laboratory variance due to differences in sample preparation, han-

dling, and analysis software. Many complications may result from suppression ef-

fects, a wide dynamic range of protein concentration during simultaneous detec-

tion of many proteins in sample.

As an alternative to the above approaches, MALDI-TOF MS can be combined

with a biologically active probe to rapidly and specifically target, separate, and pre-

concentrate proteins of interest. This targeted approach, named affinity mass spec-

trometry, can accelerate research for class-specific proteins or biomarkers. Several

analytical affinity capture techniques have been developed for affinity mass spec-

trometry. The research group of Hutchens and Yip was one of first to demonstrate

MS-based affinity capture by immobilization of ‘‘bait’’ DNA on agarose beads for

direct MALDI-TOF MS analysis of targeted proteins from complex biofluids [78].

The concept was further tailored by Nelson and coworkers to develop a mass spec-
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trometric immunoassay (MSIA) [79]. They used affinity pipette tips (MSIA tips) to

selectively retrieve proteins from biological fluids, demonstrating high-throughput

quantitative protein analysis as well as screening of heterogeneous glycan struc-

tures in plasma proteins [80–82]. Furthermore, ligands and antibodies can also be

immobilized or captured on the surface of gold and organic polymer film as probes

[83–85]. Other variations of the biologically active probe for affinity mass spectrom-

etry include the assay of direct desorption/ionization on silicon [86, 87] and self-

assembled monolayers [88]. Despite the rapid evolution of efficient chip-based or

microbead-based assays for biomedical research, protein chip technologies face

some technical challenges such as the special requirement of immobilization

chemistry and instruments and denaturing/alternating the native bait proteins

caused by the chip/bead surface properties.

In recent years, nanomaterials have begun to serve as biologically active probes

in affinity mass spectrometry and show great potential for application in various

biology systems. Chen et al. have used gold nanoparticles immobilized on mag-

netic particles (Au@magnetic particles) and carbon nanotubes (CNTs) to probe

proteins and peptides [38, 89]. Magnetic NPs that conjugated with antibodies

were also used to probe pathogenic bacteria by Chen’s group [90]. Chang et al.

used high-affinity diamond NPs to extract and preconcentrate proteins from di-

luted solution and human serum [91]. In addition, Harrison et al. have introduced

the C18 functionalized silica NP and aptamer conjugated MNPs as probes [92].

When affinity molecules are coupled to such NPs, they can function as sensitive

biosensors that show superior separation capabilities compared with microbeads

[93, 94]. There are more advantages of using NPs as ligand carriers [95]. First,

there are simple and facile means of anchoring molecules to the nanoscale surface

to form versatile and covalently stable conjugates with the capability of specifically

interacting with targeted biomolecules. Second, the large surface area-to-volume

ratio and the globular shape of an NP allow multivalent and three-dimensional in-

teractions between ligands and receptors without hindrance. Finally, compared

with conventional microarray methods using planar solid supports, functionalized

NPs can be used as ‘‘water-soluble’’ probes in biological assays in solution. In prin-

ciple, these ‘‘suspension arrays’’ should improve assay homogeneity and reduce

assay time. In our recent report, sugar-conjugated gold NPs were demonstrated as

an affinity probe for efficient separation and enrichment of target protein, and then

protein identification and epitope mapping in carbohydrate–lectin recognition [40].

10.4

Nanoprobe-based Affinity Mass Spectrometry (NBAMS)

During the past few years, we have focused on developing a versatile, sensitive an-

alytical platform based on surface-engineered NPs and mass spectrometry analysis

[96, 97]. The principle of nanoprobe-based affinity mass spectrometry (NBAMS) is

to use MNPs as an affinity probe to effectively extract and enrich target protein for

direct MALDI-TOF MS detection. The probe, derived form antibody-conjugated
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MNPs, was designed for protein profiling in human plasma. Three serum proteins

with different concentrations, C-reactive protein (CRP), serum amyloid A (SAA),

and serum amyloid P component (SAP), have been selected as target proteins to

demonstrate the general applicability of the method. Both CRP [98, 99] and SAA

[100] are exquisitely sensitive systemic markers of acute phase response and pres-

ent about 1 mg L�1 and 3 mg L�1 in the blood of healthy human, respectively.

Overexpression of SAA was also found to be associated with gastric cancer in a

recent report [101]. SAP is a biomarker related to Alzheimer’s disease and type 2

diabetes [102], with a concentration about 40 mg L�1 in blood of healthy humans

[82, 103].

10.4.1

Preparation of Nanoprobes and Workflow

Figure 10.7 illustrates the synthesis of antibody-conjugated iron oxide NPs. The

iron oxide (Fe3O4) NPs (MNP 1) were obtained by co-precipitation of FeCl2 and

Fig. 10.7. Preparation and characterization of MEG-protected

antibody-conjugated MNPs. (From Ref. [97].)
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FeCl3 under basic conditions and then dispersed in acidic solution [104]. The

particle surface was transformed into an amino functionality by the sol–gel

process using tetraethyl orthosilicate (TEOS) followed by addition of 3-

aminopropyltrimethoxysilane (APS) to give MNP 2, which contains amine termi-

nal groups [105]. Transmission electron microscopy (TEM) revealed that the diam-

eter of MNP 1 is in the range of 5–15 nm while the average diameter of the iron

oxide core of MNP 2 was 50 nm with a relatively narrow size distribution (Fig.

10.7). Enlargement of the metal core is due to the aggregation of iron oxide during

silanization, and the silica shell is visible as a faint circle outside the core. For anti-

body conjugating, MNP 2 was treated with a crosslinker, bis(N-hydroxysuccinimide

ester) (DSS), to crosslink the aminosilane MNPs with antibody [106]. To avoid non-

specific binding on the surface of antibody-conjugated MNPs, the resulting MNPs

were protected by a blocking reagent, i.e., terminal aminated methoxy-ethylene

glycol (MEG). The final products, MEG-protected antibody-conjugated MNPs,

were washed and ready to use for NBAMS.

Figure 10.8 shows the workflow of NBAMS. Phosphate-buffered saline (PBS, pH

7.4) diluted plasma sample is incubated with antibody-conjugated MNPs at room

temperature. After immunoaffinity capture of antigens, the antigen-captured

MNPs are collected by a magnet, and the unbound, non-antigenic components

were subsequently removed by a series of washes, abrogating the need for purifica-

tion and desalting. For subsequent MS analysis, the MNPs were directly mixed

with MALDI matrix and directly spotted onto the sample plate for MALDI-TOF

MS measurement.

Fig. 10.8. Workflow of nanoprobe-based

affinity mass spectrometry (NBAMS). The

target antigen is specifically extracted from

plasma sample by antibody-conjugated MNPs.

After separation by magnet, the isolated,

antigen-captured MNPs are directly spotted

onto a sample plate and analyzed by MALDI-

TOF MS.
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10.4.2

Proof-of-principle Experiment

The feasibility of the NBAMS strategy was first evaluated with a protein pool com-

posed of antigenic proteins (SAP, 20% molar fraction and CRP, 3% molar fraction)

and two other ‘‘nonantigenic’’ proteins, myoglobin (Myo, 15%) and enolase (Eno,

62%). The abundance of the targeted antigenic proteins was purposely reduced in

mixture to test the extraction efficiency of the targeted protein. As shown in Fig.

10.9(A), the MALDI-TOFmass spectrum of the protein mixture displayed the com-

plexity of the mixture, in which one of the targeted antigens, CRP, was not ob-

Fig. 10.9. MALDI-TOF mass spectra of a

protein mixture before (A) and after using (B)

anti-CRP-conjugated MNPs, (C) anti-SAP-

conjugated MNPs, and (D) anti-SAP-

encapsulated AuNPs to extract a specific

protein. The protein solution (60 mL) was

composed of 0.5 mm myoglobin (Myo), 0.1 mm

C-reactive protein (CRP), 0.67 mm serum

amyloid P component (SAP), and 2.1 mm

enolase (Eno). The arrow in (A) indicates the

theoretical m/z of CRP. The inset of (C) shows

detailed protein expression profiles of wild-

type, monosialo-, and asialo-SAP. (From Ref.

[96].)
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served due to its low abundance (3% molar fraction) and the ion suppression effect

[107]. Suppression effects are commonly observed in MALDI-TOF MS due to the

presence of salts, buffer, or other more abundant species in complex biological

media [108]. The suppression effect can result in reduced signal intensity or even

the disappearance of the signal of targeted analyte. Figure 10.9(B) revealed the spe-

cificity of the NBAMS methodology, where CRP was extracted and detected with an

excellent signal-to-noise ratio of 822. No background peak between m/z 5000 and

50 000 was observed in control experiments before the addition of the protein mix-

ture, showing no ‘‘chemical noise’’ arising from the antibody-conjugated MNPs.

The absence of other abundant proteins excluded nonspecific binding arising

from electrostatic attraction or hydrogen bonding. The use of nanoprobe-based im-

munoassay overcomes the suppression effect because the salt and abundant non-

antigenic proteins are removed and targeted proteins are selectively concentrated

on the MNPs. The strong peak of target protein in mass spectrum without back-

ground demonstrates the advantages of nanoprobe-based affinity extraction in pro-

viding simultaneous protein isolation, enrichment, and sample desalting without

the necessity of additional purification steps.

Mass spectrometric detection is also ideal for characterizing post-translational

modifications that cannot be predicted from genomic information. The MALDI-

TOF mass spectrum in Fig. 10.9(C) showed a cluster of peaks corresponding to

several SAP variants from the affinity extraction using anti-SAP-conjugated

MNPs. The expanded view shows that the mass spectrum is dominated by the

mass of 25464G 4 Da, which is consistent with the theoretical value of 25462 Da,

as calculated from the known sequence [109]. Accompanying the major peak were

two peaks at 25174 and 24881 Da, corresponding to mass shifts of 290 and 583 Da,

respectively. Within experimental uncertainty, the shifts can be attributed to the

loss of one or two sialic acid residues (mass of each residue: 291 Da) [82].

In addition to MNPs, surface-engineering gold nanoparticles (AuNPs) can also

be an affinity probe [40]. The test of AuNP for immunoreaction was performed

with 13-nm AuNPs. Antibody-encapsulated AuNPs were prepared as follows. The

pH of a gold colloid was adjusted to 8.5 with 0.1 m K2CO3, followed by addition of

antibody in the solution. The reaction was performed on ice for 60 min and the

antibody-encapsulated AuNP was separated by centrifugation. The anti-SAP encap-

sulated AuNPs were incubated with the same protein pool (Fig. 10.9A). After im-

munoaffinity extraction, the pellet of AuNP containing targeted antigen was subse-

quently analyzed by MALDI-TOF MS. Figure 10.9(D) shows the extracted SAP

from the mixture; however, signal from the enolase was also observed due to the

‘‘unoccupied sites’’ on AuNP. After further modification with bovine serum albu-

min on the AuNP surface, the co-extraction of enolase can be diminished (data not

shown).

In general, antibody–antigen interactions are strong, with dissociation constants

(Kd) ranging from 10�7 to 10�11
m. Most antibody–antigen complexes can be dis-

sociated at extreme pH (i.e., pH < 2 or pH > 12). Direct MALDI-TOF MS analysis

is performed where particles are placed directly on the MALDI sample plate with

addition of matrix. The pH of matrix (SA) solutions is typically less than 2 and thus

may serve to elute the antigen bound to the antibody-conjugated MNPs. The direct
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MALDI-TOF MS approach provides rapid and sensitive analysis of affinity-bound

analyte, avoiding the potential risk of sample loss. In the linear mode of MALDI-

TOF MS, the mass resolution did not deteriorate when the antigen-bound MNPs

were deposited on the MALDI probe. Similarly, a mass accuracy of 0.02% could

be routinely obtained by external calibration, comparable to the mass accuracy of

conventional MALDI-TOF MS detection. Thus, the ‘‘direct’’ analysis of nanoscale

particles does not diminish the performance of the MALDI-TOF MS.

To confirm the identity of the captured protein, the MNPs pellet was directly

subjected to in situ digestion with trypsin and analyzed by MALDI-TOF MS. A da-

tabase search of the peptide mass fingerprinting map with the MS-Fit program

(http://us.expasy.org/uniprot/P02743) unambiguously matched to serum amyloid

P component precursor (Swiss-Prot P02743, see Fig. 10.10). The unique advantage

of on-probe protein identification provides potential applications of functionalized

MNPs in discovering unknown class-specific proteins.

Fig. 10.10. Assignment of observed peptides from in situ

trypsin-digestion of antigen-captured MNPs and their

corresponding sequences matched to serum amyloid P

component precursor (SAP, P02743 in the SwissProt sequence

database). The sequence coverage is 58%. (From Ref. [97].)
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10.4.3

Kinetic Study of the Nanoscale Immunoreaction

In traditional immunoassays, the incubation of antibody and antigen is often the

rate-limiting step (e.g., 30 min to overnight for conventional ELISA) [110, 111].

The high density of surface antibody should, in principle, speed up antibody–

antigen interaction. Figure 10.11 shows the required incubation time of NBAMS

approach. The peak intensities, corresponding to unbound antigen (SAP) in solu-

tion, decreased dramatically as a function of incubation time over 10 min, at which

time free SAP was barely detectable (signal-to-noise ratio was <3). Significantly,

the binding of CRP was almost completed in an even shorter incubation time

(<3 min). Unlike conventional immunoassays such as ELISA, for which the over-

all process usually requires at least 4 h, the nanoscale immunoassay can be short-

ened to within 15–20 min. In addition to high antibody density on MNPs, the

rapid immunoreaction may be attributed to the water-soluble MNPs; the ‘‘suspen-

sion arrays’’ improves the assay homogeneity and reduces sample handling time.

The NBAMS approach directly detected specific antibody-captured antigens by

MALDI-TOF MS without using a secondary antibody or a reporter reaction. Thus,

this rapid and sensitive approach may be amenable to clinical applications such as

high-throughput or population screening.

10.4.4

Detection Limit and Concentration Effect of Nanoprobe-based Immunoassay

The NBAMS assay also reveals high detection sensitivity. Figure 10.12(A–C) shows

that the CRP signals decrease progressively with decreasing concentration, ranging

Fig. 10.11. Effect of incubation time on

antibody–antigen recognition using antibody-

conjugated MNPs. To investigate the time

course of antibody–antigen recognition on

MNPs, 1 mL of supernatant was sampled from

a 60-mL reaction after different incubation

times. The MNPs were conjugated with anti-

SAP (filled squares with solid line) and anti-

CRP (filled circles with dashed line). After

incubation (3–60 min), the quantities of the

antigen remaining in the supernatant were

detected by MALDI-TOF MS, and the peak

intensities were plotted as a function of

incubation time. (From Ref. [96].)
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from 145 to 6 nm, and the current assay detection limit for CRP is 6 nm (Fig.

10.12C). Similarly, Fig. 10.12(D–F) shows the mass spectra of SAP extracted from

a series of dilutions of 60 mL PBS, ranging from 1.9 mm to 0.6 nm. Strong peak in-

tensities were observed in all spectra except that for the 0.6 nm solution (signal-to-

noise ratio of 3). The better detection limit of SAP compared with CRP may be at-

tributed to the different amounts of antibody on MNPs (the rate of anti-SAP to

anti-CRP was 1.4). Theoretically, the assay sensitivity of the NBAMS approach de-

pends on the MALDI-TOF MS detection limit and the efficiency of affinity extrac-

tion. Assuming full recovery of all the SAP present in the 60 mL of diluted solution

(0.6 nm in Fig. 10.12F), the absolute detection limit is estimated to be 36 fmol,

which is comparable to the detection limit by direct deposition of SAP onto the

MALDI probe (data not shown). Notably, SAP and CRP levels in sera from healthy

individuals were about 1.6 mm and 40 nm, respectively [112, 113]. Considering cur-

rent progress in the detection limit, the nanoscale immunoassay is capable, with

reasonable enrichment, of detecting plasma proteins at the subnanomolar level

(0.6 nm).

Another advantage of the nanoprobe-based immunoassay is the ability to precon-

centrate the antigen from diluted medium to a small volume of MNPs. The con-

centration effect was demonstrated with a series of solutions with different SAP

concentration (8–160 nm). Figure 10.13 shows the MALDI-TOF mass spectra of ex-

Fig. 10.12. Mass spectra of CRP extracted

from 60 mL of protein solution of (A) 145, (B)

29, and (C) 6 nm, using anti-CRP-conjugated

MNPs; and spectra of SAP extracted from (D)

1.9 mm, (E) 15 nm, (F) 0.6 nm, using anti-SAP-

conjugated MNPs. (From Ref. [96].)
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tracted SAP after preconcentration using anti-SAP-conjugated MNPs. By contrast,

the SAP peak was barely discernible (or not detected) when the diluted samples

were analyzed by conventional MALDI-TOF MS, as shown in the inset of each

panel. Similarity, Fig. 10.13(E) shows that as low as 1.6 nm SAP in a 1000 mL solu-

tion was detectable with a signal-to-noise ratio of 13, and this concentration was

Fig. 10.13. Mass spectra of SAP extracted from diluted solu-

tion using anti-SAP-conjugated MNPs: (A) 160 nm SAP, 50 mL;

(B) 40 nm, 200 mL; (C) 16 nm, 500 mL; (D) 8 nm, 1000 mL;

(E) 1.6 nm, 1000 mL. The inset of each panel shows the mass

spectrum of solution prior to extraction. (From Ref. [96].)
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comparable to the detection limit of SAP extracted by MNPs (Fig. 10.12F). All the

results demonstrate the MNPs are effective probes that provide simultaneous pro-

tein cleaning and concentrating for analyte with very low concentration.

10.5

Human Plasma and Whole Blood Analysis by Nanoprobe-based Affinity Mass

Spectrometry

10.5.1

Selected Protein Profiling from Human Plasma

Human plasma proteome is the most attractive biological medium containing se-

creted disease-related markers, holding promise in both disease diagnosis and ther-

apeutic aspects [21]. However, it is a very complex mixture of proteins having

a wide and dynamic range of abundance of more than 1012. Indeed, 22 high-

abundance proteins constitute 99% of the protein content in plasma, with the re-

maining 1% that are of great interest as potential biomarkers [114]. In the NBAMS

immunoassay, specificity is one of the key components to analyze the low-

abundance proteins. The NBAMS platform has been applied to human plasma to

investigate whether the approach can directly detect low-level proteins in plasma.

Before immunoaffinity extraction, no protein profile could be obtained from the

crude plasma in healthy individual due to the interference of salt and other plasma

components (Fig. 10.14A). After a 200-fold dilution of the plasma sample to reduce

the salt concentration, the protein profile in Fig. 10.14(B) shows the commonly ob-

served abundant plasma proteins, including human serum albumin (HSA), apoli-

poprotein A-I (Apo A-I), hemoglobin a-chain (Hb-A), hemoglobin b-chain (Hb-B),

and transthyretin (TTR). After immunoaffinity extraction, SAP was detected with

concomitant depletion of other proteins of higher concentration (Fig. 10.14C). Sim-

ilarly, Fig. 10.14(D) shows an apparent peak for CRP, even though the level of this

protein is 40-fold lower than that of SAP in healthy individuals. Although the anal-

ysis showed minor peaks due to nonspecific binding of other high-abundance

plasma proteins, they did not interfere with the unambiguous identification of

CRP and SAP by mass spectrometry.

10.5.2

Comparison of Nanoscale and Microscale Immunoassay

To compare the advantages of magnetic nano-size particles with those of magnetic

microbeads (MMP), commercially aminated magnetic microbeads (DYNAL BIO-

TECH, 2.8 mm) were conjugated with anti-SAP antibody to obtain anti-SAP MMP

by the same modification process used for MNP. With an equal amount of anti-

body on the particle surface, the signal intensity and signal-to-noise ratio were

dramatically reduced in the mass spectrum of MMP compared with MNP experi-

ments. These results indicate that MNPs afford better affinity extraction of the tar-
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Fig. 10.14. Comparison of immunoaffinity

extraction performance between antibody-

conjugated MNPs and magnetic microbeads.

Mass spectra showed human plasma (A)

without dilution; (B) with 200-fold dilution.

High-abundance proteins were so dominant

that the signals from SAP or CRP were buried

in the spectrum. Representative mass spectra

of (C) for SAP and (D) for CRP were obtained

after extraction using antibody-conjugated

MNPs. Spectra for antibody-conjugated

microbeads are shown in (E) for SAP and (F)

for CRP. (From Ref. [96].)
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get protein, thereby improving the detection. The superior efficiency of MNP could

be attributed to its large surface area-to-volume ratio, good reaction homogeneity

and fast reaction kinetics in suspension array. Additionally, the mass spectrum of

affinity extraction with MNPs preserved good spectral resolution and peak profiles

without apparent peak broadening and mass shift.

10.5.3

Suppression of Nonspecific Binding on Magnetic Nanoparticles

Antibody-conjugated MNPs could effectively enhance the target protein signal for

MALDI-TOF MS detection. However, nonspecific binding from other non-anti-

genic protein on the surface of MNPs interferes with the sensitivity and accuracy

of MALDI-TOF MS detection. As shown in Fig. 10.15(A), HSA is the major abun-

dant protein present in human plasma and was coextracted by antibody-conjugated

MNPs. To avoid nonspecific binding, bovine serum albumin (BSA) was first tested

Fig. 10.15. Mass spectra of nanoscale immunoaffinity

extraction of plasma SAP from a 1-mL plasma sample with anti-

SAP MNPs (A) without blocking, (B) with BSA blocking and (C)

with 40 mm MEG blocking. (From Ref. [97].)
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as a blocking agent to protect the anti-SAP MNPs. However, BSA did not yield

good suppression of the HSA peak. Recently, Huang and Zheng [115] have re-

ported that the short molecule, ethylene glycol, is biocompatible material with

good resistance to nonspecific binding with biological molecules. The short termi-

nal aminated methoxy-ethylene glycol (MEG) linker was tested as the surface

blocking spacer to suppress the serious nonspecific binding effect. Indeed, MEG-

protected antibody-conjugated MNPs can significantly reduce non-specific binding

during the affinity separation of protein biomarkers in human plasma.

By modulating the MEG coupling concentration, the inhibition of nonspecific

binding was found to be concentration-dependent (10–100 mm). In Fig. 10.16,

three different protein markers, including SAP, CRP, SAA, could be obviously en-

hanced with the least nonspecific interference from the MEG coupling concentra-

tion between 20 and 40 mm. Notably, the amount of antibody on the MNP surface

was not affected by the incubation time and the concentration of MEG. Based on

above results, moderate surface blocking plays a key role in the enhanced detection

specificity of the NBAMS approach.

10.5.4

Enrichment of Target Antigen in Human Plasma

The major advantage of NBAMS methodology is the simultaneous selection and

preconcentration of targeted protein onto the MNPs, even in a complex biological

medium. The concentration effect of NBAMS in human plasma was evaluated

with equal amounts of plasma (1 mL from each subject) diluted 50-, 500-, and

Fig. 10.16. Concentration effect of MEG on suppression of

non-specific binding; the maximum value of target/HSA ratio is

normalized as 1.0. (From Ref. [97].)
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1000-fold in PBS and analyzed using the nanoprobe-based immunoassay. Figure

10.17 shows the MALDI-TOF mass spectra of plasma SAP extracted from each

diluted sample. Incubation of the diluted plasma samples with the antibody-

conjugated MNPs resulted in antigen selection and concentration, as demonstrated

by the similar mass spectra profiles up to 500-fold dilution (Fig. 10.17C). In the

1000-fold diluted sample (1.8 nm SAP), however, the captured antigen showed

significantly lower intensity in the mass spectrum (Fig. 10.17D). This decreased

recovery may arise from the incomplete collection of the MNPs from the curved

wall of the microcentrifuge tube during the washing steps. Despite the decreased

Fig. 10.17. Mass spectra of SAP extracted from human plasma

(1 mL), undiluted (A), and diluted 50-fold (B), 500-fold (C), or

1000-fold (D), using anti-SAP-conjugated MNPs extraction.

Inset of each panel shows the mass spectrum of solution

before extraction. (From Ref. [96].)
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recovery at 1000-fold dilution, the detection sensitivity in human plasma (esti-

mated to be 1.8 nm) was comparable to the performance of NBAMS in a protein

standard (SAP, 0.6 nm in Fig. 10.12F), demonstrating that the nanoscale immuno-

assay is refractory to the presence of highly abundant nonantigenic proteins, salts,

and buffers in plasma. All these results display the general applicability of NBAMS

methodology, namely, that concentrations with a 1000-fold difference can be de-

tected successfully. By the good concentration effect, 1 mL of plasma is sufficient

to unambiguously identify an antigen of interest.

In the NBAMS immunoassay, the rate-limiting step of the total procedure for

diseased-related protein analysis by NBAMS is the separation of plasma from blood

(30–60 min). To speed up the analysis, the NBAMS approach was performed in a

blood sample without prior centrifugation. Figure 10.18(A) shows the profile of the

major proteins in human blood, containing Hb-A, Hb-B and HSA. After treatment

with anti-SAP- and anti-CRP-conjugated MNPs sequentially, the extracted SAP and

CRP was shown in Fig. 10.18(B, C, respectively). Although the highly abundant

Hb-A, Hb-B and HSA were coextracted, CRP and SAP were unambiguously identi-

fied through mass spectrometric detection within 20 min without interference

from the highly abundant contaminates. This demonstrates the feasibility of the

NBAMS approach in blood sample analysis and holds promise in speeding up clin-

ical applications.

10.5.5

Plasma Protein Profiling in Normal Individuals and in Patients

The NBAMS approach has been performed with authentic clinical samples plasma

(20 mL) from six healthy individuals and four patients with gastric cancer [97]. All

sample preparation, washing and on-nanoprobe analysis were performed in paral-

lel batches. CRP and SAP were detected successfully in all the healthy individuals,

despite the fact that the levels of a few of them were below the detection limit of

ELISA (<0.159 mg L�1) [101]. The results in Fig. 10.19 illustrate the measured in-

tensities for CRP and SAP, showing significant upregulation and down-regulation

in expression levels, respectively. These observed differences in protein levels are

consistent with the literature [116, 117] and the ion intensity measured by the

nanoprobe-based assay correlated with the concentration measured by ELISA

[101], suggesting that the NBAMS approach shows promise for quantitative pro-

tein profiling. Analysis with more clinical samples is required for further evalua-

tion on quantitation accuracy.

10.6

Multiplex Assay

Because of the complex natures of disease, diagnosis using single protein assay

often results in insufficient detection specificity. To improve detection specificity

and sensitivity to determine disease onset, the utility of multivariant protein
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markers as disease signature present an evolving direction in diagnosis. Develop-

ing multiplexed assays that can simultaneously screen multiple protein biomarkers

is a rapidly expanding trend in characterizing disease states [118]. For example,

Lokshin et al. [119] have developed new profiling technology, LabMAP, which com-

bines the principle of a sandwich immunoassay with fluorescent-bead-based tech-

nology to detect tumor markers and cytokines in serum samples. The sensitivity,

around 80–90% specificity, of discriminating early-stage ovarian cancer from

Fig. 10.18. Mass spectra of a human blood sample (20 mL)

from a patient with stroke before (A) and after using (B) anti-

SAP-conjugated MNPs or (C) anti-CRP-conjugated MNPs

extraction.
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healthy controls was increased from 70 to 80% by using CA 125 alone to 90–100%

by using the combination of five markers. In addition to the fluorescence-based

immunoassay, Wilson has reported antibody-immobilized electrodes as electro-

chemical immunosensors. Quantitation can be performed simultaneously for two

tumor markers, CEA and AFP, in standard protein solution [120]. Lieber’s group

have developed an antibody-labeled silicon-nanowire sensor array for multiplex

electrical detection of PSA, PSA-ACT complex, CEA, and mucin-1. This technology

allowed highly selective and sensitive detection of 0.9 pg mL�1 of PSA in undiluted

serum samples [121].

10.6.1

Workflow of Multiplexed Assay

In past work, the NBAMS technology has also been successfully demonstrated as a

multiplexed immunoassay [97]. Three model proteins, SAA, SAP, and CRP, were

still selected as target antigens. Figure 10.20 shows the multiplex immunoassay

workflow. Plasma is diluted by PBS, mixed with a mixture of anti-SAA-, anti-

CRP-, and anti-SAP-MNPs, and incubated at room temperature. In the same way

as described previously, MNPs are isolated, washed, and subjected to MALDI-TOF

MS analysis after immunoaffinity capture of antigens. This immunoextraction and

subsequent analysis can be completed in 1 h.

Fig. 10.19. Screening of SAP and CRP in

human plasma from healthy individuals and

patients with gastric cancer using nanoprobe-

based affinity mass spectrometry. The mass

spectrum of CRP (m/z 23 kDa) and SAP (m/z

25 kDa) show significant upregulation and

down-regulation, respectively. (From Ref. [97].)
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10.6.2

Screening for Patient and Healthy Individuals

A total of 18 samples, including nine normal controls and nine gastric cancer pa-

tients, have been analyzed by the NBAMS multiplexed immunoassay. Figure 10.21

shows representative results of the multiplex assay for SAA, SAP, and CRP from

human plasma. Obvious differences can be observed in the protein profile between

the two spectra obtained from healthy control (Fig. 10.21A) and gastric cancer pa-

tients (Fig. 10.21B). The measured intensities for both SAA and CRP are consider-

ably higher in the gastric cancer patient sample than in the healthy individual. The

relative SAA and CRP intensities are consistent with the concentration measured

by ELISA (data not shown), and suggest that our immunoassay shows promise

for quantitative protein profiling.

The normal and gastric cancer groups can be differentiated with a scatterplot of

relative SAA and CRP intensities (Fig. 10.21C). Obviously, the data distribution

falls into two clusters in the diagram. A ‘‘virtual diagnosis pattern’’ of the SAA/

SAP and CRP/SAP ratio provides a group separation. The low relative SAA and

CRP abundances were observed in plasma from the healthy group, whereas higher

ratios were observed for gastric cancer cases. The distribution is consistent with the

groups of normal and gastric cancer.

It has been increasingly recognized that multivariate parameters characterize

disease states better than a single protein assay. By using a mixture of MNPs con-

jugated with different antibodies, the NBAMS technology demonstrated the capa-

bility of simultaneous multiplex protein profiling in complex mixtures like human

plasma. Furthermore, this assay provides the speed, high sensitivity, and detection

specificity required by disease diagnosis and monitoring. This preliminary data

showed the promise for application of rapid screening targeted protein profile for

disease diagnosis and monitoring. However, the potential implementation of

NBAMS awaits further considerations. Generally, the diagnosis specificity not

only depends on the detection specificity but also on statistical specificity of the

protein marker. In terms of accuracy and reproducibility of analysis, more samples

Fig. 10.20. Workflow of multiplexed

immunoassay. For simultaneous analysis of

multiple antigens, various antibody-conjugated

MNPs are mixed in the appropriate ratio, and

incubated with plasma sample. After

separation by magnet, the isolated, antigen-

captured MNPs are directly spotted onto a

sample plate and analyzed by MALDI-TOF MS.
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Fig. 10.21. Representative protein profiles of human plasma

from (A) healthy control (from Ref. [97]) and (B) gastric cancer

patient obtained by multiplexed immunoassay. (C) Scatter-plot

of relative SAA and CRP intensities shows a differentiation

between normal and gastric cancer groups.

368 10 Nanoprobe-based Affinity Mass Spectrometry for Cancer Marker Protein Profiling



are required for further evaluation. Further study for quantitative profiling is cur-

rently on-going.

10.7

Future Outlook

Surface-conjugated nanoparticles have been shown to act as specific affinity nano-

probes for the multiplexed detection of target proteins in human plasma. Such

nanoprobes are envisaged to become excellent tools for the separation and enrich-

ment of low-abundant protein biomarkers. Analysis by MALDI-TOF MS provides

unambiguous identification of target antigen. In combination with the ongoing

quantitative analysis of plasma protein profiling, this nanoprobe-based immuno-

assay holds great potential for the early diagnosis of disease, inflammatory events,

and eventually cancers. From proof-of-concept experiments to widespread use, as

always, the quantification sensitivity, specificity, and reproducibility have to be

further evaluated with a large set of clinical specimens. For large-scale analysis, ad-

vances in instrumentation will become imperative for the automation of sample

preparation, nanoprobe detection, and data analysis. The specificity, speed, and

flexibility of the nanoprobe-based affinity assay can easily be adapted for the detec-

tion of other class-specific proteins in biological research, clinical proteomics and

diagnostics.
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Nanotechnological Approaches to Cancer

Diagnosis: Imaging and Quantification of

Pericellular Proteolytic Activity

Thomas Ludwig

11.1

Introduction

Most cancer related deaths are not caused by the growth of a tumor in its primary

location. Metastasis with subsequent local tissue invasion accounts for more than

90% of all lethal outcomes in cancer (reviewed in Refs. [1, 2]). Despite great efforts

to improve our understanding of the metastatic cascade (Figs. 11.1 and 11.2) and

the accumulation of detailed knowledge about single aspects of this process, com-

parably little has resulted in patient benefits so far (reviewed in Ref. [3]).

This chapter outlines reasons for this dilemma by analyzing the challenges that

result from local, nanoscale processes for in vitro and in vivo diagnostics. It com-

bines, for the first time, a thorough review of the biological basis of proteolytic

activity as the prototype of a highly regulated and spatially restricted process in

cancer with a critical analysis of conventional state of the art methods and how

the application of nanotechnology creates unique opportunities to further both

our understanding and treatment of malignancies.

The mechanisms that confine and concentrate protease activity in the pericellu-

lar microenvironment of cancer cells are prerequisites of tumor cell invasion and

key factors in the regulation of tumor microecology. This chapter starts with a de-

tailed description of these mechanisms with a special emphasis on the technical

problems related to them and how this is connected to the obvious gaps in our

knowledge regarding their regulation.

With a reference to the biological background, the next section of the chapter

provides the reader with information about the principles and disadvantages of

conventional state of the art methods applied in this field. The current imperfec-

tions of most methods offer unique opportunities for innovative nanotechnological

approaches. As one recent example, atomic-force microscopy is presented as a

technique for the nanoscale imaging and quantification of proteolytic activity in

the pericellular microenvironment of cancer cells in vitro.
In general, techniques that enable real-time, high resolution imaging or precise

quantification of local proteolytic activity in vitro and in vivo remain major chal-
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lenges. These methods will play an important role in cancer diagnosis, the under-

standing of basic principles in metastasis, the identification of new therapeutical

and targets and, hence drug design in the near future.

The immediate need for these methods has been demonstrated by the results

from clinical protease inhibitor trials. Although extensive preclinical data sup-

ported the inhibition of protease activity as a promising strategy for cancer therapy,

clinical trials with various protease inhibitors, i.e., matrix metalloproteinase-

inhibitors (MMPIs), did not bring the expected breakthrough in cancer treatment

[4, 5] (reviewed in Refs. [6–9]). It might be too early to abandon the concept of pro-

tease inhibition in cancer therapy in general, as the design of these clinical trials

must be considered. MMPIs had to compete, for example, against cytotoxic drugs

in late-stage cancer patients. More recent insights into protease function in cancer

development and angiogenesis indicate that protease inhibition is unlikely to pro-

vide considerable patient benefits in this setting, since proteases are crucial for

Fig. 11.1. Metastasis: The formation of

metastasis is a complex and highly dynamic

process. It is characterized by the spreading

of tumor cells through vessels (2 and 4),

lymphatic ducts (3) or cavities (1) to form

new colonies away from their origin. It is

undoubtedly a topic of high clinical relevance

as it accounts for over 90% of all lethal

outcomes in cancer.
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establishing new metastasis and may not be necessary to maintain them. Animal

studies support this position as MMPI treatment was most effective in early stages

of cancer [10]. It seems therefore reasonable to initiate new trials that employ pro-

tease inhibition early in cancer treatment or in addition to established treatments

like surgery and radiation.

Nonetheless, the principle drawback in the clinical application and evaluation of

protease inhibitors is the significant gap in our understanding of the complex

regulation mechanisms of local proteolytic activity due to methodological obstacles.

In addition, there is a serious lack of reliable techniques and parameters to assess

protease inhibitor effectiveness in vivo. None of the patient trials proved so far that

the administered drug dose was sufficient to target local proteolytic activity in situ.
Surrogate markers, such as serum gelatinase activity, have proven unreliable for tu-

mor screening purposes and were, therefore, inappropriate for monitoring sub-

stance response. These results from clinical trials illustrate the necessity to develop

Fig. 11.2. Cancer cell invasion. Metastasis

depends essentially on the ability of cancer

cells to invade intact tissue structures (2), and

to overcome physiological barriers such as

basement membranes upon intra- (3) and

extravasation (4). In skin cancer, as depicted

here, the breach of the epidermal basement

membrane (1) by cancer cells is a defining

step with far reaching consequences in terms

of treatment and prognosis of the patient. The

upper layer of the skin is free of lymph and

blood vessels. No metastasis can be found

until the basement membrane has been

crossed by the cancer cells. Patients can

therefore be healed by total excision of the

tumor and no further treatment such as

chemotherapy is necessary at this stage.
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functional methods to test drug efficacy by the quantification of local proteolytic

activity.

11.2

Quantification of Local Proteolytic Activity – an Objective

Cancer metastasis is a complex, highly dynamic multistep process that includes:

� Cell detachment from the primary tumor mass,
� migration within and intrusion into surrounding tissue structures and ECM,
� degradation of physiological barriers such as endothelial basement membranes,
� penetration into the vascular lumen (intravasation),
� distribution by the blood stream and survival in the circulation,
� adhesion to distant endothelia and extravasation.

and, finally, establishment of a colony in a new environment distant from the can-

cer cells origin (Figs. 11.1 and 11.2) [11] (reviewed in Refs. [12–14]). The expres-

sion of proteases and the development of proteolytic activity is a prerequisite for

tumor cells to achieve these aims. Regardless of their diverse etiology, the function

of proteases in tumor cell spreading constitutes a final common pathway of all in-

vasive malignancies. In agreement, high concentrations and activities of proteases

have been found more often in and around cancers than in normal, benign or pre-

malignant tissues.

Most proteases are produced as inactive proenzymes that undergo proteolytic

cleavage for their activation. Once activated, their activity is modified by several cel-

lular mechanisms and biochemical factors such as protein trafficking and endoge-

nous inhibitors. The excessive post-translational modification of protease activity is

responsible for the critical difference between the concentration of proteases and

their activity. This limits the application of many conventional methods, which

cannot reliably distinguish between the active or inactive protease.

Proteolytic activity in cancer cell invasion is a very local phenomenon. Although

a protease can be widely expressed throughout a tumor, it may, for example, only

be active at the leading edge in a small subset of cells at the tumor–stroma inter-

face. Specific mechanisms localize and concentrate protease activity in the pericel-

lular microenvironment of cells. This spatial restriction challenges the maximum

achievable resolution of common in situ imaging techniques and in vitro diagnos-

tics. Until now, no method has proven sensitive enough to employ proteolytic activ-

ity in cancer for serum diagnostics and screening purposes.

General considerations can be applied to evaluate the quality of diagnostic tools

(reviewed in Ref. [15]). For example, numerous methods and assays have been de-

scribed for the investigation of enzymatic activity in vitro as well as in vivo. Despite
their heterogeneity in terms of strategy and aims, they can be grouped considering

aspects of their primarily targeted parameters. These are qualitative or quantitative

evaluation of the local, or total, concentration or activity of one or several enzymes
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(Fig. 11.3). The usefulness of an assay depends as much on its sensitivity and spe-

cificity as it does on its compatibility for a particular question and application. In

most cases, a combination of complementary techniques is required to get an over-

sight of the functional relevance of a result.

As an example, the most valuable functional information is usually derived from

the quantitative evaluation of local enzymatic activity (lower, right-hand box in Fig.

11.3); it is also important to get additional information about the spatial distribu-

tion and overall concentration, i.e., of a protease in a specimen (upper, left-hand

box in Fig. 11.3). The functional context is derived from the knowledge of the

quantitative relationship between concentration and activity and the total to local

ratio. Hence, the aim must be to develop dynamic high-resolution imaging tech-

niques or methods that enable precise quantification of local activities in vivo.
Investigation of the function of proteases and their utilization for diagnostic pur-

poses in cancer faces two major obstacles – post-translational regulation and spa-

tial restriction.

Fig. 11.3. Evaluation parameters of assay

methods. Several criteria can be applied to

assess diagnostic tools such as protease

assays. Most proteases are secreted as inactive

proenzymes, and enzymatic activity is

additionally regulated by endogenous

inhibitors. Proteolytic activity is usually

restricted to the pericellular microenvironment

of cancer and stromal cells, and may only be

present in a small fraction of a sample. Assays

detecting protease concentrations (top left-

hand side box, at the back) give, therefore,

only indirect clues to functionally relevant local

proteolytic activity (bottom right-hand side

box, at the front). Usually, several comple-

mentary methods have to be employed

in combination to understand results in the

context of proteolytic orchestration. As an

example, western blot analysis of cell lysates

can determine the overall concentration of a

single protease at a time, but is usually not

capable of determining the active fraction of

this enzyme. The presence of a broad variety of

proteases and inhibitors, in the same spot or

separate compartments, gives rise to a

complex interplay that cannot be assessed by

this method. In situ zymography is able to

localize proteolytic activity, but it must be

considered that the activity observed with a

specific substrate may not be of particular

functional relevance for the investigated

microenvironment.
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11.2.1

Regulation of Protease Activity

Protease activity is tightly regulated at the:

� transcriptional,
� translational and
� post-translational level.

The transcription of MMPs (matrix metalloproteinases) can, for example, be up- or

down-regulated by various stimuli such as extracellular matrix proteins, phorbol es-

ters and cell stress [16–19] (reviewed in Refs. [20, 21]). It has been demonstrated

for MMP-9 that expression can be increased post-transcriptionally through an en-

hancement of translational efficiency [22].

Most methodological problems are related to the post-translational regulation of

proteases, due to the crucial difference between concentration and activity (Fig. 11.3).
The activity of proteases is post-translationally regulated by diverse, principle

mechanisms:

� Secretion
� activation
� inactivation
� endogenous protease inhibitors
� glycosylation
� oligomerization and
� protein trafficking.

11.2.1.1 Secretion

Secretion of most proteases seems to be constitutive, which means that they are

secreted once they were synthesized. Strong indicators suggest that, at least in in-

flammatory cells, MMPs can be stored in vesicles and secreted upon stimulation

[23]. Although described for cancer cells, aspects of the regulation of this rapid re-

sponse to environmental stimuli remain vague [24].

11.2.1.2 Activation

As most proteases are secreted as latent enzymes, their activation becomes a criti-

cal control point. Extracellular activation of proteases can be initiated by other

already active proteolytic enzymes. This is usually obtained by the removal of

a peptide that helps to maintain latency. For instance, MMPs are activated by a

mechanism generally known as the ‘‘cysteine switch’’ [25, 26]. This model suggests

that a cysteine coordinates the active-site zinc atom in the latent enzyme. All iden-

tified modes of MMP activation lead to a dissociation of this cysteine residue,

which is accompanied by exposure of the active site.

Few proteases – among them MMP-11, MMP-13, and MT-MMPs (membrane

type-MMPs) – are activated intracellularly, which makes these proteases important
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pacemakers of proteolytic cascades by subsequent activation of other proteases

[27–30]. The molecular basis of this intracellular activation is the presence of a spe-

cific motif between the propeptide and catalytic domain of these proteases that is

recognized by proprotein convertases that process secretory precursor proteins in

the trans-Golgi network.

11.2.1.3 Inactivation

Proteases can be inactivated by proteolysis, protease inhibitors and removal from

the extracellular space or plasma membrane. Although similar in principle, the

proteolytic processing of proteases leading to their inactivation is far less under-

stood than the proteolytic processing leading to their activation.

In addition to their irreversible inactivation, limited proteolysis of MMPs can

also modify their distribution, substrate specifity and ability to be inhibited. Cleav-

age of a sequence close to the transmembrane domain of MT-MMPs can generate,

for example, soluble subspecies of these proteases [31–34]. Although these shed

proteases are catalytically active and may now act as soluble proteases, they have

lost most of their invasion promoting activity and effects on cell function [35, 36].

Obviously, protease action must occur in the immediate cellular surrounding to

contribute significantly to the regulation of the pericellular microenvironment.

MT-1MMP cannot only undergo autocatalytic shedding. Overexpression can

lead, furthermore, to an autocatalytic inactivation that results in a truncated

membrane-bound remnant that has lost its catalytic domain [31, 37, 38]. Autocata-

lytic inactivation could serve as a self-limiting mechanism to down-regulate exces-

sive proteolytic activity. The proteolytic processing of many proteases varies, de-

pending on the prevalence of the activity of other proteases.

Summarizing, the presence and interaction of many different representatives of

proteases from distinct families, that have

1. different substrate affinities, concentrations and actual states of activity, that are

2. in addition capable of rapidly activating and inactivating themselves and each

other and

3. coexist in a tiny space of only several nm3 with

4. a no less complex and dynamic mixture of substrates (Fig. 11.7 below)

leads to a complex and fragile balanced composite that determines the functional

relevant net proteolytic activity for this micro-compartment.

11.2.1.4 Endogenous Protease Inhibitors

Protease activity is modified on the post-translational level by various endogenous

inhibitors. For example, the activity of MMPs is tightly regulated by tissue inhibi-

tors of metalloproteases (TIMPs). To date, four structurally related TIMPs have

been identified. The upregulation of TIMPs has been shown to attenuate the inva-

sive behavior of several tumors, whereas reduction in TIMP-levels by means of

antisense RNA can confer tumorigenicity to non-invasive cells [39].
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TIMPs are clearly multifunctional proteins [40, 41]. TIMP-1 was isolated from

fibroblasts and initially characterized to inhibit collagenase activity [42]. Soon after

its discovery, TIMP-1 turned out to be identical to a known growth factor that was

described to have erythroid-potentiating activity in previous studies [43]. Besides

their MMP-inhibiting properties and erythroid-stimulating activity, other growth

promoting activities of TIMPs have been reported [44].

Paradoxically, the presence of endogenous protease inhibitors can be of signifi-

cant importance for the activation of some proteases. TIMP-2 was shown to be re-

quired for efficient proMMP-2 activation by MT1-MMP both in vivo and in vitro
[37, 45, 46].

Besides being inhibited by TIMPs, MMP activity is regulated by the recently

identified membrane-bound MMP-inhibitor RECK (reversion-inducing cysteine-

rich protein with Kazal motifs) and other abundant inhibitors such as a2-

macroglobulin [47].

11.2.1.5 Glycosylation

Glycosylation has recently been discovered as an alternative way of protease activity

regulation. Data provide evidence that the glycosylation of proteases may regulate

their substrate targeting. In MT-1MMP, O-glycosylation seems to determine

whether the protease can degrade ECM and activate MMP-2 or can only cleave

ECM components [48]. This might have drastic consequences on local proteolytic

activity, as MT-1MMP is considered to be one of the key activators of proteolytic

cascades.

Technically, this aspect has far reaching consequences. It limits the use of simple

indicator probes of proteolytic activity, as subtle but functionally crucial differences

in specifity of a protease can easily be overseen.

Glycosylation is not only relevant for the ‘‘fine tuning’’ of proteases. Moreover, it

is important for the suppression of tumor cell invasion that is mediated by the

membrane-bound inhibitor RECK [49]. N-Glycosylation of RECK acts through

multiple mechanisms such as suppressing MMP-9 secretion and inhibiting MMP-

2 activation, which appear to be regulated independently by the glycosylation at dif-

ferent sites [49].

11.2.1.6 Oligomerization

Multimeric complexes of membrane-bound proteases facilitate their autocatalytic

processing and the activation of other proteases. The homo-oligomerization of

MT1-MMP is stimulated by at least three of its domains and takes part in the reg-

ulation of its activity and turnover [50–52]. The formation of homo-oligomers of

MT1-MMP turns out to be of particular relevance for the activation of proMMP-2

[50–52]. It has been hypothesized that other regulatory proteins may be involved in

this by facilitating protease clustering [53].

These findings reveal that the oligomerization of proteases further determines

the ‘‘functional activity’’ that a protease can unfold in a given context and demon-

strate that the nanoscale surrounding of a single protease can determine its actual

function.
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11.2.1.7 Protein Trafficking

The internalization of membrane-bound proteases provides cells with an effective

way to regulate the proteolytic activity on their surface. Most studies regarding this

mechanism have been carried out for MT1-MMP. Endocytosis of this prominent

protease can be mediated by at least two distinct pathways – clathrin-coated pits

and caveolae [54–57]. Caveolae are not only involved in the internalization of MT1-

MMP in cancer cells, but are an issue in the regulation of MT1-MMP in endothe-

lial cells as well [55].

The rapid internalization of MT1-MMP via clathrin-coated pits is dynamin medi-

ated and depends on the cytoplasmic tail of the protease [51, 54, 58–60]. Once in-

ternalized, MT1-MMP can be recycled to the surface [54, 61]. The rapid trafficking

of MT1-MMP has the potential to regulate MMP-2 activation and thus represents

an extra path of proteolytic cascade initiation [24]. Interestingly, internalization and

dynamic turnover of proteases are necessary to maintain their proper function [62].

Besides internalization, trafficking deep within the cancer cells can participate in

the regulation of events on the cell surface. For instance, internalized MT1-MMP

can be transported to CD63-positive lysosomes for its degradation [63]. The tetra-

spanin CD63, a well investigated resident of late endosomal and lysosomal mem-

branes, promotes thereby the internalization, lysosomal targeting and proteolysis

of the protease [63].

Despite proliferating knowledge about the trafficking of proteases, it is still ill-

defined as to how it affects local proteolytic activity quantitatively. It is, for example,

still not known whether specific sub-fractions of proteases, which means active,

inactivated or inhibitor complexed proteases, are internalized and how this might

be regulated. Conceivably, the internalization route might differ for these subtypes

of a protease and could ultimately determine whether a protease is degraded or

recycled.

One reason for this gap in our current understanding has been the already men-

tioned, namely, inherent problems in the nanoscale quantification of complex local

processes – here proteolytic activity.

11.2.2

Mechanisms of Confining Proteolytic Activity

An important concept of tumor cell invasion is that cells do not indiscriminately

release proteases (Fig. 11.4). Several specific mechanisms that confine and con-

centrate protease activity in the pericellular microenvironment and cellular sub-

domains of tumor cells have been identified (reviewed in Refs. [15, 20, 51, 64–

69]).

These mechanisms are prerequisites of tumor cell invasion and key factors in

the regulation of tumor microecology and consist of

� Expression of membrane anchored proteases;
� the binding of soluble proteases by membrane-bound receptors;
� local activation of soluble proteases by membrane-associated activators;
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� the presence of cell surface receptors for protease activating enzymes;
� the regulated localization of receptors and proteases to distinct subcellular do-

mains (i.e., invadopodia);
� specific binding of latent proteases by ECM components;
� induction of proteases expression at the tumor–stroma interface.

11.2.2.1 Membrane-type Matrix Metalloproteinases

The most obvious mediators of cell surface bound proteolytic activity are undoubt-

edly the transmembrane- and GPI-anchored membrane type (MT) matrix metallo-

proteinases (MMPs). The first MT-MMP (MT1-MMP) was discovered by Hiroshi

Sato and colleagues in 1994, and was thought to act primarily as a membrane-

bound activator of the gelatinase MMP-2 [70]. Besides its crucial role in activation

of soluble proteases, MT1-MMP itself is now credited for its important contribu-

Fig. 11.4. Detection of local proteolytic activity

by fluorescence-labeled gelatin. In cancer cells,

proteolytic activity is a locally restricted

phenomenon. It can be detected and visualized

by surface-bound indicator substrates. (a)

Tumor cells (1) were seeded on coverslips (4)

coated with fluorescence-labeled gelatin (3).

Proteolytic matrix cleavage (2) causes focal

loss of fluorescence. (b) Glioblastoma and

astrocytoma cells from primary cultures were

fixed 48 h after seeding them on fluorescence-

labeled gelatin (green). Dark spots in the

gelatin coating reflect areas of proteolytic

activity. Cells were labeled by indirect

immunofluorescence for MMP-2 using Cy3-

conjugated secondary antibodies (red).
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tion to ECM macromolecule cleavage and its broad-spectrum proteolytic capacities

[71].

To date, six MT-MMPs have been identified that are linked to the plasma mem-

brane by a transmembrane domain or a glycosylphosphatidyl inositol (GPI) an-

chor. The importance of localized proteolytic activity is demonstrated by the obser-

vation that expression of either wild-type MT1- or MT2-MMP confers invasiveness

to COS-1 cells, whereas the expression of truncated, soluble forms of these trans-

membrane domain proteases has no invasion promoting effect [36]. Expression of

MT1-MMP in cancer cells amplifies their metastatic potential, and constitutively

expressing cell lines are generally more invasive than non-expressing cell lines

[51, 72, 73].

Besides the pivotal role of MT1-MMP in tumor cell invasion, expression of this

protease appears to be of critical importance for a diversity of physiological func-

tions. It is, for example, crucial for the fibrin-invasive activity of endothelial cells

during angiogenesis and wound healing [74, 75]. MT1-MMP deficient mice pres-

ent the most severe phenotype observed in MMP deficient mice so far. Although

these mice are born with no grossly abnormal features, the loss of MT1-MMP in-

terferes with normal postnatal development. MT1-MMP deficient mice develop var-

ious bone and joint disorders, like dwarfism, osteopenia and arthritis, which sug-

gest a severe impairment of the remodeling of collagen-rich tissues [69, 76].

11.2.2.2 Cell Surface Receptors for Protease Binding

Non-MT-MMPs are bound to the membrane or localized to invadopodia by specific

interactions with integrins or other cell surface receptors. For example, MMP-2 is

bound by the avb3 integrin [77], and CD44 mediates docking of MMP-9 to the

plasma membrane [78]. Impressively, CD147 (extracellular matrix metalloprotei-

nase inducer, EMMPRIN) is capable of both induction of MMP expression in stro-

mal cells and subsequent binding of these proteases [79, 80].

Besides MMPs, accumulating evidence indicates the responsibility of serine pro-

teases for the metastatic phenotype of many tumors. The urokinase-type plasmino-

gen activator (uPA) drives the plasmin cascade system, and its expression is ele-

vated in glioblastomas and correlates with malignant progression of astrocytomas

[81]. The uPA receptor (uPAR) can tie uPA to the surface of tumor cells. Results

indicate that only cell-bound, not soluble, uPA can effectively generate plasmin

for the activation of gelatinases (MMP-2 and MMP-9) [82].

11.2.2.3 ECM Binding of Proteases

Physiologically, binding of MMPs to ECM components can prevent loss of the

secreted enzyme via diffusion, provide a reservoir of latent enzyme at the target

site for rapid activation and might facilitate cellular regulation of local proteolytic

activity. Several specific interactions of latent MMPs and ECM proteins on cells

or in the extracellular space have been described. For example, heparan sulfate

proteoglycans, common components of the ECM, can bind proMMP-7 [83], and
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proMMP-9 can form a complex with a1 and a2 chains of collagen IV on cells [84,

85].

11.2.2.4 Cellular Microdomains

During cancer cell invasion, membrane-bound proteases are not randomly distrib-

uted on the cell’s surface. Cancer cells can accumulate proteases in specialized re-

gions such as the leading edge or invadopodia – a term derived from ‘‘invasive

pseudopodia’’. These subcellular domains have proven to be ‘‘hotspots’’ of ECM

degradation during cancer cell invasion.

MT1-MMP is concentrated at the lamellipodium through interaction with

CD44, which links the protease, furthermore, directly to F-actin [86]. CD44 also re-

cruits MMP-9 to this subcellular localization [87]. At invadopodia, particularly

MMP-2, MMP-9 and MT1-MMP can be found. The clustering of active MMP-2 at

invadopodia is directly mediated by the avb3 integrin [88]. The cytoplasmic tail of

MT1-MMP has been identified to regulate its docking to invadopodia and has been

suggested to be a prerequisite for the subsequent focal ECM degradation by this

protease [89].

Lipid rafts have been discussed in connection with the organization of mem-

brane proteases in cellular microdomains. Interestingly, the aberrant and persis-

tent inclusion into caveolin-enriched lipid rafts limits the tumorigenic function of

MT1-MMP in malignant cells [90]. Although cell membranes are certainly not ho-

mogeneous mixtures of lipids and proteins, almost all aspects of lipid rafts – their

size, composition and turnover – remain controversial (reviewed in Ref. [91]). De-

spite this, there is a broad consent about their overall biological relevance (reviewed

in Ref. [92]). Most aspects of the dispute around the concept of these cellular mi-

crodomains are clearly size and resolution related methodical difficulties. Nano-

techniques like AFM (atomic-force microscopy) have proven useful for the investi-

gation of lipid rafts in artificial lipid bilayers in vitro, but direct investigation in

cells is far more difficult [93].

One important function of microdomains in cancer cell invasion could be the

partitioning of proteases into distinct cellular localizations, which then serve as

platforms for the regulation of local proteolytic activity via protein oligomerization

and trafficking. The restriction of proteolytic activity to small subcellular regions

can increase the effectiveness and economy of local ECM degradation, but further

complicates the detection of these activities.

11.2.2.5 The Tumor–Host Conspiracy

The local host tissue is a constant and active participant during tumor develop-

ment and metastasis. The extracellular matrix and stromal cells form a complex

microenvironment that can limit or even unwillingly facilitate tumor cell invasion

(reviewed in Ref. [94]). A striking example of tumor–stroma cooperation is the con-

tribution of matrix-degrading enzymes by the host itself. For example, MMP-11

(stromelysin-3) was discovered in stromal cells of breast carcinomas [95], before

its production by tumor cells was described. Most interesting findings originate

from studies in MMP knockout mice (Section 11.2.3.3).
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Cancer cells can harbor the ability to induce the production of proteases in stro-

mal cells by factors such as EMMPRIN [79, 80, 96]. In agreement with this, expres-

sion levels of matrix degrading enzymes are usually strongly elevated at the inva-

sive front of the tumor–stroma interface [97].

11.2.3

Local Proteolytic Activity Regulates Complex Cellular Functions

Proteolytic cleavage of extracellular matrix (ECM) is a potent regulator of many

physiological and pathological events [20, 65, 98–100]. It affects fundamental

processes such as cell growth, differentiation, apoptosis, and migration. The mech-

anisms that localize and concentrate protease activity in the pericellular micro-

environment of cells are prerequisites for processes like angiogenesis, bone devel-

opment and inflammation. The role of local proteolytic activity in tumor cell

invasion and all these other processes is not restricted to the function of breaking

down the ECM by means of a path clearing process [101].

11.2.3.1 Local Proteolytic Activity in Cancer Cell Migration

To overcome barriers, cells must be able to move actively to their new location. Sev-

eral direct and indirect effects of proteolytic activity on tumor cell migration can be

observed. The ability of cells to migrate on Laminin-5 is positively correlated with

the expression of plasma membrane bound MT1-MMP [102]. The same MMP con-

fers the ability to migrate on myelin substrates to transfected 3T3 fibroblasts [103].

Other results indicate that MT1-MMP plays an important role in glioma cell

spreading and migration on white matter [103]. For cancer cell migration in 2D

systems, there is virtually no need to cleave the ECM as a barrier. Despite this, a

synthetic MMP-inhibitor, tissue inhibitor of metalloproteinases-1 and -2, and the

COOH-terminal hemopexin-like domain of MMP-2 inhibit the migration of adeno-

carcinoma cells on gelatin matrix-coated coverslips [104].

The specific extinction of proteins by small interfering RNAs (siRNAs) has been

utilized to target the expression of MMP-9 in a Ewing’s sarcoma cell line, constitu-

tively expressing this protein [105]. Silencing of MMP-9 resulted in a migratory-

adhesive switch, marked by decreased spreading on extracellular matrix coatings

and inhibition of migration towards fibronectin [105]. As migratory behavior was

unchanged by gelatinase inhibitors, the authors conclude that the migration-

promoting activity of proMMP-9 may be independent of its proteolytic activity

[105].

11.2.3.2 Local Proteolytic Activity and Cell Signaling

It has been suggested that all cancers acquire the same capabilities during their de-

velopment [1]. These include

� limitless replicative potential,
� sustained angiogenesis,
� tissue invasion and metastasis,
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� insensitivity to growth inhibiting signals,
� self-sufficiency in growth signals, and
� the ability to evade apoptosis-inducing signals.

All of these aspects seem to be affected by local proteolytic activity, if not entirely

dependent upon it, as local proteolysis during tumor cell invasion is not restricted

to cleavage of ECM components [20, 65]. Several other molecules have been iden-

tified as important targets of tumor cell associated proteases. Among these are

chemokines and their receptors, adhesion molecules, clotting factors and protei-

nase inhibitors. For example, the association of MMP-7 with CD44v3 regulates

heparin-binding epidermal growth factor (HB-EGF) precursor processing [106].

Subsequent HB-EGF binding to its receptor (ErbB4) might regulate other cellular

events, such as cell survival [106]. Fas ligand cleavage by the same protease [107]

also has a significant effect on tumor cell survival and is implied in protecting

tumor cells from chemotherapeutic drug cytotoxicity [108]. Furthermore, most of

the ADAM (a disintegrin and metalloproteinase) family of metalloproteinases are

membrane bound and involved in cleavage of diverse surface associated molecules,

such as TNF-a [109–111].

11.2.3.3 Functional Insights from Matrix-metalloprotease Deficient Mice

Mice, deficient for single MMPs, helped to shed light on functions of these pro-

teases in physiology and disease. The putative central physiological role of several

MMPs in vivo, which was deduced from their involvement in pathological pro-

cesses and their abundance during development, proved to be wrong. Many knock-

out mice, which are the MMP-2 [112], MMP-3 [113], MMP-7 [114], MMP-9 [115],

MMP-11 [116], MMP-12 [117] and MMP-20 [118] deficient mice, display no dra-

matic phenotype (reviewed in Ref. [69]). It must be considered that MMPs have

broadly overlapping substrate specifities. Hence, the lack of dramatic phenotypes

in these mice probably demonstrates the redundance of vital mechanisms, rather

than their uniqueness.

Obviously, only a few MMPs are indispensable. Given the importance of MT-

MMPs for local proteolytic activity and their potential role as triggers of proteolytic

cascades, unsurprisingly, MT1-MMP deficient mice bring along the most severe

phenotype observed in MMP deficient mice so far. Although these mice are born

with no grossly abnormal features, the loss of MT1-MMP is obviously incompatible

with normal postnatal development. These mice develop various bone and joint

disorders, like dwarfism, osteopenia and arthritis [69, 76].

Despite the absence of lethal phenotypes, mouse models uncovered specific

physiological functions of single MMPs. For example, MMP-20 (enamelysin) null

mice develop a profound tooth phenotype [118]. MMP-20 is a tooth-specific pro-

tease that is only expressed during the early through middle stages of enamel de-

velopment [118]. Its substrates are enamel specific matrix proteins that are also ex-

pressed during this developmental time period [118].

Although MMP deficient mice might not be considered a major breakthrough

for proving the overall importance of all MMPs in development, they made a major
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contribution to the understanding of host-derived MMPs for tumor cell invasion

and metastasis.

MMP-2 and MMP-9 deficient mice develop normally, but in these mice the num-

ber of metastatic colonies formed by intravenously injected B16-BL6 melanoma or

Lewis lung carcinoma cells is dramatically decreased [112, 119, 120]. MMP-9

knockout mice show a decreased incidence of invasive tumors, but bone marrow

transplantation reconstitutes many properties of carcinogenesis in these mice [121].

Mice heterozygous for the ApcMin allele (Min/þ) are susceptible to benign in-

testinal tumors [114]. In this mouse model, MMP-7 ablation by gene targeting and

homologous recombination resulted in a reduction of tumor frequency and diame-

ter [114]. Similarly, anthracene derivative induced tumorigenesis is reduced in

MMP-11 (stromelysin-3) null mice, and fibroblasts from these mice fail to support

metastasis formation by breast cancer cells (MCF-7) upon co-implantation in a

nude mice model [116]. Macrophages secrete a selection of proteases, but macro-

phages lacking MMP-12 (macrophage metalloelastase) from the corresponding

null mice are unable to penetrate reconstituted basement membranes in vitro and

in vivo [117].

11.3

Evaluation of Classical Methods for Quantification of Net Proteolytic Activity

Classic biochemical methods can be employed to investigate the expression of en-

zymes and their inhibitors on the transcriptional and translational level. Enzyme

expression can be quantified in cell and tissue extracts by real-time reverse tran-

scription-polymerase chain reaction (RT-PCR) and northern blot analysis, whereas

in situ hybridization is useful to localize mRNA expression in tissue sections.

ELISA, Western blot, immunocyto- and histochemistry are useful to evaluate the

concentration or distribution of any given protein, but it is not possible to deduce

enzymatic activity from its mere concentration in a tissue section or extract (Fig.

11.3) (reviewed in Ref. [15]).

As previously stated, most proteases, such as MMPs, are produced as inactive

proenzymes and their activity is additionally regulated by natural inhibitors [21].

Most antibodies for immunohistochemistry cannot distinguish between the acti-

vated, inactivated or pro-form of a protease [122]. In general, antibodies recognize

structural epitopes, not function.

Thus, RT-PCR, in situ hybridization and immunological methods may be suit-

able to localize or quantify the expression and production of proteases and their

inhibitors, but do not indicate the resulting matrix degrading activity.

Various chromogenic, fluorogenic and radioactive assays have been developed to

detect and quantify protease activity in tissue extracts [123–125]. Additionally, anti-

bodies can recognize neo-epitopes, e.g., on collagens or aggregacan, that are gener-

ated by their proteolytic cleavage. Several ELISA assays exploit the formation of

these specific neo-epitopes as an indicator for proteolytic activity (‘‘substrate cleav-
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age ELISAs’’) [126, 127]. The biological function of cryptic fragments and neo-

epitopes has been reviewed elsewhere [128, 129].

Gel enzymography – also referred as substrate zymography – [130] and reverse

enzymography [42] offer a way to analyze the activities of MMPs and TIMPs in

complex biological samples. Enzymography can detect both the proenzyme and

the active MMP. In short, zymography involves gel SDS electrophoresis of samples

under nonreducing conditions. Protease substrates such as gelatin or casein are in-

corporated in the gel and retained during electrophoresis. After SDS is removed

from the gel by washing, MMPs refold, regain their activity and digest the sub-

strate incorporated in the gel. By staining the gel, usually with Coomassie Blue,

proteolytic activity is evident as an unstained band at the corresponding weight of

the protease.

One advantage of gel enzymography is the activation of proenzymes after elec-

trophoresis, which enables convenient quantification of the ratio of pro-MMPs to

overall activated MMPs. It is, however, impossible to assess net MMP activity

in situ with this technique, as MMP-TIMP complexes are separated upon electro-

phoresis.

As a modification of zymography, reverse zymography was developed to detect

protease inhibitors such as TIMPs [42]. After electrophoresis and washing, the gel

is either incubated in conditioned media, containing soluble proteases, or pro-

teases were added to the gel before polymerization. The activity of protease inhibi-

tors is visualized by Coomassie Blue staining. The result is a dark band, consisting

of partially undegraded substrate protected from proteolysis in the presence of the

inhibitor.

Summarizing, the above assays can determine net MMP activity, but there are

numerous limitations regarding the quantification of the endogenous and local

balance of specific matrix degrading activity and inhibition in situ. Most assays can-

not distinguish between different enzymes, as most ECM-cleaving proteases have

broadly overlapping substrates. Preparation of sample extracts precludes, further-

more, the localization of enzyme activity and real-time quantification. Also, tissue

homogenization leads to artificial interactions of inhibitors and proteases that were

located within different compartments in tissues and cells. Functionally important,

high local proteolytic activity that is only present in a small proportion of a tissue

section (i.e., tumor–stroma interface) might be underestimated or not be recog-

nized after dilution in the entire tissue extract upon homogenization (Fig. 11.3, to-

tal versus local activity).

11.3.1

Functional Detection of Local Proteolytic Activity by In Situ Zymography

In situ zymography (ISZ) overcomes some of the limitations of conventional zy-

mography and other biochemical assays. It enables both localization and estima-

tion of net MMP activity in tissue sections, and preserves sample histology.
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The method has undergone innumerable modifications and adaptations, but the

basic principle remains unchanged. In short, ISZ can be seen as an adaptation of

zymography to frozen tissue sections. Sections are placed on a surface coated with

a protease substrate (e.g. gelatin on microscope slides). After incubation and wash-

ing, uncleaved substrate is detected by protein staining of the coating. Proteolytic

activity results in unstained spots. The most commonly used techniques today are

either photographic emulsion-based or fluorescence-labeled substrate-based ISZ

[122, 125]. Photographic emulsion ISZ utilizes the effect of gelatin to release a

thiol group containing propeptide upon cleavage. This thiol group induces a struc-

tural change in colloidal silver, which results in a change of color. In fluorescence-

labeled substrate-based ISZ, thin coatings of fluorescence-labeled substrates indi-

cate proteolytic activity by local loss of fluorescence after proteolytic cleavage.

ISZ has almost exclusively been used for the localization of MMP activities, espe-

cially the gelatinases (MMP-2 and MMP-9), although it can be adjusted to virtually

any protease group. Most studies that employ ISZ used complementary techniques

to provide accurate insights into the function of a specific protease. Several of these

studies confirmed that proteolytic activity was not restricted to the tumor cells, but

could also be found in the stroma surrounding the tumor [131, 132], stressing

once more the regulatory function of tumor–host interaction for invasion and me-

tastasis.

Although ISZ and related techniques can localize even subtle increases of pro-

teolytic activity and enable one to assess the balance between activated proteases

and inhibitors, only three to four levels of proteolytic activity can be classified

for quantification purposes [131, 133]. It can be concluded that ISZ is a semi-

quantitative method for the detection of local proteolytic activity and acts as a com-

plement to, but does not replace, gel zymography and other biochemical assay

methods (Fig. 11.3). However, the major disadvantage of ISZ is the restriction of

its application to excised specimen after invasive procedures, which greatly limits

its application for any screening purpose or early diagnosis of cancer.

11.3.2

Tumor Cell Invasion Assays

The ability of cancer cells to invade the surrounding stromal microenvironment

and breach formerly restrictive basement membrane boundaries is a defining step

in tumor progression and a hallmark in the development of the metastatic pheno-

type (reviewed in Ref. [1]). Invasion is a complex, multifactorial event, that requires

directed migration and proteolytic activity to degrade extracellular matrix barriers

(reviewed in Refs. [134–136]). Diverse in vitro assays have been developed to simu-

late in vivo conditions and understand key regulators of this process. Most experi-

mental setups are variations of a modified Boyden chamber assay, introduced in

1987 by Albini and colleagues [137]. The original assay, published by Boyden 1962

for the analysis of leukocyte chemotaxis, is based on a chamber of two medium-

filled compartments, separated by a microfilter membrane [138]. In general, cells
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migrate from the upper medium compartment through the pores of the filter

membrane to the lower medium compartment, which contains chemotactic

agents. At the end of the assay the number of cells that have migrated to the lower

side of the membrane is determined by fixation and staining of the membrane.

For tumor cell invasion assays, the filter membrane is coated with an ECM

preparation – most commonly matrigel – to resemble the basement membrane.

NIH 3T3 conditioned media or FCS is usually used as a chemoattractant to stimu-

late directed migration [139–141].

In all these assays, invasion is not only dependent on local proteolytic activity,

but also on matrix composition [142, 143], the ability of the cells to adhere and de-

tach from this matrix [144–146], and the resulting and intrinsic ability of these

cells to migrate [147] (reviewed in Refs. [135, 148, 149]).

11.3.2.1 Electrical Resistance Breakdown Assay

In addition to protease substrate based assay systems, local proteolytic activity can

be quantified by an innovative, electrophysiological and indicator cell based assay.

The electrical resistance breakdown assay offers a complex but stable cell based

model system for the dynamic quantification of tumor cell-associated local proteo-

lytic activity, cancer cell invasiveness and the investigation of basic mechanisms in

this process. The system can be used for large and even heterogeneous tumor cell

populations from primary tumor cultures and cell lines.

Setups, application and the theoretical background of this assay have been de-

scribed elsewhere in detail [150–155].

11.3.3

In vivo Detection of Proteolytic Activity

The early detection of small primary tumors is still the most promising method

to improve cancer survival rates and represents the working basis for extensive

screening programs of common tumors. Several high-affinity substances targeted

against tumor associated markers or angiogenesis have been used to detect solid

tumors in animal models and clinical trials. The targeting of tumors by functional

imaging with sufficient sensitivity and specificity is a diagnostic challenge. The

limiting factor is the tumor-to-background ratio, which results from the lack of spe-

cific processes exclusively found in tumors.

There has been a major drive to design biocompatible probes for in vivo detec-

tion and imaging of cancer cells. The rationale of this approach is based on the

specific binding of easily detectable molecules to proteins that are predominantly

expressed by tumor cells.

The development of protease activated near-infrared fluorescent (NIRF) probes

has been a huge step towards the functional imaging of tumors. The increased

and localized proteolytic activity in invading cancer cells is exploited by these small,

synthetic substrates. Optically quenched NIRF probes generate a strong NIRF

signal after enzymatic cleavage, and have proved capable of detecting and imag-

ing differential protease expression in nude mice in vivo. For example, protease
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specific NIRF probes were designed to be either activated by cathepsin-B [156] or

cathepsin-D [157]. Tissue studies of breast cancer patients link aggressive tumor

behavior and high expression levels of these proteases [158, 159].

In principle, NIRF probes seem to have the potential to evolve to a functional

method for protease activity monitoring in clinical applications and MMPI trials.

The feasibility of this approach has already been demonstrated by direct imaging

of MMP-2 activity in response to an MMPI (prinomastat) in a nude mice model

[160].

Despite the achievements of NIRF probes in detecting proteolytic activity, small

synthetic substrates do not resemble complex protease–ECM interactions. The

cleavage of a synthetic substrate by a single protease or protease group does not

imply functional relevance of this activity for the heterogeneous ECM micromilieu

that surrounds a tumor cell. At present, it is not possible with this technique to re-

late the detected proteolytic activity to the net ability of living tumor cells to digest

specific, local ECM compositions (Fig. 11.7 below) in situ.

11.3.4

Multiphoton Microscopy and Second-harmonic Generation

Multiphoton microscopy (MPM) has become a preferred fluorescence imaging

technique for in vivo studies, due to its ability to image processes deep within liv-

ing tissues and its extremely low out of focal plane excitation. In standard fluores-

cence microscopy, a single photon causes excitation of a fluorescent dye. Multipho-

ton microscopy (MPM) is based on the simultaneous absorption of multiple low

energy photons to evoke an electronic transition that is equivalent to the absorption

of one single high-energy photon. For example, the simultaneous absorption of

two red photons (two-photon excited fluorescence) can cause an excitation that is

usually caused by a single photon in the range of UV-light. Multiphoton excitation

occurs only at the beam focus.

Without using dyes, intrinsic signals of molecules can be utilized for coherent

nonlinear photon microscopic techniques, such as second-harmonic generation

(SHG) imaging microscopy. Processes like SHG are based on photon scattering

rather than photon absorption. With SHG, the first order hyperpolarizability of a

sample enables two incident photons of a given wavelength to scatter coherently

and produce a photon of half the wavelength (twice the energy). In fluorescence

microscopy a proportion of the excitation energy is lost during relaxation of the ex-

cited state. Other than this, SHG involves neither excitation of molecules nor ab-

sorption of energy. Hence, it shows no photobleaching and theoretically no photo-

toxicity. SHG does not need exogenous dyes, but is confined to sources that lack a

center of symmetry. Higher-ordered structures in biological specimen such as my-

osin, collagen, and microtubules fulfill this requirement.

MPM and SHG are noninvasive techniques that can be used to image cancer cell

induced ECM remodeling, as they permit three-dimensional (3D) reconstruction

and investigation of tissues [161], ECM morphology [162], cell metabolism [163]

and tumors [164] in vivo.
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The full theory of SHG and multiphoton microscopy and their application in bi-

ological systems are beyond the scope of this chapter, but have been thoroughly

reviewed elsewhere [163, 165–169].

11.3.5

In vitro Detection of Local Proteolytic Activity by Labeled Substrates

Although detection of proteolytic activity on the subcellular level is not feasible by

in situ zymography, the thin fluorescence labeled substrate coatings can be utilized

to detect and image local proteolytic activity in the microenvironment of cells

under tissue culture conditions (Fig. 11.4). The method was developed to detect

focal, proteolytic ECM degradation below cells [170], and facilitated functional in-

vestigation of the regulation of proteolytic activity at invadopodia. It was used, for

example, to demonstrate that invadopodial docking of MT-MMP1 is dependent on

its transmembrane and cytoplasmic domain [89]. Overexpression of MT-MMP1

without invadopodial localization failed in these experiments to initiate ECM deg-

radation [89]. A similar experimental setup proved the ability of integrins to direct

proteases to sites of invasion, which gave further insights in the connection be-

tween integrins, adhesion and proteolysis [171]. Furthermore, fluorescence labeled

protease substrates were used to localize local matrix degradation in the micro-

environment of melanoma cells in a combined setup of fluorescence microscopy

and atomic-force microscopy [172].

Instead of detecting proteolysis by loss of fluorescence, intramolecularly

quenched substrates can be used. Cleavage causes an increase of fluorescence

emission in these substrates. Results from functional imaging of proteolytic activ-

ity in living cells with quenched substrates supported the previously suggested

functional importance of intracellular protease activity for matrix degradation

[173]. Studies with DQ-collagen IV confirmed that proteolysis of ECM proteins oc-

curs, for example, intracellularly in glioma [174] and breast cancer cells [175]. In

addition to the described applications, ‘‘quenched substrates’’ offer crucial advan-

tages for imaging of proteolytic activity within 3D matrix systems [176].

11.4

Novel Approaches to Local Proteolytic Activity

Atomic-force microscopy offers an interesting and novel approach for high-

resolution imaging and nanoscale quantification of local proteolytic activity in the

microenvironment of live cancer cells [172]. By moving a fine tip across the sam-

ple, the AFM detects height changes and produces a 3D image of surface topogra-

phy (Fig. 11.5). The atomic-force microscope (AFM) was developed by Binnig and

coworkers [177], and evolved from the scanning tunneling microscope (STM)

[178].

The possibility of scanning native biological samples (i.e., live cells) under phys-

iological conditions – that means in most cases in liquid at 37 �C – opened up a
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whole new perspective for biological, medical and biomaterial research. STM was

the first instrument to generate real-space images of surfaces with atomic resolu-

tion, but was initially unable to image in fluids or scan non-conducting biological

samples [179].

Since that time, AFM has become a rapidly emerging technique in biomedical

research (e.g. Fig. 11.6). A wide range of biological samples have been successfully

studied under native conditions with the AFM, ranging from proteins incorporated

in artificial [180] and native lipid bilayers [181], to whole cells, their mechanical

properties, subcellular structures and dynamic changes [151, 182–185].

Nanoscale images of, and structural insights into, the ECM have been obtained

by AFM. It was used for example to investigate the interaction of basement mem-

brane macromolecules [186], the surface ultrastructure of collagen fibrils and their

association in human cornea and sclera [187], the assembly mechanism of fibrous

long spacing collagen [188], the substructure of native, hydrated rat tail tendon

ECM [189] and imaging of collagen III polymerization in solution [190]. Among

Fig. 11.5. Schematic setup for atomic-force

microscopy. AFM utilizes the deflection of a

thin silicon nitride spring with a fine probe at

its end to reconstruct a 3D topographical map

of sample surfaces (here native rat tail tendon

in fluid). A laser beam is focused at the end of

the triangular spring. Deflection of the spring

is registered by a photo detector (hair cross on

left-hand side). A feedback loop couples the

photo detector to a piezo tube at the other

end of the silicon spring (not shown). The

corresponding height is calculated from the

physical constants of the piezo-crystal and the

voltage that must be applied to it to bring the

laser beam back into the center of the photo

detector. The AFM tip is moved line wise

(horizontal arrow) across the sample to collect

x, y and z data.
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various other applications, AFM was used to examine the structure of single colla-

gen XVI molecules on mica [191].

AFM of normal human skin basement membrane preparations [192] displays

the structural diversity of different fibrillar networks and the close meshed, under-

lying laminin-collagen IV net. Imaging of ECM compositions illustrates the high

spatial resolution of the AFM in biological samples (Fig. 11.7).

The ability of the AFM to image ECM-components with high resolution has

been exploited in an investigation of protease–substrate interactions in vitro. For
example, Sun et al. have revealed by AFM the existence of several non-specific

Fig. 11.6. Nanoscale imaging of local

proteolytic activity by atomic-force microscopy.

The image displays the leading edge of a

melanoma cell on a gelatin-coated coverslip

(principles shown in Figs. 11.4 and 11.5).

By stepwise reduction of the scanned

matrix area, the AFM tip is directed to the

pericellular microenvironment of the tumor

cell (right) and distant control areas (left).

Images of pericellular gelatin (right) illustrate

the decrease in size and frequency of larger

protein structures compared to intact matrix

(arrows in left-hand image). These

morphometric alterations can automatically be

quantified with the AFM software.
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binding sites for MMP-8 on single type II collagen helices, but only one specific

cleavage site for this enzyme [193]. Lin and colleagues demonstrated AFM imaging

of real-time proteolysis of single collagen I molecules in fluid [194].

AFM was used alone and in combination with fluorescence microscopy for

imaging of local proteolytic activity in the pericellular microenvironment of cancer

cells (Figs. 11.2 and 11.4) [172]. Amelanotic melanoma cells were seeded on thin

coatings of fluorescence-labeled gelatin or collagen IV (setup comparable to Fig.

11.4). Local loss of fluorescence due to ECM protein cleavage was used for fluores-

cence microscopic detection of proteolysis and localizing the AFM tip, and served

as a positive control. Additional experiments proved that fluorescence microscopy

Fig. 11.7. 3D reconstruction of AFM images

of normal human skin preparations, enriched

in basement membranes. The images depict

the molecular diversity and complexity of

native ECM compositions. (a) Larger scale

magnification; (b) collagen-IV/laminin-V

network with typical collagen IV conformations.

Arrows: NC-1 domains of collagen IV. (c)

Macromolecules such as fibrillin can be

identified by their structure.
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is not a prerequisite for this approach, as AFM imaging of pericellular matrix is

sufficient to detect proteolysis on a subcellular level. As the AFM acquires primar-

ily x-, y- and z-data during scanning, it is very easy to calculate and analyze differ-

ences in height and volume of subnanometer structures. AFM depicted significant

differences in average height, volume and molecular weight distribution of pericel-

lular matrix proteins between the microenvironment of invasive cancer cells and

distant control areas [172]. By treating it as the segment of a sphere, the molecular

weight of a protein imaged by AFM can be calculated from the molecular volume

of the structure. In these experiments, the AFM registered significant changes in

average matrix volume as little as 0.003 fl mm�2 and decreases in average height

of less than 0.5 nm. By focusing on the complex composition of ECM, the possibil-

ity of time lapse AFM of primary tumor cell cultures on native human basement

membranes is currently being evaluated (Fig. 11.7).

In summary, the AFM can image and quantify nanoscale ECM alterations in the

microenvironment of cancer cells. Considering that direct measurement of local

proteolytic activity and high-resolution imaging of ECM remodeling have proven

difficult, this method is particularly advantageous as it enables nanoscale resolu-

tion and functional investigations on the subcellular level.

The advantages of AFM as a rapidly evolving nanotechnique for functional high

resolution imaging under physiological conditions are striking, as it can provide

functional data in addition to 3D nanoscale images of local phenomena. Current

advances in making the AFM a high-resolution tool for simultaneous topography

and specific functional recognition imaging of single molecules (‘‘molecular recog-

nition’’) like integrins or cellular microdomains such as lipid rafts opens up inter-

esting perspectives [93, 195]. Furthermore, physical parameters such as cell trac-

tion, elasticity of membrane compartments and ECM compositions or the binding

forces of ligand–receptor complexes can be quantified with nanoscale resolution

and integrated in the molecular recognition maps.

11.5

Conclusions and Perspectives

The most devastating process in cancer is metastasis, as it represents the milestone

of an irreversible stage of progression that inevitably determines disease prognosis.

Regardless of the advancement of therapies for cancer that has already spread, the

early diagnosis and removal of the malignancy is still the most promising strategy.

The limitations of conventional state of the art methods offer unique opportunities

for innovative, nanotechnology based approaches. The development of improved

methods that enable real-time high-resolution imaging and quantification of local

enzymatic activities will play a major role in the design of new drugs and the un-

derstanding of basic principles in tumor cell invasion. These methods themselves

harbor the potential to contribute directly to patient benefits due to earlier diagno-

sis of malignancies and functional monitoring following clinical interventions.
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Preface

As we come closer to the completion of the ten-volume series on Nanotechnologies
for the Life Sciences, I am reminded of a statement by the great scientist Arthur C

Clarke who said: ‘‘Any sufficiently advanced technology is indistinguishable from

magic.’’ This statement is particularly true in molecular biosensing based on nano-

materials where the detection limits are ‘magically’ becoming smaller and smaller,

even reaching zeptomolar concentrations in addition to opening up possibilities for

ultra-sensitive multiplexed detection. Thanks to the development of novel concepts

such as bio-bar-code assays, nanomaterials-based companies are revolutionizing

the commercialization of molecular diagnostics at breathtaking speeds. Therefore,

on behalf of a great team of nano researchers who have been involved in the devel-

opment of nanomaterials for biosensing and particularly those who have contrib-

uted to this specific volume, I am pleased to introduce you the 8th volume of the

series, Nanomaterials for Biosensors. We have come a long way in our journey since

the publication of the first volume of the series, Biofunctionalization of Nanomate-
rials, into bringing the existing knowledge base of applications of nanotechnologies

in biology, biotechnology and medicine on a single platform. The eigth volume has

thirteen chapters covering various aspects of biomolecular sensing using a variety

of nanomaterials such as carbon nanotubes, nanowires, nanocantilevers, fuller-

enes, denrimers in addition to metallic and quantum dot nanoparticles. The most

exciting and unique aspect of the book is that it deals with the utilization of nano-

materials not only for enhancing the capabilities in conventional biosensing plat-

forms, but also brings out newer approaches such as biomimetic and reagent-less

biosensing.

The first four chapters of the book are dedicated to various modes of bio-

sensing using carbon-based nanomaterials. The first chapter by Padmakar D.

Kichambare and Alexander Star from the University of Pittsburgh, USA, provides

an overview of recent advances in biodetection using single-walled carbon nano-

tube field-effect transistors (NTFETs) focusing primarily on fabrication of NTFET

devices and how carbon nanotubes can be effectively integrated into conventional

electronics for biosensor applications, for example, antibody–antigen interactions,

DNA hybridization, glucose detection and enzymatic reactions. The chapter enti-

tled Biosensing using Carbon Nanotube Field-effect Transistors provides a promising

outlook for novel sensing applications of carbon nanotubes in living systems as

XV



well as new opportunities for CNT-based bioelectronics. In addition to the utility of

CNTs as field effect transistors, they can also be used as material of construction as

nanoelectrodes, which can be utilized as electrochemical sensing systems. The sec-

ond chapter, Carbon Nanotube-based Sensors, contributed by Jian-Shan Ye and Fwu-

Shan Sheu from the National University of Singapore, brings out the importance

of various methods utilized for preparing CNT electrodes and different ways to

functionalize them for biosensing applications. Particularly interesting in this

chapter is the discussion on mechanistic aspects of electrocatalysis by CNTs. The

chapter will be very useful for those who are interested in exploiting the electro-

chemistry of CNTs in molecular diagnostics. Though CNTs are the most well-stud-

ied amongst one-dimensional nanomaterials, there are a considerable number of

research investigations into exploiting the potential of other 1D nanomaterials

like semiconducting nanowires and cantilevers. The third chapter, therefore, is a

comprehensive review on silicon nanowires, conducting polymer nanowires, metal

oxide nanowires, and nanocantilevers with reference to carbon nanotubes. The

chapter, Nanotubes, Nanowires, and Nanocantilevers in Biosensor Development, con-
tributed by Jun Wang, Guodong Liu, and Yuehe Lin from Pacific Northwest

National Laboratory in Richland, USA, provides up to date information on the de-

velopment of 1D-nanomaterial-based biosensors. The fourth and final chapter on

carbon nanomaterials for biosensing is Fullerene-based Electrochemical Detection
Methods for Biosensing presented by Nikos Chaniotakis from the University of

Crete, Greece. Fullerenes have not received as much attention as CNTs as suitable

materials for biosensing, mainly because their physicochemical characteristics are

still not very well understood. However, the chapter provides a complete picture on

several possibilities for fullerenes to offer new and powerful tools as electrochemi-

cal biosensors especially in signal mediation, protein and enzyme functionaliza-

tion, and light-induced switching.

Nanomaterials also offer opportunities for ultra-sensitive biomolecular sensing

through their local field optical effects, which are several orders of magnitude

higher than the corresponding bulk effects. Optically active metallic and quantum

dot nanomaterials have opened up avenues for newer techniques such as local

surface plasmon resonance (LSPR), surface-enhanced Raman scattering (SERS),

surface-enhanced fluorescence (SEF), fluorescence resonance energy transfer

(FRET), time-resolved fluorimetry, and others. The next two chapters in the book

provide an overview of these technologies. The fifth chapter, Optical Biosensing
Based on Metal and Semiconductor Colloidal Nanocrystals by R. Comparelli, L. Curri,

P. D. Cozzoli, and M. Striccoli from the Italian National Research Council’s Insti-

tute of Physicochemical Processes of CNR in Bari, focuses in general on metal and

quantum dot-based optical biosensing, providing a comparative assessment of re-

cent developments categorized into various novel and/or improved optical techni-

ques with traditional methods. The sixth chapter is exclusively dedicated to optical

biosensing by quantum dots. Authors Rumiana Bakalova, Zhivko Zhelev, Hideki

Ohba, and Yoshinobu Baba from the AIST-Kyushu National Institute of Advanced

Science and Technology in Saga and Nagoya University, both in Japan, present an

overview on the current status and future trends of QD-based biosensor develop-
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ment. The chapter, Quantum Dot-based Nanobiohybrids for Fluorescent Detection of
Molecular and Cellular Biological Targets, covers not only the basic principles of

design and synthesis of highly fluorescent QDs, but also intricacies of in vitro and

in vivo cellular and deep-tissue imaging.

The utility of gold nanoparticles in optical biosensing is very well known and

already finding several commercial applications. However, the application of gold

nanomaterials’ capability as amperometric sensor is only recently being recognized

as very promising and powerful tools in bio-fluid or biomaterial investigations and

their associated clinical studies. The seventh chapter, Detection of Biological Materi-
als by Gold Nano-biosensor-based Electrochemical Methods, provides a review on gold

nanowire arrays and their utility as biosensors in bacterial detection. The authors,

Juan Jiang, Manju Basu, Sara Seggerson, Albert Miller, Michael Pugia, and Sub-

hash Basu from the university of Notre Dame in Indiana, USA, provides an in-

depth analysis of the application of electrochemical impedance spectroscopy (EIS)

in gold nanomaterial-based biosensing and demonstrates the technique’s potential

in clinical laboratories, environmental monitoring and the food industry to achieve

rapid and sensitive detection. Continuing on a similar theme related to electro-

chemical sensing but utilizing dendrimeric nanomaterials, authors Hak-Sung

Kim and Hyun C. Yoon from KAIST at Daejeon, Korea, cover various facets of

bioelectrocatalytic enzyme sensors in the eighth chapter. Dendrimer-based Electro-
chemical Detection Methods is a must for readers interested in the fabrication of

dendrimer-based biocompositemono-/multilayers and their biosensing applications.

Each of the last five chapters in the book brings out several fascinating facets of

nanomaterial-based biosensing very different from what we have seen so far in

the first eight chapters. The author of the ninth chapter, Coordination Biosensors:
Integrated Systems for Ultrasensitive Detection of Biomarkers, Joanne Yeh from the

University of Pittsburgh Medical School, USA, presents altogether a different

approach to biosensing, utilizing newer concepts to align the signal transduction

centers to enhance the kinetics of reactions leading to improved sensitivity of de-

tection. It has been observed that there is a direct electrochemical and catalytic

activity of many proteins at electrodes modified with various nanomaterials such

as TiO2, ZrO2, SiO2 , Fe3O4, metal nanoparticles and carbon nanotubes. In the

tenth chapter, the author Genxi Li from Nanjing University in China reviews the

literature to demonstrate that nanomaterials can not only provide a friendly plat-

form for the assembly of protein molecules but also enhance the electron-transfer

process between protein molecules and the electrode. The chapter entitled Protein-
based Biosensors using Nanomaterials brings out the advantages of combining pro-

teins and nanomaterials to develop sensitive biosensor elements. Proteins and

in general various nano-size structures in the field of life sciences provide testi-

mony to the endless possibilities and elegant applications in our day to day world.

Therefore, it is not very surprising that a new branch of science, ‘Biomimetics’, has

roots in a variety of scientific disciplines, and the field of biosensors is not an ex-

ception. In the eleventh chapter, authors Raz Jelinek and Sofiya Kolusheva from

Ben Gurion University of the Negev in Beer-Sheva, Israel, brings out the utility of

concepts and methodologies from the biological world into the laboratory. The
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chapter, Biomimetic Nanosensors, provides a broader perspective on bio-inspired de-

vices and applications related to nanomaterial-based biosensing.

As the title indicates, the twelfth chapter, Reagentless Biosensors Based on Nano-
particles, provides the readers with yet another novel concept in biosensing, where

sensing tools are being developed based on perturbation of nanoparticle properties,

without the need for reagents, in order to produce unique yet sensitive signals for

biomeoclecular sensing. The author, David Benson from Wayne State University

in Detroit, USA, provides a strong case for adaptation of reagentless concepts

that provide sensors that can be adapted to various detection platforms. The book

concludes with its thirteenth chapter, wherein the authors, Shohei Yamamura,

Sathuluri Ramachandra Rao, and Eiichi Tamiya from Japan Advanced Institute

of Science and Technology at Nomi, Japan, bring us closer to biosensing devices in-

corporating highly integrated microarray systems that can perform assays at pico-

and nano-liter volume level. In this chapter, Pico/Nanoliter Chamber Array Chips for
Single-cell, DNA and Protein Analyses, the authors discuss three very important

topics – novel multiplexed PCR, cell-free protein synthesis, and high-throughput

single-cell analysis systems using nanolitre microarray platforms.

Nanotechnology embodies the spirit of interdisciplinary approaches and teams. I

am, therefore, very grateful to all the authors who have shared my enthusiasm and

vision by contributing high-quality manuscripts keeping in tune with the theme of

this volume. It is primarily due to their scholarly contributions that this book

comes into existence. I am thankful to my employer, the Center for Advanced Mi-

crostructures and Devices (CAMD), for providing me with an opportunity to under-

take this enormous project. No words can express the understanding of my family,

friends, mentors and most importantly the readers who are now an integral part of

my existence and continue to shape my life and I am indebted to them. Finally,

Wiley-VCH publishers have done a remarkable job and I am grateful for their

support.

September 2006 Challa S. S. R. Kumar
Baton Rouge
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1

Biosensing using Carbon Nanotube Field-effect

Transistors

Padmakar D. Kichambare and Alexander Star

1.1

Overview

This chapter covers recent advances in biodetection using single-walled carbon

nanotube field-effect transistors (NTFETs). In particular, we describe fabrication of

NTFET devices and their application for electronic detection of biomolecules. A

typical NTFET fabrication process consists of combination of chemical vapor depo-

sition (CVD) and complementary metal oxide semiconductor (CMOS) processes.

The NTFET devices have electronic properties comparable to traditional metal

oxide semiconductor field-effect transistors (MOSFETs) and readily respond to

changes in the chemical environment, enabling a direct and reliable pathway for

detection of biomolecules with extreme sensitivity and selectivity. We address the

challenges in effective integration of carbon nanotubes into conventional electron-

ics for biosensor applications. We also discuss in detail recent applications of

NTFETs for label-free electronic detection of antibody–antigen interactions, DNA

hybridization, and enzymatic reactions.

1.2

Introduction

The interplay between nanomaterials and biological systems forms an emerging

research field of broad importance. In particular, novel biosensors based on

nanomaterials have received considerable attention [1–4]. Integration of one-

dimensional (1D) nanomaterials, such as nanowires, into electric devices offers

substantial advantages for the detection of biological species and has significant

advantages over the conventional optical biodetection methods [5]. The first advan-

tage is related to size compatibility: Electronic circuits in which the component

parts are comparable in size to biological entities ensure appropriate size compati-

bility between the detector and the detected biological species. The second advan-

tage to developing nanomaterial based electronic detection is that most biological

processes involve electrostatic interactions and charge transfer, which are directly

1



detected by electronic nanocircuits. Nanowire-based electronic devices, therefore,

eventually integrate the biology and electronics into a common platform suitable

for electronic control and biological sensing as well as bioelectronically driven

nanoassembly [6].

One promising approach for the direct electrical detection of biomolecules uses

nanowires configured as field-effect transistors (FETs). FETs readily change their

conductance upon binding of charged target biomolecules to their receptor linked

to the device surfaces. For example, recent studies by Lieber’s group have demon-

strated the use of silicon nanowire FETs for detecting proteins [7], DNA hybrids

[8], and viruses [9]. This biodetection approach may allow in principle selective de-

tection at a single particle levels [10, 11]. Nanowires hold the possibility of very

high sensitivity detection owing to the depletion or accumulation of charge car-

riers, which are caused by binding of a charged biomolecules at the surface. This

surface binding can affect the entire cross-sectional conduction pathway of these

nanostructures. For some nanowires, such as hollow carbon nanotubes, every

atom is on the surface and exposed to the environment; even small changes in

the charge environment can drastically change their electrical properties. Thus,

among different nanomaterials, carbon nanotubes have a great potential for

biosensing.

Among numerous applications of carbon nanotubes [12–14], carbon nanotube

based sensing technology is rapidly emerging into an independent research field.

As for any new research field, there is no yet consensus in the literature about the

exact sensing mechanism. In this chapter, in addition to selected examples of

carbon nanotube based sensors, we address the controversial carbon nanotube

sensing mechanism.

To date, sensor applications of carbon nanotubes have been summarized and

discussed in several excellent review articles [15–17], which primarily focus on

carbon nanotube based electrochemical sensors. This chapter covers only recent

advances in biodetection using carbon nanotube field-effect transistors (NTFETs).

It is divided into two large sections: NTFET fabrication and their sensor applica-

tions. Section 1.3 gives a detailed description of NTFET device structure, its fabri-

cation method and introduces device characteristics. This section also addresses

technical challenges in effective integration of carbon nanotubes into CMOS elec-

tronics. Section 1.4, which focuses on sensor applications of NTFETs, is divided

into several subsections. Before discussing NTFET application for biological detec-

tion we describe the effect of environmental conditions on NTFET device character-

istics. We give selected examples of NTFET sensitivity for small molecules, mobile

ions, and water (relative humidity). The effect of these factors should be well

understood before NTFET biodetection is reviewed. We also briefly describe the

operation of NTFETs in conducting media, which is particularly important for bio-

sensor applications. Then we briefly summarize interactions of carbon nanotubes

with biomolecules (e.g., polysaccharides, DNA and proteins) to set a stage for the

subsequent subsections that describe in great details recent applications of NTFETs

for label-free electronic detection of proteins, antibody–antigen interactions, DNA

hybridization, and enzymatic reactions.
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1.3

Carbon Nanotube Field-effect Transistors (NTFETs)

1.3.1

Carbon Nanotubes

Since their discovery by Iijima over a decade ago [18], interest in carbon nanotubes

has grown considerably [19]. Recent advances in the synthesis and purification of

carbon nanotubes have turned them into commercially available materials. Subse-

quently, several experiments have been undertaken to study the physical and elec-

trical properties of carbon nanotubes on the individual and macroscopic scale [20–

23]. On the macroscopic scale, spectroscopic and optical absorption measurements

have been carried out to test the purity of the carbon nanotubes [24, 25]. For elec-

tronic transport measurements it is particularly interesting to perform experiments

on isolated, individual carbon nanotubes. The properties of carbon nanotubes de-

pend strongly on physical aspects such as their diameter, length, and presence of

residual catalyst [12]. The properties measured from a large quantity of nanotubes

could be an average of all nanotubes in the sample, so that the unique character-

istics of individual carbon nanotubes could be shadowed. Experiments on individ-

ual nanotubes are very challenging due to their small size, which prohibits the

application of well-established testing techniques. Moreover, their small size also

makes their manipulation rather difficult. Specialized techniques are needed to

mount or grow an individual carbon nanotube on the electrode with sub-micron

precision.

Carbon nanotubes are hollow cylinders made of sheets of carbon atoms and

can be divided into single-walled carbon nanotubes (SWNTs) and multi-walled car-

bon nanotubes (MWNTs). SWNTs possess a cylindrical nanostructure with a high

aspect ratio, formed by rolling up a single graphite sheet into a tube (Fig. 1.1).

SWNTs are, typically, a few nanometers in diameter and up to several microns

long. MWNTs consist of several layers of graphene cylinders that are concentrically

nested like rings of a tree trunk, with an interlayer spacing of 3.4 Å [26]. Because of

their unique properties, carbon nanotubes have become a material that has gener-

ated substantial interest on nanoelectronic devices and nanosensors [27, 28]. These

properties are largely dependent upon physical aspects such as diameter, length,

presence of catalyst and chirality. For example, SWNT can be metallic or semicon-

ducting, depending upon the intrinsic band gap and helicity [29]. Semiconducting

SWNTs can be used to fabricate FET devices, as demonstrated by Dekker and co-

workers [30]. In addition, semiconducting SWNTs exhibit significant conductance

changes in response to the physisorption of different gases [24, 31, 32]. Therefore,

SWNT-based nanosensors can be fabricated based on FET layout, where the solid-

state gate is replaced by adsorbed molecules that modulate the nanotube conduc-

tance [33]. Since semiconducting SWNTs have a very high mobility and, because

all their atoms are located at the surface, they are the perfect nanomaterial for sen-

sors. These sensors offer several advantages for the detection of biological species.

First, carbon nanotubes form the conducting channel in a transistor configura-
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tion. Second, the nanotubes are typically located on the surface of the supporting

substrate and are in direct contact with the environment. This device geometry

contrasts with traditional metal oxide semiconductor field-effect transistors

(MOSFETs) where the conducting channel is buried in the bulk material in which

the depletion layer is formed. Lastly, all of the electrical current flows at the surface

of nanotubes. All these remarkable characteristics lead to a FET device configura-

tion that is extremely sensitive to minute variations in the surrounding environ-

ment.

1.3.2

Nanotube Synthesis

Several synthesis methods are used to produce carbon nanotubes [34]. The three

most commonly used methods are the arc discharge, laser ablation, and chemical

vapor deposition (CVD) techniques. While the arc and laser methods can produce

large quantities of carbon nanotubes they lead to resilient contaminants, including

pyrolytic and amorphous carbon [35, 36], which are difficult to remove from the

sample. Such impurities result in low recovery yield for the carbon nanotube prod-

uct. However, recent advances in scaling up these methods, as well as development

new fabrication methods such as high pressure carbon monoxide (HiPCO), have

created commercial supplies of carbon nanotubes with more than 90% purity

with competitive prices. In contrast, the less scalable CVD process offers the best

chance of obtaining controllable routes for the selective production of carbon nano-

tubes with defined properties [37]. CVD is catalytically driven, wherein a metal cat-

alyst is used in conjunction with the thermal decomposition of hydrocarbon feed-

stock gases to produce carbon nanotubes. In most cases, the resultant growth of

nanotubes occurs on a fixed substrate within the process. Figure 1.2 illustrates a

typical CVD process for the generation of SWNTs. SWNTs are synthesized by the

Fig. 1.1. A seamlessly rolled-up single

graphite sheet forms a single-walled carbon

nanotube (SWNT). SWNTs are, typically, a few

nanometers in diameter and up to several

micrometers long. They can be either metallic

or semiconducting, depending on their helicity

and diameter. Semiconducting SWNTs are

used for the fabrication of nanotube field-effect

transistors (NTFETs). (Adapted with

permission from Ref. [4], 8 Wiley-VCH Verlag).
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reaction of a hydrocarbon (e.g., CH4) vapor over a dispersed Fe catalyst. The syn-

thesis apparatus consists of a quartz tube reactor inside a combined preheater and

furnace set-up. The preheat section is operated at@200 �C. The catalysts are depos-

ited and then hydrocarbon vapors are carried into the reaction zone of the furnace.

An Ar/(10%)-H2 carrier gas is used that controls the partial pressure inside the

quartz tube reactor. Reaction temperatures are typically in the range 900–1000 �C.

The SWNTs grow on the substrates (Fig. 1.3) and form thick mats that are readily

harvested. This process produces highly pure SWNTs at a yield approaching 50%

conversion of all hydrocarbon feedstock into carbon nanotube product. Similarly,

a CVD processes sometimes utilize a feed of hydrocarbon-catalyst liquid for the

production of nanotubes, and for this purpose a syringe pump is used to allow

the continuous injection of this solution into a preheat section. Various gaseous

feed-stocks are used to produce nanotubes, ranging from CH4 to C2H2. A wide

range of transition metals and rare earth promoters have been investigated for the

synthesis of SWNTs by CVD. In general, a transition metal is the major compo-

nent in the catalyst particles used regardless of the catalyst support. The most com-

mon metals found to be successful in the growth of SWNTs are Fe, Co, and Ni [38,

39]. However, bimetallic catalysts consisting of Fe/Ni, Co/Ni, or Co/Pt [40] are re-

Fig. 1.2. Schematic of a chemical vapor deposition (CVD)

reactor that uses a two-zone furnace. Carbon nanotubes grow

on the substrate placed inside the quartz tube. (Reprinted with

permission from Ref. [34], 8 2001, CRC Press).

Fig. 1.3. Transmission electron microscopy (TEM) image of an

SWNT synthesized by chemical vapor deposition (CVD).

(Reprinted with permission from Ref. [37], 8 2001, The

American Chemical Society).
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ported to give the best yield of nanotubes, in addition to some rare earth metals

that have also been studied [41].

Despite challenges, the understanding the growth mechanism of SWNTs is cru-

cial for, ultimately, tailoring the production of SWNTs with known lengths, diame-

ters, helical structures and placement of SWNTs at the desired location. Presently,

efforts are underway to understand the mechanism of catalytic growth of SWNTs

on surfaces and the role of impurities and to increase nanotube yield by varying

the substrate, catalyst, and growth conditions [42]. Directional growth of SWNTs

has been achieved by electric fields [43, 44], gas flow [45], lattice directions [46],

and atomic steps [47].

1.3.3

Fabrication of NTFETs

To date carbon nanotubes have been used to fabricate various devices, including

nanotube-based mechanical devices [48] and field emission devices [13]. This sec-

tion focuses specifically on fabrication of carbon nanotube field-effect transistors

(NTFETs). Figure 1.4(a) shows a schematic drawing of NTFET. A semiconducting

carbon nanotube is contacted by source and drain electrodes while the gate elec-

Fig. 1.4. (a) Schematic representation of a

nanotube field-effect transistor (NTFET) device

with a semiconducting SWNT contacted by two

Ti/Au electrodes, representing the source (S)

and the drain (D) with a Si back gate

separated by a SiO2 insulating layer in a

transistor-configured circuit. (b) Atomic force

microscopy (AFM) image of a typical NTFET

device consisting of a single semiconducting

SWNT. (c) Scanning electron microscopy

(SEM) image of a typical NTFET device

consisting of a random array of carbon

nanotubes. (d) Typical NTFET transfer

characteristic – dependence of the source-drain

conductance (GSD) on the gate voltage (VG) –

(i) maximum conductance, (ii) modulation,

(iii) transconductance, (iv) hysteresis, and (v)

threshold voltage.
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trode, which is electrically insulated from the nanotube channel, is used to manip-

ulate the nanotube’s conductivity. Depending on the particular method of nano-

tube fabrication, a NTFET can be structured in different ways [49]. However, most

publications on nanotube transistors report the use of a degenerately doped Si-

substrate with a comparatively thick (100–500 nm) thermally grown oxide layer

[30, 50–53]. Silicon substrates are readily available and can be used with both

bulk-produced nanotubes and nanotubes grown directly on the Si-substrate by

CVD. If doped highly, the Si substrate stays conductive even at low temperatures,

making it usable as a so-called back-gate with the SiO2 as a stable, if low-k, gate

dielectric. Bulk produced nanotubes (laser ablation [54] or HiPCO [55]) are usually

purified and deposited onto Si substrates by suspending them in organic solvents

(e.g., chloroform, dichloroethane, etc.) and then spin-coating or drop casting on the

substrates. In this approach the nanotubes create a random network over the sub-

strate surface. Alignment of the nanotubes is possible, if an AC dielectric field is

applied during deposition [56]. Generally, two different configurations of NTFETs,

regarding source and drain contacts, are possible. By patterning the contacts before

nanotube deposition [30] one can contact nanotubes in bulk, whereas by deposit-

ing the contacts onto the nanotubes one contacts only the ends of nanotubes [57],

because depositing contact material on top of the nanotube normally destroys the

nanotubes underneath the contacts. The second configuration usually guarantees

a lower contact resistance than what is achievable in bulk-contacted devices

[58]. Room temperature NTFET manufacturing methods, while compatible with

CMOS, are limited by ability to disperse effectively carbon nanotubes in the solu-

tion and deposit them without further aggregation on device surfaces [59]. Nano-

tube bundle formation may decrease the semiconducting character of NTFET due

to the occasional presence of nanotube bundles containing metallic nanotubes.

For CVD grown carbon nanotubes metal contacts are deposited onto the nano-

tubes [60, 61], because typical contact materials cannot withstand CVD tempera-

tures, thus making it impossible to grow carbon nanotubes on CMOS structures.

Often, the metal contacts are annealed to lower contact resistance [62]. Several

studies have tried to optimize the material used for the contacts, including Cr/Au

[49] and Pt [30], but only the Cr/Au contacts have been used widely. In this type of

contact the chromium layer is a thin (1–3 nm) adhesion layer that facilitates adhe-

sion of the gold to SiO2. An adhesion layer of Ti [63], especially when annealed,

allows deposition of smooth films of many metals onto carbon nanotubes because

Ti forms titanium carbide at the interface with the nanotube. For this reason,

Ti/Au-contacts are another frequently used combination of contact materials. Many

publications investigating Schottky barriers between a nanotube and its contacts

[61, 64] have employed such contacts. Palladium (Pd) is another material investi-

gated that wets nanotubes well and has been used recently to produce NTFETs

with ohmic contacts, i.e., contacts without Schottky barriers [52, 63].

Depending on the number of carbon nanotubes connecting the source and drain

electrodes, there are two different device architectures. In the first device architec-

ture, a single nanotube connects the source and drain (Fig. 1.4b). These devices

have been used for biosensing with excellent sensitivity. However, there is substan-
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tial variation between the different devices that are fabricated and this variation is

reflected in the electronic characteristics of individual nanotubes. In addition, the

interface between the nanotube and the metallic contact may vary from device to

device. Specialized techniques are needed either to mount or grow an individual

carbon nanotube at a predetermined location. Placement is difficult and impracti-

cal for mass fabrication of NTFETs. For example, although the process of attaching

a carbon nanotube strand via arc-discharge or contact method to sharp metal probe

is fast, simple and economical it suffers from low yield. Therefore, it is difficult to

determine the quality of carbon nanotube strand attached to metal tip unless exam-

ined under SEM. When checked under SEM a large percentage of the metal probes

have multiple nanotubes attached or clusters of amorphous carbon accompanying

the carbon nanotubes [65]. Hence random networks of SWNTs have been explored

as an alternative [66].

Nanotube networks take up more space than individual SWNTs, but they are

much easier to fabricate and show great promise towards simple mass fabrication

of NTFETs. In this second configuration, the devices contain a random array of

nanotubes between source and drain electrodes (Fig. 1.4c). In this configuration,

current flows along several conducting channels that determine the overall device

resistance. The device characteristics depend on the number of nanotubes and

density of the nanotube network. It is reported that the conductance drops are as-

sociated with junctions formed by crossed semiconducting and metallic nanotubes.

Local conductance is more dependent on the number of connections to the specific

area; clusters of nanotubes with many paths to the electrode have significantly

higher conductance than those parts of the network connected through fewer

paths. Areas with low conductance typically only have two to three connections to

the network, thus it is likely that these connections are dominated by the presence

of highly resistive metallic/semiconducting junctions. When a sufficient back gate

voltage is applied to the sample, current flow through the semiconducting tubes is

suppressed. Using this technique, differences between metallic and semiconduct-

ing SWNT can be distinguished. This type of device configuration, containing a

network of conducting nanotube channels, is less sensitive than devices made of

single nanotubes. In both types of device configurations, the parameter used for

detection is the transfer characteristic – the dependence of either the source-drain

current (ISD) or conductance (GSD) (for a fixed source-drain voltage VSD) on the

gate voltage (VG) (Fig. 1.4d).

NTFETs can operate as p-type or n-type transistors. The mode of operation can

be changed from the pristine p-type to n-type by either adding electron donor mol-

ecules (n-doping) or removing adsorbed oxygen by annealing the contacts under

vacuum [67]. Polymer-gated NTFETs can also tune their modes of operation: a

change in the chemical group of the polymer changes the NTFET from p-type to

n-type [68, 69]. Oxygen doping was attributed to the fact that the oxygen interacts

with the nanotube–metal junction and causes the p-type characteristic for NTFETs

in air by pinning the metal’s Fermi level near the nanotube’s valance band maxi-

mum [33]. However, there is no apparent consensus in the literature about the

exact mechanism of chemical sensitivity of NTFETs.
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1.4

Sensor Applications of NTFETs

Before discussing NTFET applications for biological detection we first describe

the effect of small molecules, relative humidity, and conductive liquid media on

NTFET devices characteristics. Effect of these factors should be well understood be-

fore NTFET biodetection is reviewed.

1.4.1

Sensitivity of NTFETs to Chemical Environment

Generally, the molecular species in the ambient environment have a significant

impact on the electrical properties of NTFETs. The conductance of semiconducting

SWNTs can be substantially increased or decreased by exposure to NO2 or NH3

[24]. Exposure to NH3 effectively shifts the valance band of the nanotube away

from the Fermi level, resulting in hole depletion and reduced conductance. In con-

trast, on exposure to NO2 molecules the conductance of nanotubes increases by

three orders of magnitude [70]. Here, exposure of the initially depleted sample to

NO2 resulted in the nanotube Fermi level shifting closer to the valence band. This

caused enriched hole carriers in the nanotube and enhanced sample conductance.

These results show that molecular gating effects can shift the Fermi level of semi-

conducting SWNTs and modulate the resistance of the sample by several orders of

magnitude.

The electronic properties of SWNTs are also extremely sensitive to air or oxygen

exposure [33]. Isolated semiconducting nanotubes can be converted into apparent

metals through room temperature exposure to oxygen. As the surrounding me-

dium was cycled between vacuum and air, a rapid and reversible change in the

SWNT resistance occurred in step with the changing environment. Initially, in a

pure atmospheric pressure oxygen environment, the thermoelectric power (TEP)

S was positive with a magnitude of nearly þ20 mV K�1. This relatively large posi-

tive TEP is consistent with that reported for pristine SWNTs near room tempera-

ture [71]. As oxygen was gradually removed from the chamber, the TEP changed

continuously from positive to negative, with a final equilibrium value of approxi-

mately �10 mV K�1. When oxygen was reintroduced into the chamber, the TEP

reversed sign and once again became positive. These dramatic 10–15% variations

in R and change in sign of the TEP demonstrate that SWNTs are exceptionally sen-

sitive to oxygen.

In the carbon nanotubes sensors mentioned above, chemical sensing experi-

ments have been conducted with devices in which both nanotubes and nanotube–

metal contacts were directly exposed to the environment. The sensing could be

dominated by the interaction of molecules with the metal contacts or the contact

interfaces. Adsorbed molecules would modify the metal work functions and, there-

by, the Schottky barrier [72, 73]. Heinze et al. [64] have assigned the effect of oxy-

gen to the Schottky barrier. Recently, a new device architecture has been studied in

which the interface between the metallic contacts and nanotubes is covered by a
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passivation layer, referred to as contact-passivated [74]. In this configuration, with

the junction isolated and only the central length of the nanotube channels exposed,

the contacts should be isolated from the effect of chemicals. At the same time, the

section of the device that is open to the environment can be doped via charge trans-

fer. NTFETs with such configuration have been investigated by measuring sensitiv-

ity to NH3, NO2, and poly(ethylene imine) (Fig. 1.5).

The NTFET devices were fabricated using SWNTs grown by CVD on 200 nm of

silicon dioxide on doped silicon from iron nanoparticles as described in Section

1.3.1. These particles were exposed to flowing hydrocarbon to grow carbon nano-

tubes, and after growth optical lithography was used to pattern electrical leads

(35 nm titanium capped with 5 nm gold) on top of the nanotubes. Contact passiva-

Fig. 1.5. (a) AFM image of a contact passivated NTFET device

covered with poly(ethylene imine). (b) ISD–VG dependence for

the device in vacuum (center curve), as well as in NH3 and

NO2 gases. (Adapted with permission from Ref. [74], 8 2003

American Institute of Physics).
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tion was achieved by 70 nm silicon monoxide layer. Source and drain electrodes

were separated by nearly a micrometer. The dependence of the source-drain cur-

rent (ISD) as function of the gate voltage (VG) was measured from þ10 to �10 V

using a semiconductor parameter analyzer in air/water/gas mixtures. The low con-

centrations of gas mixtures could be introduced to the devices by mixing different

proportions of air and gases. The contact-passivated devices demonstrated NH3

and NO2 sensitivity similar to regular NTFETs. Poly(ethylene imine) also produced

negative threshold shifts of tens of volts, despite being in contact with only the

center region of devices. Thus, the NTFET sensor character was preserved despite

isolating Schottky barriers.

Several groups have reported that NTFET fabricated on SiO2/Si substrates exhib-

its hysteresis in current versus gate-voltage characteristics and attributed the hyste-

resis to charge traps in bulk SiO2, oxygen-related defect trap sites near nanotubes,

or the traps at the SiO2/Si interface. It is mentioned that thermally grown SiO2 sur-

face consists of Si-OH silanol groups and is hydrated by a network of water mole-

cules that are hydrogen bonded to the silanols. The CVD nanotube growth condi-

tion (900 �C) may dehydrate the surface and condense to form SiaOaSi siloxanes.

When such a surface is exposed to and stored in ambient air, the surface siloxanes

on the substrate react with water and gradually revert to SiaOH, after which the

substrate becomes rehydrated. Heating under dry conditions significantly removes

water and reduces hysteresis in the transistors.

Kim et al. have reported that the hysteresis in electrical characteristics of NTFETs

is due to charge trapping by water molecules around the nanotubes, including

SiO2 surface-bound water proximal to the nanotubes [75]. They have demon-

strated that coating nanotube devices with PMMA can afford nearly hysteresis-

free NTFETs [75]. This passivation is attributed to two factors. First, the ester

groups of poly(methyl methacrylate) (PMMA) can hydrogen bond with silanol

group on SiO2. Baking at 150 �C combined with the polymer–SiO2 interaction

can significantly remove the silanol-bound water. Second, PMMA is hydrophobic

and can keep water in the environment from permeating the PMMA and adsorb-

ing on the nanotube in a significant manner.

Bradley et al. have attributed hysteresis in NTFET devices to cation diffusion

[76], based on the following experiments. First, NTFET devices that exhibit very

small hysteresis were fabricated. Subsequently, these devices were modified by

the addition of an electrolyte coating that created mobile ions on the surface of

the device and resulted in the large hysteresis. Experiments were also conducted

to explore possible mechanisms for cation-induced hysteresis by varying the

humidity that changes the hydration layer around the nanotubes, thus leading to

the increase of the ionic mobility. The hysteresis has been found to be sensitive to

humidity on sub-second time scales, showing promise as a humidity sensor [77].

Sensitivity of NTFETs to charges as well as NTFET operation in conducting

liquid media is important for biosensor design where the sensor should operate

in physiological buffers with complex mixtures of biomolecules. Figure 1.6 shows

a typical transfer characteristic of NTFETmeasured in air and water using the sili-

con and water as the gate electrode, respectively. The change in device characteris-
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tics upon exposure to a water/gas mixture is reflected in the transfer characteris-

tics. Saline or electrolytes can also gate NTFETs and give high transconductance

[62, 78].

1.4.2

Bioconjugates of Carbon Nanotubes

Numerous reports demonstrate the ability to chemically functionalize nanotubes

for biological applications [79, 80]. Such chemistry is readily transferable to many

applications, ranging from sensors [81, 82] to electronic devices [83]. SWNTs are

chemically stable and highly hydrophobic. Therefore, they require surface modifi-

cation to establish effective SWNT–biomolecule interaction.

So far, two methods of exohedral functionalization of SWNTs have been devel-

oped – namely covalent and noncovalent. While covalent modifications [84] are

often effective at introducing functionality, they impair the desirable mechanical

and electronic properties of SWNTs. Noncovalent modifications [85], however, not

only improve the solubility of SWNTs in water, but they also constitute non-

destructive processes, which preserve the primary structures of the SWNTs, along

with their unique mechanical and electronic properties.

Previously, it has been shown that polysaccharides such as starch [86, 82, 83],

gum Arabic [84], and the b-1,3-glucans, curdlan and schizophyllan [85], will solu-

bilize SWNTs in water. It has been proposed that at least some of these polymers

achieve their goal by wrapping themselves in helical fashion around SWNTs (Fig.

Fig. 1.6. (a) Detection in liquid with NTFET

devices by using either the back gate or liquid

gate configuration. (b) NTFET transfer

characteristics in air (solid line), using the

back gate, and in water (dashed line), using

the liquid gate. Note the different x-scales for

the back and liquid gates. (Adapted with

permission from Ref. [93], 8 2003, The

American Physical Society.)
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1.7). Solubilization of the SWNTs with cyclodextrins (CD), which are macrocyclic

polysaccharides, has been also investigated [86]. The observed aqueous solubility

of SWNTs with g-CD is unlikely due to encapsulation because the inner cavity di-

mensions of this CD are far too small to allow it to thread onto even the smallest

diameter SWNTs. More recently, however, it has been shown [87] that h-CD, which

has 12 a1,4-linked d-glucopyranose residues and therefore is large enough, does

thread onto SWNTs in water, not only solubilizing the NTs but also permitting

some partial separations according to their diameters.

Nucleic acids, such as single-stranded DNA, short double-stranded DNA, and

some total RNA can also disperse SWNTs in water [88, 89]. Molecular modeling

has shown [20] that the non-specific DNA–SWNT interactions in water are from

the nucleic acid–base stacking on the nanotube surface, resulting in the hydro-

philic sugar–phosphate backbone pointing to the exterior to achieve the solubility

in water. The mode of interaction could be helical wrapping or simple surface

adsorption. The charge differences among the DNA–SWNT conjugates, which are

associated with the negatively charged phosphate groups of DNA and the different

electronic properties of SWNTs, have allowed post-production preparation of sam-

ples enriched in metallic and semiconducting SWNTs.

Various proteins can also strongly bind to the nanotube exterior surface via

non-specific adsorption. Proteins such as streptavidin and HupR crystallize in heli-

cal fashion, resulting in ordered arrays of proteins on the nanotube surface [90].

Mechanistically, the non-specific adsorption of proteins onto the nanotube surface

may be more complicated than the widely attributed hydrophobic interactions.

Quite possibly, the observed substantial protein adsorption is, at least in part, asso-

ciated with the amino affinity of carbon nanotubes, as was demonstrated recently

by monitoring the conductance change in the carbon nanotube [91]. Also, inter-

Fig. 1.7. Molecular model of SWNT wrapped in an amylose

coil. (Reprinted from Ref. [79], 8 2002, The American Chemical

Society.)
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molecular interactions involving aromatic amino acids, i.e., histidine and trypto-

phan, in the polypeptide chains of the proteins can contribute to the observed affin-

ity of the peptides to carbon nanotubes [92].

1.4.3

Protein Detection

Carbon nanotube interactions with proteins have been explored by NTFET devices

[91]. In NTFETdevices, the ability to measure the electronic properties of the nano-

tube allowed to query the electronic state of the immobilization substrate. In that

work two types of measurements of the device transfer characteristics were per-

formed. In the first measurement, referred to as a substrate-gate transfer character-

istic, the current through the drain contact (at fixed source-drain bias) was moni-

tored while a variable gate voltage was applied through a metallic gate buried

underneath the SiO2 substrate. In the second measurement, referred to as liquid-

gate transfer characteristics, the device was immersed in a buffer solution and a

variable gate voltage was applied through a platinum electrode. The current was

passed through the drain contact and a silver reference electrode in the solution.

During these measurements, the assembly was shaken gently, using a lab rotator

at 3 Hz. The effect of protein adsorption was studied with both measurements. De-

vices were incubated with streptavidin (40 nm) in 15 mm phosphate buffer at 25 �C.

Liquid-gate transfer characteristics were measured continually during the incuba-

tions. After 10 h, the devices were rinsed with distilled water and blown dry, and

the substrate-gated transfer characteristics of the dried devices were measured.

These results were discussed in terms of a simple model in which adsorbed

streptavidin coats the single-walled nanotube (Fig. 1.8). The gradual shift in the

threshold voltage is assumed to result from the slow accumulation of a full mono-

layer of adsorbed protein. This coverage-dependent threshold shift is analogous

Fig. 1.8. (a) Size comparison between a

carbon nanotube and a streptavidin molecule.

(b) Current versus gate voltage for a nanotube

device; VSD ¼ 10 mV. (ii) In phosphate buffer

before streptavidin addition. (i) same

conditions, to measure the uncertainty in the

threshold voltage. (iii) After 10 h of incubation

with streptavidin. Arrows indicate the threshold

voltages for the three curves [the arrow for (i)

is behind that for (ii)]. (Adapted with

permission from Ref. [91], 8 2003, The

American Chemical Society.)
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to the concentration-dependent shift observed when such devices are exposed to

aqueous ammonia [93]. The protein adsorbate equilibrates over several hours so

that only the full monolayer can be conclusively determined. Such protein mono-

layers form under various conditions at interfaces that permit protein crystalliza-

tion, including sidewalls of MWNTs [90, 94]. The results support the proposal

that conductance changes are due to charge injection or field effects caused by pro-

teins adsorbed solely along the lengths of the nanotubes.

Protein adsorption on NTFET leads to appreciable changes in the electrical con-

ductance of the devices that can be exploited for label-free detection of biomole-

cules with a high potential for miniaturization. For example, Dai and coworkers

[95] have used a sensor design consisting of an array of four NTFET sensors on

SiO2/Si chips. Each NTFET consists of multiple SWNTs connected roughly in par-

allel across two closely spaced bridging metal electrodes. Three types of devices

with different surface functional groups were prepared for the investigation of the

biosensing: (1) unmodified as-made devices, (2) devices fabricated with mPEG-SH

SAMs formed on, and only on, the metal contact electrodes and, lastly, (3) devices

with mPEG-SH SAMs on the metal contacts and a Tween 20 coating on the carbon

nanotubes. Electrical conductance of these devices upon the addition of various

protein molecules was monitored. While device type 1 showed a significant con-

ductance change with protein adsorption, device type 2 with an mPEG-SH SAM

on the metal electrodes did not give any conductance change, except in the case of

the protein avidin. It was reported that the metal–nanotube interface or contact

region is highly susceptible to modulation by adsorbed species [64]. Modulation

of metal work function can alter the Schottky barrier of the metal–nanotube inter-

face, thus leading to a significant change in the nature of contacts and, conse-

quently, a change in the conductance of the devices.

In situ detection of a small number of proteins by directly measuring the elec-

tron transport properties of a single SWNT has been reported by Nagahara and

coworkers [96]. Cytochrome c (cytc) adsorption onto individual NTFET has been

detected via the changes in the electron transport properties of the transistors.

The adsorption of cytc induces a decrease in the conductance of the NTFET

devices, corresponding to a few tens of molecules. This experiment was carried

out by measuring the conductance versus electrochemical potential of the SWNT

with respect to a reference electrode inserted in the solution, and observed a nega-

tive shift in the conductance versus potential plot upon protein adsorption. The

number of adsorbed proteins has been estimated from this shift.

1.4.4

Detection of Antibody–Antigen Interactions

Specific sensitivity can be achieved by employing recognition layers that induce

chemical reactions and modify the transfer characteristics. In this two-layer archi-

tecture carbon nanotubes function as extremely sensitive transducers while the rec-

ognition layer provides chemical selectivity and prevents non-specific binding that

is common for complex biological samples.
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Following this design, nanotubes have been functionalized to be biocompatible

and to be capable of recognizing proteins. This functionalization has involved

noncovalent binding between a bifunctional molecule and a nanotube to anchor a

bioreceptor molecule with a high degree of control and specificity. Star and co-

workers have fabricated [97] NTFET devices sensitive to streptavidin using a bio-

tin-functionalized carbon nanotube bridging two microelectrodes (source and

drain, Fig. 1.9a). The SWNT in the NTFET device was coated with a mixture of

two polymers, poly(ethyleneimine) and poly(ethylene glycol). The former provided

amino groups for the coupling of biotin–N-hydroxysuccinimidyl ester (Fig. 1.9b)

and the latter prevented the nonspecific adsorption of proteins on the functional-

ized carbon nanotube. Figure 1.9(c) shows an AFM image of the device after its

exposure to streptavidin labeled with gold nanoparticles (10 nm). Lighter dots rep-

resent gold nanoparticles and indicate the presence of streptavidin bound to the

Fig. 1.9. (a) Schematic of NTFET coated

with a biotinylated polymer layer for specific

streptavidin binding. (b) Biotinylation reaction

of the polymer layer (PEI/PEG) on the side-wall

of the SWNT. (c) AFM image of the polymer-

coated and biotinylated NTFET device after

exposure to streptavidin labeled with gold

nanoparticles (10 nm in diameter). (d) Source-

drain current dependence on gate voltage of

the NTFET device based on SWNTs functioned

with biotin in both the absence and presence

of streptavidin. (Adapted with permission from

Ref. [97], 8 2003, The American Chemical

Society.)
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biotinylated carbon nanotube. The source-drain current dependence on the gate

voltage of the NTFET shows a significant change upon the streptavidin binding

to the biotin-functionalized carbon nanotube (Fig. 1.9d). The experiments reveal

the specific binding of the streptavidin, which occurs only at the biotinylated

interface.

The mechanism of the biodetection was explained in terms of the effect of

the electron doping of the carbon nanotube channel upon the binding of the

charged streptavidin molecules. Dai and coworkers [98] have also analyzed specific

antigen–antibody interactions using NTFET devices. In particular, they have

studied the affinity binding of 10E3 mAbs antibody (a prototype target of the auto-

immune response in patients with systematic lupus erythematosus and mixed con-

nective tissue disease) to human auto antigen U1A.

1.4.5

DNA Detection

DNA biosensors based on nucleic acid recognition processes are quickly being

developed towards the goal of rapid, simple and inexpensive testing of genetic

and infectious diseases. To date, there are several reports on the electrochemical

detection of DNA hybridization using multi-walled carbon nanotube (MWNT) elec-

trodes [99]. Whereas electrochemical methods rely on the electrochemical behavior

of the labels, measurements of the direct electron transfer between SWNTs and

DNA molecules paves the way for label-free DNA detection (Fig. 1.10). To illustrate

the practical utility of this new nanoelectronic detection method, an allele-specific

assay to detect the presence of SNPs using NTFETs has been recently developed

[100]. This DNA assay targeted the H63D polymorphism in the human HFE

gene, which is associated with hereditary hemochromatosis, a common and easily

treated disease of iron metabolism [101, 102].

DNA sensing mechanism using NTFETs has been recently explored by selective

attachment of DNA molecules at different device segments. Tang et al. [103] have

found that DNA hybridization on gold electrodes rather than on SWNT sidewalls is

mainly responsible for NTFET detection due to Schottky barrier modulation. In

another approach, DNA hybridization occurs on the surface at the gate of NTFET

[104]. As a result, the conductance in SWNTs was changed through the gate insu-

lators. In the work, the 5 0 end-amino modified peptide nucleic acid (PNA) oligonu-

cleotides were covalently immobilized onto the Au surfaces of the back gate of

NTFETs. PNA is a synthetic analog of DNA, in which both the phosphate and the

deoxyribose of the DNA backbone are replaced by a polypeptide. PNA mimics the

behavior of DNA and hybridizes with complementary DNA or RNA sequences,

thus enabling PNA chips to be used in biosensors. The micro-flow chip was fabri-

cated by using poly(dimethylsiloxane) (PDMS) prepolymer. The NTFET nano-

sensor array was placed onto the PDMS chip in such a way that the PNA probe-

modified Au side was positioned to face the open chamber for the introduction of

solutions and the electrical measurements. A PNA probe with the base sequence

5 0-NH2-ACC ACC ACT TC-3 0, which was fully complementary to the tumor necro-
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sis factor-a (TNF-a) gene sequence, was used as a model system. The base se-

quence for full complementary target DNA was 5 0-GGT TTC GAA GTG GTG

GTC TTG-3 0 while the non-complementary DNA oligonucleotide sequence was

5 0-CCC TAA GCC CCC AA-3 0.

The electrical properties of the NTFET devices were measured at room tempera-

ture in air. First, the blank PBS solution was introduced into the PDMS-based

micro flow chip, revealing that no substantial change in the source-drain current

of NTFET was obtained. The current increased dramatically while monitoring in

real time for about 3 h. The increase in conductance for the p-type NTFET device

was consistent with an increase in negative surface charge density associated with

binding of negatively charged oligonucleotides at the surface. DNA hybridization

can be detected by measuring the electrical characteristics of NTFETs, and SWNT

based FET can be employed for label-free, direct real time electrical detection of

biomolecule binding.

Fig. 1.10. Label-free detection of DNA

hybridization using NTFET devices. (a) G–Vg

curves after incubation with allele-specific wild-

type capture probe and after challenging the

device with wild-type synthetic HFE target

(50 nm). (b) G–Vg curves in the experiment

with mutant capture probe. (c) Graph with

electronic ð1� G=G0Þ and fluorescent

responses in SNP detection assays. (d)

Fluorescence microscopy image of the NTFET

network device, with the electrodes 10 mm

apart, after incubation with Cy5-labeled DNA

molecules. (Adapted with permission from

Ref. [100], 8 2006, The National Academy of

Sciences of the USA.)
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1.4.6

Enzymatic Reactions

SWNTs can be made water soluble by wrapping in amylose (linear component of

starch) [86]. These SWNT solutions are stable for weeks, provided nobody spits on

them. Indeed, the addition of saliva, which contains a-amylase, precipitates the

nanotubes as the enzyme breaks amylose down into smaller carbohydrate frag-

ments, finally resulting in the formation of glucose. The enzymatic degradation of

starch has been recently monitored electronically using NTFETs [105]. Figure

1.11(a) shows the experimental setup used for this study. NTFET devices display

transconductance and source-drain current–voltage characteristics typical of the

p-type device behavior. The device characteristics, i.e., the source-drain current ISD
as a function of the gate voltage VG, were measured to evaluate the effect of starch

deposition and the subsequent enzymatic degradation of the starch layer on the

carbon nanotubes.

Starch was deposited onto the FET by soaking the silicon wafer in a 5% aqueous

starch solution and the device characteristics were found to be shifted by approxi-

Fig. 1.11. (a) NTFET device for electronic

monitoring of the enzymatic degradation of

starch with amyloglucosidase (AMG) to

glucose. (b) High-resolution transmission

electron microscopy (HRTEM) image of a

SWNT (2.0 nm diameter) after treatment with

a drop of a 1% of an aqueous solution of

starch. The starch had been stained with RuO4

vapor. (c) NTFET device characteristics in the

form of ISD–VG curves measured from þ10 to

�10 V gate voltage with a þ0:6 V bias voltage

before (bare) and after starch deposition, as

well as after hydrolysis with AMG. (Adapted

with permission from Ref. [104], 8 2004, The

American Chemical Society.)
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mately 2 V toward more negative gate voltages. The direction of the shift equates

with electron doping of the nanotube channel by the polysaccharide. Quantitatively

similar doping effects have been observed when carbon nanotube FET devices were

exposed to NH3 gas, amines [106], poly(ethylene imine) (PEI) [107], and proteins

[91]. After the enzyme-catalyzed reaction had been performed on the starch-

functionalized devices and washed with buffer, the ISD vs. VG characteristics recov-

ered almost completely to the trace recorded before starch deposition (Fig. 1.11).

This indicates that, during the enzyme-catalyzed reaction, nearly all the starch

deposited on the surface of the nanotube device is hydrolyzed to glucose which is

washed off by the buffer prior to the electronic measurements.

1.4.7

Glucose Detection

The diagnosis and management of diabetes mellitus requires a tight monitoring

of blood glucose levels. Dekker and coworkers have demonstrated the use of indi-

vidual semiconducting SWNT as a versatile biosensor [108]. The redox enzyme

glucose oxidase (GOx) that catalyses the oxidation of b-d-glucose (C6H12O6) to d-

glucono-1,5-lactone (C6H10O6) has been studied. The redox enzymes go through

a catalytic reaction cycle where groups in the enzyme temporarily change their

charge state and conformational changes occur in the enzyme that can be detected

using NTFET devices.

In addition to pH sensitivity, GOx-coated semiconducting SWNTs appeared to be

sensitive to glucose, the substrate of GOx. Figure 1.12 exhibits real-time measure-

Fig. 1.12. Real time electronic response of the

NTFET sensor to glucose, the substrate of

glucose oxidase (GOx). The conductance of a

semiconducting SWNT with immobilized GOx

is measured as a function of time in 5 mL milli-

Q water. The conductance of the GOx-coated

SWNT increases upon addition of glucose to

the liquid. Inset: (a) the same measurement on

a second device where the conductance was a

factor of 10 lower; (b) the same measurement

on a semiconducting SWNT without GOx; no

conductance increase is observed in this case.

(Reprinted with permission from Ref. [107],

8 2003, The American Chemical Society.) (B)

Schematic of GOx immobilized on SWNT for

electronic glucose detection.
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ments where the conductance of a GOx-coated semiconducting SWNT in milli-Q

water has been recorded in the liquid (left-hand arrow in each graph in Fig. 1.12).

No significant change in conductance was observed as a result of water addition.

When 0.1 m glucose in milli-Q water was added to the liquid (right-hand arrow in

each graph), however, the conductance of the tube increased by about 10%. A sim-

ilar 10% conductance change was observed for another device (Fig. 1.12a inset),

which had a factor 10 lower conductance. Glucose did not change the conductance

of the bare SWNT but did increase the device conductance after GOx was immobi-

lized. Inset (b) of Fig. 1.12 shows such measurement on a bare semiconducting

SWNT. These measurements clearly indicate that the GOx activity is responsible

for the observed increase in conductance upon glucose addition, thus rendering

such nanodevices as feasible enzymatic-activity sensors.

1.5

Conclusion and Outlook

Recent advances in the rapidly developing area of biomolecule detection using car-

bon nanotube systems have been summarized here. SWNTs appear as structurally

defined components for various electronic devices. The semiconductive properties

of SWNTs are of special interest as these SWNTs have been applied to fabricate

FETs for sensing applications. This area requires further development, particularly

related to the fabrication of FETs based on individual SWNTs. The use of carbon

nanotubes as nanocircuitry elements is particularly interesting. Biomaterials linked

to nanotubes may be used as binding elements for the specific linkage of the nano-

tube to surface in the form of addressable structures.

Important chemical means to functionalize SWNTs with other electronic materi-

als such as conductive polymers or nanoparticles is anticipated to generate materi-

als of new properties and functions. The localized nanoscale contacts of SWNTs

with bio-surfaces will be a major advance in understanding and exploring the new

applications. The use of nanodevices to monitor various biologically significant

reactions is envisioned. In future, it should be possible to connect the living cells

directly to these nanoelectronic devices to measure the electronic responses of liv-

ing systems. The combination of the unique electronic properties of SWNTs and

catalytic features of biological system could provide new opportunities for carbon

nanotubes based bioelectronics.
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Carbon Nanotube-based Sensor

Jian-Shan Ye and Fwu-Shan Sheu

2.1

Overview

Carbon nanotubes (CNTs) possess high electrical conductivity, high chemical sta-

bility, and extremely high mechanical strength and modulus. These special proper-

ties of both single-walled carbon nanotubes (SWCNTs) and multiwalled carbon

nanotubes (MWCNTs) have attracted much attention in electrochemistry. To de-

velop nanostructured macroscopic electrodes, randomly dispersed nanotubes,

well-aligned CNTs, CNT paste, screen-printing CNTs, self-assembly of CNT, and

CNT-packaged microelectrodes have been used. Furthermore, single and long

MWCNTs, after formation, can be used as a nanoelectrode. The resultant nano-

tube-based electrodes have been used successfully for electroanalytical purposes

such as the development of sensors and biosensors. We outline here the unique

electrochemical and electrocatalytical properties of CNTs-based sensors/biosensors

and discuss novel applications as well as future challenge of CNTs in electrochem-

ical sensors.

Functionalization of CNTs is one of the most active fields in nanotube research,

which provides an effective tool to broaden the electrochemical application spec-

trum of CNTs. In this chapter, we summarize various approaches to functionalize

CNTs for the development of novel electrochemical sensors. Particular emphasis is

directed to the use of lipid-functionalized CNTs for sensors and biosensors and for

the synthesis of photoswitched-functional devices. Functionalization of nanotubes

generates a novel, interesting class of nanomaterials, which combines the proper-

ties of the nanotubes and the functional moiety, thus offering new opportunities in

the development of electrochemical sensors.

2.2

Introduction of Carbon Nanotubes

Carbon nanotubes (CNTs) have captured the imagination of researchers worldwide

since they were first observed by Iijima in 1991 [1]. With 100� the tensile strength

of steel, a thermal conductivity better than all but the purest diamond, and elec-

trical conductivity similar to copper, but with the ability to carry much higher cur-
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rents, CNTs are very interesting and promising nanomaterials. Their small dimen-

sions, unique structures, strength, and remarkable physical properties make them

a unique material with a wide range of potential applications.

CNTs, consisting of only sp2 hybridized carbon atoms, are cylindrical nanostruc-

tures with a diameter ranging from 1 nm to several nanometers, and a length of

tens of micrometers. They are made of graphene sheets wrapped into a hollow cyl-

inder and capped by fullerene-like structures. There are two typical types of nano-

tubes, SWCNTs and MWCNTs. The latter consist of several to tens of concentric

cylinders of these graphitic shells with a layer spacing of 0.3–0.4 nm. MWCNTs

tend to have diameters in the range 2–500 nm, depending on the method of syn-

thesis. An MWCNT can be considered as a mesoscale graphite system, whereas a

SWCNT is truly a large single molecule. High-resolution transmission electron mi-

croscope (HRTEM) results showed that the first observed CNTs by Iijima in 1991

[1] were fullerene-like tubes consisting of coaxial multiple shells. These tubes were

MWCNTs. The interlay spacing is 0.34 nm, which is slightly greater than that of

graphite (0.335 nm) due to a combination of tubule curvature and van der Waals

force interactions between successive graphene layers.

After two years, it was discovered that the use of transition metals as catalysts

afforded CNTs with a single shell or wall only [2]. These nanotubes were SWCNTs.

An ideal SWCNT can be viewed as an ‘‘extended’’ fullerene, and consists of a single

graphite layer wrapped into one seamless hollow cylinder. Closure of the cylinder

is the result of pentagon inclusion in the hexagonal carbon network of the nano-

tube walls during the growth process. SWCNTs normally have a narrow diameter

distribution (with diameter of the order of 1 nm) but tend to assemble in nanotube

bundles during the growth process [3]. This corresponds to the theoretically pre-

dicted lower limit for stable SWCNT formation based on considerations of the

stress energy built into the cylindrical structure of the SWCNT.

There are three types of SWCNTs: ‘‘arm-chair’’ ðn;mÞ tubes where n ¼ m, ‘‘zig-

zag’’ ðn; 0Þ tubes and chiral (all other tubes with independent n and m) tubes.

Theoretical calculations indicate that the electronic properties for a single-walled

nanotube will vary as a function of its diameter and helicity [4–6]. A SWCNTmay

behave as a semiconductor or metal, and a slight change in the chirality can trans-

form a nanotube from a metal to a semiconductor. In general, about one-third

of SWCNTs are metallic, characterized with wrapping vectors of n�m ¼ 3l
ðl ¼ 0; 1; 2 . . .Þ. All other tubes are semiconductors [7, 8].

Carbon–carbon covalent bonds are one of the strongest in nature, and a struc-

ture based on a perfect arrangement of these bonds oriented along the axis of

nanotubes would produce an exceedingly strong material. Early theoretical work

and recent experiments on individual nanotubes have confirmed that nanotubes

are one of the stiffest structures ever made [9–11].

CNTs possess high electrical conductivity, high chemical stability, and extremely

high mechanical strength and modulus. These special properties of both SWCNTs

and MWCNTs have attracted much attention in electrocatalysis [12–17] and as

chemical sensors/biosensors [18–24].

The present chapter only covers particular aspects related to CNTs-based electro-

chemical sensing systems. Different methods of preparing CNT electrodes and the
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possible ways to functionalize CNTs are described, with the major part devoted to

the use of lipid-functionalized CNTs for sensors and biosensors and for the fabrica-

tion of photoswitched-functional devices. Furthermore, the possible mechanism of

electrocatalysis by CNTs is discussed.

2.3

Growth of Carbon Nanotubes

CNTs are generally produced by three main techniques, arc discharge, laser abla-

tion, and chemical vapor deposition (CVD). The arc discharge method, initially

used for producing C60 fullerenes, is the most common and perhaps easiest way

to produce CNTs, as it is rather simple to undertake [25]. During arc discharge, a

vapor is created by an arc discharge between two carbon electrodes with or without

catalyst. Nanotubes self-assemble from the resulting carbon vapor. This technique

produces a mixture of components and requires the separation of nanotubes from

the soot and catalytic metals present in the crude product. In the laser ablation

technique [26], a high-power laser beam impinges on a volume of carbon-

containing feedstock gas (methane or carbon monoxide). Presently, laser ablation

produces a small amount of clean nanotubes, whereas arc discharge methods gen-

erally produce large quantities of impure material. CVD is achieved by putting a

carbon source in the gas phase and using an energy source, such as plasma or a

resistively heated coil, to transfer energy to a gaseous carbon molecule. CVD nano-

tube synthesis is essentially a two-step process, consisting of a catalyst preparation

step followed by the actual synthesis of the nanotube. The catalyst is generally pre-

pared by sputtering a transition metal onto a substrate and then using either

chemical etching or thermal annealing to induce catalyst particle nucleation. Ther-

mal annealing results in cluster formation on the substrate, from which the nano-

tubes will grow. Excellent alignment, as well as positional control on the nano-

meter scale, can be achieved by using CVD [27, 28].

Even though much progress on CNT growth has been made in the past decade,

it is still challenging to produce CNTs with desired properties for specific applica-

tions. In particular, new methods are desired that can be directly integrated into

device fabrication. With continued effort in the development of growth techniques,

it is expected that CNTs with desired properties, quality, and quantity could be ob-

tained for various applications.

2.4

Methods to Prepare CNTs-based Sensors and Biosensors

2.4.1

Individual MWCNTs as Nanoelectrodes

MWCNTs are tiny electrodes made of carbon, metals or semiconducting materials

having typical dimensions of 1–100 nm. MWCNTs can be used as a new material

for the construction of nanoelectrodes. Campbell et al. have reported the fabrica-
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tion and characterization of electrodes constructed from single MWCNTs [29]. To

construct a nanoelectrode, single nanotubes were attached to a mechanically cut Pt

tip, using Ag epoxy, and subsequently cleaned by immersion in a fresh piranha so-

lution (3:1 concentrated H2SO4:30% H2O2). The sigmoidal voltammetric response

of these nanotubular electrodes is characteristic of steady-state radial diffusion. The

limiting current of uninsulated electrodes scales linearly with the depth of immer-

sion into electrolyte solutions. However, the walls of nanotubular electrodes can be

selectively insulated with a thin layer of polyphenol so that electrochemical activity

is limited to the tip region. In this case the limiting current is essentially indepen-

dent of immersion depth. These nanotubular electrodes are robust, can be fabri-

cated in high yield, and are of uniform diameter. Most importantly, their great

strength and high length-to-diameter aspect ratio will be particularly valuable for

applications such as scanning electrochemical microscopy (SECM) and electro-

chemical analysis of biological materials.

2.4.2

Randomly Distributed CNT Electrodes

To prepare CNT electrodes, randomly distributed CNTs can be castled at the sur-

face of the electrode. Before casting, the concentrated solutions of CNTs in sulfuric

acid [20], dimethylformamide [30], concentrated nitric acid, or a Nafion/water mix-

ture [31] are prepared. Coated electrodes were are at high temperature (e.g., 200 �C

for 3 h) and then readied for use after careful washing. The randomly deposited

CNTs are less mechanically stable and have worse electrical contact to the under-

neath electrodes than the vertically aligned CNTs directly grown on conductive sub-

strates.

2.4.3

Well-aligned Carbon Nanotube Electrodes

To construct a CNT electrode, SWCNTs are shaped into an electrode by filtering

suspension of nanotubes on a membrane filter [32] to form a nanotube sheet. An-

other method is casting the SWCNT suspension on the surface of solid electrodes

such as Pt, Au, or glassy carbon [33–36]. In contrast, to construct a MWCNT elec-

trode, the MWCNTs are usually mixed with bromoform [12], mineral oil [15], or

packed into the cavity at the tip of a microelectrode to form a CNT powder mi-

croelectrode [36] as discussed above. MWCNT electrodes prepared by these meth-

ods may suffer from mechanical instability during detection, thus limiting their

practical application. Fortunately, high-density well-aligned CNTs, which are multi-

walled and vertically aligned on a large area of substrates (Fig. 2.1), can be readily

synthesized [37, 38]. These CNTs aligned on the substrate are very stable and

can be used as photoswitched functional devices [39], electrochemical sensors/

biosensors [40–44] and supercapacitors [45]. In particular, this well-aligned

MWCNT electrode has been successfully used as a novel candidate for non-

enzymatic glucose sensors with the resistance to toxicity by chloride ions [46].
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2.4.4

Carbon Nanotube Paste Electrodes

Carbon paste electrodes (CPEs) belong to a special group of heterogeneous carbon

electrodes. To prepare CPEs, carbon paste, i.e., a mixture prepared from carbon

(graphite) powder and a suitable liquid binder is packed into a suitably designed

electrode body. CNT-based CPEs were first reported by Britto et al. [12]. To study

the electrochemical response, nanotubes were initially dispersed in bromoform as

a binder material and packed into a glass tube. The resultant electrode had

randomly distributed tubes with no control over the alignment of the nanotubes.

Subsequently, numerous approaches have enabled the random distribution of

nanotubes on electrodes, either by dispersing the tubes with a binder, such as di-

hexadecyl hydrogen phosphate [47], Nafion [21], or forming the nanotube equiva-

lent of a carbon paste [48, 49] that can be screen printed [50], forming a nanotube/

Teflon composite [22].

Due to numerous advantageous properties and characteristics, CPEs are widely

used in amperometry, coulometry, and potentiometry. CNTs-based CPEs are easily

obtainable at minimal costs and are especially suitable for preparing an electrode

materials with desired composition and, hence, with pre-determined properties.

Electrodes made in this way are usually intended to be used as highly selective sen-

sors and/or biosensors for both inorganic and organic electrochemistry. The rapid

development of new nanomaterials and nanotechnologies has provided many new

opportunities for electrochemical application. In particular, the immobilization and

adsorption of biomolecules on electrode surfaces is of great importance and inter-

est for biosensor and bioelectronic applications. Recent studies have demonstrated

that CNTs can enhance the electrochemical reactivity of biomolecules and promote

the electron-transfer reactions of proteins. These properties make CNTs an effi-

cient material for use in a wide range of electrochemical biosensors, ranging from

amperometric enzyme electrodes to DNA hybridization biosensors. Rubianes and

Rivas have recently described the performance of CNT paste electrodes prepared by

dispersion of MWCNTs within mineral oil [48]. The resulting paste electrode

shows excellent electrocatalytic activity toward ascorbic acid, uric acid, dopamine,

Fig. 2.1. A vertical well-aligned MWCNT electrode. (Adapted from Ref. [44] with permission.)
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3,4-dihydroxyphenylacetic acid (dopac) and hydrogen peroxide. These properties

permit an important decrease in the overvoltage for the oxidation of ascorbic acid

(230 mV), uric acid (160 mV) and hydrogen peroxide (300 mV) as well as a dra-

matic improvement in the reversibility of the redox behavior of dopamine and

dopac, in comparison with classic carbon (graphite) paste electrodes (CPE). The

substantial decrease in the overvoltage of the hydrogen peroxide reduction (400

mV) associated with a successful incorporation of glucose oxidase (GOD) into the

composite material allows the development of a highly selective and sensitive

glucose biosensor, without using any metal, redox mediator, or anti-interference

membrane. Such excellent performance of CNTPEs toward hydrogen peroxide,

represents a very good alternative for developing other enzymatic biosensors. To

determinate homocysteine, Lawrence et al. [51] have provided an effective means

by using a CNT paste electrodes. A decrease of ca. 120 mV in the overpotential for

the oxidation of homocysteine, compared with a traditional carbon paste electrode,

is reported along with greatly enhanced signal-to-noise characteristics. The ana-

lytical parameters have been assessed with a linear range from 5 to 200 mm, and

a detection limit of 4.6 mm. Furthermore, the generic nature of this increased

reactivity of the CNTP surface towards thiol moieties has been demonstrated with

cysteine, glutathione, and n-acetylcysteine, providing a greatly enhanced electro-

chemical response compared with the carbon paste electrode. Pedano et al. have

reported that CNTs paste electrodes are suitable for adsorptive stripping potentio-

metric measurements of trace levels of nucleic acids [52]. Compared with that ob-

tained at carbon (graphite) paste electrode (CPE), the guanine oxidation signal is

greatly enhanced due to the electroactivity inherent to CNTs. Trace (mg L�1) levels

of the oligonucleotides and polynucleotides can be readily detected following short

accumulation periods, with detection limits of 2.0 mg L�1 for a 21-base oligonucleo-

tide and 170 mg L�1 for calf thymus dsDNA.

SWCNTs have also been used for the development of CPEs. Ricci et al. have used

Prussian blue modified-SWCNTs for successive assembling of paste electrodes

[53]. The electrochemical feature of such electrodes has been fully evaluated with

cyclic voltammetry (CV) and amperometric experiments. The result showed that

Prussian blue-modified CNTpaste electrodes have a high sensitivity towards hydro-

gen peroxide with a detection limit of 7:4� 10�6
m. The Prussian blue-modified

CNT paste electrode also possessed strong stability even at basic pHs (i.e., pH 9

and 10), demonstrating no significant loss of signal after three days continuous

work. In addition, the loading in the paste mixture of GOD has brought a sensitive

tool for the detection of glucose in a range between 0.1 and 50 mm. More recently,

Antiochia et al. have studied the electrocatalytic oxidation of NADH at SWCNT

CPEs for use in a redox mediator in solution and dissolved in the paste [54].

2.4.5

Screen-printing Carbon Nanotubes

Screen-printing technology is particularly attractive for the production of dispos-

able sensors [50]. Recently, Trojanowicz et al. have successfully prepared CNT-
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modified screen-printed electrodes for chemical sensors and biosensors [55]. They

found that MWCNTs can be used to modify working graphite ink electrodes of the

three-electrode screen-printed sensing stripe. Modification has been made by evap-

orating on the graphite surface a solution of MWCNT in dimethylformamide. The

effect of such treatment on reversibility of the electrode process of the system

hexacyanoferrate(ii)/(iii) has been shown, along with an improvement in sensitiv-

ity of detection of the pesticide paraoxon with biosensors containing organophos-

phorus hydrolase immobilized by adsorption on the nanotube-modified graphite

ink electrode. The catalytic sensing of methanol has also been demonstrated with

the use of a screen-printed sensor modified with MWCNT and Co(ii) salt present

in the measuring solution. More recently, Guan et al. have prepared a disposable

electrochemical biosensor for glucose monitoring [56]. The sensor was based on

MWCNTs immobilized with GOD upon a screen printed carbon electrode. The ef-

fect of MWCNTs on the response of amperometric GOD electrodes for glucose was

examined. Results obtained, of interest for basic and applied biochemistry, repre-

sent a first step in construction of a MWCNT-enzyme electrode biosensor with po-

tential application in the biosensor area.

2.4.6

Self-assembly of Carbon Nanotubes

Self-assembly is the fundamental principle that generates structural organization

on all scales from molecules to galaxies. Self-assembly is also a manufacturing

method used to construct things at the nanometer scale. The conjugation of CNT

with biomolecules and nanoparticles is an emerging field of research that has im-

portant potential applications in bionanotechnology. For example, the metallic/

semiconductive properties of CNTs have been exploited to produce functional,

technologically relevant devices such as sensors [57]. Electrostatic matching can

be used to coat CNTs with layers of oppositely charged polyelectrolytes [58]. By

using a similar strategy, Mann and his colleagues [59] have described a layer-by-

layer procedure based on programmed biomolecular assembly to produce a multi-

component, multi-layered CNT-based conjugate. The conjugate consists of a multi-

walled CNT core coated with four functionalized layers that successively comprise

protein-encapsulated iron oxide nanoparticles [biotinylated ferritin (bFn)], the tetra-

valent biotin-binding protein, streptavidin (SA), 24-base three-stranded biotin-

terminated oligonucleotide duplexes, and oligonucleotide coupled Au nanopar-

ticles. They demonstrated that the core/multi-shell architecture can be constructed

stepwise by specific recognition processes involving biotin–SA binding or DNA du-

plexation, and that these interactions can be exploited for reversible assembly/

disassembly of the Au nanoparticle layer. A recent study showed that CNTs can be

self-assembled at the electrode surface for the development of a sensor and bio-

sensor.

Shimoda et al. have reported the formation of macroscopically ordered CNT

membranes on a substrate by self-assembly [60]. To form the ordered SWCNTs,

SWCNTs produced by the laser ablation method and purified by reflux and filtra-
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tion were chemically etched to short bundles by ultrasonic-assisted oxidation. After

removing the acid by filtration, the processed SWCNTs were dispersed in de-

ionized water. A thin film appears on the surface of a soaked glass substrate in

the SWCNTs/water dispersion with natural vaporization of water. Transmission

electron microscopy measurements show that the SWCNT bundles are uniaxially

aligned. The self-assembly of SWCNTs at gold electrodes can also be achieved by

thiolation [61]. Recently, effective CNT coating was obtained by self-assembling

short SWCNTs at an electrode surface [23, 24]. Such vertically aligned SWCNTs

act as molecular wires to allow electrical communication between the underlying

electrode and a redox enzyme. Direct electron transfer between the prosthetic

group of the enzyme and an electron surface obviates the need for redox mediators

and is thus extremely attractive for developing reagentless sensing devices. More

recently, Wang and Iqbal have reported that thin films of vertically aligned indi-

vidual SWCNTs can be deposited on silicon using a CVD process [62]. Oriented

SWCNT growth was achieved by employing two methods of catalyst precursor

self-assembly followed by ethanol CVD. Using the silicon substrate as the working

electrode in an electrochemical cell and the enzyme beta-NAD (nicotinamide ad-

enine dinucleotide) synthetase dissolved in a buffered electrolyte solution, the en-

zyme was attached at the nanotube ends. This was shown using scanning electron

microscopy and cyclic voltammetry. Enzyme immobilization on the 1 to 2 nm

diameter tube ends of the individual SWCNTs allows for dense packing of the

enzyme and utilization of the electrode as an enzymatic sensor in a biofuel cell

configuration.

2.4.7

Carbon Nanotube-packaged Microelectrodes

Packaged microelectrodes are easy to prepare and have been successfully used to

prepare electrodes. To fabricate CNT powder microelectrodes, a 76-mm diameter Pt

microelectrode was first chemically etched to form a cavity of 10 mm deep, and the

etched tip was then grounded on a flat plate (such as glass slide) with CNTs until

the micro cavity was filled with CNTs [63, 64]. In this way, the direct electrochem-

istry of redox enzymes such as GOD [64], horseradish peroxidase [65], as well as

the electrocatalytic detection of nitrite [66], cysteine [67], and hydrazine [63] have

been reported.

2.5

Application of CNTs-based Electrochemical Sensors and Biosensors

2.5.1

Electrochemical and Electrocatalytical Properties of Carbon Nanotubes

CNTs combine, uniquely, high electrical conductivity, high chemical stability, and

extremely high mechanical strength. These special properties of both SWCNTs
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and MWCNTs have attracted the interest of many researchers in the field of elec-

trochemical sensors. Many advances in producing, modifying, characterizing and

integrating CNTs into electrochemical sensing systems have been achieved [68].

CNTs, new materials for electrochemical sensing, can be either used as single

probes after formation in situ, or even individually, when attached onto a proper

transducing surface after synthesis. Both SWCNTs and MWCNTs can be used to

modify several electrode surfaces in either vertically oriented ‘‘nanotube forests’’

or even a non-oriented way. They can be also used in sensors after mixing them

with a polymer matrix to form CNT composites [69].

To find new electrocatalytic surfaces, a suitable electrode substrate, such as

glassy carbon or gold, is modified with a film or layer of CNTs. Several methods

have achieved the electroanalysis of different analytes by using CNTmodified elec-

trodes. Benefits of low detection limits, increased sensitivity, decreased overpoten-

tials and resistance to surface fouling are found by these CNTs-based electrodes

[69].

Electrochemistry implies the transfer of charge from one electrode to another.

Due to the curvature of the carbon graphene sheet in nanotubes, the electron

clouds change from a uniform distribution around the CaC backbone in graphite

to an asymmetric distribution inside and outside the cylindrical sheets of the nano-

tube [70]. Because the electron clouds are distorted, a rich p-electron conjugation

forms outside the tube, therefore making CNTs electrochemically active (Fig. 2.2).

There are numerous reports of CNT-modified electrodes for the detection of dif-

ferent analytes with low detection limits, decreased overpotentials, and resistance

to surface fouling. However, the exact reason for the unique catalytic properties of

CNTs remains unknown. In this regard, Compton and his colleagues [71, 72] ad-

dressed the question as to why CNTs are catalytic and provided definitive evidence

for their electrocatalytic properties. They explored the reduction of the one-electron

aqueous redox probe ferricyanide at a CNT film-modified basal plane pyrolytic

graphite (BPPG) electrode and compared it with a bare BPPG electrode. Peak-to-

Fig. 2.2. Schematic of the electron distribution along a

graphene sheet and around a carbon nanotube (CNT).
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peak separations of 58 and 350 mV, respectively, were observed; the peak-to-peak

separation is an indication of the heterogeneous charge transfer kinetics, showing

that, in this case, CNTs exhibit fast electron transfer [71]. They further compared

the electrocatalytic properties of CNTs with an edge plane pyrolytic graphite elec-

trode (EPPG). EPPG electrodes are fabricated by taking a piece of high quality,

highly ordered pyrolytic graphite (HOPG) and cutting the desired electrode geom-

etry such that the layers of graphite lie perpendicular to the surface. Conversely,

BPPG electrodes are produced by cutting the electrode geometry such that the

graphite layers lie parallel to the surface. For voltammetry of ferricyanide at the

EPPG electrode, a peak-to-peak separation of 78 mV was observed, suggesting

that the electrochemical reaction occurs with a not dissimilar rate constant as at

the CNT-modified surface. The slight difference in peak-to-peak separation of the

CNTs compared with EPPGs probably reflects the slight impurities at the basal

plane in the EPPG electrode. A catalytic response was also seen for the electro-

chemical oxidation of epinephrine where identical responses were obtained at

both the CNT modified electrode and the EPPG; again, slow electrode kinetics

was observed at a bare BPPG electrode. Indeed, it has been well documented that

the electrode kinetics at EPPG electrodes are at least three times faster than at

BPPG electrodes [73], but, seemingly, this was the first comparative approach to

provide evidence for electrode kinetic enhancements at CNTs. Edge plane sites/

defects are consequently introduced on the electrode surface, resulting in faster

electron transfer. This occurs to the point that, after roughening for about a min-

ute, a nearly identical response to that of the EPPG electrode can be observed. This

clearly shows that edge plane sites are the dominant sites at which fast electron

transfer occurs [74, 75]. The above experiments suggest that edge plane-like sites,

which in CNTs occur at the ends and along the tube axis (where graphite sheets

terminate at the surface of the tube), are likely to be the reason why nanotubes ex-

hibit fast heterogeneous charge transfer, and explains why they have been widely

reported as ‘‘electrocatalytic’’ in the electrochemical literature (Fig. 2.3) [72].

To understand the nature of the electrocatalytic properties and the electro-

chemical reactivity of CNT, Wang’s group [76] studied the effect of electrochemical

pretreatment on CNTs prepared by different processes. They found that anodic pre-

treatment results in a dramatic improvement in the electrochemical reactivity of

ARC-produced CNT, whereas CNTs produced by CVD appear to be resistant to

anodic activation. Such a dramatic difference in the pretreatment effect upon

ARG and CVD-produced CNTs is illustrated using NADH, ascorbic acid, hydrazine

and hydrogen peroxide model redox systems. Differences in the effect of the elec-

trochemical pretreatments are attributed to the anodic preanodization, effectively

‘‘breaking’’ the basal-plane end caps of ARC-CNT, thereby exposing edge plane de-

fects, similar to those already present in the open-end caps of CVD-CNTs. In con-

trast, Gooding and his colleagues [77] demonstrated the importance of oxygenated

species at the ends of CNTs for their favorable electrochemical properties. Defini-

tive evidence is presented for the favorable electrochemical properties of CNT-

modified electrodes arising from the ends of SWCNTs due to oxygenated carbon

species in general, and carboxylic acid moieties in particular, produced during
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acid purification. Interestingly, large amounts of well-aligned CNTs with open tips

have been produced recently by pyrolysis of iron(ii) phthalocyanine [78]. The

aligned CNTs have an average length of about 10 mm and diameters ranging from

92 to 229 nm. Some of the produced CNTs showed Y-junction structures due to the

self-joint growth of two neighboring CNTs. The well-aligned CNTs indicated a

bamboo-shaped multiwalled structure and fairly good crystallinity. Availability of

the CNTs with open tips will make it possible to further study the electrocatalytic

nature of CNTs.

2.5.2

CNTs-based Electrochemical Biosensors

For use as amperometric enzyme electrodes or DNA hybridization biosensors,

CNTs need to be coupled with enzymes or ssDNA probes, respectively. Gooding

and his colleagues have successfully self-assembled short SWCNTs to an electrode

[24]. The vertically aligned SWCNTs act as molecular wires to allow electrical

communication between the underlying electrode and a redox enzyme [23, 24]

(Fig. 2.4). Such direct electron transfer between the prosthetic group of the enzyme

and an electron surface makes it possible to develop reagentless sensing devices.

The direct electron transfer of oxidases and dehydrogenases at CNT-modified elec-

trodes and the dramatic decrease of the overpotential of hydrogen peroxide and

NADH indicate great promise for the biosensing of glucose, lactate, cholesterol,

amino acids, urate, pyruvate, glutamate, alcohol, hydroxybutyrate, etc. For example,

CNT/Nafion/GOD-coated electrodes, coupling the selective reactivity of GOD to

glucose with the electrocatalytic detection of hydrogen peroxide and the permselec-

tivity of Nafion, offered a highly selective low-potential (0.05 V vs. Ag|AgCl) bio-

sensing of glucose [21]. More interestingly, Lin and coworkers [79] reported

glucose biosensors based on GOD covalently attached at the free end of vertically-

aligned CNTs, which have been grown on a metal-coated silicon substrate. They

Fig. 2.3. Schematic representation of the possible variants of

CNTs. In both the bamboo and herringbone variations, graphite

planes are formed at an angle to the axis of the tube and,

therefore, these CNTs have a higher proportion of edge plane

sites/defects. (Adapted from Ref. [72] with permission.)
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detected the reduction current of hydrogen peroxide, instead of the oxidation cur-

rent, at a very low potential (�0.2 V vs. saturated calomel electrode). The low-

potential reductive detection of the hydrogen peroxide led to a highly selective am-

perometric monitoring of the glucose substrate, along with linearity up to 30 mm,

and a detection limit of 0.08 mm. Different from GOD, dehydrogenase-based am-

perometric devices based on the co-immobilization of dehydrogenases and their

NADþ cofactor to electrodes for the biosensing of important substrates such as lac-

tate, alcohol or glucose have also been described [69]. Oxidation of the product (i.e.,

NADH) serves as the anodic signal and regenerates the NADþ cofactor. Therefore,

CNT-modified electrodes, offering an accelerated electron transfer of NADH along

with minimization of surface fouling associated with the accumulation of NADH

oxidation product [20], provide great promise as dehydrogenase-based enzyme

electrodes. For example, Wang and Musameh have reported a low-potential stable

detection of ethanol based on the co-immobilization of alcohol dehydrogenase and

its NADþ cofactor within a CNT/Teflon matrix [80]. Similar advantages are ex-

pected for the biosensing of lactate or glucose in connection with lactate or glucose

dehydrogenase, respectively [69]. Deo et al. [81] have reported an amperometric

biosensor for organophosphorus (OP) pesticides based on a CNT-modified trans-

ducer and an organophosphorus hydrolase (OPH) biocatalyst. To prepare the CNT/

OPH biosensor, a bilayer approach with the OPH layer atop of the CNT film was

used. The CNT layer leads to a greatly improved anodic detection of the enzymati-

cally generated p-nitrophenol product, including higher sensitivity and stability.

The biosensor was used to measure as low as 0.15 mm paraoxon and 0.8 mm methyl

Fig. 2.4. Nanoforest of vertically aligned CNT-trees acting as

molecular wires. (Adapted from Ref. [24] with permission.)
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parathion, with sensitivities of 25 and 6 nA mm�1, respectively. Li et al. have studied

a CNT-modified biosensor for monitoring total cholesterol in blood [82]. The sen-

sor consists of a carbon working electrode and a reference electrode screen-printed

on a polycarbonate substrate. Cholesterol esterase, cholesterol oxidase, peroxidase,

and potassium ferrocyanide were immobilized on the screen-printed carbon elec-

trodes. MWCNTs were added to prompt electron transfer. Experimental results

show that the CNT-modified biosensor offers a reliable calibration profile and sta-

ble electrochemical properties.

The remarkable electrocatalytic activity of CNTs, together with the ability to mod-

ify CNTs for accumulating important biomolecules, make them extremely attrac-

tive for a wide range of electrochemical biosensors, ranging from enzyme-based

electrochemical biosensors to DNA hybridization biosensors [69]. CNT-based elec-

trochemical biosensors combine the specificity of enzymes with the electrocatalytic

ability of nanotubes, and are expected to be extremely useful for clinical diagnostics

and environmental monitoring.

2.6

Functionalization of CNTs

2.6.1

Biological Functionalization of CNTs

Biological functionalization of CNTs has come to be of significant interest in recent

years due to the possibility of developing sensitive and ultrafast detection systems

in biomedical sciences and biotechnological application. CNTs functionalized with

biological assays could be the key to novel nano-biosensing techniques. Functional-

ization of CNT surfaces using proteins and antibodies could enable specific inter-

actions and selective binding to target biomolecules with a very low sample size,

often approaching a single protein. Alteration of the surface chemistry of their

sidewalls can lead to covalent functionalization and, hence, to their potential appli-

cation in drug delivery and chemical and biochemical sensing applications [83].

The functionalization of CNTs with proteins like streptavidin and biotin with the

help of a polymer coating with poly(ethylene glycol) (PEG), and covalent interac-

tions with its amine-terminated variant, has been demonstrated [84]. Since all the

atoms in CNTs are surface atoms, binding proteins or antibodies to surfaces can

greatly affect their surface states and, thus, their electrical and optical properties.

This effect can be exploited as a basis for detecting biological surface reactions in

a single protein or antibody attached to CNT surfaces.

2.6.2

Self-assembly of Surfactant and Lipid Molecules at CNTs

Surfactant adsorption at interfaces has been widely studied because of its impor-

tance in detergents, lubrication, and colloid stabilization [85]. CNTs are insoluble
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in organic solvents and in water, which at present considerably restricts their areas

of use. To enhance the solubility of CNTs, detergents are mixed and shaken with

nanotubes to form stable suspensions [86]. The chemical adsorption of SDS mole-

cules on the surface of the nanotubes creates a distribution of negative charges that

prevents their aggregation and induces stable suspensions in water. The SDS mol-

ecules can be oriented perpendicularly to the surface of the nanotube, forming a

monolayer. The molecular organization of surfactant at the solid–liquid interface

can be (a) the hydrophobic part of SDS is adsorbed on the graphite by van der

Waals interactions, likely following the carbon network, and (b) the hydrophilic

part of the surfactant is oriented toward the aqueous phase, forming half-cylinders

on the surface of the graphite plane [87]. Because CNTs are rolled-up graphene

sheets, the SDS molecules may form similar half-cylinders on the surface of the

tubes, either oriented parallel or perpendicularly to the tube axis.

The self-assembly of lipids at metallic–aqueous interfaces has been well studied.

To determine whether lipid molecules could adsorb and self-organize on CNTs,

creating stable assemblies, Richard et al. have designed and synthesized new re-

agents that form lipidic ‘‘rings’’ made up of supramolecular half-cylinders [88].

TEM results indicated the formation of supramolecular assemblies of these mole-

cules on the surface of the nanotubes. To explore the possibility of functionalizing

the surface of CNTs in a noncovalent but permanent way with different reagents,

the self-assembly of a series of molecules made of a double lipidic chain was fur-

ther tested. In contrast to the single-chain lipids, no organization was detected by

TEM when an aqueous solution (1 mg mL�1) of the second series of molecules

was directly sonicated with 1 mg of MWCNTs. To investigate whether micelles are

necessary to form these supramolecular assemblies, the MWCNTs were sonicated

in the presence of mixed micelles. TEM observations showed perfectly organized

striations on the CNTs. The size of the striations, determined by TEM, varied

from 55 to 75 Å, in perfect agreement with the length of the different lipidic

chains. These results are also coherent with a half-cylinder arrangement of the

double-chain lipids on the surface of the nanotubes. Hence, the formation of mi-

celles appears to be a key step for the formation of supramolecular assemblies on

the CNT surface. This process constitutes a simple, versatile protocol for the non-

covalent functionalization of nanotubes.

One of the most exciting applications of CNTs is in the exploration of proteins

and cells in aqueous solution. Few of these applications have yet been realized, be-

cause of the incompatibility of the CNT surface, which is hydrophobic and prone to

nonspecific bioadsorption with biological components such as cells and proteins.

In addition, the aqueous environment required for biological materials is not suit-

able for unfunctionalized CNTs [89]. In nature, cells are faced with a similar chal-

lenge of resisting nonspecific biomolecule interactions while engaging in specific

molecular recognition. These functions can be simultaneously fulfilled by mucin

glycoproteins, defined by their dense clusters of O-linked glycans. Zettl and associ-

ates [90] have described a biomimetic surface modification of CNTs using glycosy-

lated polymers designed to mimic natural cell-surface mucins. A C18 lipid at one

end of a mucin-mimic polymer is introduced to enable surface modification of
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CNTs. Lipids self-assemble on the surface of CNTs through hydrophobic interac-

tions in the presence of water [88] and lipid functionalized glycopolymers form

ordered arrays on graphite surfaces [91]. The lipid-functionalized mucin-mimic is

self-assembled on CNTs in a similar manner as the organization of native mucins

in the cell membrane, with the glycosylated polymers projecting into the aqueous

medium. CNTs modified with mucin-mimics were soluble in water, resisted non-

specific protein binding, and bound specifically to biomolecules through receptor–

ligand interactions. This strategy for biomimetic surface engineering provides a

means to bridge CNTs and biological systems.

Several successful strategies using covalent or noncovalent chemistry have been

applied to functionalize the sidewall of CNTs. Among these, noncovalent methods

are attractive as they may preserve the inherent properties of the nanotubes [88,

92]. Supported bilayer lipid membranes (s-BLMs) have attracted increasing interest

due to their potential application as electrochemical biosensors, molecular devices,

and for investigating the photoinduced electron transfer in biomembranes [93, 94].

Recently, we [39] successfully self-assembled s-BLM on the surface of MWCNTs

using Tien’s method [94, 95]. The CV responses of BLMs-coated MWCNTs in PBS

were studied. At bare MWCNT electrodes, a large background current i (in the

range of 10�5 A) was observed. When the MWCNT electrodes were coated with

BLMs, the background current was dramatically reduced to the range of 10�9 A,

indicating a strong insulation effect of the lipids assembled on the surface of the

MWCNTs. Since the membrane capacitance (Cm) can be obtained from the back-

ground current of the CV (Cm ¼ i=v), the thickness of lipid membrane Tm on

MWCNTs can be calculated from Tm ¼ 2:2e0A=Cm (e0: vacuum dielectric permittiv-

ity, A: surface area). Tm was thus calculated to be about 4.38 nm, which is approx-

imately double the molecular size of phosphatidylcholine – consistent with a bi-

layer structure of the lipid membrane [94]. The static water contact angles on the

surface of MWCNTs were measured to be 6–7�, indicating a hydrophilic property

of the MWCNT surface. The bilayer lipid membrane can thus be formed with the

hydrophilic moiety of one lipid layer absorbed on the surface of MWCNTs, and that

of another lipid layer faced to the testing PBS solution. This result agrees with that

reported by Kanyó et al. [96] but differs from that found by Richard et al. [88].

Kanyó et al. reported that the surface of MWCNTs, without heating treatment,

were hydrophilic [96]. In contrast, Richard et al. reported that a monolayer of syn-

thetic lipid was self-assembled at the surface of CNTs, in which the van der Waals

interaction between the hydrophobic part of lipid and the carbon network was sug-

gested [88]. The different hydrophilicity reported may come from the different

fabrication methods of the CNTs. When MWCNTs were synthesized from the

chemical source of ethylenediamine, chemical elemental analysis indicated that

1.8–2.8% nitrogen existed in the MWCNTs used in the present study [37]. Func-

tional groups containing nitrogen on the MWCNT surface may contribute partly

to the hydrophilic property on the MWCNTs synthesized and used here. In addi-

tion, it is known that the carbon shell (i.e., each carbon shell of the MWCNT) is

closed by various functional groups, most frequently by COOH, aOH, and CO

groups. For MWCNTs, the outer shell may often contain discontinuous spots of
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imperfection. These local vacancies could also be closed by the functional groups

mentioned above [96]. Possibilities exist for these functional groups to confer the

hydrophilic surface of the MWCNTs.

2.6.3

Electrochemical Functionalization of CNTs

The electrochemical functionalization of CNTs has opened up new opportunities to

fabricate novel nanostructures by improving both their solubility and processibility.

Small-diameter (ca. 0.7 nm) SWCNTs are predicted to display enhanced reactivity

relative to larger-diameter nanotubes due to increased curvature strain. Bahr et al.

have described the derivatization of these small-diameter nanotubes via electro-

chemical reduction of various aryl diazonium salts [97]. The estimated degree of

functionalization is as high as one out of every 20 carbons in the nanotubes bear-

ing a functionalized moiety. The functionalizing moieties can be removed by heat-

ing in an argon atmosphere. Nanotubes derivatized with a 4-tert-butylbenzene
moiety possessed significantly improved solubility in organic solvents. Functionali-

zation of the nanotubes with a molecular system holds strong promise as useful

building blocks for the construction of novel hybrids for nano-sensor applications.

Electrochemical functionalization of CNTs is a selective, clean, and nondestruc-

tive chemical method. But it meets difficulties in homogeneous electrografting of

SWCNTs in large quantities because the reaction is often localized on a very

thin film (ca. 2 mm). To solve this problem, Zhang et al. have utilized a room-

temperature ionic liquid (RTIL)-supported three-dimensional network SWCNT

electrode [98]. In their work, large quantities of SWCNTs were considerably

untangled in RTILs so as to greatly increase the effective area of the electrode.

N-Succinimidyl acrylate (NSA), as a model monomer, was dissolved in the support-

ing RTILs and was electrografted onto SWCNTs (SWCNTs-poly-NSA). As an appli-

cation example, GOD was covalently anchored on the SWCNT-poly-NSA assembly,

and the electrocatalytic oxidation of glucose in this assembly was investigated.

RTILs have opened a new path in electrochemical functionalization of CNTs. Re-

cently, we studied the effect of electrochemical oxidation in 0.2 m HNO3 for

MWCNTs [99]. Scanning electron microscope (SEM) and transmission electron

microscope (TEM) images reveal that electrochemical oxidation increases the spe-

cific area of MWCNTs by cutting off the nanotube tips. Cyclic voltammetry and

constant current charging/discharging was used to characterize the behavior of

electrochemical double layer capacitors (EDLCs) of the oxidized MWCNTs in 1.0 m

H2SO4. The specific capacitance of the oxidized-MWCNTs was remarkably im-

proved. Electrochemical oxidation is, hence, an effective way to improve the perfor-

mance of MWCNT electrodes in EDLC application. More recently, electrochemical

nitration of self-assembled SWCNT sheets with aNO2 groups was achieved [100]. A

SWCNT sheet, used as the working electrode in 6 m aqueous solution of potassium

nitrite, was anodically oxidized to form aNO2 groups on the SWCNTs. Attenuated-

total-reflection Fourier-transform infrared and micro-Raman spectroscopy showed
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the presence of chemisorbed aNO2 groups, consistent with transmission electron

microscope images of the nanotube bundles after functionalization.

2.6.4

Electrochemical Application of Functionalized CNTs

2.6.4.1 Application of Lipid–CNT Nanomaterials in Electrochemical Sensors

Sensors represent a most plausible and exciting application area for nanobiotech-

nology, and nanosensors based on CNTs are expected to emerge in the marketplace

in significant volumes over the next ten years. Despite tremendous excitement

recently generated by experimental breakthroughs that have led to realistic possi-

bilities of using CNTs in electrochemical sensors, further experimental and theo-

retical research is necessary. The formation of stable lipid–CNT assemblies offers

a simple, efficient method for the development of sensors/biosensors. The supra-

molecular structure of lipid–CNTs may lead to several applications in the field of

nanobiotechnology. For example, it could be used for the development of molec-

ular sensors (biosensors) for detecting the body’s molecules. To actualize and opti-

mize the full commercial potential of CNT-based electrochemical sensors, efforts

must continue to be devoted to integrate the nanotube-arrays with power, miniatur-

ized and easy-to-use electrochemical instruments for bimolecular sensing, genetic

analysis, and drug discovery or screening.

The photoelectric effects of bilayer lipid membranes (BLMs) and electron media-

tor modified BLMs have been extensively studied, on account of their possible

applications in understanding the mechanism of natural photosynthesis, in devel-

oping artificial photoelectric devices [101], and in mimicking functionalities of nat-

ural photosynthetic systems, which are represented by photoactive groups, electron

donors and acceptors [102]. Various attempts have been made to realize an artifi-

cial photosynthesis and solar-energy conversion system under laboratory condi-

tions. For example, synthetic dyes have been used to dope BLMs and the corre-

sponding photoresponses have been investigated [103].

Recently, we have described the self-assembly of BLM and C60-containing BLM at

well-aligned MWCNTs for the development of a novel photoswitchable electro-

chemical device [39]. The lipid membrane at MWCNTs is estimated to be 4.38 nm

thick, which is approximately double the molecular size of phosphatidylcholine, in-

dicating that the BLM at the surface of nanotubes has a bilayer structure. Lipid

membrane self-assembled at MWCNTs acts as an insulating layer while the incor-

porated C60 can mediate the transport of electrons as well as photocurrent across

BLM (Fig. 2.5). The membrane resistance of C60-BLM/MWCNTs is 369.3 W, which

is much smaller than that of BLM/MWCNTs (3:238� 106 W). Furthermore, C60-

BLM/MWCNTs possess photoelectric properties due to the electron mediation of

C60 in the lipid membrane. The photoelectric conversion properties of MWCNTs,

BLM/MWCNTs, and C60-BLM/MWCNTs were thus studied using an amperomet-

ric technique. At the lipid interface, C60 transports about 30–40% of electrons,

compared with that of pure MWCNTs, from MWCNTs to the redox species in solu-
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tion. The successful self-assembly of BLM and incorporation of C60 into the BLM at

MWCNTs may provide an easy way for construction of new biosensors and bioelec-

tronic materials using BLM/MWCNTs and/or C60-BLM/MWCNTs nanocompo-

sites.

2.6.4.2 Achieving direct Electron Transfer to Redox Proteins by Functional CNTs

CNT electrodes have been successfully used to study protein electrochemistry. The

novel electrochemical properties and the nanoscale size of CNTs have opened re-

search opportunities in studying hitherto unapproachable phenomena at interfaces

and bifaces for redox proteins [23, 24, 104, 105]. The direct electron transfer of pro-

teins such as peroxidases [23, 24, 65], cytochrome c [15, 30, 106], myoglobin [107],

catalase [108], azurin [15], and GOD [64] have been achieved by the use of CNT

electrodes.

Recently, Mao and associates [109] have described the preparation and bioelec-

trochemical properties of functional nanohybrids through co-assembling of heme-

proteins (i.e., horseradish peroxidase, hemoglobin, myoglobin and cytochrome c)
and surfactants onto CNTs. The prepared protein–surfactant–CNT nanohybrids

(Fig. 2.6) possess facilitated interfacial electron transfer of the proteins with en-

Fig. 2.5. (a) Schematic of BLM/MWCNTs and

C60-BLM/MWCNTs electrode for photocurrent

measurement and electrochemical experiments

(BLM ¼ bilayer lipid membrane). (b) Possible

mechanism of photocurrent generation at the

C60-BLM/MWCNTs cathode. HOMO, the

highest occupied molecular orbital; LUMO, the

lowest unoccupied molecular orbital. (Adapted

from Ref. [39] with permission.)
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hanced faradic responses. The enhancements are ascribed to the ability of surfac-

tants to facilitate protein electrochemistry and to the improved portion of electro-

active proteins assembled, of which the latter assignment is closely associated with

the electrochemical and structural properties of the nanotubes, and the three-

dimensional (3D) architecture of the CNT film confined on the glassy carbon elec-

trode. It is proposed that the single and/or small bundles of the nanotubes in the

CNT film electrode can be rationally functionalized with surfactants to be func-

tional nanoelectrodes capable of facilitating electron transfer of proteins. The 3D

confinement of these functional nanowires onto the GC electrode essentially in-

creases the portion of electroactive proteins assembled in the nanohybrids. These

properties of the protein–surfactant–CNTnanohybrids, combined with the bioelec-

trochemical catalytic activity, could make them useful for development of bioelec-

tronic devices and for the investigation of protein electrochemistry at functional in-

terfaces.

2.6.4.3 Biomolecule-functionalized CNTs for Electrochemical Sensors and

Biosensors

Biomolecule-functionalized carbon nanomaterials have been of interest in electro-

chemical areas in both fundamental research and application. The immobilization

of molecules, biomolecules or even nanoparticles on SWCNTs has been exploited,

motivated by the prospects of using nanotubes as new types of sensor/biosensor

materials [110–113]. In contrast, there are few studies on the modification of

Fig. 2.6. Cartoons of (A) bioelectrochemically functional unit

through co-assembling of protein and surfactant onto a single

MWCNT and (B) nanohybrids consisting of single biofunctional

nanotubes deposited onto the glassy carbon electrode.

(Adapted from Ref. [109] with permission.)

2.6 Functionalization of CNTs 45



MWCNTs [36, 114–117]. The conducting nature of the MWCNTs, together with

their outstanding electronic and mechanical properties, make them attractive for

potential applications. Hemin (iron protoporphyrin IX) is the active center of the

heme-protein family, such as b-type cytochromes, peroxidase, myoglobin and hemo-

globin. It contains a porphyrin ring, which can be immobilized at the surface of

CNTs through noncovalent functionalization by p–p interaction [92]. We have

successfully constructed a hemin-modified MWCNT electrode [43] and character-

ized its electrochemical behavior by CV. The electron-transfer coefficient (a) was

found to be 0.38, with a heterogeneous electron transfer rate (k) of 2.9 s�1 for the

adsorbed hemin. The hemin-modified MWCNT electrodes show ideal reversibility

in 5 mm K3[Fe(CN)6] in the range 0.02–1.00 V s�1, indicating fast electron-transfer

kinetics. CV of the hemin-modified MWCNT electrode in pH 7.4 phosphate buffer

solution (PBS) clearly shows the dioxygen reduction peaks to be close to 0 V (vs.

Ag|AgCl). These results are useful in the development of a novel oxygen sensor

for working at a relatively low potential. To improve the sensitivity of CNT-based

electrochemical sensors toward hydrogen peroxide, we functionalized MWCNTs

with iron-phthalocyanines (FePc) [40]. Highly sensitive and selective glucose sen-

sors can be constructed on FePc-MWCNTs electrodes based on the immobilization

of GOD on a poly-o-aminophenol (POAP)-electropolymerized electrode surface.

SEM images indicate that GOD enzymes trapped in POAP film tend to deposit

primarily on the curved tips and evenly disperse along the sidewalls. The

GOD@POAP/FePc-MWCNTs biosensor we proposed exhibits excellent perfor-

mance for glucose with a rapid response (less than 8 s), a wide linear range (up to

4:0� 10�3
m), low detection limits (2:0� 10�7

m with signal-to-noise of 3), a highly

reproducible response (RSD of 2.6%), and long-term stability (120 days). Such

characteristics may be attributed to the catalytic activity of FePc-functionalized

CNT, permselectivity of POAP film, as well as the large surface area of CNT mate-

rials. Aligned CNT electrode arrays have been used to achieve direct electron trans-

fer to enzymes with redox centers close to the surface of the protein [23, 24]. Most

of the electrochemistry was dominated by proteins immobilized on the electro-

active ends of the nanotubes. Both horseradish peroxidase and myoglobin func-

tionalized CNTs [23] could be used analytically to detect hydrogen peroxide.

CNTs have generated considerable recent interest in bioelectronics and bioelec-

trochemistry owing to their unique mechanical, electrical, and chemical properties

[69, 118]. The electrocatalytic properties of these materials have been exploited as a

means of promoting electron-transfer reactions of a wide range of important bio-

molecules [107, 119]. For example, the greatly enhanced electrochemical reactivity

of hydrogen peroxide and NADH at CNT-modified electrodes makes these nano-

materials extremely attractive for numerous oxidase- and dehydrogenase-based am-

perometric biosensors [20, 21]. The use of CNTmolecular wires offers great prom-

ise for achieving efficient electron transfer from electrode surfaces to the redox

sites of enzymes [105]. Recently, Georgakilas and colleagues have described the

magnetic modification of CNTs [120]. It is expected that the magnetic and catalytic

properties of CNTs can be exploited for the magnetoswitchable control of electron

transfer reactions with functionalized magnetic particles. Pyrene can be non-
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covalently attached on the CNT surface. A carboxylic derivative of pyrene is used as

an interlinker for the binding of capped magnetic nanoparticles on the CNTs. The

increased organophilic character of the capped nanoparticles induces high solubil-

ity in organic media for the modified CNTs.

The unique structure and the outstanding electronic properties of CNTs coupled

with the specific recognition properties of DNA would indeed make CNT–DNA

bioconjugates widely useful in biosensors [121]. To prepare the bioconjugates,

CNTs are treated with concentrated oxidizing acids so as to cover their ends and

surfaces with oxygen-containing groups such as carboxyl groups and ether groups.

The pretreated CNTs are then dispersed in water or organic solvents with the aid of

ultrasonic oscillation. Biomolecules can be linked to CNT-modified electrodes

with the aid of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and/or N-
hydroxysuccinimide (NHS) through the formation of an amide bond between the

carboxylic groups on CNTs and the amino groups in biomolecules. Guo et al. have

studied the electrochemical characteristics of the immobilization of DNA on the

surface of MWCNTs [122, 123]. Both single strand and double strand calf thymus

DNA molecules were attached to MWCNT-modified gold electrodes with the aid of

EDC and NHS. The results of CV, electrochemical impedance spectroscopy (EIS),

and piezoelectric quartz crystal impedance (PQCI) indicate that calf thymus DNA

can be immobilized on MWCNTs via a cationic polyelectrolyte. No matter how

DNA molecules were immobilized on MWCNTs, they still remained bioactive and

could interact with small molecules such as chlorpromazine hydrochloride and

ethidium bromide (EB). Recently, SWCNTs functionalized with amino groups

have been prepared via chemical modification of carboxyl groups introduced on

the CNT surface [124]. Two different approaches (amide and amine-moieties)

were used to produce the amino-functionalized nanotubes. The amino-termination

allows further chemistry of the functionalized SWCNTs and makes possible cova-

lent bonding to polymers and biological systems such as DNA and carbohydrates.

Wang et al. have attached CdS nanoparticles capped with octadecanethiol (ODT) to

SWCNTs, which were dispersed in toluene after pretreatment with acetone,

through hydrophobic interactions [125]. Then, streptavidin was anchored to CdS-

SWCNTs, followed by combination with biotinylated probe DNA. The resultant

SWCNTs-DNA bioconjugates were attached to a microplate through ‘‘sandwich’’

hybridization. Target DNA can be detected via determination of cadmium in CdS

nanoparticles dissolved by nitric acid at a mercury film GCE by stripping voltam-

metry. The detection limit is around 40 pg mL�1. With selective functionalization

of oligonucleotide probes at the open ends of MWCNTs, Meyyappan’s group [121]

reported that a nanoelectrode array based on vertically aligned MWCNTs em-

bedded in SiO2 can be used for ultrasensitive DNA detection. Characteristic elec-

trochemical behaviors are observed for measuring bulk and surface-immobilized

redox species. Sensitivity is dramatically improved by lowering the nanotube den-

sity. More recently, they reported a similar approach for the fabrication of nanoelec-

trode arrays using vertically aligned MWCNTs embedded within a SiO2 matrix

[126]. CV and pulse voltammetry were employed to characterize the electro-

chemical properties of the MWCNT array. The unique graphitic structure of the
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novel MWCNT nanoelectrodes were compared with model systems such as highly

oriented pyrolytic graphite and glassy carbon electrodes. Low-density MWCNT

nanoelectrode arrays display independent nanoelectrode behavior, showing

diffusion-limited steady-state currents in cyclic voltammetry over a wide range of

scan rates. Electroactive species can be detected at concentrations as low as a few

nm. In addition, ultrasensitive DNA/RNA sensors have been demonstrated using

the low-density MWCNT arrays with selectively functionalized oligonucleotide

probes (Fig. 2.7). This platform can be widely used in analytical applications

as well as fundamental electrochemical studies. In summary, biomolecule-

functionalized CNT electrodes can in the future be used as a new type of miniature

DNA affinity biosensors [127].

2.7

Conclusions and Future Prospects

We have addressed recent advances in electrochemistry and electrochemical appli-

cation of CNTs, particularly of the functionalized CNTs with specific properties.

The attractive properties of functionalized CNTs have paved the way for the con-

struction of a wide range of electrochemical sensors/biosensors exhibiting attrac-

tive analytical behavior. In particular, functionalization of the CNT surface can

result in highly soluble materials, which can be further modified with active mole-

cules, making them compatible with biological systems. Therefore, many applica-

tions can be envisaged by using functionalized CNTs. With the creation of bifaces

and interfaces at lipid–CNTs nanocomposites, progress in CNT technology may

Fig. 2.7. (a) and (b) Schematic of the

mechanism for DNA/RNA sensing on an

inlaid MWCNT nanoelectrode combined with

Ru(bpy)3
2þ mediator amplified guanine

oxidation. Short blue lines in (a) represent

oligonucleotide probe molecules functionalized

at the open end of MWCNTs, and the longer

red lines represent target molecules hybridized

with the probe molecules. The hemisphere

represents the diffusion layer of Ru(bpy)3
2þ

mediators. (Adapted from Ref. [126] with

permission.)
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well lead to better insights into biological and physical chemistry processes. This

will make it possible to find compounds more compatible with CNT technology

and to facilitate more effective use in electrochemical applications. Highly selective

and sensitive molecular sensors based on CNTs are set to become commonplace in

the near future.
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Nanotubes, Nanowires, and Nanocantilevers

in Biosensor Development

Jun Wang, Guodong Liu, and Yuehe Lin

3.1

Introduction

Recent developments in designing and synthesizing conducting one-dimensional

(1D) nanostructured materials, including carbon nanotubes (CNTs) and nanowires,

etc., have attracted much attention across scientific and engineering disciplines

because of their great potential for replacing conventional bulk materials in micro-

and nanoelectronic devices [1, 2] and in chemical [3, 4] and biological sensors [4–

9]. Various methodologies and technologies have been developed to fabricate 1D

conducting nanomaterials [10, 11]. For example, chemical methods, including cat-

alytic vapor deposition (CVD) have been widely used to synthesize CNTs [12, 13]

and silicon nanowires [14, 15] on catalytically patterned substrates at desired sites

with controlled orientations. Microfabrication [10, 11], soft lithography techniques

[10, 11], and electric fields [16], etc. have been employed to fabricate highly ori-

ented 1D nanomaterials. Various electrochemical techniques have been developed

to fabricate 1D conducting polymer nanowires [17, 18]. New techniques are being

explored to synthesize new 1D nanomaterials.

One-dimensional nanostructured materials as building blocks for biosensors are

promising because of their unique electronic, optical, chemical, and mechanical

properties, which are intrinsically associated with their low dimensionality and the

quantum confinement effect. Therefore, 1D nanomaterials have broad applications

in developing various types of biosensors, e.g., electrical [19, 20], optical [21], and

mechanical [22] (nanocantilever biosensors). For example, CNTs exhibit excellent

electronic properties. They can be used as molecular wires for facilitating electron

transfer on the surface [23]. One-dimensional nanomaterials have a high aspect

ratio, which makes them exhibit extreme sensitivity and superior response. Own-

ing to their high sensitivity, 1D nanomaterials can be used to construct label-free

biosensors. This will be very attractive and avoid exhausting and complicated label-

ing. With the ever-decreasing sizes of these 1D nanostructures, the ‘‘bottom-up’’

chemical approach is playing an increasingly important role because of its capabil-

ity to make much smaller features compared to the ‘‘top-down’’ approach. So, com-

bined with bottom-up techniques, 1D nanomaterials are ideal building blocks for
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constructing miniature biochips. The detection mechanism with these tiny nano-

sensors is based on chemical interactions between the surface atoms of 1D nano-

structured materials and adsorbed molecules. This interaction will provide a direct

electronic readout within a few seconds of electron-donating or -withdrawing

molecules adsorbing onto the nanomaterials. A miniature biochip based on 1D

nanomaterials will be implanted in the body and will detect multiple biological

molecules in vivo! In general, these 1D nanomaterials are expected to play an im-

portant role in the development of various emerging technologies that will improve

the way we live.

Biosensors based on 1D nanomaterials have shown great advantages. However,

real applications in biological diagnosis are a long way off. A major challenge re-

mains to fully exploit the 1D nanostructure with one lateral dimension between 1

and 100 nm. For example, 1D nanostructured material-based biosensors need to

bind biological recognition molecules onto the device. It is a great challenge to in-

dividually address high-density biomolecule nanoarrays. There is also a need for

deconvolution of noise from the signals. To analyze proteomic signatures, a major

challenge will be to identify signatures from low-concentration molecular species

in the presence of an extremely high concentration of non-specific proteins.

As a branch of nanotechnology, 1D nanomaterial-based biosensor development

has made great progress. Each year, thousands of articles on nano-related biosen-

sors are published, and many reviews have appeared in different journals [24, 25].

The present chapter introduces reviews on biosensor development based on 1D

nanomaterials, CNTs, semiconducting nanowires, and some cantilevers. The chap-

ter is comprehensive – previous reviews on nanomaterials-based biosensor devel-

opment have focused on one of 1D nanomaterials, e.g., either carbon nanotubes

or nanowires. The emphasis here, however, is on CNTs and electrochemical/

electronic biosensor developments. Section 3.2 gives a detailed description of

carbon nanotubes-based biosensor development, from fabrication of carbon nano-

tubes, the strategies for construction of carbon nanotube based biosensors to their

bioapplications. In the section on the applications of CNTs based biosensors, vari-

ous detection principles, e.g., electrochemical, electronic, and optical method, and

their applications are reviewed in detail. Section 3.3 introduces the method for syn-

thesis of semiconducting nanowires, e.g., silicon nanowires, conducting polymer

nanowires and metal oxide nanowires and their applications in DNA and proteins

sensing. Section 3.4 simply describes the development for nanocantilever-based

biosensors and their application in DNA and protein diagnosis. Each section starts

with a brief introduction and then goes into details. Finally, Section 3.5 summa-

rizes the development of 1D nanomaterials based biosensors.

3.2

Carbon Nanotubes in Biosensor Development

CNTs, rolled graphene sheets, were discovered in 1991 by Iijima [26] following

the historical finding of the new fascinating member of the carbon family –
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‘‘Buckyball’’ fullerene (carbon nanocage) and other nanocarbon particles [27].

CNTs have basic sp2 carbon units that comprise a seamless structure with hexago-

nal honeycomb lattices, being several nanometers in diameter and up to hundreds

of microns long. CNTs can be divided into two major groups, i.e., single-wall CNTs

(SWCNTs) and multiwall CNTs (MWCNTs). SWCNTs represent a single graphite

sheet rolled flawlessly, demonstrating a tube diameter of 1 to 2 nm, whereas

MWCNTs show concentric and closed graphite tubules with diameters ranging

from 2 to 50 nm and an interlayer distance approximately 0.34 nm [28]. Typical

SWCNTs have an open-ended nanostraw or a capped nanohorn tubular structure.

Because of the highly oriented architectures, these novel nanostructures exhibit

physicochemical properties different from those of bulk graphite and diamond

and thus provide their unique electronic, chemical, thermal, and mechanical prop-

erties [29, 30]. Since the early 1990s, CNT science has been one of the fastest grow-

ing areas of research in chemistry, physics, materials, and life technologies. The

important properties and possible potential applications of CNTs have been re-

viewed recently [31–35].

The first type of CNT-based sensor was prepared by using MWCNTs mixed

with bromoform as a binder packed into a glass capillary. This modified electrode

exhibited remarkable improvement with regard to the electrochemical oxidation of

dopamine [36]. Since then, work has concentrated on their electrocatalytic perfor-

mance towards the redox behaviors of biomolecules [37, 38], especially towards the

fabrication of effective, prototype deoxyribonucleic acid (DNA) and glucose biosen-

sors [39, 40]. Recent summaries of the preparation conditions, interferences, inter-

facing, comparison, or analytical promise of the CNT-based sensors can be found

in more specific reviews [41–43].

3.2.1

Preparation and Purification of CNTs

CNTs synthesis has mainly involved three major methods: the carbon arc-discharge

method, or electric arc discharge (EAD) [26, 44], the laser vaporization of a graph-

ite electrode or laser ablation (LA) [45], and a chemical method, CVD [11, 12]. EAD

uses a direct current arc between carbon electrodes within a noble gas, like argon

or helium [26]. In CVD, the CNTs are formed by the decomposition of the gaseous

hydrocarbon at 700–900 �C and atmospheric pressure [46]. Materials produced by

the EAD and LA protocols are in the forms of porous membranes and powders

that require further processing. CNTs can be grown directly on substrates by the

CVD process. Among these three techniques, the CVD is the most promising syn-

thesis route for economically producing large quantities of CNTs. This is because

the catalyst-involved CVD can use a lower temperature to form CNTs than the

other two techniques. In addition, the catalyst can be deposited on a substrate,

which allows for ordered synthesis and the formation of novel structures. CNT-

based research for sensor applications only gained momentum after these highly

oriented, large-scale productions emerged.
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MWCNTs were first made by Yacaman et al. [47] followed by others [12, 13, 45].

Their experimental set-up usually consists of a high-temperature oven in which the

catalysts are placed onto a highly resistant ceramic or metal plate. The nature and

yield of the deposit obtained in the reaction are controlled by varying different

parameters, such as the nature of the metals and the supports, the hydrocarbon

sources, the gas flows, the reaction temperature, and the reaction time. By select-

ing the proper conditions, both the physical (e.g., length, shape, diameter) and

chemical (e.g., number of defects, graphitization) properties of MWCNTs can be

designed in advance. The choice of catalysts is vital in growing a good quality of

CNTs and has been a subject for several research groups. Supported Co, Ni, and

Fe catalysts were found to be the most active in the CVD growth thus far, although

the metals and supports demand different temperature ranges [48, 49].

The first SWCNTs were reported by Iijima and Ichihashi when employing the

EAD set-up with a low product yield [50]. This synthesis was significantly im-

proved in 1996 when Dai et al. demonstrated that LA can be an effective way to

grow highly uniform tubes that have a greater tendency to form aligned bundles

than those prepared using EAD [45]. These ordered CNTs were fabricated by laser

vaporization of a carbon target in a furnace at 1100 to 1200 �C, which was a much

lower temperature than that was previously thought necessary for nanotube forma-

tion. A Co-Ni catalyst assists the growth of the nanotubes, presumably because it

prevents the ends form being ‘‘capped’’ during synthesis. In a later work, the same

group showed that high quality SWCNTs could be produced by CVD decomposi-

tion of methane on supported transition metal oxide catalysts [51]. The experimen-

tal set-up was similar to apparatus generally producing multiwalled nanotubes;

however, some factors, including the catalyst composition, the support, and the

hydrocarbon, were different. Fe2O3 was found to be significantly more efficient in

SWCNT production than CoO or NiO. Methane was used instead of the generally

applied acetylene or ethylene because of its kinetic stability at high temperatures.

Since there is no pyrolytic decomposition, the carbon atoms needed for the growth

of nanotubes are produced by a catalytic reaction from the methane on the metal

surfaces. The reaction time was dramatically reduced from the usually applied

hour(s) to 10 min, and thus it prevents the outer surface of the nanotubes from

being coated with amorphous carbon. In the following year, Colomer et al. proved,

after viewing the nanotube bundles by transmission electron microscopy, that the

best yield of SWCNTs is obtained by using a Fe-Co binary mixture supported by

alumina [52]. Other groups have explored the possibility of extending their suc-

cessful approach for MWCNTs into SWCNTs growth, mainly focusing on CVD

[12, 13, 46–49].

High-purity CNTs can be, theoretically, achieved by optimizing the synthetic

routes, and this should be viewed as part of the overall performance of the pro-

posed preparation protocol. Nevertheless, the as-synthesized CNT materials un-

avoidably contain significant amounts of impurities, including amorphous carbon,

graphite particles, and metal catalysts. The purification schemes that have been de-

veloped usually take advantage of differences in the aspect ratio [53] and oxidation
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rate [54] between the nanotubes and the impurities. Zhou et al. proposed a method

that can reach final product purity over 95% [55]. The protocol combines hydrogen

peroxide reflux with filtration that can effectively remove most of the impurities.

Recently, Chiang et al. modified a gas-phase purification technique previously re-

ported by Smalley and others [53] that uses a combination of high-temperature oxi-

dations and repeated extractions with hydrochloric acid. This improved procedure

significantly reduces the amount of impurities (catalyst and non-nanotube forms

of carbon) within the nanotubes, increasing their stability remarkably. The onset

of decomposition of the purified nanotubes (determined by thermal gravimetric

analysis in air) is more than 300 �C higher than that of the crude nanotubes. Trans-

mission electron microscopy analysis of the purified nanotubes reveals near com-

plete removal of iron catalyst particles. The iron content of the nanotubes was re-

duced from 22.7 wt.% in the crude nanotubes to less than 0.02 wt.% in the final

product. Nanotubes purified by this method can be readily dispersed in common

organic solvents, in particular N,N-dimethylformamide, using prolonged ultrasonic

treatment. These dispersions can then be used to incorporate single-wall CNTs into

polymer films.

3.2.2

Construction of CNT-based Biosensors

Interest in exploring CNTs in biosensor fabrication has grown exponentially since

the inception of CNTs in 1991 [26] and the first CNT-based sensor report [36]. Fol-

lowing the preparation and purification of a large quantity of CNTs as discussed

above, the immobilization of these sensing layers onto the transducer support

is introduced below. Basically, these CNT immobilizations have been based on dis-

persion, solubilization, adsorption, functionalization, composite entrapment, and

other surface anchoring protocols.

3.2.2.1 Dispersion and Stabilization by Oxidative Acids

The well-ordered, all-carbon hollow CNTs possess unique walls and ends and thus

resemble the sensing properties of basal planes of pyrolytic graphite (through their

walls) and of edge planes of pyrolytic graphite (through their open ends). This

sensing mechanism, in addition to their high surface-to-volume ratio, high chemi-

cal and thermal stability, high tensile strength, and elastic nanostructures, has

made them excellent candidates for sensor fabrication. However, the spontaneous

coagulation and the lack of solubility of CNTs in aqueous media is a major chal-

lenge for their application. To prevent coagulation of the as-synthesized CNTs, oxi-

dative acid treatments are usually explored, including refluxing and sonication in

a concentrated mixture containing sulfuric acid and nitric acid, as reported by

Smalley’s group [56]. This procedure, while occasionally generating surface defects

and tube shortening, can produce abundant carboxylated sites on the CNT walls

and caps. A dark stable aqueous suspension of CNTs can be achieved after re-

moving access acids. More recently, Mallouk’s group have reported that a stable

SWCNT aqueous dispersion at concentrations above 0.3% can be obtained as a re-
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sult of the hydrogel formation. This follows the treatments by a mixture containing

H2SO4 þ (NH4)2S2O8 þ P2O5 and a subsequent mixture with H2SO4 þ KMnO4

[57]. Similar approaches have also been reported for a stable aqueous MWCNT hy-

drogel formation [58].

3.2.2.2 Dispersion by Surfactant Interaction

To preserve the intact CNT nanostructures after dispersion, a noncovalent

stabilization/immobilization might be attractive. Simple physical stabilization,

such as centrifugation, filtration, distillation, and sonication, in coupling with sim-

ple immobilization, including evaporation, casting, or spin coating, can be directly

applied for respective sensor fabrications [35, 36]. Nevertheless, the hydrophobicity

of the CNT walls, which accounts for vast majority of the tubes, is a major barrier

when it comes to dispersing and manipulating the sensor surface and anchoring

in a controlled manner.

Considering the relatively hydrophilic caps of CNTs, the noncovalent surfactant-

and polymer-assisted aqueous dispersion may offer an alternative to overcome the

drawbacks of the simple physical stabilization [59, 60]. The systematic study of the

SWCNT dispersion in various surfactants has been reported and tabulated by Sun

et al. [41], with the CNT solubilities ranging 10–50 mg mL�1.

3.2.2.3 Polymer-assisted Solubilization

Because of the pseudo-amphiphilic feature of CNTs, due to their hydrophilic

carboxylated ends and hydrophobic sidewalls, various ionic and nonionic polymers,

such as poly(p-phenylenevinylene) [59], poly{(m-phenylenevinylene)-co-[2,5-
dioctyloxy-(p-phenylene)-vinylene]}, [60] or poly(ethylene oxide)-poly(propylene

oxide)-poly(ethylene oxide) triblock polymers, have been reported to ‘‘wrap’’ CNT

in polymeric chains to facilitate dispersing and to stabilize the nanotubes, without

impairing their physical properties [59, 60]. Wang et al. developed a method that

directly applied Nafion polymer-assisted CNT dispersion in sensor fabrication [61].

Similar to other polymers used to wrap and solubilize CNTs, Nafion bears a polar

side chain and can produce a CNT suspension in phosphate buffer or alcohol solu-

tion. Increasing the Nafion content from 0.1 to 5 weight percent (wt.%) results in

dramatic enhancement of the solubility of both single-wall and multiwall CNTs

(Fig. 3.1). A homogeneous solution of the Nafion/CNT complex is observed in Na-

fion solution, but no such solubilization is observed in ethanol or phosphate-buffer

solutions containing no Nafion. The CNT/Nafion association does not impair the

electrocatalytic properties of CNTs with respect to the redox reaction of hydrogen

peroxide. The Nafion-induced solubilization of CNT thus permits various applica-

tions, including the modification of electrode surfaces for preparing amperometric

biosensors, and field-effect transistors [62].

3.2.2.4 CNT Adsorption on the Transducer Substrate

Although the dispersion and distribution of CNTs in aqueous media have proved to

be challenging, some non-polar organic solvents such as N,N-dimethylformamide

(DMF) cause less coagulation of the tubes and thus permit a greater extent of dis-
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persion. This organic solubility offers the possibility for directly coating or spin

casting of the CNT organic solution onto the sensor substrate and subsequent sol-

vent evaporation. Re-immersion of these resultant CNT-based sensors into aqueous

media showed no loss of operational performance and thus provides proof of strong

adsorption on the surface. The first CNT-based sensor by Britto and co-authors was

based on nanotubes solubilized in bromoform as a binder material following pack-

ing into a glass tube to complete the sensor construction [36]. Presently, many

sensors still use this approach because of the ease of fabrication. The most often

used substrates are glassy carbon, gold, platinum, carbon fiber, and glass. Lately, a

protocol derived to co-incorporate some recognition reagent has been reported [63,

64]. Although these protocols are almost the simplest and most convenient ways

to fabricate CNT-based sensors, the non-specific CNT adsorption needs to be ad-

dressed to gain greater control over their random distribution if a highly reproduc-

ible and stable sensor is demanded.

3.2.2.5 Surface Functionalization of CNTs

Biosensors need specific surface recognition towards targets, and have thus pro-

moted the modification of CNTs. These modifications usually start with the CNTs’

sidewalls, ends, and defects, which are rich in nanotube-bound carboxylic groups.

The latter are the nondestructive outcome of oxidative acid pretreatment on CNTs.

The external-added functional molecules can be as small as simple amino acids

or as large as protein macromolecules. Linkages between the nanotubes and the

functional components, with or without coupling agents, are based on carboxylate

chemistry via amidation and esterification, as well as ionic interaction schemes.

Fig. 3.1. Photographs of vials containing

0.5 mg mL�1 SWCNT (A) and MWCNT

(B) in different solutions: phosphate buffer

(0.05 m, pH 7.4) (a), 98% ethanol (b), 10%

ethanol in phosphate buffer (c), 0.1% Nafion

in phosphate buffer (d), 0.5% Nafion in

phosphate buffer (e), and 5% Nafion in

ethanol (f ). (C) TEM image of a 0.5% Nafion

solution containing MWCNT (0.3 mg mL�1).

(Reprinted with permission from Ref. [61].

8 2003 American Chemical Society.)
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Accordingly, these functionalizations can be covalent or noncovalent bonding in

nature.

Liu et al. have used dicyclohexylcarbodiimide (DCC), a coupling reagent which

converts the carboxylate ends of the SWCNTs into carbodiimide leaving groups, to

react with amines on cysteamine (NH2CH2CH2SH) [65]. The single-walled nano-

tubes with free thiol terminal groups then covalently attached onto substrate gold

surface through a self-assembly process. Although atomic force microscopy (AFM)

and transmission electron microscopy (TEM) have revealed different surface mor-

phology of the resultant modified surfaces [66], this functionalization protocol

offers control over the spatial distribution, lengths, and other surface patterns of

the nanotubes aligned on the substrate by adjusting the assembled amount and

time. Gooding and coauthors employed a similar carbodiimide-activated conjugat-

ing method in immobilization of microperoxidase (MP-11) onto the perpendicu-

larly aligned nanotubes that were pre-anchored on the cysteamine-modified gold

electrode [66]. Other direct bonding or electrostatic complexing approaches include

using such as bridging metal ions to connect a polyelectrolyte-modified surface

and the carboxylic acid terminated tubes [67] and complexing with an oppositely

charged polyelectrolyte [66]. While these approaches provide various patterned

nanotubes, a major concern lies in that the aligned tubes have little support and,

therefore, the electrodes may lack robustness [67].

To elucidate the covalent, electrostatic, and nonspecific contributions to protein–

SWCNT interaction, Davis et al. carried out the experiments of amidation both in

the presence and absence of the coupling reagent DCC [69, 70]. They discovered

that glucose oxidase is adsorbed along the length of CNTs randomly distributed

on a glassy carbon electrode. Though coupling can be controlled, to a degree,

through variation of tube oxidative pre-activation chemistry, careful control experi-

ments and observations made by AFM suggest that immobilization is strong, phys-

ical, and does not require covalent bonding. Figures 3.2 and 3.3(a) exhibit their pro-

posed protein–nanotube conjugates, which were readily characterized at the

molecular level by AFM. Ferrocene monocarboxylic acid behaves as a mediator to

promote charge transfer communication between electrode surface and the en-

zyme molecules. Under such conditions, the glucose signal was 10� greater than

if only glucose oxidase was adsorbed onto the glassy carbon electrode without

CNTs (Fig. 3.3b). This approach demonstrated the possible device application; pro-

tein attachment appears to occur with retention of the native biological structure.

The role of nanotubes in this proposed glucose sensor was to provide (1) the

high-aspect ratio electrode to which high capacity glucose oxidase loading was

achieved, and thus greater signals were generated from more active enzyme inter-

facing and (2) provide possible direct electrical communication between a redox-

active biomolecule and the delocalized p system of its CNT support [71].

3.2.2.6 Composite Entrapment and CNTs Bulky Electrode Material

The first nanotube composites were prepared by Ajayan and coauthors by mechan-

ically mixing MWCNTs and epoxy resin [72]. Because CNTs themselves could be
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viewed as an extreme form of conducting polymer, the combination of nanotubes

with conventional p-conjugated conducting polymers offers new electronic proper-

ties and high surface area capacity. This well suits the integration of substrate and

transducer when making biosensors.

Wallace et al. combined MWCNTs and glucose oxidase to be embedded into poly-

pyrrole (Ppy) with 0.1 m NaClO4 as supporting electrolyte [73]. Such an enzyme

electrode retains its stability at 70% after 3 days storage in the dry state at 4 �C.

The use of these 3D electrodes offers advantages in that large accessible enzyme

loadings can be obtained within an ultrathin layer. The iron-loaded nanotube tips

(generated from CNT preparation) also contribute partial catalytic capacity toward

H2O2 oxidation. A biosensor based on Ppy/DNA composite covered CNT under-

Fig. 3.2. Schematic representation of the

‘‘SWCNT Glucose Biosensor.’’ Solution-phase

d-glucopyranose is turned over by oxidase

enzymes immobilized on the nanotubes. This

redox process at the enzyme flavin moieties is

‘‘communicated’’ to the nanotube p system

through the diffusive mediator ferrocene

monocarboxylic acid. The redox action of the

ferrocenes at the nanotube surface ultimately

generates a quantifiable catalytic current that

is characteristic of substrate detection and

turnover. (Reprinted with permission from Ref.

[70]. 8 2003 Wiley-VCH.)
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layers was recently provided for DNA sensing [74]. By applying an impedance tech-

nique to this two-layer-based sensor, the complementary DNA target can be de-

tected down to 5� 10�11
m.

Sol–gel chemistry involves the hydrolysis and condensation of suitable alkoxysi-

lane precursors and has been widely employed for the preparation of inorganic

materials (monolithic, hybrid, composites, and chromatographic stationary phase)

suitable for various applications. Recently, Bachas and coworkers have applied a

CNT sol–gel composite as an enzyme-friendly platform to develop biosensors [75].

Using l-amino acid oxidase as a model enzyme, the biosensors were made in aque-

ous sol–gel processes involving methyltrimethoxysilane, ethyltrimethoxysilane and

propyltrimethoxysilane as precursors. Aliquot amounts of MWCNTs and enzyme

were added into the sol when the hydrolysis took place. The resultant sensor

proved to be stable and retained more than 50% of its response after 1 month of

testing. In such an immobilization protocol, the porous aSiaOa sol–gel network

Fig. 3.3. (a) TMAFM amplitude micrograph

of a GOX-modified SWCNT in which a high

degree of enzyme loading is apparent. The

scale bar is 200 nm. (b) Voltammetric

response of such nanotubes in the absence

(lower curves) and presence (upper curves) of

the substrate, b-d-glucose. (TMAFM ¼
tapping-mode atomic force microscopy).

(Reprinted with permission from Ref. [70].

8 2003 Wiley-VCH.)
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encapsulates biomolecules while the use of CNTs, as the conductive part of the

composite, facilitated fast electron transfer rates.

Because of the unique sp2 hybrid surface structures, CNTs themselves could be

viewed as an extreme form of conducting polymer. The CNT bulky material may

be applied directly towards sensor construction without binders or other auxiliary

components. Wang and co-authors have developed a simple approach for prepar-

ing effective CNT-based biosensors from CNT/Teflon composite material by hand-

mixing a certain amount of CNTs in the dry-state with granular Teflon to obtain a

desired composition of CNT/Teflon [76]. Carbon composites, based on the disper-

sion of graphite powder within an insulator, offer convenient bulk modification for

the preparation of reagentless and renewable biosensors. Wang et al.’s approach

relies on CNTs as the sole conductive component rather than as the modifier cast

on other electrode surfaces. The bulk of CNT/Teflon composites hence serve as a

reservoir for the enzymes. By comparing the sensors’ performance against their

respective composite compositions, the CNT content of 40–60 wt.% has been sug-

gested. CNT/Teflon composites combine advantages of CNTs and bulk composite

electrodes that permit a wide range of applications without the need for a graphite

surface. Certain amounts of enzymes (e.g., glucose oxidase and alcohol dehydro-

genase) and cofactor (e.g., NADþ) can be mixed with the CNT/Teflon composite

and used as electrode materials, depending upon specific needs. These biosensor

interfacings displayed a marked electrocatalytic action toward hydrogen peroxide

and b-nicotinamide adenine dinucleotide (NADH) and, hence, this is promising

for the development of biosensors for glucose (in connection with oxidase en-

zymes) and ethanol (in connection with dehydrogenase enzyme), respectively [76].

Similar approaches have been developed for CNT-based sensor fabrication using

nanotube–mineral oil paste, reagent-embedded CNT paste, or powders to deter-

mine DNA, glucose, cysteine, and other biomolecules.

Composites consisting of CNTs and other nanotubes or nanoparticles were re-

ported recently for enhancing the catalytic capacity of the sensing devices. Luong’s

group [77] and Yao’s group [78] used platinum nanoparticles combining with CNTs

to construct a biosensing platform for glucose oxidase. Wang et al. employed semi-

conductor CdS nanoparticle-tagged CNTs for DNA hybridization detection [79].

3.2.2.7 More Sophisticated Surface Tailoring Based on Combination of

Co-adsorption, Integration, Prohibition, Spacing, Linkage, Sandwich, Tagging, and

other Anchoring Approaches

Biosensors involve biomolecules and biorecognition reactions. Their optimal oper-

ational performance depends on the maximization of the desired signals while

minimizing the side reaction. DNAs, enzymes, antigens, and other biomolecules

usually bear charges, depending on the medium pH. CNT biomodifications based

on non-specific interaction with DNAs or proteins can be achieved through the

sidewall electrostatic interaction, hydrogen bonding, and other mechanisms, as

well as the insertion of smaller biomolecules into the tubular channel. The nature

of these noncovalent bondings are complicated and were proposed by Dai et al. as
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mainly the results of hydrophobic interaction and the p-stacking of the conjugated

pyrenyl group of 1-pyrenebutanoic, succinimidyl ester, or coating with some sur-

factants, such as Triton [80, 81]. More specific binding to functionalize the CNTs

can take advantage of covalent bonding, DNA hybridization, coupling agents, and

antigen–antibody interactions. Biosensing by these approaches was reported for

the CNTs attachment of decorated glucose oxidase [82], thiolated DNA [83],

amine-terminated DNA [84], and peptide nucleic acid (PNA) – a DNA mimic [85].

The non-specific adsorption of proteins on nanotubes is not always desirable,

especially when tested in real biofluid samples that contain many co-existing

proteins. More sophisticated sensors, therefore, need to address issues like target-

recognition enhancement, blockage of undesired interference (the co-existing pro-

teins’ non-specific adsorption on the nanotube surfaces), long-term storage, etc.

Accordingly, CNT surface engineering might be a combination of different tailor-

ing techniques. Dai et al. have presented a typical example [81] (Fig. 3.4). In their

approach U1A, a protein involved in the splicing of message ribonucleic acid

(mRNA), was covalently linked to Tween-20, a surfactant. The complex was then

noncovalently cast onto the single-walled CNT surface. The latter was as-grown on

a quartz wafer that was in situ monitored by its conductance and frequency re-

sponse during the sensing measurement.

This CNT modification with the adsorption of biotinylated Tween-20 allowed

streptavidin recognition by the specific biotin–streptavidin interaction, but pro-

vided resistance toward other protein adsorptions. Under such design, the sensor

could detect the binding of 10E3, a specific antibody for recognition of U1A,

at concentrations as low as 1 nm (Fig. 3.4), while showing no response toward

other existing proteins such as streptavidin, avidin, bovine serum albumin (BSA),

a-glucosidase, staphylococcal protein A (SpA), and immunoglobulin G (IgG) (Fig.

3.4C). The blocking mechanism toward coexisting proteins was proposed as the

formation of a nearly uniform layer of surfactant Tween-20 through the favorable

hydrophobic interaction on the nanotube surface, with the poly(ethylene glycol)

(PEG) segments extending into the aqueous media to provide the observed protein

resistance. Noticeably, this protein-resistant assembly may be covalently conjugated

to specific antigens to allow sensitive detection of antibodies, or vice versa [81]. This

proposed real-time immunosensor can thus compare favorably with a standard

fluorescence-based assay with immobilized antigens on planar arrays.

Wang et al. have recently developed a CNT-based amplified bioelectronic protocol

that uses DNA for linking particles to CNTs [63]. As can been seen in Fig. 3.5(a),

the preparation is based on the sandwich hybridization (a) or antigen–antibody (b)

binding along with magnetic separation of the analyte-linked magnetic-bead/CNT

assembly (A), followed by enzymatic amplification (B), and chronopotentiometric

stripping detection of the product at the CNT-modified electrode (C). TEM observa-

tions (Fig. 3.5D) indicate that the hybridization event leads to crosslinking of the

alkaline phosphatase (ALP)-loaded CNTs and the magnetic beads (with the DNA

duplex acting as ‘‘glue’’). In this new bioaffinity assay, CNTs play a dual amplifica-

tion role in both the recognition and transduction events, namely as carriers for
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Fig. 3.4. Specific detection of mAbs binding

to a recombinant human autoantigen. (A)

Scheme for specific recognition of 10E3 mAb

with a nanotube device coated with a U1A

antigen–Tween conjugate. (B) QCM frequency

shift vs. time curve showing selective detection

of 10E3 while also showing rejection of the

antibody 6E3, which recognizes the highly

structurally related autoantigen TIAR.

(C) Conductance vs. time curve of a device,

revealing a specific response toa1 nm 10E3

while rejecting polyclonal IgG at a much

greater concentration of 1 mm (inset).

(Reprinted with permission from Ref. [81].

8 2003 of National Academy of Sciences,

U.S.A.)
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numerous enzyme tags and for accumulating the product of the enzymatic reac-

tions. With such an assembly, the extraordinarily low detection limits were re-

ported for DNA and IgG of 1 and 500 fg mL�1, respectively.

3.2.3

CNT-based Electrochemical Biosensors

Soluble CNTs have been electrochemically and quantum-chemically characterized

for their bulk properties [86]. Results showed that the electronic states are not

strongly affected when the nanotubes are functionalized. The electronic properties

of CNTs range from metallic to semiconductive, depending on the nanotube’s own

diameter and chirality. These subtle electronic properties offer various electro-

chemical features for CNT-based sensors after functionalization of the nanotubes.

3.2.3.1 Direct Electrochemistry of Biomolecules on Carbon Nanotubes

Recently, direct electrochemical communications between redox-active macro-

biomolecules and conventional electrode substrates mediated by CNTs have

received attention because of their potential to lead a mechanistic study of the

structure–function relationship of these biomolecules and their guidance toward

biosensor design. Wang et al. reported the direct electrochemistry of cytochrome c
at electrochemically activated SWCNT-modified electrodes [23]. Gooding et al. and

Rusling et al. have used aligned nanotubes to promote the direct electrochemistry

of redox-active proteins [66, 67]. These studies demonstrate that direct electro-

Fig. 3.5. Schematic representation of the

analytical protocol: (A) Capture of the ALP-

loaded CNT tags to the streptavidin-modified

magnetic beads by a sandwich DNA

hybridization (a) or Ab-Ag-Ab interaction (b).

(B) Enzymatic reaction. (C) Electrochemical

detection of the product of the enzymatic

reaction at the CNT-modified glassy carbon

electrode. (D) TEM image of the magnetic

beads-DNA-CNT assembly produced following

a 20-min hybridization with the 10 pg mL�1

target sample. Micrographs were taken with a

Hitachi H7000 instrument operated at 75 kV

after washing the DNA-linked CNT/particle

assembly with autoclaved water, placing a 5-mL

drop of the aggregate sample onto a carbon-

coated copper grid (3 mm diameter, 200-

mesh), and allowing it to dry. MB, Magnetic

beads; P1, DNA probe 1; T, DNA target; P2,

DNA probe 2; Ab1, first antibody; Ag, antigen;

Ab2, secondary antibody; S and P, substrate

and product, respectively, of the enzymatic

reaction; GC, glassy carbon electrode; CNT,

carbon nanotube layer. (Reprinted with

permission from Ref. [63]. 8 2003 American

Chemical Society.)
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chemistry of redox-active biomacromolecules can be improved through the use of

CNTs.

In addition to the aforementioned charge transfer promotion, there have been

reports on the electrocatalytic behavior of CNTs toward some small biomolecules

such as cysteine and hemocysteine [87], ascorbic acid [88], uric acid [89], dopa-

mine [90]. The mechanisms of this surface mediation are not currently well under-

stood, and the terminology of electrocatalysis should be exercised cautiously for

different electrode material and media. The promoted electrochemical reactions

for hydrogen peroxide, NADH, and quinones enable possible sensing schemes for

more than 800 enzymes that involve these substrates, products, coenzymes, and

cofactors.

Several hundred enzymatic reactions of NADþ/NADH-dependent dehydrogen-

ases have NADH as a cofactor. The electrochemical oxidation of NADH has thus

been the subject of numerous studies related to the development of amperometric

biosensors. Problems inherent to such anodic detection are the large overpotential

encountered for NADH oxidation at ordinary electrodes and surface fouling associ-

ated with the accumulation of reaction products. CNTs have thus been examined in

recent work [91] as the new electrode material to alleviate these problems.

Lin et al. have employed CNTs that had been pretreated with dispersion in

concentrated sulfuric acid to cast a glassy carbon electrode [91]. Figure 3.6 shows

a typical hydrodynamic voltammogram of 1� 10�4
m NADH in a physiological

medium (0.05 m phosphate solution, pH 7.4). This voltammogram demonstrates

an electrocatalytic behavior of the CNT coating towards NADH with varying poten-

tials, as evidenced by the MWCNT-coated electrode (B) responding to NADH over

Fig. 3.6. Hydrodynamic voltammograms for 1� 10�4
m

NADH at unmodified (A) and MWCNT-modified (B) GC

electrodes. Operating conditions: stirring rate, 500 rpm;

electrolyte, phosphate buffer (0.05 m, pH 7.4). (Reprinted with

permission from Ref. [91]. 8 2002 Elsevier.)

70 3 Nanotubes, Nanowires, and Nanocantilevers in Biosensor Development



the entire 0.0–1.0 V range, whereas the bare electrode (A) responds only at poten-

tials higher than þ0.6 V. The modified electrode yields an approximately three-fold

larger NADH peak than does the unmodified electrode. Figure 3.7 shows that suc-

cessive additions of 1� 10�4 M NADH result in increasing response detected at

the CNT-modified electrode (B) but no response at the unmodified electrode (A)

when the detection potential was kept low (i.e., 0.3 V). Evidently, the electrocatalytic

action of CNT enables the fast response (i.e., 10 s to reach the steady state) to the

change of NADH concentrations at the low-detection potential. The amperometric

response of 5� 10�3
m NADH appears to be very stable; the decay of the signal

is less than 10% and 25% after a 60-min period at the MWCNT-modified and

SWCNT-modified electrodes, compared with 75% and 53% at the graphite-coated

and acid-treated electrodes, respectively. This shows the capability of CNTs to resist

the fouling effects and prevent the diminishing of signals in successive cyclic vol-

tammetric detections. The oxygen-rich groups on the CNT surface, introduced dur-

ing the acid dispersion, are perhaps responsible for such electrocatalytic behavior

Fig. 3.7. Current–time recordings obtained

after increasing the NADH concentration (by

1� 10�4
m at each step) at unmodified (A)

and MWCNT-modified (B) GC electrodes.

Inset: the corresponding calibration curve.

Operating conditions: potential, þ0.3 V.

(Reprinted with permission from Ref. [91].

8 2002 Elsevier.)
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for the oxidation of NADH. The resistance to fouling of CNT-based electrodes has

yet to be understood.

The CNT-coating offers remarkably decreased overvoltage for the NADH oxida-

tion as well as reducing the surface fouling effects of the electrodes. These charac-

teristics indicate the great promise of CNTs for developing highly sensitive, low po-

tential, and stable amperometric biosensors based on dehydrogenase enzymes.

3.2.3.2 Enzyme/CNTs Biosensors

Most reported CNT-based biosensors for glucose thus far involve the enzymatic re-

action by glucose oxidase (GOx) [61, 69, 70, 76, 78]. Wang and Musameh have em-

ployed CNT/Teflon-based electrodes, which are immobilized with GOx enzyme [76].

Figure 3.8 compares the amperometric response to successive additions of 2 mm

Fig. 3.8. Current–time recordings for

successive 2-mm additions of glucose at

graphite/Teflon/GOx (a) and the MWCNT/

Teflon/GOx (b) electrodes measured at þ0.6

(A) and þ0.1 V (B). Electrode composition,

30:69:1 wt.% carbon/Teflon/GOx. (Reprinted

with permission from Ref. [76]. 8 2003

American Chemical Society.)

72 3 Nanotubes, Nanowires, and Nanocantilevers in Biosensor Development



glucose at the graphite/Teflon/GOx (a) and the MWCNT/Teflon/GOx (b) electrodes

using operating potentials of þ0.6 V (A) and þ0.1 V (B). The CNT-based bioelec-

trode offers substantially larger signals, especially at low potential, reflecting the

electrocatalytic activity of CNTs. Such low-potential operation of the CNT-based

biosensor results in a highly linear response (over the entire 2–20 mm range) and

a slower response time (@1 min vs. 25 s at þ0.6 V). The glucose biocomposite

based on single-wall CNTs results in a more sensitive but slower response than

that based on multiwall CNTs. The low-potential detection also leads to high selec-

tivity (i.e., effective discrimination against coexisting electroactive species). Despite

the absence of external (permselective) coating, the glucose response at þ0.1 V

was not affected by adding the common acetaminophen and uric acid interfer-

ences at 0.2 mm [76]. A similar addition of ascorbic acid resulted in a large inter-

ference, reflecting the accelerated oxidation of this compound at the CNT surface

[88].

Recently, Sheu et al. have reported the non-enzymatic detection of glucose [92].

This approach uses MWCNTs but needs a strong basic media that may not be com-

patible with the bioenvironment.

3.2.3.3 DNA and Protein Biosensors

Interest in the detection of DNA has grown aggressively because of its impor-

tance in the diagnosis and treatment of genetic disease, drug discovery, and anti-

bioterrorism efforts. The completion of the Human Genome Project offers an

abundance of gene mapping and screening. A hybridization recognition scheme,

based on the Watson–Crick base pair principle, is the central point when con-

structing a DNA sensor. The unique electric, thermal, chemical, mechanical, and

3D spatial properties of CNTs make them a natural choice as transducers for

hybridization-based DNA sensors. Different attachment protocols for DNA probes

(single strand DNA molecules) onto CNTs were introduced, either by unmodified

or surface-confined nanotubes [40, 63, 93].

Wang and coworkers have developed an ultrasensitive DNA biosensor based on

a ‘‘dual amplification route’’ by using CNTs both as recognition sites and trans-

ducers, namely as carriers for numerous enzyme tags and for accumulating the

product of the enzymatic reaction [63]. Figure 3.9 displays typical chronopotentio-

grams for extremely low target DNA concentrations (0.01 to 100 pg mL�1; a–e).

Well-defined a-naphthol signals are observed for these low DNA concentrations

in connection with 20-min hybridization. The resulting plot of response vs.

log[Target] (shown as inset) is linear and suitable for quantitative work. The favor-

able response of the 5 fg mL�1 DNA target (B) indicates a remarkably low detec-

tion limit of around 1 fg mL�1 (54 am), i.e., 820 copies or 1.3 zmol in the 25-mL

sample. Such a low detection limit compares favorably with the lowest values of

5 zmol (3000 copies) and 25 amol reported for electrical DNA detection. The

smaller signal observed in a control experiment for a huge (@106) excess of a non-

complementary oligonucleotide (Fig. 3.9C vs. B) reflects the high selectivity associ-

ated with the effective magnetic separation. The amplified electrical signal is

coupled to a good reproducibility. Two series of six repetitive measurements of
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1 pg mL�1 DNA target or 0.8 ng mL�1 IgG yielded reproducible signals with rela-

tive standard deviations of 5.6% and 8.9%, respectively [63].

Noticeably, Wang’s ‘‘dual amplification’’ mode for the DNA sensor as above has

also been applied to an immunosensor for IgG because of the similarity between

DNA hybridization and antigen–antibody interaction. An extremely low detection

for IgG was reported, as 500 fg mL�1 [63]. In contrast, DNA, RNA, proteins, and

enzymes all bear multiple charges, and their adsorption onto the nanotubes is ex-

pected to change their electronic properties. These changes, upon adsorption, can

be readily transduced into measurable sensing signals [38, 94]. DNA has already

been used as a template to localize CNTs to make new building blocks or align-

ments in electronics and bioelectronics, such as field-effect transistors (FETs) [95].

These functionalized FETs, coupled with advanced sensor array techniques, can

therefore serve as a new direction in CNT-based bioassays [77, 80].

3.2.3.4 Immunosensors

Electrochemical immunosensors based on CNTs have been designed [20]. Verti-

cally aligned arrays of single CNTs called SWCNT forests have been developed for

amperometric enzyme-linked immunoassays of proteins by Rusling and coworkers

[20]. A prototype amperometric immunosensor was evaluated based on the adsorp-

tion of antibodies onto perpendicularly oriented assemblies of SWCNT forests. The

forests were self-assembled from oxidatively shortened SWCNTs onto Nafion/iron

oxide coated pyrolytic graphite electrodes. Anti-biotin antibodies strongly adsorbed

to the SWCNT forests. They found that the detection limit for horseradish peroxi-

dase (HRP) labeled biotin was 2.5 pmol mL�1 (2.5 nm) in the presence of a soluble

mediator. Unlabeled biotin was detected in a competitive approach with a detection

Fig. 3.9. Chronopotentiometric signals for

increasing levels of the DNA target: (a) 0.01,

(b) 0.1, (c) 1, (d) 50, (e) 100 pg mL�1. Also

shown (inset) is the resulting calibration plot

(A), and the response for 5 fg mL�1 target

DNA (B) and 10 ng mL�1 non-complementary

(NC) oligonucleotide (C). Sample volume, 25

(B) and 50 mL (C). (Reprinted with permission

from Ref. [63]. 8 2003 American Chemical

Society.)
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limit of 16 nmol mL�1 and a relative standard deviation of 12%. The immuno-

sensor showed low non-specific adsorption of biotin-HRP (approx. 0.1%) when

blocked with bovine serum albumin. The biosensor platform is also being devel-

oped to accommodate flow-through sensor design with direct electron transfer

detection of the enzyme label on a CNTmatrix. Traditional electrochemical immu-

nosensors were based on mediated electron transfer. However, efficient direct elec-

tron transfer will offer some advantages, such as a simple possibility for a reagent-

less immunoassay. CNTs exhibit excellent electrical properties, and they are a

suitable candidate for developing such a reagentless immunoassay.

3.2.4

Flow-injection Analysis

Flow detectors have been widely used in process chemistry and online monitoring.

It is the core part for real time, in situ analysis and for the integration of separation

and detection – ‘‘lab-on-a-chip.’’ Microfabricated fluidic devices, particularly used

as sensors for capillary electrophoresis (CE) and liquid chromatography (LC), have

gained steadily growing attention in recent years [64]. Wang et al. have presented a

CNT-based detector for a conventional as well as a miniaturized CE system [64].

CE combines the advantages of high performance, design flexibility, reagent econ-

omy, high throughput, miniaturization, and automation. It demands a detector

with high sensitivity, inherent miniaturization (of both the detector and control

instrumentation), and compatibility with advanced micromachining technologies,

and low cost and power requirements [64]. Conventional detectors are based on

gold, platinum, and various forms of carbon. A CNT-based electrode offers an alter-

native for low potential detection, it imparts enhanced sensitivity, and it leads

to long-term stability. In this approach, Wang et al. used a Nafion/CNT-coated

screen-printed electrode for end-column amperometric detection. After anodic pre-

treatment (3 min at þ1.5 V in 1 m sulfuric acid), this sensor showed substantial

electrocatalytic behavior and resistance to surface fouling toward hydrazine, phe-

nol, tyrosine, purine, and amino acids, when compared with the bare surface. The

CNTmicrochip detector also displayed well-defined concentration dependence.

Typical flow detection for glucose, based on the CNT/Nafion/GOx modified gas

chromatography (GC) electrode, can be seen in Fig. 3.10 (from the work by Wang’s

group) [61]. Figure 3.10 compares the amperometric responses for relevant physi-

ological levels of glucose, ascorbic acid, acetaminophen, and uric acid at the CNT/

Nafion/GOx modified GC electrode (B) and Nafion/GOx modified GC electrode

(A). In Figure 3.10, the accelerated electron-transfer reaction of hydrogen peroxide

at the CNT/Nafion/GOx modified GC electrode allows for glucose measurements

at very low potentials (i.e., �0.05 V) where interfering reactions are minimized.

As a result, a well-defined glucose signal (d) is observed, while the signals of acet-

aminophen (a), uric acid (b), and ascorbic acid (c) are negligible. No such discrim-

ination is obtained at the Nafion/GOx biosensor (without the CNT) (A) held at

þ0.80 V, where large oxidation peaks are observed for all interferences, indicating

that the permselective (charge exclusion) properties of Nafion are not adequate to

3.2 Carbon Nanotubes in Biosensor Development 75



fully eliminate anionic interferences. In short, the coupling of the permselective

properties of Nafion with the electrocatalytic action of CNT allows for glucose de-

tection with effective discrimination against both neutral and anionic redox constit-

uents. Similarly, the CNT/Nafion-coated electrodes have also been demonstrated to

dramatically improve the signal of dopamine in the presence of the common ascor-

bic acid interference [61].

Jin et al. used CNT-based sensors for LC detection [97, 98]. To overcome the

aggregation of nanotubes in aqueous and common organic solution, nitric acid

was used to treat CNTs to introduce carboxyl groups in the open ends of the

MWCNTs. Such functionalized CNTs were cast onto the glassy carbon as the flow

detector. Various biofluids containing neurotransmitters were tested using this pro-

tocol. The results from real samples such as plasma agreed with those from other

methods.

In terms of the mechanism of the CNT-based flow sensor, Ghosh et al. recently

found that the flow of a liquid on single-walled CNT bundles induces a voltage in

the sample along the direction of the flow [98]. The magnitude of the voltage de-

pended sensitively on the ionic conductivity and on the polar nature of the liquid.

The nonlinear response of flow velocity and the voltage was attributed to a direct

forcing of the free charge carriers in the nanotubes by the fluctuating Coulombic

field of the liquid flowing past the nanotubes. Their work highlighted the potential

of a CNT-based device as sensitive flow sensors and for energy conversion [98].

3.2.5

Carbon Nanotube Array-based Biosensors

Control over the orientation, distribution, and effective sensing sites of the nano-

tubes have been the subject of CNT-based biosensor research [56, 66]. Several ap-

Fig. 3.10. Flow-injection signals for 2�
10�4

m acetaminophen (a), 2� 10�4
m

ascorbic acid (b), 2� 10�4
m uric acid (c),

and 1� 10�2
m glucose (d) at a Nafion/GOx-

modified GC electrode (A) at þ0.8 V, and at a

MWCNT/Nafion/GOx-modified GC electrode

(B) at �0.05 V, and flow rate of 1.25 mL min�1.

(Reprinted with permission from Ref. [61].

8 2003 American Chemical Society.)
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proaches have been reported to achieve these controlled-density aligned CNTs and

CNT arrays. The versatile approach is that of self-assembling aligned nanotube ar-

rays by using oxidative acid treated single walled nanotubes [99]. These shortened

tubes then react with DCC to introduce a carbodiimide leaving a group that allows

reaction with thiols. Finally, these thiolated nanotubes are self-assembled on the

gold surface to form aligned CNT arrays. Alternatively, aligned CNT arrays can be

grown off a surface by using pyrolyzing CVD of relevant catalysts and carbon ma-

terials, followed by transferring the tubes onto a substrate support [73]. The third

approach is to grow directly aligned CNTs onto an electrode surface by using CVDs

or plasma, offering a controllable size and a given location for the catalyst spots

that allows the growth of a given numbers of nanotubes [93].

Although vertically aligned CNTs have good material properties (e.g., good elec-

trical conductivity, the capability to promote electron transfer reactions) and are of

the right size (20 to 200 nm) for nanoelectrode arrays (NEAs), they lack the right

spacing, having little support, and, therefore, the electrodes may lack robustness.

To make each nanotube work as an individual nanoelectrode, the spacing needs

to be sufficiently larger than the diameter of the nanotubes to prevent diffusion

layer overlap from the neighboring electrodes [100]. Ren and co-authors recently

developed a nonlithography method that allows the fabrication of low site density

aligned CNT arrays with an interspacing of more than several micrometers [101].

Figure 3.11 demonstrates the manufacturing process of such aligned CNT arrays:

Ni nanoparticles were randomly deposited on a 1-cm2 Cr-coated silicon substrate

Fig. 3.11. Fabrication scheme of a low-site-density aligned

CNT nanoelectrode array. (Reprinted with permission from Ref.

[101]. 8 2003 American Chemical Society.)
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(Fig. 3.11a) by applying a pulse current to the substrate in a NiSO4 electrolyte solu-

tion. The size and the site density of the Ni nanoparticles were controlled by

the amplitude and the duration of the pulse current. On these Ni particles, the

CNTs were grown (Fig. 3.11b) in the plasma-enhanced chemical vapor deposition

(PECVD) system at 650 �C for 8 min with 160 sccm NH3 and 40 sccm C2H2 gases

with a total pressure of 15 Torr and a plasma intensity of 170 W. The aligned CNT

arrays had a site density of 1� 106–3� 106 cm�2, a length of 10 to 12 mm, and a

diameter of 50–80 nm. A thin layer of Epon epoxy resin 828 (Miller-Stephenson

Chemical Co., Inc., Sylmar, CA) was coated on the surface by magnetron sputter-

ing to insulate the Cr layer. This was followed by applying m-phenylenediamine

(MPDA) as a hardener. After these steps, the CNTs were half-embedded in the

polymer resin, and the protruding part of the CNTs beyond the polymer resin was

mechanically removed by polishing with a lens, followed by ultrasonication in wa-

ter. Then the electronic connection was made on the CNT-Si substrate to make the

CNT nanoelectrode arrays (Fig. 3.11c). Finally, the electrode arrays were pretreated

by electrochemical etching in 1.0 m NaOH at 1.5 V for 90 s before electrochemical

characterizations [101]. Results showed that, within these low site density CNTs,

the NEAs consist of millions of nanoelectrodes, with each electrode being less

than 100 nm in diameter. There is no degradation of these sensors for several

weeks because of the excellent stability of the epoxy layer. Since the total current

of the loosely packed electrode arrays is proportional to the total number of individ-

ual electrodes, having the number of the electrodes up to millions is highly desir-

able. The size reduction of each individual electrode and the increased total num-

ber of the electrodes result in improved signal-to-noise ratio (S/N) and detection

limits.

Ng et al. have developed a soft lithography-mediated selective CVD template

approach in preparing the multiwalled CNT membrane [102]. This membrane

can be integrated with a flexible elastomeric polydimethylsiloxane framework to

fabricate microsensing devices. The presented sensor design can be developed into

a generic platform for electrochemical detection and gas sensing, as well as other

general purpose sensory systems.

The unmodified and surface-confined aligned CNTs and CNT arrays by different

preparation protocols discussed above have all been applied to the study of protein

interaction [101, 103], DNA hybridization [104], and enzyme catalysis [66, 102].

Lin et al. have reported typical results for glucose biosensing using a CNT array

(Fig. 3.12) [103]. The GOx molecules were attached to the broken tips of the CNTs

via carbodiimide chemistry by forming amide linkages between their amine resi-

dues and carboxylic acid groups on the CNT tips. Fig. 3.12(a) and (b) compare am-

perometric responses for 5 mm glucose (G), 0.5 mm ascorbic acid (AA), 0.5 mm

acetaminophen (AC), and 0.5 mm uric acid (UA) at the GOx-modified NEA and

the potentials of þ0.4 V (a) and �0.2 V (b). Well-defined cathodic and anodic

glucose responses are obtained at this aligned CNT/GOx-based biosensor at both

potentials. However, the glucose detection at a lower operating potential (�0.2 V)

is significantly less influenced by the interferences, indicating high selectivity to-

wards the glucose substrate. Such a highly selective response to glucose is obtained
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Fig. 3.12. (a, b) Amperometric responses for

5 mm glucose (G), 0.5 mm ascorbic acid (AA),

0.5 mm acetaminophen (AC), and 0.5 mm

uric acid (UA) at a GOx-modified, CNT-

nanoelectrode array and potentials of þ0.4

(a) and �0.2 V (b). Electrolyte: 0.1 m phosphate

buffer/0.1 m NaCl (pH 7.4). (c) Amperometric

response at the GOx-modified, CNT-

nanoelectrode array for each successive

addition of 2 mm glucose. Inset: the

corresponding calibration curve. Potential:

�0.2 V, other conditions are as in (a, b).

(Reprinted with permission from Ref. [103].

8 2003 American Chemical Society.)
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at this aligned CNT/GOx-based biosensor without the use of mediators and perm-

selective membranes. The amperometric response at this sensor for each succes-

sive addition of 2� 10�3
m glucose is presented in Fig. 3.12(c) with the cor-

responding calibration curve in the inset. The linear response to glucose is up to

30 mm, and steady state is reached within 20 to 30 s [103]. Because of this low po-

tential detection, CNTs eliminate perspective interferences through the preferential

detection of hydrogen peroxide at the CNT-based electrodes. Such development of

interference-free transducers will significantly simplify the design and fabrication

of biosensors. Biosensors based on low-site-density aligned CNTs are also suitable

for the highly selective detection of glucose in various biological fluids (e.g., saliva,

sweat, urine, and serum) [103].

Rusling et al. reported the first example of enzymes covalently attached onto

the ends of vertically oriented SWCNT forest arrays [67]. These arrays were made

from their unique methodology of assembling dense orthogonally oriented arrays

of shortened SWCNTs. Quasi-reversible FeIII/FeII voltammetry was obtained for

the iron heme enzymes myoglobin and horseradish peroxidase coupled to the car-

boxylated ends of the nanotube forests by amide linkages. Their observation sug-

gested that the ‘‘trees’’ in the nanotube forest behaved, electrically, similarly to a

metal, conducting electrons from the external circuit to the enzymes. Accordingly,

the electrochemically manifested peroxidase activity of myoglobin and horseradish

peroxidase attached to the CNT array was demonstrated, showing analytical prom-

ise for hydrogen peroxide with a detection limit down to@100 nm in buffer solu-

tions. The covalently attached enzymes kept their activity for weeks in these proto-

type SWCNT-forest array biosensors [67]. Gooding and co-authors also observed

the direct charge transfer between redox-active enzymes and the aligned CNTs’ sur-

face [66]. Their mechanistic study revealed that the rate of electron transfer re-

mains the same regardless of the lengths of the tubes. These findings enable elec-

troactive molecules to be located several hundred nanometers from a macroscopic

substrate electrode with no loss in performance. This might guide future modifica-

tion of the CNT array for sensor applications.

While most of the array studies have focused on their electrochemical mode, be-

cause of the unique electronic properties of individual nanotubes and nanotube

arrays, optical sensing based on CNT arrays has also been carried and has been

reviewed by Xu [21].

3.2.6

Chemiluminescence

Miscellaneous CNT sensing applications have been reported recently by using dif-

ferent transducer techniques with various nanotube platforms. As a traditional

technique, fluorescence spectroscopy has been widely employed in sensor and

bioassay application because of its high sensitivity. However, there have been few

reports regarding its study on CNTs, partly because of the limited aqueous solubil-

ity or dispersion of CNTs [105, 106]. By using amine-terminated oligonucleotide-

functionalized CNTs, Hazani and co-authors were able to enhance nanotube solu-
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bility to facilitate the confocal fluorescence imaging of the DNA hybridization from

a fluorescence dye-tagged complementary sequence [107]. Baker et al. used thiol-

terminated oligonucleotide-modified CNTs for the similar assay [108].

A more direct application of CNT based biosensors has been reported by Wohl-

stadter et al. in their electrogenerated chemiluminescence (ECL) study of immuno-

assays for a-fetoprotein (AFP) [105]. Nanotubes possess several characteristics that

make them attractive for ECL-based assays: First, they are conductive or semicon-

ductive and hence can act as electrodes to generate ECL in aqueous solutions; sec-

ond, nanotubes can be surface-functionalized as we discussed before; finally, their

high surface area-to-volume ratio and sp2 network make them feasible for immobi-

lizing biomolecules as well as their associated electrochemistry. Wohlstadter et al.

first mixed nanotubes with poly(vinyl acetate) (EVA) to form a nanotube–EVA

composite. This composite was then etched with strong acid to produce a densely

packed nanotube sheet with available surface carboxylic acid groups. As can be

seen in Fig. 3.13, streptavidin was then immobilized on the nanotube sheet by

carbodiimide-activated coupling, followed by the attachment of a biotinylated mAb

for AFP via the specific biotin–streptavidin interaction. Figure 3.14 shows the

whole assay based on this sensor. The capture of AFP resulted in the binding of

a Ru(bpy)3
3þ labeled antibody on to the EVA-MWCNTs composite electrode. As

the Ru(bpy)3
3þ is chemiluminescent, binding is transduced by the release of light

upon applying the electrode at potentials more positive than þ1 V. This immuno-

sensor with electrochemiluminescence detection was sensitive at AFP concentra-

tions as low as 0.1 nM, with a linear range up to 30 nm [105].

By using chemiluminescent Ru(bpy)3
3þ as a marker, Dong et al. found that the

CNT/Nafion composite possesses ECL sensitivity two orders of magnitude more

than that at the silica/Nafion composite and three orders of magnitude more than

that at pure Nafion films, again proving that the solubility enhancement for CNTs

plays a key role in developing a CNT-based fluorescence sensor [106].

3.2.7

Field-effect Transistor and Bioelectronics

Advances in electronic detection based on 1D nanomaterials provide the ability for

label-free and real time, yet sensitive and selective, sensing biomolecules. The de-

velopment of CNTs with unique electronic properties has been spotlighted for fu-

ture solid-state nanoelectronics. Therefore, CNT-based molecular electronics have

Fig. 3.13. Reaction scheme of immobilization of streptavidin

on nanotubes by covalent coupling. (Reprinted with permission

from Ref. [105]. Copyright 2003 Wiley-VCH.)
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received wide attention because of the semiconductor features of the nanotubes

[109]. Among them, the study of CNT field-effect transistors (CNTFETs) is the

core study to compare with the silicon-based transistors. The first CNTFETs were

demonstrated by Tans et al. and Martel et al., respectively, in observing the CNTs’

exploitable switching behavior [110, 133]. Since then, efforts have been made to

improve the electrical characteristics of the CNTFETs. Presently, those explorable

features of CNTFETs are the ballistic (scattering-free) and spin-conserving trans-

port of electrons along the nanotubes, their ability to display metallic conducting

as well as semiconducting behavior, and their access to the energy gap, which de-

pends on the tube diameter and the rolling orientation of the tubes. CNTs also have

extraordinarily high thermal conductivity. These unique properties make them be-

have similarly to conventional metal-oxide semiconductor field effect transistors

Fig. 3.14. Schematic of procedures for AFP assays based on

the CNT-ECL sensor (not to scale). (Reprinted with permission

from Ref. [105]. Copyright 2003 Wiley-VCH.)
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(MOSFETs) as well as differently, with a change from Schottky-barrier modulation

at the contacts to bulk switching. These responding multiplicities, coupled with

different CNT assembling approaches, offer various possible CNTFETs applications

in biological diagnosis, e.g., proteins [5, 81] and cancer cell [111]. Chen and co-

workers have demonstrated an exploration of SWCNT as a platform for investigat-

ing surface–protein and protein–protein binding and developing a highly specific

electronic biosensor. They put SWCNT on a junction (drain and source) as shown

in Fig. 3.15 [81]. The SWCNT was modified with polyethylene, which can reduce

the non-specific interaction of proteins. A specific receptor was conjugated onto

polyethylene-modified SWCNT. Therefore, the device can be highly specific in de-

tecting proteins such as 10E3 m Ab (Fig. 3.4). The detection limit of this method

was found to be about 340 ng mL�1 or 1.0 nm.

Fig. 3.15. Carbon nanotubes as electronic

devices for sensing in aqueous solutions.

(A) Schematic view of the electronic sensing

device consisting of interconnected nanotubes

bridging two metal electrode pads. An AFM

image of a portion of the nanotube network

(0.5 mm on a side) is shown. (B) Schematic

setup for sensing in solution. (C) Conductance

(G) evolution of a device for electronic

monitoring of SA adsorption on nanotubes.

The conductance is normalized by the initial

conductance G0. Inset: Sensitivity to a 100-pM

protein solution. (D) Electrical conductance

(G) vs. gate voltage (Vg) for a device in a

10-mM phosphate buffer solution. The gate

voltage is applied through a Pt electrode

immersed in the solution (inset). The upper

(solid) and lower (broken) curves are the G–Vg

characteristics for the device before and after

SA binding, respectively. The shift in the two

curves suggests a change in the charge

environment of the nanotubes. (Reprinted with

permission from Ref. [81]. 8 2003 NAS).
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3.3

Nanowires in Biosensor Development

Recently, nanowires have been explored as building blocks to fabricate nanoscale

electronic devices through self-assembly – a typical bottom-up approach for bio-

sensing [4, 6, 9]. The underlying mechanism for a nanowire biosensor is a field

effect that is transduced using a field-effect transistor [4]. This ‘‘bottom-up’’

approach to bionanoelectronics has several attractive features. First, the nanowires

are extremely sensitive for detection of biointeractions on their surface because of

their high aspect ratio. Second, the electronically switchable properties of semicon-

ducting nanowires provide a sensing modality, a direct and label-free electrical

readout, which is exceptionally attractive. Third, the size of the nanowires can be

readily tuned to sub-100 nm and smaller, which can lead to a high density of a de-

vice on a chip. Therefore, it is feasible for the miniaturized devices to detect multi-

ple samples real time in vivo. Fourth, the candidate materials for the nanowires

are unlimited, which gives the researcher great flexibility in selecting the right

materials for the functionality of the desired device. Presently, the most studied

nanowires as a building block for biosensing are semiconducting nanowires, e.g.,

silicon nanowires [4, 6, 9], conducting polymer nanowires [17, 18], and oxide nano-

wires [112]. Some metal nanowires have also been developed for sensing. We will

focus on semiconducting nanowires for biosensor development here.

3.3.1

Silicon Nanowire-based Biosensors

Silicon nanowires are generally fabricated by CVD [14, 15] and template etching

[113, 114]. For the purpose of biosensing, the modification of silicon nanowires is

through a silanization reaction on the silicon surface, which introduces the active

groups, e.g., amino, carboxyl, or biotin, on the surface of the nanowires. Then the

receptor, which can specifically recognize the interested analyte, will be immobi-

lized on the surface through those active groups, the interaction between biomole-

cules and their counterparts on the silicon surface will introduce the conductance

change caused by the field effect, and the conductance change can be electronically

transduced. Thus far, silicon nanowire-based biosensors have been developed for

detection DNA [4, 8, 115, 116], proteins [4, 9], and viruses [6].

Lieber’s group is pioneering the development of silicon nanowire-based biosen-

sors [4, 8]. Biological macromolecules, such as proteins and nucleic acids, are typ-

ically charged in aqueous solutions and, as such, can be detected readily by nano-

wire sensors when appropriate receptors are linked to the nanowire active surface.

Figure 3.16 shows the real time detection of proteins and DNA based on silicon

nanowires. They modified silicon nanowires with biotin, which has a strong affin-

ity to protein streptavidin on the oxide surface of nanowires [4]. When a solution of

streptavidin is delivered to a nanowire sensor device modified with a biotin recep-

tor, they found that the conductance of nanowires increases rapidly to a constant

value, and this conductance value is maintained after the addition of pure buffer
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(Fig. 3.16B). However, adding a streptavidin solution to unmodified silicon nano-

wires does not produce a change in conductance (Fig. 3.16C). The conductance

change is caused by the specific interaction between biotin and streptavidin, and

these results are further proved by an experiment in which blocking the streptavi-

din binding sites leads to an absence of response from biotin-modified silicon

nanowires. They also studied the detection limit and found that the electrical detec-

Fig. 3.16. Real-time detection of proteins

and DNA. (A) Schematic of a biotin-modified

Si nanowire and subsequent binding of

streptavidin to the modified surface.

(B) Conductance versus time for a biotin-

modified Si nanowire, where Region 1

corresponds to the buffer solution, Region 2

corresponds to the addition of 250 nm

streptavidin, and Region 3 corresponds to pure

buffer solution. (C) Conductance versus time

for an unmodified Si nanowire; Regions 1 and

2 are the same as in (B). (D) Schematic of a Si

nanowire sensor surface modified with a PNA

receptor before and after duplex formation

with target DNA. (E) Si nanowire DNA sensing;

the arrow corresponds to the addition of a

60-fM complementary DNA sample, and the

inset shows the device conductance

following addition of 100-fM mutant DNA.

(F) Conductance versus DNA concentration;

data points indicated by m and e are obtained

from two independent devices. (Reprinted

with permission from Ref. [4], [8]. (A)–(C) 2001

8 AAAS and (D)–(F) 2004 8 ACS.)
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tion could be carried out to 10 pm, which is below the detection level required for a

number of disease marker proteins. More recently, a silicon nanowire field effect

device has been investigated as a biosensor to detect the sequence of DNA [8].

First, a PNA was immobilized on the surface of the p-type Si nanowires (Fig.

3.16D). When a complementary DNA target was introduced to the device, the hy-

bridization of DNA (Fig. 3.16D) caused the conductance of the nanowires to in-

crease (Fig. 3.16E). PNA was used as a receptor for DNA detection because the un-

charged PNA molecules have a greater affinity and stability than the corresponding

DNA recognition sequence. They have used this device to detect the wild type ver-

sus the DF508 mutation site in the cystic fibrosis transmembrane receptor gene

and showed that the conductance increases when adding a 60-fM wild-type DNA

sample solution (Fig. 3.16E). The increase in conductance of the Si nanowire de-

vice is consistent with the increase in the negative charge density associated with

the binding of negatively charged DNA at the surface, and moreover, careful con-

trol experiments show that the binding response is specific to the wild-type se-

quence. Further study shows that the direct electrical detection for DNA is possible

down to at least the 10-fM level, and the method is reproducible (Fig. 3.16F).

The same group have also studied the use of the Si nanowire for detecting a

single virus and demonstrated that the Si nanowires could be assembled to form

arrays for multiplexed detection of samples [6]. Addressable arrays are fabricated

by a process that uses a fluid-based assembly, such as microfluidic or Langmuir–

Blodgett methods, to align and set the average spacing of nanowires over large

areas for photolithography to define interconnections (Fig. 3.17A). They also fabri-

cated a state-of-the art array containing more than 100 addressable elements (Fig.

3.17B). All the of the active nanowire sensor devices are confined to a central rect-

angular area on the device chip that overlaps with the microfluidic sample delivery

channels, as illustrated in the figure. They further demonstrated the use of this

nanowire array for detecting two types of virus at the same time. An antibody re-

ceptor that is specific either for influenza or for adenovirus was modified on p-type

Si nanowires. Simultaneous conductance measurements were obtained when ad-

enovirus, influenza, and a mixture of both viruses were delivered to the device.

Other groups have also studied the use of silicon nanowires for DNA and protein

analysis [115, 116].

3.3.2

Conducting Polymer Nanowire-based Biosensors

In recent years, conducting polymer-based nanostructured materials have been

used extensively in resistive sensors [17]. Because of their promising properties,

which include high surface areas, chemical specificities, tunable conductivities,

material flexibilities, and easy processing, various methods have been developed to

fabricate conducting polymer nanowires. For example, (a) polyaniline nanowires

have been obtained through a facile synthesis [117] or by electrospinning methods

[118]; (b) template-directed electrochemical processes have been employed to fabri-

cate nanowire junctions that feature robust polymer electrode contacts [119]; and

(c) mechanical stretching [120] and magnetic field-assisted assembly [121] pro-
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cesses have produced miniaturized polymer-electrode junctions. A templateless

electrochemical assembly of conducting polymer nanowires has also been devel-

oped recently [17, 18]. The development of biosensors based on conducting poly-

mer nanowires is still in its infancy. Some examples are introduced as follows.

Tao’s group have demonstrated a glucose biosensor using conducting polymer/

enzyme junctions and found that a unique feature can arise when shrinking a

sensor to a nanometer [122]. Figure 3.18(A) shows the structure of the polymer/

enzyme nanojunction sensor. The thickness of the polyaniline in the junction is 20–

60 nm. The polyaniline/enzyme nanojunction was prepared by co-polymerization

of monomer aniline and GOx in an aqueous solution. The signal transduction

mechanism of the sensor is based on the changes in nanojunction conductance

as a result of glucose oxidation induced change in the polymer redox state. Because

of the small size of the nanojunction, they found that the response to glucose is

fast and less than 1.0 s. However, the response time for glucose with a 10 mm gap

is up to 10 min. The detection of limit for this method is at the mm level.

Myung’s group has developed a facile technique for synthesizing conducting

polymer nanowires by electrodeposition within channels between two electrodes

on the surface of silicon wafers. They demonstrated that this technique can fabri-

cate multiple individually addressable conducting polymer nanowires between two

junctions. They also demonstrated the capability to create a scalable and high-

density array by site-specific positioning of conducting polymer nanowires of the

same and different composition on the same chip. Furthermore, the same group

Fig. 3.17. (A) Schematic of a single virus

binding and unbinding to the surface of a Si

nanowire device modified with antibody

receptors and the corresponding time-

dependent change in conductance. (B) Optical

image of the upper portion of a sensor device

array, where the inset shows one row of

individually addressable nanowire elements.

The rectangle labeled (1) highlights the

position of the microfluidic channel used to

deliver samples and overlap the active

elements. (Reprinted with permission from

Ref. [6]. 8 2004 NAS).
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reported bio-affinity sensing using biological functionalized conducting polymer

nanowire. The device incorporated with polypyrrole nanowires made by the facile

technique can be used for studying protein–protein interaction [123].

Wang et al. demonstrated template-free fabrication of polyaniline nanowire on

electrode junctions by electrodeposition, and this method can be extended to syn-

Fig. 3.18. (A) Structure of the polymer

nanojunction sensor. (B) SEM image of PANI-

PAA/PANI-bisulfite/GOx-PDAB films deposited

on gold pads with gaps of 20–60 nm. (C) I–V

curves obtained in air after each nanogap

modification step: (1) polymerization of PANI-

PAA carried out in 0.4 m anilineþ 150

mg mL�1 PAA (MW: 2000) solution with 0.5 m

Na2SO4 and 0.5 m H2SO4 by a potential sweep

between �0.2 and 0.9 V vs. SCE during the

first cycle and between �0.2 and 0.78 V vs.

SCE during the following cycles at 0.05 V s�1;

(2) polymerization of PANI bisulfite in a 0.4 m

anilineþ 0.5 m NaHSO4 solution acidified to

pH 0 with H2SO4 by a single potential sweep

from �0.2 to 0.9 V vs. SCE; (3) immobilization

of GOx-PDAB by exposing the polymer

nanojunction to 0.5 m Na2SO4 þ 25 mm 1,2-

diaminobenzeneþ 167 mM glucose oxidase in

a pH 5 citric acid/Na2HPO4 (McIlvaine) buffer

solution for 15 min, followed by electro-

deposition of PDAB at þ0.4 V vs. SCE for 4

min. (Reprinted with permission from Ref.

[122]. 8 2004 ACS).
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thesize other conducting polymer nanowires, e.g., polypyrrole and poly(Edot). They

systematically studied the electron transport properties of these conducting poly-

mer nanowires with an electrolyte gate [124].

3.3.3

Metal Oxide Nanowire-based Biosensors

Metal oxide nanowires (MONWs) have been used to develop biosensors [112,

125]. They can work as a valid alternative to CNTs or Si NWs. Curreli and co-

workers have reported a selective functionalization of In2O3 nanowires for biosen-

sor applications. They first generated a self-assembled monolayer (SAM) of 4-(1,4-

dihydroxybenzene) butyl phosphonic acid (HQ-PA) on the InO2O3 NW surface.

Oxidized HQ-PA can react with a range of functional groups, which can be easily

incorporated in biomolecules. They have successfully attached DNA on the In2O3,

and this study opens an avenue for using such metal oxide nanowires for biosens-

ing [112].

3.4

Nanocantilevers for Biosensors

Recently, microfabricated cantilevers have successfully been used for biosensors

[126–132]. The adsorption of biomolecules on the surface will induce surface

stress, which can be measured with micro/nanocantilevers. Adsorption of two

proteins, immunoglobulin (IgG) and albumin (BSA), on a gold surface has been

studied in a buffer solution in terms of surface stress measurements. Fritz and

coworkers have reported the specific transduction, via surface stress changes, of

DNA hybridization and receptor–ligand binding into a direct nanomechanic re-

sponse of microfabricated cantilevers [126]. Cantilevers were fabricated in arrays

and functionalized with a selection of biomolecules. The differential deflections of

the cantilever were responses of individual cantilevers. Figure 3.19 illustrates the

DNA hybridization on nanocantilevers in solution. First, a different sequence of

DNA probe was modified on the surface of cantilevers (Fig. 3.19A), and then target

DNA was injected. Only the cantilever that provides the matching sequence was

found to have surface stress. It has been demonstrated that a single mismatch be-

tween 12-mer oligonucleotide is detectable. This method shows important advan-

tages in that it does not require labeling, optical excitation, or external probes. In

addition, the transduction process is repeatable and enables cyclic operation. At

the same time, Hansen et al. have reported a cantilever-based optical deflection as-

say for discrimination of DNA single-nucleotide mismatches [127].

Furthermore, Wu and coworkers have extended this research to a real biological

system, disease-related proteins. They reported that microcantilevers of different

geometries have been used to detect two forms of prostate-specific antigens (PSAs)

over a wide range of concentration range 0.2 ng mL�1 to 60 mg mL�1 in a back-

ground of human serum albumin and human plasminogen at 1.0 mg mL�1
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[129]. This study makes this technique a clinically relevant diagnostic technique

for prostate cancer.

3.5

Summary

One-dimensional nanomaterials, such as CNTs, semiconducting nanowires, and

Si-based nanocantilevers have shown promise as new detection platforms that are

equal or superior to many other sensing materials. This is mainly attributed to

their unique electronic, mechanic, thermal, and chemical properties. The prepara-

tion, purification, and dispersion of single-walled and multiwalled nanotubes have,

especially, been reviewed. Various sensor fabrication protocols based on those 1D

nanomaterials have been discussed in detail. A typical application for DNA and

proteins, including enzymes and antibodies, has been described, and the respective

responding mechanisms have been addressed in this comprehensive review. Vari-

ous 1D nanomaterial-based biosensors have found broad application from their

Fig. 3.19. Scheme illustrating the

hybridization experiment. Each cantilever is

functionalized on one side with a different

oligonucleotide base sequence (red or blue).

(A) The differential signal is set to zero. (B)

After injection of the first complementary

oligonucleotide (green), hybridization occurs

on the cantilever that provides the matching

sequence (red), increasing the differential

signal Dx. (C) Injection of the second

complementary oligonucleotide (yellow) causes

the cantilever functionalized with the second

oligonucleotide (blue) to bend.
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respective designs, including unmodified and surface-confined nanomaterials. Ac-

cordingly, biosensing based on amperometric amplification, field-effect transistors,

signal-enhanced immunoassay, and non-enzymatic monitoring, and surface stress

has been described for various biosensor designs. This research field is experienc-

ing explosive growth, and new reports appear on a daily basis. We anticipate that

the high orderly array design, combined with multiple biorecognition, will be the

hotspot for the next stage of the 1D nanomaterial-based sensor studies.
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Glossary

Amperometry An electrochemical technique that measures electrical current at a

fixed potential upon adding analyte or titrant into the measuring cell.

Biosensor Any probe designed to measure biological molecules’ concentration or

structures, monitor biological processes, or translate biochemical signals into

quantifiable physical signals.

Carbon nanotube (CNT) A 1D fullerene with a cylindrical shape that consists of a

seamless structure with hexagonal honeycomb lattices, being several nanometers

in diameter and up to hundreds of microns long. CNTs can be divided into two

major groups, i.e., single-wall carbon nanotubes (SWCNTs) and multiwall carbon

nanotubes (MWCNTs). SWCNTs represent a single graphite sheet rolled flawlessly,

demonstrating a tube diameter of 1 to 2 nm, whereas MWCNTs show concentric

and closed graphite tubules with diameters ranging from 2 to 50 nm and an inter-

layer distance of approximately 0.34 nm.

Catalysis The acceleration of a chemical reaction by a catalyst.

Chemiluminescence A luminescence phenomenon produced by the direct trans-

formation of chemical energy into light energy.

DNA Deoxyribonucleic acid. A naturally occurring polymer consisting of a phos-

phate backbone, sugar rings, and various bases. Usually it is found as single- or

double-stranded deoxynucleotides.

Field effect transistor (FET) A semiconductor transistor with a region of donor

material with two terminals designated as the ‘‘source’’ and the ‘‘drain,’’ respec-

tively, and an adjoining region of acceptor material in between, called the ‘‘gate.’’
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The voltage between the gate and the substrate controls the current flow between

the source and the drain by depleting the donor region of its charge carriers to a

greater or lesser extent.

Enzyme electrode A type of biosensor that uses an enzyme-anchored electrode

setup.

Hybridization The process of forming double stranded DNA molecules by com-

bining two complementary single-stranded oligonucleotides.

Nafion A brand from a DuPont produced polymer that was synthesized by mod-

ifying a Teflon polymer. Like Teflon, Nafion is extremely chemically inert. How-

ever, unlike Teflon, Nafion is very ion-conductive because it contains sulfonic acid

groups. These unique properties make Nafion useful in ion-exchange membranes,

humidity sensors, fuel cells, etc.

Lithography A technique that creates chemical patterns on a metal or ceramic

surface. It is currently used in making integrated electronic circuits, computer

chips, etc.

Organophosphorus compounds Organic molecules that contain the element

phosphorus. Organophosphorus (OP) compounds are very toxic and are thus

widely used as pesticides and chemical-warfare agents (CWAs).

Polymer A macromolecule consisting of repeated chemical units.

Screen printing A traditional printing method that is used to print everything

from T-shirts to coffee mugs and decals. It uses a squeegee to force ink through a

stencil created on a mesh fabric onto some type of substrate such as a silk, metal,

or stone. It is a mass production method. It has been used for fabricating sensors,

such as single-use glucose strips.

Sol–gel technique A sol is a homogeneous dispersion of the solid particles (@100

to 1000 nm) in a liquid where only the Brownian motions suspend the particles. A

gel is a state where both liquid and solid are dispersed in each other, which

presents a solid network containing liquid components. The sol–gel technique is

a low-temperature method using chemical precursors that can produce ceramics

and glasses with better purity and homogeneity than high-temperature conven-

tional processes. This technique currently has wide application in preparing elec-

tronic, optical, and electro-optic devices.

Abbreviations

1D One-dimensional

AFM Atomic-force microscopy

AFP a-Fetoprotein

ALP Alkaline phosphatase

BSA Bovine serum albumin

CE Capillary electrophoresis

CNT Carbon nanotube

CNTFET Carbon nanotube field-effect transistor

CVD Catalytic vapor deposition
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CWA Chemical-warfare agent

DCC Dicyclohexylcarbodiimide

DMF N,N-Dimethylformamide

DNA Deoxyribonucleic acid

DOE U.S. Department of Energy

EAD Electric arc discharge

ECL Electrogenerated chemiluminescence

EVA Poly(vinyl acetate)

FET Field-effect transistor

GC Gas chromatography

GOx Glucose oxidase

HQ-PA 4-(1,4-Dihydroxybenzene) butyl phosphonic acid

HRP Horseradish peroxidase

IgG Immunoglobulin G

LA Laser ablation

LC Liquid chromatography

MONW Metal oxide nanowire

MOSFET Metal-oxide-semiconductor field effect transistor

MPDA m-Phenylenediamine

mRNA Message ribonucleic acid

MWCNT Multiwall carbon nanotube

NADH b-Nicotinamide adenine dinucleotide

NEA Nanoelectrode array

PECVD Plasma-enhanced chemical vapor deposition

PEG Poly(ethylene glycol)

PNA Peptide nucleic acid

PNNL Pacific Northwest National Laboratory

Ppy Polypyrrole

PSA Prostate-specific antigen

RNA Ribonucleic acid

SAM Self-assembled monolayer

SpA Staphylococcal protein A

SWCNT Single-wall carbon nanotube

TEM Transmission electron microscopy
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Fullerene-based Electrochemical Detection

Methods for Biosensing

Nikos Chaniotakis

4.1

Introduction

The football-like structure of fullerenes was discovered by Harold Kroto, James

Heath, Sean O’Brien, Robert Curl, and Richard Smalley in 1985 [1]. These large

nanostructures are made up of only carbon atoms, and are called Fullerenes after

the American architect Richard Buckminster Fuller [2]. Buckminster Fuller de-

signed large dome-shaped structures, such as the famous geodesic dome in Mon-

treal Canada, built in 1967 for the Expo ’67. Geodesic domes have no internal sup-

ports; they are light, and rigid, made up of specific geometrical prefabricated panels

that can be assembled and taken apart quickly. Similarly, fullerenes have only car-

bon atoms, in a football like shell, made of five- and six-membered rings that are

fused together.

The diameter of C60 Fullerene is so small, approximately 10 Å (10�10 m) [3], that

even the state of the art high resolution electron microscope cannot give us a clear

image of it. The molecular model and the simulated HRTEM images of C60 fuller-

ene [4] shown in Fig. 4.1 can help us visualize what this material actually looks

like, while Fig. 4.2 can help us visualize how small it actually is. The size ratios

between the earth (d ¼ 1:275� 10�7 m) and the football (d ¼ 0:22 m) is approxi-

mately the same as that between the football and the C60 fullerene.

4.2

Aims of the Chapter

This chapter addresses the use of the nanostructured fullerenes in the area of elec-

trochemical biosensing, and its implementation to the development of electro-

chemical biosensors. Therefore, the basic concepts of both the idea of biosensing

and the electrochemical properties of fullerenes must be well understood. This

knowledge will allow for the understanding of the usefulness of the fullerenes in

biosensing, as well as the possibilities provided for future applications. Fullerenes
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are structures, or molecules, that have been at the forefront of research and public

interest for more than 20 years now. Despite this, their applications are quite

limited, mainly because their physicochemical characteristics are still not very

well understood. The use of the fullerenes and their derivatives can provide multi-

dimensional advances in the area of chemical sensors and biosensors in particular.

Their electrochemical characteristics, combined with their unique physicochemical

properties, provide the grounds for such claims, even though the current range of

applications in this specific scientific area is rather limited.

This chapter provides a complete overview of fullerene-based electrochemical

detection methods with specific emphasis on biosensing. Initially, it provides the

background on the development of fullerenes as well as their electrochemical char-

acteristics. This information is followed by a detailed description of the evolution

and design characteristics of sensing systems based on biomolecules, the so-called

biosensing. This combination provides the reader with well-rounded information

on the exact role of the fullerenes in biosensing. Finally, it gives direction on the

future role of these and similar nanostructures for possible applications in chemis-

try and biochemistry, both in vitro, and in vivo.

Fig. 4.2. The relative size of C60 to a football is approximately

the same as that of a football to the earth.

Fig. 4.1. Left: Molecular model drawing of C60. Right:

simulated HRTEM images focused at different planes of C60.

(Adopted from Ref. [4].)
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4.3

Electrochemical Biosensing

The monitoring of the chemical and biochemical substances involved in the biolog-

ical world is one of the important biological functions that make life possible. This

is because the detection of substrates, signals and other external stimuli allow for

direct interaction of a living system with the environment, and thus make life via-

ble. Such information can also be very useful in many everyday human activities.

Health issues, environmental problems, food quality and safety are some of the hu-

man activity areas that need direct and selective quantitative biochemical informa-

tion. For this reason researchers for more than 50 years, and since the introduction

of the oxygen electrode [5], have been using biosensing principles for the develop-

ment of analytical instruments. These efforts have led to the development of a se-

ries of analytical devices called ‘‘biosensors’’ [6].

According to IUPAC [7], a biosensor is ‘‘A device that uses specific biochemical

reactions mediated by isolated enzymes, immunosystems, tissues, organelles or

whole cells to detect chemical compounds usually by electrical, thermal or optical

signals.’’ Based on this definition, electrochemical biosensing is the recognition

process that is based on the use of a specific biochemical reaction or mediated by

isolated enzymes, immunosystems, tissues, organelles or whole cells, and the sig-

nal of the processes involved is relayed (transduced) to the analysts using current,

potential, or impedance. The transduction is based on the interaction of the activity

of electrochemically active species that are in a close contact and adjacent to the

working electrode, the transducer. These species are then reduced or oxidized, de-

pending on the experimental conditions, and the resulting signal is monitored.

The signal that is obtained is related to the analyte of interest, and thus the analyt-

ical information sought is obtained. While the transduction mechanism has to do

with the electrode and electronics employed, the difficult task of analyte recogni-

tion is undertaken by the biosensing element. The biosensing element is usually

a membrane, or a layer of material into which the enzymes, immunosystems, tis-

sues, organelles or whole cells are immobilized.

Electrochemical biosensing methods are characterized by the fact that they can

provide continuous, on-line information on the activity of an analyte. Analytes that

are usually detected using biosensors are substances that can either take part in an

enzyme-catalyzed reaction (catalytic biosensors), or inhibit an enzyme-catalyzed re-

action (inhibition biosensors). Electrochemical biosensors can thus provide on-line

and continuous quantitative biochemical information on the activity of the analyte,

either within a biological system or in the environment surrounding these biologi-

cal systems. This information is based on the electrochemical signals that result

from a biological recognition event, and it is manifested through the electrode, the

so-called transducer. The transducer can be any surface or matrix that can interact

with the biological recognizing element, relaying the electrochemical recognizing

process to the display and the analyst. Figure 4.3 shows a schematic diagram of all

the components of a biosensor.
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The role of chemistry and biochemistry is to optimize the biological recognition

element, as well as the transducer surface that is in contact with this biosensing

element. The biosensing process is usually based on the what is called the lock

and key concept [8] or, in a more modern term, the host–guest interaction. The

host is the biological molecule or the system that is responsible for the recognition,

while the guest is the analyte or the species that we are interested in recognizing

and quantitatively measuring its concentration or activity in the sample.

In the electrochemical biosensors the signal transduction takes place using the

electrochemical properties of the species involved in the recognition process. Cur-

rent, potential and resistance are the main parameters that can be utilized for

decoding the effect a stimulus has (the analyte) on a recognition element. Clearly,

there are various processes involved within a biosensor, which will transform a bio-

chemical information into analytically useful data. For this reason the proper inter-

action and communication between the biological part, the biochemical processes,

the transducers and other materials used is very important. To this, one must add

the understanding and control of the electrochemical processes involved through-

out the system. Only under these conditions can a biosensor device be designed

that will provide analytically useful information on the presence of a specific ana-

lyte. At the same time, the proper interaction of these disciplines and materials in-

volved will in the long run determine the stability of the device, the selectivity over

other interfering substances, the detection limit that can be achieved, as well as the

size of the device and its possible applications. As shown in Fig. 4.3, the sensor

element is responsible for recognition of the analyte, while the transducer trans-

lates this information into the appropriate signal for recording. These two pro-

cesses should be spatially very close, especially when electrochemical detection is

utilized, without any inverse effects. Electrochemical processes are those involving

Fig. 4.3. Schematic diagram showing the

main components of a biosensor. The analyte

interacts with the biological recognition

element (biocatalyst) and it is converted into

product(s). This reaction is monitored by the

signal transduction system, converting it into

an electrical signal. The output from the

transducer is amplified, processed, and

displayed to the analyst.
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the three basic ohms law parameters, that is current (I), potential (V), and resis-

tance (R). Based on these parameters, electrochemical biosensors are categorized

as amperometric, potentiometric, or impedometric. The simplicity and the sensitiv-

ity of the measurement of these parameters is the basis for the wide range of appli-

cation of these methods. Electrochemical biosensing has an additional advantage,

namely its ability to monitor localized events taking place at the interface between

the biosensing element and the system under investigation. For all these reasons,

electrochemical biosensors have found a very wide range of applications, while sci-

entists all over the world are still working on improving their characteristics, as well

as on finding new applications.

4.3.1

Making a Biosensor

As an example, an outline of how a biosensor can be made in simple steps is pro-

vided here. Even though some technical terms are omitted for simplicity, the sys-

tem described can be used for the measurement of an analyte such as glucose with

very good analytical characteristics.

Making a biosensor has become by now a relatively simple procedure. The main

components as described in Fig. 4.3 are:

1 The enzyme for the biorecognition.

2 The membrane(s) to hold the enzyme and to complete the biosensor element.

3 The transducer electrode, which includes the working and the counter electrode

and, if possible, a reference electrode.

4 The electronic signal processing and display unit.

All these materials and tools are available, at a relatively low cost. A very good de-

tailed description of the procedure can be found in the book Biosensors. A Practical
Approach [9].

4.4

Evolution of Biosensors

Electrochemical biosensors have been in continuous development and improve-

ment since their first appearance in 1969 [6]. The development of electrochemical

biosensors are concomitant with the three ‘‘biosensor generations’’ that have

appeared in the literature. The major factor that determines the successful de-

velopment of biosensors is the communication between the biosensing element

or biomolecule and the transducer. The first-generation electronic coupling be-

tween redox enzymes and electrodes achieved this communication with the native

enzyme co-factor [10] (Fig. 4.4A). The second-generation replaces this native redox

couple with an electrochemically active compound, the mediator [11]. The media-

tor can be either free in solution or immobilized with the biomolecule (Fig. 4.4B).
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Third-generation biosensors aim at direct electron transfer between the native en-

zyme co-factor and the electrode surface [12, 13] (Fig. 4.4C).

A mediator is a substance that acts as the ‘‘middle man’’ in transferring the gen-

erated signal from the active site to the transducer. For electrochemical biosensors,

a mediator is a redox species (a species that can be easily reduced or oxidized) that

is spatially close to both the active center and the transducer, without harmful ef-

fects to the biosensing element.

Evidently, from these schematic diagrams of the biosensors, the interaction be-

tween the analyte, the catalytic site of the biological element and transducer plays

a decisive role in the performance and quality characteristics of the biosensing sys-

tem. Several processes are involved. Initially, there is a diffusion process of the sub-

strates to the active center and then another diffusion of the products from the

active center to the transducer. Alternatively, the product of the reaction can pro-

vide the signal to the transducer using either a mediator, or the biomolecule itself.

This is one of the main roles that fullerenes are asked to play in biosensing.

4.5

Mediation Process in Biosensors

Electrochemical detection in biosensing provides a convenient, efficient means of

amplification. For such a process to occur within the closed system of a biosensor,

the signal must flow to the transducer regardless of the activity of substances other

than either the analyte or the product of the catalytic reaction. This task is usually

undertaken by the natural coenzymes and co-factors found in the enzymes. The

electrochemical reactions of the redox enzymes are known to have slow electron-

transfer kinetics to and from a transducer or electrode. There are three main pa-

rameters that determine the kinetics of this electron-transfer mechanism. The first

has to do with the physicochemical properties of the active site, such as charge, hy-

drophobicity and surface active groups. The second is related to the distance of the

active site from the outer surface of the protein, while the distance of the protein

from the electrode surface is the third determining parameter. For these reasons,

Fig. 4.4. Schematic diagram of (A) first-, (B) second-, and (C) third-generation biosensors.
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and in order that these biocatalytic reactions can proceed at analytically useful

rates, the potential used on the transducer is much larger than that required to

actually oxidize or reduce the natural biomolecule mediator. Lowering the redox

potential of the substrates involved in these processes will not only increase the re-

action rates but, at the same time, it will improve the sensitivity and most impor-

tantly the selectivity of the biosensor [14]. Lowering the operating potential will aid

in increasing the enzyme stabilization, prolonging its activity, and decreasing the

rate of denaturation. To achieve this, artificial mediators or electron relays are em-

ployed that can efficiently interact with both the enzyme catalytic site and the elec-

trode surface. Such successful mediators should have lower redox potential than

that of the natural enzyme mediator so that they can act as electron acceptors dur-

ing the enzymatic reaction. Also, they should be compatible with both the trans-

ducer surface as well as the biomolecule. Finally, they should be stable, while pro-

viding sites for chemical functionalization. Molecules or nanostructures that are

good candidates for such electron mediation should also have fast and reversible

redox states, they should be stable both in the oxidized and in the reduced form,

their redox potentials should be close to those of the enzyme’s active site, and

they should not react with any of the reactants or products of the enzymatic reac-

tion. The reduced form of the mediator can then transfer the electron to the elec-

trode surface, and after they are oxidized back to its initial state are ready to pro-

ceed to the next cycle.

4.5.1

Case A: Non-mediated Biosensor

Under normal conditions the electron transfer in enzyme-catalyzed redox reactions

takes place with the mediation of natural cofactors such as O2 and NADH. Figure

4.5 shows this process for the glucose biosensor.

The electron-transfer process is carried out by the natural coenzymes found in

the biosystem, and the electrons are transferred to the transducer for the signal

Fig. 4.5. Flowchart of the processes involved in a non-

mediated electrochemical biosensor. The operating potential in

the case of glucose is þ800 mV.
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generation. In this case, the mediation is carried out using FAD–FADH and

H2O2aO2 electrochemical couples. Since the system is sensitive to the activity of

both peroxide and oxygen, oxygen electrodes have been extensively used as trans-

ducers in electrochemical biosensors. Evidently, close contact between the enzymes

with the transducer surface is mandatory. Such heterogeneous electron-transfer re-

actions are energetically demanding since the catalytic site of the enzyme is deeply

buried within the protein structure and protected by the hydrophobic core of the

protein. This is evident by the rather large potential polarization potential of the

transducer (þ800 mV) required to operate the glucose biosensor (Fig. 4.5). Such

large potentials have very detrimental effects on the lifetime and selectivity of the

biosensor. This is why, under these potentials, the stability of the enzymes to dena-

turation and deactivation is drastically decreased, while at the same time all sub-

stances that can be oxidized at that potential will seriously interfere during the

measurement. Based on these facts a decrease in the operating potential is a

very important experimental requirement, and it can be achieved with the use of

mediators.

4.5.2

Case B: Mediated Biosensor

As mentioned above, the use of mediators in the development of biosensors can

provide specific solutions to operational problems of biosensors. Mediators can aid

in improving the stability, the reproducibility, the selectivity and thus the range of

applications of biosensors. Figure 4.6 shows the flowchart of a mediated biosensor.

Numerous compounds have been proposed as mediators in biosensors. Most of

them are different ferrocene derivatives or osmium complexes [15, 16]. Figure 4.7

shows two voltammograms of a glucose biosensor without (a) and with (b) the use

of mediator. Note that at the operation potential of 400 mV, the signal obtained,

and thus the sensitivity of the biosensor, is more than 5� higher.

Fig. 4.6. Flowchart of the processes involved in a mediated

electrochemical biosensor. Note that the operating potential

has dropped to þ400 mV.
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4.6

Fullerenes

4.6.1

Synthesis of Fullerenes

Fullerenes were discovered by Kroto and Smalley in 1985 in vaporized graphite

under inert gas. Since then, several methods for the synthesis of fullerene have

been reported. Many of them are based on laser ablation of carbon. Alternatively,

graphite can be heated using either high power current source or, instead, an AC

or DC arc discharge, to generate a ‘‘soot’’ of various carbon structures. Simple

chromatographic separation of the soot provides high purity fullerenes [17, 18].

Based on this technology fullerenes can now be synthesized in large quantities

(Fig. 4.8) [19, 20].

After the successful synthesis of C60 by thermal methods, fullerenes have also

been synthesized using wet chemistry lab technology. A step-by-step synthesis

based on polyyne is now also possible [21–23] based on the precursor shown in

Fig. 4.9. The synthesis of fullerenes in a step by step procedure provides the capa-

bility to control the surface functionalization of the C60. Such functionalization can

add new physicochemical characteristics to these molecules, rendering them, for

example, more water soluble, adding sites for covalent bonding with biomolecules,

or making them more susceptible to redox reactions.

4.6.2

Biofunctionalization of Fullerenes

Fullerenes are very robust, very lipophilic and relatively unreactive nanostructures.

There are a lot of instances where the physicochemical characteristics of these

structures need to be altered to make them more hydrophilic, to link them to other

Fig. 4.7. Response of a non-mediated (a) and a mediated (b) glucose biosensor.
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biomolecules, or immobilize them to a protein or other substrates, so that they are

more suitable for a specific application. Initially, the functionalization of the fuller-

enes with organic and organometallic ligands has enabled them to be extensively

studied in many fields. Different organic and organometallic ligands have been

added by adsorption or covalent immobilization to the shell of the fullerenes, in-

Fig. 4.8. Schematic of apparatus used to synthesize large quantities of fullerenes.

Fig. 4.9. Precursor for the chemical synthesis of C60. Upon

heating, chlorine is liberated, and the molecule folds up to

generate C60.
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creasing their hydrophilicity, or altering their optical and electrochemical proper-

ties [24–31]. In addition, the ability of the fullerenes to accept and donate electrons

to the species surrounding them can also be drastically influenced and elegantly

controlled using these functionalization methods [32, 33]. These functionalized

nanostructures have already found applications in medicine, electronics and opto-

electronics [34] and, recently, biosensing applications.

One of the advantages of grafting the biomolecule onto the surface of the fuller-

ene is the fact that these two units will be spatially very close. Such a close arrange-

ment will allow for direct and efficient interaction of the nanostructure with the

biomaterial, and thus increase the efficiency of the processes involved [35].

Various substituted C60 derivatives have been derived to probe DNA reactions

[36] or their radical scavenging properties. Unique structures, such as that illus-

trated in Fig. 4.10, have proved to be very interesting both for their interaction

with radicals as well as with cell walls and DNA. Similarly, very interesting water-

soluble fullerene derivatives such as the one shown in Fig. 4.11 [37] have appeared

in the literature. However, their application in biosensing has not been extensively

evaluated. It is, for example, envisioned that such positively charged species will

both protect and stabilize proteins and enzymes [38], while at the same time pro-

Fig. 4.10. A water-soluble mono-substituted positively charged C60 derivative.
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vide an efficient way for signal transduction and mediation. Finally, the discovery of

C60 antibodies [39] (Fig. 4.12) has already paved the way for the application of such

systems in piezoelectric crystal immunosensors [40].

4.6.3

Electrochemistry of Fullerenes

From the early stages of the discovery of fullerenes their electrochemical character-

istics were considered to be very interesting and unique [41]. For this reason the

electrochemistry of fullerenes in both solutions and films has been under intensive

scientific investigation for many years [42]. Fullerene C60 behaves as an n-type

semiconductor with a bandgap in the range of 1.6 eV, and its electron affinity is of

the order of 2.7 eV [43]. Fullerenes in general have an expanded network of sp2

hybridized bonds that allows them to undergo up to six, one-electron reversible

reduction reactions between �0.61 and 1.00 V vs. SHE. Molecular orbital calcula-

tions predict very low lying triply degenerate LUMOs [44, 45]. The electron affinity

of C60 can be explained qualitatively by considering its numerous pyracylene units,

which upon receiving two electrons could go from an unstable 4n-system to a sta-

ble aromatic 4nþ 2 system. Moreover, the formation of sp3-like anionic centers

may lower the energy of the somewhat strained fullerene surface of bent sp2 car-

bons [46, 47, 48, 49].

Evidently, these early results show that the fullerene anions are stable due to the

large separation between the distinct redox states and are, therefore, attractive oxi-

dizing agents. Since then, there has been a considerable effort to clarify their elec-

trochemical behavior in different solutions and matrices [50]. The bottom line of

all these studies is that fullerenes indeed have unique electrochemical characteris-

tics, as shown by the variety of redox couples. As carbonaceous materials, fuller-

enes are expected to have very unique electrochemical behavior within biological

systems.

Fig. 4.12. Model of Van der Waals surface representation of

C60 bound to the anti-fullerene antibody.
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4.7

Fullerene-mediated Biosensing

As shown above, C60 fullerenes are nanomaterials with very unique redox charac-

teristics. They are ideal substances for absorbing energy, taking up electrons (re-

duction), and releasing them (oxidation) with ease to a transducer. They are not

harmful to biological materials and proteins, while they are small enough to come

at least close to the active site of catalytic enzymes. At the same time they can be

chemically modified, so that they can be functionalized to meet the needs of vari-

ous applications.

For these reasons fullerenes were recognized very early on as materials that can

play a decisive role in biocatalysis. Indeed, fullerenes have found applications in

the area of biocatalysis and sensors from their early days of existence [51–54]. The

idea of introducing a C60 chemically modified electrode to electrochemical research

was first presented by Compton and coworkers in 1992 [55]. The sensor was pre-

pared by immobilizing C60 films by drop coating onto surfaces of the noble metal

electrodes, which were then coated with the Nafion protecting films. In this way,

the amount of C60 required for performing electrochemical experiments was re-

duced and the signal enhanced compared with using C60 dissolved in solution.

Subsequently, the electrochemical behavior of the C60 chemically modified elec-

trodes (CMEs), has been widely investigated, providing the possibility of their elec-

troanalytical applications [56]. Soon after, C60 fullerene film modified electrodes

were investigated for the electrochemical reactions of cytochrome c using C60 full-

erene deposited on glassy carbon (Fig. 4.13) [57, 58]. It was established then that

the response of cytochrome c was quite independent of the underlying substrate

(gold or glassy carbon), indicating that the fullerene film indeed acted as a pro-

moter. Moreover, the molecular sieve type character and the possible effect of neg-

ative charges or polar groups on the surface of the films were suggested to be the

reasons for the enhanced stability of the electrochemical response observed com-

Fig. 4.13. AFM picture of a C60 fullerene on glassy carbon. (Adopted from Ref. [57].)
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pared with bare electrodes. The rate of electron transfer to cytochrome c was dras-
tically improved with the use of fullerenes as electron shuttles between the cyto-

chrome and the carbon electrode.

These very promising initial results in biocatalysis suggested that, indeed, fuller-

enes can be ideal substances for electron mediation also in biosensors, since they

are small, robust, biocompatible and have a wide range of oxidation/reduction po-

tentials. In addition fullerenes are very lipophilic, while at the same time they can

be chemically modified by functionalized matrix, and also with the hydrophilic pro-

teins and the active site of the enzymes. All these characteristics make them ideal

for use as mediators in electrochemical biosensing. In 1998 [59] carboxylic deriva-

tives of C60 were covalently attached to a cystamine-monolayer-functionalized Au-

electrode for the monitoring of biocatalysis transformations. It was then shown

that the C60 monolayer can provide electrical communication between the elec-

trode and a soluble glucose oxidase, GOx, with sufficiently high electron-transfer

rates. The use of C60 as an electron mediator for electrocatalyzed biotransforma-

tions presented in this work set the stage for the direct application of C60 in biosen-

sors. This was followed by reports in which fullerenes were used as mediating

agents capable of charge transfer between redox enzymes and electrodes. Fullerene

molecules can be used without functionalization, or after immobilization in gold

electrodes with good success [60, 61].

Fullerenes has also been suggested as mediators in supported bilayer lipid mem-

brane (s-BLM) biosensors [62–65]. s-BLMs are self-assembled systems that can be

used for the design of electrochemical sensors and biosensors. S-BLMs are very

thin membranes formed onto a transducer (platinum, gold, etc.) that can come

in contact with the system to be analyzed. The introduction of biomolecules into

these BLMs makes them suitable for the monitoring of chemical and biological

species in systems such as that shown in Fig. 4.14.

Based on this idea, fullerenes have been used for the development of highly sen-

sitive s-BLM-based chemical sensors for I� [66]. The increase in sensitivity is be-

cause fullerenes change the electrical parameters of s-BLMs and facilitate the elec-

tron transfer of I� at the metal surface, according to reaction scheme (1):

C60 þ I� ! C60I
�
3

C60I
�
3 � e� ! C60I2 þ 1

2 I2
ð1Þ

Fig. 4.14. s-BLM incorporating fullerene and enzyme for the construction of a BLM biosensor.
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The same idea has been applied for the electrochemical detection of volatile or-

ganic compounds using a sensor setup such as the one shown in Fig. 4.15 [67].

In these molecular devices fullerenes can also act as light-sensitive dipoles, capa-

ble of photoinduced charge separation, which undergo redox reactions across the

substrate–hydrophobic lipid bilayer–aqueous solution junctions. Based on this,

light addressable devices can be developed. Indeed, recent results [68] have also

indicated that the photoinduced activation or switching of electron transfer of the

enzyme glucose oxidase to the transducer is possible (Fig. 4.16).

Using fullerenes as an optical nanostructure switch, the biosensor is active only

under light illumination, at potentials very close to zero versus Ag/AgCl reference

electrode.

The functionalized fullerenes grafted onto polyelectrolytes were shown to be sig-

nificant tools in biosensor design. Polyelectrolytes are very efficient enzyme stabili-

zation systems.

The controlled interaction with enzymes allows for the protection and stabiliza-

tion of the protein from denaturization, unfolding and, thus, deactivation [69–73].

Fig. 4.15. Scheme of electrochemical sensor based on

C60-modified s-BLM for the detection of volatile organic

compounds (odorants). (Adopted from Ref. [67].)

Fig. 4.16. Flowchart of the processes involved in a light-

induced fullerene-mediated electrochemical biosensor. Note

that the operating potential has dropped to þ100 mV.
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Systems such as polyethylenimine functionalized with fullerenes (Fig. 4.17) via co-

valent bonding allow for the simultaneous stabilization of the protein, and media-

tion of the signal [74].

Controlled modification of the fullerene surface with biomolecules is the state

of the art method to improve the catalytic redox properties of proteins (Fig. 4.18).

Covalent bonding of fullerene onto proteins has significant advantages over direct

Fig. 4.17. Structure of fullerene-functionalized

polyethylenimine (PEI-C60). Such structures provide both

stabilization and signal mediation.

Fig. 4.18. Schematic illustration of protein conjugated to

N-(3-maleimidopropionyl)-3,4-fullerrolidine used for the

development of subtilisin-based biosensor. (Adopted from Ref.

[75].)
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immobilization on nonporous silica or similar matrices [75]. The small size of the

C60 molecule makes the active site of the enzyme accessible to the substrate, and

thus there is no diffusional limitation for the substrate to reach the active site

imposed by the C60 surface. The enzyme retains its activity and behaves in a simi-

lar manner as its free solution form.

4.8

Conclusions

Even though the basic physicochemical characteristics of Fullerenes have only

recently been realized, they have already contributed significantly in the area of

biosensing and nanobiotechnology. In addition, the use of fullerenes and their de-

rivatives have already provided multidimensional advances in the area of electro-

chemical sensors and biosensors in particular. The electrochemical characteristics

of fullerenes, combined with their unique physicochemical properties lend its

use in the design of novel biosensor systems, even though the current range of ap-

plications in this specific scientific area is still rather limited. Given their signal

mediation, protein and enzyme functionalization and light induced switching; full-

erenes can potentially provide new and powerful tools in the fabrication of electro-

chemical biosensors in the future.
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5.1

Overview

Nanomaterial-based optical sensors are among the most advanced class of sensing

devices produced in the recent past for the continuous, real-time monitoring of

diverse analytes. Following the tremendous impact of the unusual properties of

nanoscale matter on present technology, scientific publications dealing with sens-

ing applications have concomitantly proliferated. Research on these topics em-

braces wide and interdisciplinary fields under intense evolution, making it difficult

to provide a comprehensive scenario of the current status of their development.

This chapter is specifically intended to offer a critical view on the specific potential

of colloidal nanocrystals as a distinguishable class of nanosized materials for bio-

sensing. Especially, it will emphasize how the size-dependent optical properties of

nanocrystals can be flexibly tailored by the synthetic tools accessible by modern

material chemistry, specifically addressing optical techniques and methods for

well-defined sensing purposes.

The review of this subject will therefore be organized as follows: (a) the introduc-

tion will focus on the chemical-physical properties that justify the choice of nano-

crystals as advantageous in various diagnostic approaches; (b) several optical tech-

niques that can be used as transduction methods for biosensing will then be

described in detail; (c) selected examples of specific applications and biochemical

studies will be presented; and (d) in the conclusions, a few key issues regarding

the commercial development of the presented techniques will be discussed.

5.2

Introduction

Current interest in both fundamental and practical scientific research is oriented

towards the design and engineering of new generations of devices based on nano-

sized inorganic objects coupled with assembled molecules [1–3]. The tremendous

123



efforts in this direction have been motivated by the recognition of size-, shape-, and

composition-dependence of the optoelectronic, magnetic, and catalytic properties

of matter at the nanoscale [4].

Recent advances in both physical and chemical synthetic approaches have made

various nanostructured materials available for novel technological applications

(Fig. 5.1).

The unique and intriguing optoelectronic properties of such nanostructured ob-

jects can find applications in the fabrication of new and original nanosensors in

the wide field of biochemistry. In particular, this chapter emphasizes the impact

of semiconductor and noble metal colloidal nanocrystals on the development of op-

tically driven detection methodologies for biosensing purposes.

A ‘‘biosensor’’ can be broadly defined as a sensing device able to measure

any property with biological significance or connected with bioactivity by means

of biomolecules and/or biologically related structures. More appropriately, a bio-

sensor is a small device that, as the result of a chemical interaction or process oc-

curring between the analyte and the sensing element, transforms quantitative or

qualitative chemical or biochemical information into an analytically useful signal.

Biosensors are usually considered a subset of chemical sensors because of the pe-

culiar transduction methods associated with them, sometimes referred to as the

sensor ‘‘platforms’’. The fundamental understanding of the physics and chemistry

of nanosized metal and semiconductors has stimulated intense efforts to the devel-

opment of innovative strategies for biosensing devices. Although various sensing

mechanisms, based on the changes of magnetic, electrochemical, piezoelectric,

and resistivity properties of matter, have been exploited so far, optical transduction

has largely been the most preferred tool in many biosensing applications because

of its superior advantages and versatility. Especially, optical platforms are techno-

logically appealing, as they offer high detection limits, little sensitivity to electro-

Fig. 5.1. (a) Schematic representation of single colloidal

nanocrystal coated with organic molecules. (b) High-resolution

transmission electron microscope picture of CdS nanocrystal.
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magnetic noise, the possibility of remote control and information transfer through

optical fibers, long lifetime, and amenability to multiplexing. Such interest is fur-

ther motivated by the expectation that nanomaterial-based optical biosensors will

not only replace conventional sensors, but also enable the fabrication of unprece-

dented sensing devices. Finally, the recent advantages in photonic technologies

and the low cost availability of commercial optical fibers and lasers will certainly

encourage access to new frontiers of biosensing.

Inorganic objects on the nanometer scale promise easy integration with many

bio-related domains. The fact that nanoparticles share the same size regime (<50

nm) as that of many biomolecules opens access to the fabrication of novel compos-

ite nanostructures with the biological and the inorganic components suitably

coupled (Fig. 5.2).

Including nanomaterials in a sensing device can be beneficial in that unprece-

dented transduction modes, relying on their special properties, can be, in principle,

developed for any event of biological relevance.

The emerging disciplines of nanoengineering, nanoelectronics, and nanobioelec-

tronics, require suitably sized and functionalized nanosized particles as the ‘‘build-

ing blocks’’ with which to construct their architectures and active elements. Espe-

cially, colloidal nanocrystals represent attractive precursors for creating various

electronic and sensor components due to the ease of their fabrication and to their

intrinsic robustness, allowing for further processing. Such objects are composed of

a crystalline inorganic core and a protective shell of surface anchored molecules

provided by a solution-phase synthesis. Nanocrystals are grown directly in a liquid

solution by chemical methods that facilitate their medium-scale production in a re-

action flask.

Colloidal nanoparticles differ significantly from other classes of nanostructured

materials in that their surface chemistry can be conveniently manipulated to en-

hance compatibility with biological environments, to achieve nanocrystal immobi-

lization onto substrates, conjugation with selected biomolecules, and/or incorpora-

tion into different matrixes (Fig. 5.3).

Fig. 5.2. Colloidal nanocrystals are commensurate with biomacromolecules.
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Nanoparticles have been used in biosensors for the last two decades. The fabrica-

tion and characterization methods for nanomaterials have been progressively re-

fined to the point that deliberate modulation of their size, shape, and composition

can be now obtained, thereby permitting a fine control of their properties. Colloidal

techniques have long been known, but only recently has a great body of work been

devoted to the synthesis of nanocrystals specifically intended for the construction

of devices and complex composite nanostructures.

Today, the key goal in nanocrystal-based technology is to reproducibly synthesize

nanoparticles having several properties, such as specific size, tailored shapes,

crystal phase and crystallographic orientation, well-defined surface chemistry, solu-

bility in any desired solvent, and multifunctional performances. These latter can be

achieved by combining different materials in a single hybrid nanostructure, due to

novel structural and electronic properties arising from interactions of the single

components. A new concept of ‘‘purpose-built’’ nanomaterials has thus emerged,

whose basic idea is to model and design materials with the proper morphology,

size, shape and surface status to probe, tune and optimize the material’s physical-

chemical properties. The ability in tailoring all these characteristics is an essential

condition to extend NCs to large-scale technological and industrial applications.

Now, the structure of nanosized noble metals and semiconductors can be sys-

tematically engineered to produce materials with specific emissive, absorptive, and

light-scattering properties, which make these materials ideal for multiplexed ana-

lyte detection. The control of composition and shape can allow for the variation of

additional parameters useful in the detection of target analytes.

Furthermore, techniques for surface modification and patterning have advanced

to such a great extent that the binding affinity of materials for various biomolecules

Fig. 5.3. Colloidal nanocrystals can be surface functionalized

for (a) guided assembly, (b) biomolecular recognition,

(c) sensing devices, and (d) solution-based receptors.
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can be modulated by suitable chemical tools as much as desired, leading to novel

generations of nanoscale arrays of biomacromolecules and small molecules to-

gether on surfaces [2a]. The overall ensemble of these capabilities has allowed the

design of functional materials that can be implemented into new optical assays in

biosensors based on improved modes of signal transduction.

5.3

Colloidal Nanocrystals

5.3.1

Size-dependent Optical Properties

Most nanocrystal physical properties evolve as a function of the size and/or shape,

approximately following some ‘‘scaling laws’’ [5]. Two major reasons account for

this special dependence in nanocrystals: the confinement of charge carrier motion

in a small material volume, and the significant fraction of atoms residing at the

surface, as compared with that in the corresponding bulk counterpart.

Now, in any material, there will be a size below which a substantial change of

fundamental electrical and optical properties occurs with size: these variations will

be seen when the energy spacing d of successive quantum levels (d ¼ 4EF=3n,
where EF is the Fermi level of the bulk material and n is the total number of va-

lence electrons in the nanocrystal) exceeds the thermal energy (@25 meV at room

temperature). For a given temperature, this occurs at a very large size in semicon-

ductors, as compared with metals, insulators, van der Waals, or molecular crystals.

In semiconductors, the quantum-sized effects result in a widening of the band

gap and in the development of well-defined energy levels at the band edges [7].

These facts can be clearly observed in the optical absorption spectra of ‘‘quantum

dots’’: the threshold energy for absorption is shifted to shorter wavelengths with

decreasing the particle size and discrete spectral features develop in the spectrum,

which correspond to the allowed optical transitions (Fig. 5.4). The positions of the

lowest energy absorption peak (which is usually the most defined) as well as that of

the luminescence peak are strictly correlated to the average particles size, while

their widths reflect, in part, the remaining size distribution. In anisotropic nano-

crystals, such as nanorods and tetrapods, the shift behavior of the exciton peak is

characteristically dependent on the shortest confined dimension [8] (Fig. 5.5). Fur-

thermore, the size-dependence of semiconductor nanocrystal band-gap provides a

tool for tuning the redox potentials of photogenerated holes and electrons, allowing

redox process that would be forbidden for extended solids.

In noble metals, the decrease in size below the electron mean free path gives rise

to intense absorption in the visible–near-UV region [9]. The optical absorption

spectra exhibit absorption peaks that do not derive from quantum confinement ef-

fects but result from the collective oscillations of the itinerant free electron gas on

the particle surface, that are induced by the incident electromagnetic wave. Such

resonances, referred to as surface plasmons (SPs), are seen when the wavelength
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Fig. 5.4. (a) Emission spectra of CdS nanocrystals with

different sizes. (b) Distinguishable emission colors of CdS

nanocrystals in chloroform solution, excited with a near-UV

lamp. (From Ref. [6].)

Fig. 5.5. Left-hand side: UV/Vis absorption and PL emission

spectra of spherical (a) and rod-like ZnSe nanocrystals (b–d)

with aspect ratios of 3, 6, and 8, respectively. Right-hand side:

TEM overview of ZnSe nanorods with aspect ratios of 4, 10 and

5. (From Ref. [8].)
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of incident light far exceeds the particle diameter. In the ‘‘intrinsic size’’ regime

(<5 nm), noble metal nanoparticles do not show any plasmon absorption, while

the absorption of particles larger than 50–60 nm (in the ‘‘extrinsic size’’ region) is

broad and covers most of the visible region.

The spectrum of anisotropic particles can exhibit several bands (Fig. 5.6) corre-

sponding to multipole SP resonances and becomes further modified by charge ac-

cumulation, molecular adsorption, solvent nature, and aggregation status of the

particles (Fig. 5.7) [10, 11].

Interestingly, in the nanosized regime noble metals exhibit a considerable shift

of their redox potential toward negative values, which makes them work as efficient

electron-transfer mediators [12, 13] (Fig. 5.8).

In nanocrystals the number of atoms residing at the surface is a large fraction of

the total and the density of bulk defects is rather low [14]. To minimize surface en-

ergy, substantial reconstructions in the atomic positions can occur, so that nano-

crystal surfaces can be largely disordered, yielding spherical or ellipsoidal shapes,

or can expose regular facets, as are present in extended crystals. Surface rearrange-

ment can be more easily visible in extremely small clusters (in the 3–50 atoms

range), where, as there is no clearly identifiable interior, unique bonding geome-

tries, distinct from those of the bulk solid, are assumed.

Fig. 5.6. TEM images (top), absorption

spectra (left), and photographs (right) of

aqueous solutions of gold nanorods of various

aspect ratios. Seed sample: aspect ratio 1;

sample a, aspect ratio 1.35 (0.32); sample b,

aspect ratio 1.95 (0.34); sample c, aspect ratio

3.06 (0.28); sample d, aspect ratio 3.50 (0.29);

sample e, aspect ratio 4.42 (0.23). Scale bars:

500 nm for a and b, 100 nm for (c–e). The

value in parenthesis represents the error in the

determination of the aspect ratio. (From Ref.

[10].)
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Fig. 5.7. The surface plasmon resonance of

Au nanoparticles can be modified by their

aggregation status. The left-hand side of the

figure shows the temporal evolution of the

absorption spectrum of gold upon UV-

photocatalytic reduction of 10�3
m HAuCl4 in

the presence of 5� 10�2
m TiO2 nanorods in

CHCl3aEtOH. The corresponding TEM images

(right-hand side) show the progress of Au

nanoparticle assembly after irradiation for

(a) 20, (b) 60, (c)–(e) 120, and (d)–(h)

240 min. (From Ref. [11].)

Fig. 5.8. An example of electron transfer

mediated by nanosized metal nanoparticles,

showing the absorption changes occurring to

UV pre-irradiated TiO2-stabilized Au NPs (a)

upon successive additions (5 mm each) of

Uniblue A (UBA), an organic dye, under

O2-free conditions (b–m). When all stored

electrons are consumed, the absorption

features of unreduced UBA can be observed

(spectrum n). Conditions: [TiO2] ¼ 0.1 m,

nanorods: 3� 25 nm; [Au] ¼ 5 � 10�7
m, metal

size: 15þ=� 3 nm; pre-irradiation time: 30

min. Spectra were taken using the respective

photocatalyst solution as the reference. (From

Ref. [12], some spectra have been removed for

clarity.)
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In nanocrystals having applications in opto-electronic devices, surface states in-

variably result in energy levels within the forbidden energy gap. They act as traps

for electrons or holes, ultimately leading to the degradation of the electrical and

optical properties of the material. In contrast, lower coordination surface atoms in

metal and semiconductor oxides are usually beneficial toward catalysis and sensing

of various chemical reactions [15]. The coordination numbers of surface atoms

may vary over wide ranges because different crystallographic faces, edges, steps,

point defects, and dislocations may be exposed, resulting in a substantial energetic

heterogeneity. Unsaturated valences may be, therefore, completed by adsorbed tar-

get molecules, the latter affecting the overall electronic distribution of the nano-

sized object. More importantly, the qualitative change in the electronic structure

of nanocrystals coupled with chemisorption of suitable substrates can bestow un-

usual optoelectronic behavior for both the inorganic and organic component.

5.3.2

Chemical Synthesis

In colloidal approaches, a fine modulation over the NC size and shape is possible

by adjusting the balance between the nucleation and the growth stage. To achieve

this, in general the key ingredient is the presence of one or more organic mole-

cules in the reactor, broadly termed as ‘‘surfactants’’. Surfactants are amphiphilic

compounds, i.e., molecules composed by one hydrophilic part (a polar or a charged

functional group) and one hydrophobic part (in the simplest case, one or several

hydrocarbon chains). They can act in two main different ways, described below.

(a) Organic Templates: Depending on physical-chemical parameters, such as

surfactant concentration, temperature, solvent polarity, additives, ionic strength,

amphiphilic compounds tend to assemble into soluble aggregates [16]. These

assemblies can have spherical shapes or evolve into rod-like or cylindrical aggre-

gates, flexible bilayers, and planar bilayers. Therefore, the liquid phase can contain

hydrophilic or hydrophobic compartments of nanometer size prior to the synthe-

sis, which serve as NC templates. The addition of monomers to the growing cluster

is naturally terminated once a NC fills the compartment volume, which predeter-

mines a specified distribution of the NC population close to that of nanocompart-

ments [17] (Fig. 5.9).

In bulk colloidal dispersions, the role of compartments is generally played by di-

rect or reverse micelles, microemulsion droplets, or by the pores (cavities) in any

bicontinuous cubic phase of a lipid. A self-assembled amphiphile layer on the in-

terface is also capable of compartmentalizing the accepted reagents, to introduce

nanocrystalline structures (so-called membrane mimetic chemistry), and to orient

the nanocrystal domains in the nanoreactors [18].

(b) Terminating agents: The growth of NCs can be properly controlled in many

cases by use of special molecules that behave as ‘‘terminating’’ agents. Such mole-

cules direct the growth of nanostructures by dynamically coordinating their surface

under the reaction conditions. Some examples of suitable surfactants include mol-

ecules carrying functional groups with electron-donor atoms, such as alkyl thiols,
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phosphines, phosphine oxides, phosphates, phosphonates, amides or amines, car-

boxylic acids, and nitrogen-containing aromatics [17–19].

The choice of surfactants varies from case to case: a molecule that binds too

strongly to the surface of the quantum dot is not useful, as it would not allow the

nanocrystal to grow. A weakly coordinating molecule, however, would yield large

particles, or aggregates. The surfactant molecules must be chemically stable at

the reaction temperature to be suitable candidates for controlling growth. At lower

temperatures, or more generally, when the growth is stopped, the surfactants are

more strongly bound to the surface of the NCs and provide their solubility in a

wide range of solvents. More importantly, surface defects (unsaturated valences)

that act as traps for electron and holes, in turn degrading their optoelectronic prop-

erties, can be effectively passivated through coordination bonds with the surface

ligands.

By controlling the mixture of surfactant molecules that are present during the

generation and the time growth of the nanocrystals, excellent control of their size

and shape is possible for many materials (Fig. 5.10) [20]. Under appropriate condi-

tions, the choice of suitable surfactants can indeed modulate the reactivity of the

Fig. 5.9. Example of nanoparticle shape

control achieved by combining the strategy of

surfactant-based templating and the capping of

salts or molecules. Various shapes of copper

nanocrystals are obtained in the various parts

of the phase diagram of Cu(AOT)2–water–

isooctane in the oil-rich region. (From Ref.

[17].)
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molecular precursors and direct shape changes by adhering selectively to the vari-

ous facets of the growing crystallites. Delicate control of parameters, such as strain,

surface reactivity, interfacial energy, and crystal solubility at the nanoscale [8–21],

opens access to various complex NC morphologies and even hybrid architectures,

ranging from simple core/shell systems to individual nanostructures with linear

and/or branched topology [21], with site-specific deposits of a different material

[22], and hetero-groups made of magnetic, metal or fluorescent spherical NCs

[21d, 23].

The surfactant coating on the NC surface provides great synthetic flexibility in

that it can be exchanged with another coating of organic molecules having differ-

ent functional groups or polarity.

After the synthesis, colloidal nanocrystals can be further processed (e.g., func-

tionalized with selected biomolecules or coupled with other nanosized objects)

and/or transferred to any desired substrate or object.

Many applications of the quantum-mechanical aspects of quantum dots can be

found in optics. As the more general case of atoms and molecules, quantum dots

Fig. 5.10. Shape control of colloidal

nanocrystals. (a) Kinetic shape control at high

growth rate. High-energy facets grow more

quickly than low energy facets in a kinetic

regime, using one type of metal coordinating

group. (b) Kinetic shape control through

selective adhesion. The introduction of an

organic molecule that selectively adheres to a

particular crystal facet can be used to slow the

growth of that side relative to others, i.e.,

metal coordinating groups with different

affinities to nanocrystal facets are used,

leading to the formation of rod- or disk-shaped

nanocrystals. (c) More intricate shapes result

from sequential elimination of a high-energy

facet. The persistent growth of an

intermediate-energy facet eventually eliminates

the initial high-energy facet, forming complex

structures such as an arrow- or zigzag-shaped

nanocrystals. (d) Controlled branching of

nanocrystals. The existence of two or more

crystal structures in different domains of the

same crystal, coupled with the manipulation of

surface energy at the nanoscale, can be

exploited to produce branched inorganic

nanostructures such as tetrapods. Inorganic

dendrimers can be further prepared by creating

subsequent branch points at defined locations

on the existing nanostructures. (From Ref.

[20].)
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can be excited either optically or electrically. Regardless of the nature of excitation,

quantum dots may emit photons when they relax from the excited state to the

ground state. Based on these properties, quantum dots may be used as lasing

media, as single-photon sources, as optically addressable charge storage devices,

or as fluorescent labels.

Colloidal quantum dots have also been used for the development of light-

emitting diodes [24] and in the fabrication of photovoltaic devices [25]. In these de-

vices, the nanocrystals are incorporated into a thin film of conducting polymer.

Chemically synthesized quantum dots fluoresce in the visible range with a wave-

length tunable by the size of the colloids. The possibility of controlling the onset of

absorption and the color of fluorescence by tailoring the size of the nanocrystals

makes them interesting objects for the labeling of biological structures [26] as a

new class of fluorescent markers. The tunability combined with extremely reduced

photobleaching makes colloidal quantum dots an interesting alternative to conven-

tional fluorescent molecules.

5.4

Nanocrystal Functionalization for Biosensing

In general, practical applications can take advantage of some unique properties of

NCs, such as that of being conjugable, connectable or anyway joinable with bio-

materials, thus enabling biolabeling [29], biosensing [30] and use for biomedical

purposes [28c–31].

Sensing processes operated by biomaterials bound to surfaces are commonly

practiced in analytical biochemistry. Actually, many recent sensing applications

are the result of a natural evolution of the bioconjugation chemistry, which is

based on the idea of merging biological and non-biological molecular species and/

or systems, to realize novel markers for cellular biology, labeling, and biosensing.

In this perspective, the use of NC-biomaterial conjugates has been demonstrated

to provide a general route for the development of optical biosensors, which exploit

the newly designed nanomaterial based hybrids.

The synthesis of noble metal NCs (which possess a naturally higher bioaffinity)

in the presence of biomolecules has been proposed to provide nanoparticles di-

rectly connected to biologically relevant molecules [32]. However, semiconductor

nanocrystals, which are typically prepared by non-aqueous routes in organic media,

require several post-synthetic treatments to enhance their compatibility with bio-

logical environments. Such processing is delicate in that it should preserve the

NC optical properties over the desired spectral range.

Therefore, in the last decade several studies have provided the means to obtain

water-soluble and biocompatible NCs, while keeping intact their original optical

characteristics.

The plethora of nanocrystal functionalization methods reported can be mainly

divided into three classes: (a) surface capping exchange (typically with bi-functional

agents), (b) coating with siloxane and (c) modification of the pristine capping layer
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of NCs via hydrophobic interactions. Figure 5.11 gives a schematic representation

describing different surface functionalization methods.

5.4.1

Surface Capping Exchange

This approach has been proposed for the functionalization of cadmium and zinc

chalcogenide NCs (e.g., CdSe, CdS, ZnS, ZnSe) and of their related core–shell de-

rivatives (CdSe@ZnS, CdSe@ZnSe, CdS@ZnS). The basic idea is the substitution

of the pristine organic capping layer with bifunctional ligands. Mercapto-acids

(mercapto-acetic, mercapto-succinic, mercapto-propionic, mercapto-benzoic, and so

on) have been the most commonly used molecules to this purpose [34]. They inter-

act with the NC surface by means of the thiol group while water solubility is

ensured by the outermost exposed carboxylic moiety. A major limitation is that

mercaptoacid-capped NCs are highly soluble in water only when the carboxylic

group is deprotonated, so that the stability of the particles at acid pHs is poor.

More importantly, in comparison with the original NC emission, a reduction in

photoluminescence (PL) quantum yield is usually observed, the extent of which de-

pends on the nature of the linker exchanged and on the medium. Also, progressive

detachment of thiol ligands from the NC surface due to the established dynamic

adsorption–desorption equilibrium can usually result in NC aggregation and pre-

cipitation over periods longer than one week [29a–35]. Despite these drawbacks,

this simple procedure allows for the preparation of fresh batches in gram scale on

an ‘‘as-needed’’ basis. Moreover, if further bioconjugation of such thiol-modified

NCs is accomplished, their stability in water can be enhanced [29a].

Bifunctional agents, such as dithiothreitol (DTT) [34] and dihydrolipoic acid

(DHLA) [30–36] carrying two thiol moieties per molecule, provide stronger interac-

tions with the NC surface, thus prolonging their stability in water (up to 2 months

in the case of DTT and up to 1–2 years with DHLA) [37]. This evidence suggests

that polydentate thiolated ligands could be even more effective [35b]. DHLA-

capped NCs are stable at pH > 7, while at slightly acid pHs aggregation can occur.

Mercapto-capped NCs can be bioconjugated either by replacing the capping layer

with thiol-modified biomolecules (e.g., DNA [30a] or proteins [38, 39]) or by car-

boxylic group activation. The hydroxyl groups in DTT can be exploited to achieve

bioconjugation by just making them react with nucleophilic agents, such as

amines. This approach, suitable to different types of NCs [28c], does not require

specific coupling agents and allows one to employ commercially available nu-

cleotides. If NCs are stabilized by negatively charged ligands (for instance DHLA

or citrate), bioconjugation can be obtained by electrostatic interactions [36a–40].

The surface capping exchange can also be performed directly with biomolecules.

For instance, small biomolecules, like serotonin, can replace tri-n-octylphosphine
oxide (TOPO) on CdSe@ZnS NC [41]. Analogously, these NCs have been function-

alized with synthetic phytochelatin-related peptides, providing them with a coating

of biotinylated peptides, which efficiently bind to streptavidin [42]. Lysine and bio-

tin have been used to modify Au NPs and to bind them to various proteins [43],
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Fig. 5.11. Example strategies for nanocrystal

surface modification: (a) coating with silica

shell; capping exchange with (b) bifunctional

linkers, (c) thiolated molecules, (d) bivalent

linkers, (e) and organic dendrons. (f ) and (g)

Nanocrystal modification via hydrophobic

interaction. (From Ref. [33].)
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immunoglobulin (IgG), and BSA. This approach is particularly successful for

metal particles capped by loosely bound molecules, such as citrate, as demon-

strated in the case of Au [44] and Ag [45]. Conversely, in the case of CdS NCs [46]

weaker interactions have been observed as well as a luminescence quenching.

Finally, organic dendrons can also replace the native ligand capping on core–

shell NCs, leaving the exposed hydroxyl moieties available for bioconjugation in

aqueous environment, as reported for TOPO-capped CdSe NCs and Au NPs [47].

5.4.2

Coating with a Silica Shell

Surface silanization is the procedure through which a hydrophilic silica shell is

grown on NCs after displacing the original hydrophobic capping layer, ultimately

providing NCs with solubility in water [26a]. In the general approach, the first

step accomplishes ligand exchange with mercaptosilanes, usually mercaptopropyl-

trimethoxysilane (MPS). The mercapto groups (aSH) are bound to the NC surface,

whereas methoxy groups (aOCH3) are exposed to the solvent. Subsequently, silox-

ane bonds (aSiaOaSia) can be formed by reacting the methoxysilane moieties with

each other under basic conditions. The final result is a highly cross-linked silica

shell possessing improved resistance against dissolution [48, 49]. To provide hydro-

philicity, in a further step, molecules bearing mercaptosilane groups at one end

and hydrophilic groups at the other one are attached to the shell via the formation

of siloxane bonds, leading to a multilayered shell. By properly selecting the hydro-

philic functional groups in the latter step, it is possible to tailor the NC surface

functionality [26a–48a]. Interestingly, negatively charged particles are obtained by

providing the surface with phosphonate groups (for instance, by using trihydroxy-

silylpropylmethylphosphonate, TMP), which prevent the NCs from agglomerating

and/or precipitating by means of electrostatic repulsions. Alternatively, by replac-

ing TMP with poly(ethylene glycol) (PEG)–silane, stable neutral NCs can be pre-

pared that repel each other by steric hindrance [50]. Finally, trimethoxysilylpropyl

trimethylammonium chloride can be suitably manipulated to confer a small posi-

tive charge to the particles [32]. Bioconjugation can occur via conversion of resid-

ual MPS thiol groups into amine or carboxyl groups and via reaction with suitable

bifunctional linkers, as established in the pertinent literature [28c–31a].

Silanized NCs also do not undergo to aggregation phenomena in electrolytic so-

lutions, while retaining their original optical properties. Unfortunately, the silica

shell often suffers for being inhomogeneous [29–32]. More importantly, the chem-

ical complexity and the delicateness of the steps involved in the silanization pro-

cess render the preparation of silanized NCs extremely difficult to scale up beyond

the milligram quantities per batch.

5.4.3

Surface Modification through Hydrophobic Interactions

A class of modification techniques allows one to obtain water-soluble NCs without

removing the pristine capping layer. Such procedures ensure retention of the orig-
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inal optical properties of NCs, as the inorganic core always remains shielded from

the external environment. The general strategy relies on exploiting hydrophobic

interactions between the pristine NC capping layer and suitable amphiphilic mole-

cules. These latter can intercalate and/or interdigitate with the native capping layer

alkyl chains, exposing their hydrophilic head out to the solution. A successful

example is represented by phospholipid micelles encapsulating CdSe@ZnS NCs

[28c–31a]. The polar head of phospholipids can be used for bioconjugation by

reaction with bifunctional agents, like EDC, 1-ethyl-3-(3-(dimethylamino)propyl)-

carbodiimide hydrochloride. As drawbacks, aggregation can be induced to some ex-

tent by EDC [36a], and the technique is laborious and provides only milligrams

quantities per batch. Despite this, the NC optical properties are fully retained after

phase transfer [31b–51].

Commercially available amphiphilic polymers bearing hydrophobic alkyl side

chains and hydrophilic groups, such as PEG or multiple carboxylate groups, have

also been used [52]. Several polymers have been employed: octylamine-modified

polyacrylic acid [52a], block copolymers [52b], and polyanhydrides [52c]. Bioconju-

gation is accomplished by linking biocompatible ligands to polymer-coated NCs

by reaction with the hydrophilic heads. PEG-derivatized polymers can also improve

biocompatibility and reduce non-specific binding. Carboxylate-functionalized poly-

mers strongly interact with primary amines via condensation, which can be ap-

plied to most common proteins in their native form without further modification

or activation. In this regard, a high reactivity of polyanhydrides toward primary

ammines has been observed [52c]. Notably, NCs functionalized with high molecu-

lar weight triblock polymers [as those composed of a hydrophobic poly(butyl

acrylate) segment, a hydrophobic poly(methacrylate) segment, of a hydrophilic

poly(methacylic acid) segment, and of and a hydrophobic hydrocarbon chain] are

so well protected that their optical properties do not change under a broad range

of pH (1–14) and salt conditions (0.01 to 1 m), or even upon harsh treatments

with concentrated acid [52b]. Nonetheless, both phospholipid micelles and poly-

mer coating can not prevent the NC size from increasing to a great extent, which

can limit the intracellular mobility and may preclude fluorescence resonance en-

ergy transfer studies [35b].

More recently, host–guest chemistry has been exploited to induce the phase

transfer of organic capped metal and semiconductor NCs into water by means of

cyclodextrins [53]. Due to their peculiar characteristics [54], cyclodextrin-modified

NCs can be very appealing for biological studies. This method deals with the for-

mation of a host–guest complex between the hydrophobic cyclodextrin cavity and

the alkyl chains of the surfactants anchored on an NC surface. Among the vari-

ous classes of cyclodextrins tested, a-cyclodextrins appear the most suitable for

this purpose, since no aggregation or precipitation phenomena have been ob-

served. In an alternative approach, metal NCs have also been synthesized [55] in

the presence of modified cyclodextrins behaving as the capping ligands for the par-

ticles, while leaving their cavity available to perform host–guest chemistry. In this

case, only a broadening of the NC size distribution has been observed during the

synthesis.
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5.5

Optical Techniques

Recent advances have been reported in the development of sensors based on opti-

cal detection methods, with remarkable improvements in terms of sensitivity and

selectivity, This progress has been triggered by the access to new technical instru-

mentation and techniques, as well as by the availability of unprecedented materi-

als. The discovery and the fundamental understanding of the peculiar optical prop-

erties of nanocrystals have led to a re-evaluation of the potential of well-assessed

optical methods (colorimetric assays and fluorescence-based recognition) and, at

the same time, have extended the technological opportunities.

Depending on the nature of the optical transduction signals, nanocrystal-based

biosensors may be roughly divided into luminescence-based sensors and absorp-

tion-based sensors, relying on the changes of the emission and absorbance inten-

sity, respectively [56]. Another possible classification can be made with reference

to the chemical composition (metal or semiconductor) of the material used in

the sensing process. Such diverse categorization can sometimes merge with each

other, resulting in a lack of clarity in the definition. In this section we adopt a

more schematic approach by classifying the methods according to the specific opti-

cal process that is exploited for the detection process.

5.5.1

Colorimetric Tests

The simplest method for detecting analytes is by measuring the absorption

changes that occur because of some analyte–NC interactions modifying the optical

properties of the nanocrystals [57]. Especially, metal nanoparticles are convenient

for this purpose, as their surface plasmons are characterized by high extinction

coefficients, many orders of magnitude larger than those of organic dyes [58].

The absorption spectrum, primarily reflecting the particle size, shape, composition

[59], as well as the dielectric constant of the surrounding medium, can be sensi-

tively affected by any process that alters the surface charge density, like direct ad-

sorption of molecules, or variation in the mean interparticle distance induced by

molecular recognition events (e.g., DNA hybridization, antigen–antibody interac-

tions). The resulting shift in the plasmon maximum, and changes in band width

and intensity, can be explained qualitatively in terms of particle electromagnetic in-

teractions through simple quasi-static limit scattering models [60].

5.5.2

Fluorescence

Fluorescence is the optical phenomenon for which a molecule or a material (fluo-

rophore), after gaining excitation by some means, can return to its minimum

energy state by emitting light. Excitation and emission processes in a typical mole-
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cule are represented by a Jablonski diagram, depicting the initial, final, and inter-

mediate electronic and vibrational states of the molecule (Fig. 5.12).

In general, the molecule can be excited, by a one- or multiphoton process, from

its electronic ground state S0 to the first excited state S1. Its return to the ground

state can be accompanied by the emission of a fluorescence photon. The S1 G S0
transition competes with another photophysical process, called intersystem cross-

ing, that is responsible for converting the S1 state into the first triplet state T1. An

irreversible photobleaching can follow the latter event, ultimately preventing a frac-

tion of molecules from contributing to the overall fluorescence signal.

In general, fast intramolecular vibrational relaxations are responsible for the

lower energy of the emitted photons with respect to that associated with the inci-

dent light. The difference in energy between absorption and emission is named the

Stokes shift – it accounts for the wavelength separation of the emitted fluorescence

from the excitation light. This phenomenon renders fluorescence a powerful ana-

lytical tool. The delay (lifetime) between the absorption step and the detected fluo-

rescence depends on the nature of the fluorophore and on its local environment.

The efficiency of photon absorption is proportional to the local electric field and

to the dipole moment of the fluorophore. For an immobilized fluorophore, the spa-

tial orientation of the absorbing molecule dipole can be determined by recording

the emitted fluorescence as a function of the direction of the linear polarization

of the excitation light. For a mobile molecule, more information is needed, because

the emission dipole may change orientation significantly in a short time. Fluctua-

Fig. 5.12. Jablonski diagram describing

the fluorescence process in a molecule.

Upon absorption of a photon of energy

ðhva ¼ ES1 � ES0Þ, a molecule in the ground

singlet state (S0) is promoted to a vibronic

sublevel of the lowest excited singlet state

(S1). Nonradiative, fast relaxation brings the

molecule down to the lowest S1 sublevel.

Emission of a photon of energy hve < hva with

radiative rate kr can take place, bringing back

the molecule to one of the vibronic sublevels

of the ground state. Alternatively, the molecule

can undergo collisional quenching, returning to

its ground state without photon emission

(nonradiative rate knr). A third type of process

is intersystem crossing to the first excited

triplet state T1 (rate kISC). Relaxation to the

ground state takes place either by photon

emission (phosphorescence) or nonradiative

relaxation (rate knr).
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tions that are faster than the fluorescence lifetime lead to a depolarized emission,

while fluctuations covering timescales longer than the lifetime but shorter than the

instrumental integration time lead to anticorrelation of the two orthogonal emis-

sion polarizations. Fluorescence polarization measurements have been used in an-

alytical and clinical chemistry and as a biophysical research tool for studying the

mobility of membrane lipids, domain motions in proteins, and interactions at the

molecular level. Also, fluorescence polarization-based immunoassays are also ex-

tensively utilized for clinical diagnostics.

Measurement of fluorescence intensity is a widely applied technique in biologi-

cal applications, as it is related to the number of photons emitted by a fluorescing

sample upon excitation. Based on fluorescence wavelength and intensity level

determination, various molecular or cellular targets can be easily tagged. The fluo-

rescence intensity may be influenced by several factors, such as the excitation in-

tensity thermal fluctuations, self-absorption, self-fluorescence, and fading due to

photobleaching of the probe. However, organic fluorophores usually have emission

bands with long tails extending to the red part of the visible spectrum. This issue

could limit multiplexing and would require the use of interference filters in the

optical readout, reducing the dynamic range of intensity levels. In contrast, the

emission spectrum of semiconductor nanocrystals is narrow and Gaussian; their

absorption spectrum is continuous and extended in the UV, so that a single wave-

length can excite nanocrystals of different sizes, yielding several emission colors at

once. Therefore, multicolor NC probes can be used to track multiple molecular tar-

gets simultaneously.

5.5.3

Fluorescence Resonance Energy Transfer

Among the most promising optical biodetection techniques, Fluorescence Reso-

nance Energy Transfer (FRET) has been used to carry out analyte recognition and

binding, while simultaneously producing useful output signals through an inte-

grated signal transduction system [61]. FRET has been used in carefully designed

sensing systems for proteins, peptides, nucleic acids and small molecules.

FRET is one of the few tools available for measuring nanometer scale distances

and/or changes in distances, both in vitro and in vivo. This technique indeed relies

on the distance-dependent transfer of energy from a donor fluorophore to an ac-

ceptor fluorophore. Recent advances have led to both qualitative and quantitative

improvements, including increased spatial resolution, distance range, and sensitiv-

ity [62]. This progress has been facilitated by the use of new fluorescent dyes and

by novel optical methods and instrumentation.

In FRET, a donor fluorophore is excited by incident light, and if an acceptor is in

its close proximity, the excited state energy from the donor can be transferred to the

acceptor. This event leads to a reduction in the fluorescence intensity and in the

excited state lifetime of the donor, and to a concomitant increase in the emission

intensity of the acceptor. The efficiency of the process depends on the inverse

sixth-distance between the donor and the acceptor [Eq. (1)], where R0 is the dis-
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tance at which half of the energy is transferred, and depends on the spectral char-

acteristics of the dyes and their relative orientation.

efficiency ¼ 1=f1þ ðR=R0Þ6g ð1Þ

This would allow one to measure: (a) interactions between molecules, e.g., between

proteins, between a protein and a ligand or (b) distances between two sites in a

macromolecule.

A crucial aspect of FRET biosensor development involves optimizing the relative

positions of energy levels of the donor and acceptor dyes to make them operate in

concert with the desired recognition elements. Although organic dyes are available

to accomplish this, many of them have functional limitations, such as pH depen-

dence, susceptibility to photobleaching, and narrow excitation bands coupled with

broad emission peaks, which can compromise sensor performance. The photo-

physical properties of nanocrystals, such as size-tunable photoluminescence spec-

tra, broad absorption, narrow emission lines, and high quantum yields, make them

good candidates as energy donors able to overcome some of the problems associ-

ated with conventional molecular-based FRET systems. Indeed, it has been recently

demonstrated [63] that the use of single-NC-incorporated nanosensors for DNA de-

tection can reduce significantly, or even eliminate, the complication of background

fluorescence encountered by conventional molecular FRET probes (Fig. 5.13). Fur-

ther, the target signal is amplified through enhanced energy-transfer efficiency by

increasing the number of acceptors linked to a donor. These features allow NC-

incorporated nanosensors to generate a very distinct target signal that is easily dis-

tinguishable from the background in the presence of low target abundance and a

large excess of the probe.

5.5.4

Fluorescence Lifetime

The Fluorescence Lifetime (FLT) is a measure of the time a fluorophore spends in

the excited state before returning to the ground state by emitting a photon. If a flu-

orophore population is excited, the lifetime t is the time it takes for the excited

molecules to decay to 1/e or 36.8% of the original population. The decay of the in-

tensity as a function of time is given by Eq. (2).

It ¼ ae�t=t ð2Þ

where It is the intensity at time t, a is a normalization term (pre-exponential factor)

and t is the lifetime of the excited state. Knowledge of the excited state lifetime of

a fluorophore is crucial for quantitative interpretations of fluorescence measure-

ments, such as quenching, polarization, and FRET. Excited state lifetimes are mea-

sured in the time domain by illuminating the sample with a short pulse of light

and recording the temporal behavior of the emission intensity. In pioneering work,

these short light pulses having widths on the order of several nanoseconds were

142 5 Optical Biosensing Based on Metal and Semiconductor Colloidal Nanocrystals



generated using flash lamps. Modern laser sources can now routinely provide

pulses with widths on the order of picoseconds or shorter. If the decay is a single

exponential and the lifetime is long compared with the exciting light, then the life-

time can be determined directly from the slope of the curve. If the lifetime and the

excitation pulse width are comparable, deconvolution methods taking in account

the effect of the exciting pulse shape must be used to extract the lifetime.

Fluorescence lifetime is a parameter that is mostly unaffected by inner filter

effects, static quenching and variations in the fluorophore concentration. For this

reason, FLT can be considered as one of the most robust fluorescence parameters.

Therefore, FLT measurements are advantageous in clinical and high-throughput

screening applications, where it is necessary to discriminate against the high back-

ground fluorescence from biological samples. Also, the decay studies offer a route

to multiplexing. The ability to distinguish two fluorophores with similar spectra

but different lifetimes is another way to allow an increased number of parameters

to be measured (Fig. 5.14).

Several approaches have been used for the development of FLT-based biosensors.

For example, in simple binding assays, the binding of two components (one being

fluorescently labeled) is accompanied by a change in the fluorescence lifetime. In

quench-release type assays, a quenched species, exhibiting low but detectable fluo-

Fig. 5.13. Operative principle of single-NC-

based DNA nanosensors. (a) Conceptual

scheme showing the formation of a

nanosensor assembly in the presence of

targets. (b) Fluorescence emission from Cy5

caused by FRET between Cy5 acceptors and

a NC donor in a nanosensor assembly.

(c) Experimental setup. (From Ref. [63].)
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rescence, is initially present in large excess. If a fluorescence compound is released

(e.g., by binding to a complementary DNA strand or by an enzymatic reaction) the

FLT of the system increases. Finally, the study of lifetime is a powerful tool to mea-

sure the energy transfer efficiency in FRET assays by using a non-fluorescent ac-

ceptor, which helps to circumvent the problem of spectral cross talk between the

donor and the acceptor.

FLT measurements offer additional opportunities in fluorescence microscopy,

where the local probe concentration can not be controlled. Lifetime microscopy al-

lows image contrast to be created from the fluorescence lifetime of a probe at each

point of the image. Typical examples are the mapping of cell parameters, such as

pH, ion concentrations or oxygen saturation. To enhance contrast in cellular imag-

ing and analysis by FLT imaging, labeling agents with long lifetime fluorescence

are required. Usually, organic dyes undergo radiative emission from allowed

singlet–singlet electronic transitions, with typical decay rates of few nanoseconds.

Unfortunately, such rapid emission merges with the time scale of short-lived self-

fluorescence background from many naturally occurring species in biological

specimens. In fact, self-fluorescence of several proteins often precludes observation

of small details, unless the target is heavily loaded with dyes (which, in turn, re-

sults in phototoxicity problems). Lanthanide chelates with lifetimes in the sub-

microsecond to millisecond range have also been successfully used [62]. However,

because their FLT is too long, these probes have a limited photon turnover rate

and, therefore, low sensitivity. In contrast, nanocrystals are more advantageous, in

that they emit light slowly enough to avoid serious interference by self-fluorescence

background, but also fast enough to maintain a high photon turnover rate. Indeed,

ensemble measurements show a multi-exponential decay after pulsed excitation,

which yields decay times between 10 and 40 ns. Benefiting from the long lifetime

Fig. 5.14. Normalized ensemble fluorescence

decay of CdSe@ZnS nanocrystals (1.8-nm

radius, 575-nm peak emission). The solid

curve is a triple exponential fit to the data with

components at 3.4, 16.1, and 35.6 ns. The

measured fluorescence decay of Rhodamine

molecules in water is also displayed (dashed

curve) and is well described by a single

exponential decay with time constant 4.3 ns.

(From Ref. [65].)
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of NCs and using fast pulsed laser excitation, it is possible to reject all photons

emitted within the first few ns after the pulse, while revealing only those arriving

after the decay of fluorescence from all dyes or self-fluorescent proteins (time-gated

imaging). Also, the allowed repetition rate of a few megahertz is compatible with

rapid cell imaging.

5.5.5

Multiphoton Techniques

Another class of widely used optical methods for biological detection makes use of

multiphoton-based approaches [65]. Such nonlinear optical techniques are based

on the fact that two or more photons of low energy can be simultaneously absorbed

by a fluorophore, producing the emission of a photon with a shorter wavelength.

Since multiphoton absorption is a nonlinear effect, it strictly requires a high source

intensity and a tightly focused incident beam. To illuminate the sample with

the necessary intensity, while preserving it from thermal damage, a femtosecond

pulsed laser source is commonly used. The laser beam is then focused through

an objective onto a sample treated with a fluorescent dye. Although single photons

do not possess enough energy to induce an absorption transition, the photon den-

sity is sufficiently high in the centre of the tightly focused laser beam to cause di-

rect absorption of two photons, so that an up-converted emission can result in. The

fluorescence signal can be thus only detected in the focus of the laser beam. The

focus can be also rasterized through the sample to create a 2D mapping. A typical

advantage of this technique is that it suffers little from photobleaching effects. In-

deed, irradiation in the far-red and near-infrared (NIR) spectral regions is charac-

terized by low scattering and absorption by thee biological environment [66].

More recently, NIR radiation has been used to excite visible CdSe@ZnS core–shell

NCs in mouse capillaries using multiphoton fluorescence imaging [67].

5.5.6

Metal-enhanced Fluorescence

The use of metallic materials to favorably alter the intrinsic photo-physical charac-

teristics of fluorophores in a controllable manner is a fairly new concept that has

received much attention only in the past few years.

Although fluorescence is a highly sensitive technique, allowing for the detection

of single molecules, it exhibits intrinsic detection limits. These latter are typically

related to the fact that the detection of a fluorophore is usually limited by its quan-

tum yield, self-fluorescence of the sample, and/or by its photostability. In typical

fluorescence measurements, the experimental set-up is such that the sampled area

is large relative to the size of the fluorophores and relative to the absorption and

emission wavelengths. In this arrangement, the fluorophores irradiate freely in

space. Interestingly, for fluorophores close to metallic surfaces or nanoparticles

the free-space condition is altered, resulting in dramatic spectral changes. The so-

called Metal Enhanced Fluorescence (MEF) [68] arises from the interaction of the
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dipole moment of the fluorophore and the surface plasmon field of the metal, re-

sulting in an increase in the radiative decay rate and in stronger fluorescence emis-

sion. Indeed, the quantum yield ðQ 0Þ and lifetime of the fluorophore ðt0Þ in the

free-space condition are given by Eqs. (3) and (4), respectively.

Q 0 ¼ G=ðGþ knrÞ ð3Þ

t0 ¼ 1=ðGþ knrÞ ð4Þ

where G and knr are the radiative and non-radiative decay rate, respectively. Due to

the close proximity to a metal surface, the radiative decay rate increases by a term

Gm. In this case, the quantum yield ðQmÞ and lifetime of the fluorophore ðtmÞ near
the metal surface are given by Eqs. (5) and (6) [69]:

Qm ¼ ðGþ GmÞ=ðGþ Gm þ knrÞ ð5Þ

tm ¼ 1=ðGþ Gm þ knrÞ ð6Þ

These equations allow the prediction of unusual behavior of a fluorophore near to a

metallic surface. Notably, from Eqs. (3)–(6), as Gm increases, the quantum yield in-

creases, while the lifetime decreases. These effects have also been justified theoret-

ically [70], being analogous to the increase in Raman signals observed in surface-

enhanced Raman scattering. However, a remarkable difference is that fluorescence

enhancement is activated by interactions through space and does not require direct

contact between the fluorophores and the metal surface.

Remarkably, metal surfaces can affect the radiative decay rates of fluorophores

and can also be beneficial to resonance energy transfer. In practice, this means

that weakly emitting materials (dyes, proteins, or DNA) with low quantum yields

can be transformed into more efficient fluorophores with shorter fluorescence life-

times. The reduction in fluorescence lifetime associated to MEF implies that mole-

cules spend less time in the excited state, thus reducing photobleaching effects.

The dramatic increase in the fluorescence emission occurs for fluorophores located

at well-defined distances (50–200 Å) above metal surfaces with nanoscale rough-

ness. This enables the use of photosensitive fluorophores that can hardly be em-

ployed in conventional fluorescence studies because of their high susceptibility to

photobleaching. Another interesting effect is observed when fluorescence origi-

nates from nanomaterials with periodic patterns. In this case, the fluorescence

emission can be spatially directed over a small viewing angle [71], which leads to

emission sufficiently intense to be revealed by detectors without extensive optics.

Such high directional emission combined with the increase in quantum yield

offers the potential for efficient MEF-based sensors and microarrays [72].

5.5.7

Surface Plasmon Resonance

In the past decade, sensing by Surface Plasmon Resonance (SPR) has been demon-

strated to be a powerful tool to probe of protein–ligand, protein–protein, and
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protein–DNA interactions. More interestingly, this technique provides a means not

only to quantify the equilibrium and kinetic constants related to such events, but

also for setting up very sensitive, label-free biochemical assays.

This optical technique is based on the detection of change in reflectivity of a

laser beam, incident to a metallic thin layer, due to the interaction with surface

plasmons propagating on metallic surface. A surface plasmon is a collective sur-

face excitation of conduction electrons in a metal that can be excited by means of

photon irradiation [73]. This concept originates in the plasma approach of Max-

well’s theory, in which the free electrons of a metal are treated as an electron liquid

of high density (plasma) and density fluctuations occurring on the surface of such

a liquid are called plasmons, surface plasmons (SP), or surface polaritons. Accord-

ing to Maxwell’s theory, surface plasmons can propagate along a metallic surface

and are characterized by a spectrum of eigenfrequencies related to the wave-vector

by a dispersion relation. Since the dispersion relation of SPs never intersects the

dispersion relation of light in air, which can be represented by a straight line, the

resonances cannot be excited directly by a freely propagating beam of light incident

upon a metal surface. However, if the exciting beam travels through an optically

denser medium (e.g., glass) of high dielectric constant, it is possible to decrease

the slope of the straight line corresponding to the photon dispersion. If this is the

case, plasmons can be excited by p-polarized light undergoing total internal reflec-

tion on the glass surface. More precisely, the plasmons are excited by the evanes-

cent wave associated with the internal reflection, which can penetrate deeply even

to the metal/air interface (Fig. 5.15). The fields associated with the surface plas-

mon (SP) extend into the media adjacent to the interface and decay exponentially

away from it. Consequently, the SP is sensitive to changes in the environment near

the interface and therefore is a sensing probe.

Whenever the momentum of the incoming photon matches with that of the

plasmon, surface plasmon resonance is excited. This phenomenon can be inferred

Fig. 5.15. Kretschmann configuration for surface plasmon resonance.
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from the drop in intensity of reflected light when a suitable angle for resonance is

approached at which an energy transfer between evanescent wave and surface plas-

mon occurs [74]. The value of the resonant angle is a sensitive function of the di-

electric constants of the two contacting media.

The resonance conditions are influenced by the material adsorbed onto the thin

metal film. Owing to this property, the surface plasmon resonance can be used to

monitor surface reactions, as any organic or inorganic layer deposited on the metal

surface causes changes in dielectric function of the medium, determining the new

conditions for resonance (i.e., at a different resonance angle). The shape of the

whole resonance curve, i.e., its depth and width depends on optical absorption

within the metal and on radiation losses resulting from surface roughness. There-

fore, optical systems based on SPR can provide a safe, remote, non-destructive

means of sensing. SPR has already been used for gas sensing, biosensing, immu-

nosensing and electrochemical studies. A satisfactory linear relationship is found

between the resonance energy and the concentration of biochemically relevant

molecules, such as proteins, sugars, and DNA [75]. The SPR signal, which is ex-

pressed in resonance units, therefore represents a measure of mass concentration

at the sensor chip surface. This means that the analyte and ligand association and

dissociation can be revealed, while rate constants as well as equilibrium constants

can be then calculated.

A fraction of the light energy incident at a sharply defined angle can interact

with the delocalized electrons in the metal film (plasmon), thus reducing the re-

flected light intensity. The precise value of incidence angle at which this occurs

is determined by several factors, among which the most relevant is the refractive

index of the backside layer of the metal film into which the evanescent wave prop-

agates. This layer is the non-illuminated side of the metal film on which target

molecules are immobilized and addressed by ligands in a mobile phase running

along a flow cell. When a binding event occurs, the local refractive index is modi-

fied, leading to a change in SPR angle, which can be monitored in real-time by de-

tecting changes in the intensity of the reflected light (Fig. 5.16).

The change rates for the SPR signal can be analyzed to extract apparent rate con-

stants for the association and dissociation steps of the monitored reaction. The

ratio of these values gives the apparent equilibrium constant (affinity). The magni-

tude of the change in the SPR signal is directly proportional to the immobilized

mass, and can thus be roughly interpreted in terms of the reaction stoichiometry.

Signals are easily obtained from sub-microgram quantities of material.

Since the SPR signal depends only on binding to the immobilized template, it is

also possible to study binding events from molecules in extracts, i.e., in the pres-

ence of poorly purified components. The light source for SPR is a near-infrared

light emitting diode that has a fixed range of incident angles. The SPR response

is monitored by an array of light sensitive diodes covering the whole wedge of the

reflected light. The angle at which minimum reflection occurs is detected and con-

verted into resonance units.

Many biomolecular binding events cause changes in the refractive index at the

surface layer, which are detected as changes in the SPR signal. In general, the re-
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fractive index change for a given change of mass concentration at the surface layer

is practically of comparable magnitude for all proteins and peptides, and is similar

for glycoproteins, lipids and nucleic acids.

5.5.8

Surface-enhanced Resonance Spectroscopy

Raman spectroscopy provides highly resolved vibrational spectra at room tempera-

ture without suffering from rapid photobleaching of the investigated molecule.

However, Raman scattering is an intrinsically inefficient process with scattering

cross sections (@10�30 cm2 per molecule) approximately 14 orders of magnitude

smaller than the absorption cross sections (@10�16 cm2 per molecule) of fluores-

cent dye molecules. Therefore, to achieve sensitivity at the single molecule level,

the normal Raman scattering efficiency must be enhanced 1014-fold or more.

Surface-enhanced Raman Spectroscopy (SERS) is a Raman Spectroscopic tech-

nique that provides a greatly enhanced Raman signal from Raman-active mole-

cules that are adsorbed onto suitably prepared metal surfaces. An increase in the

intensity of Raman signal of the order of 104–106 has been routinely observed,

and can be as high as 108–1014 for some systems [77]. SERS was first discovered

for analytes adsorbed onto Au, Ag, Cu or alkali (Li, Na, K) metal surfaces, with use-

ful excitation wavelength near or in the visible region. Interestingly, a giant signal

enhancement has been found using silver and gold faceted nanocrystals, allowing

both detection and identification of single, non-fluorescent molecules. Therefore

SERS is not only highly sensitive, but it is also selective as a result of enhancement

mechanisms operating only at surfaces.

The importance of SERS is that the surface selectivity and sensitivity is extended

to various molecular systems that are inaccessible by conventional Raman scatter-

Fig. 5.16. Typical SPR curves of surfaces modified

with Au-MIP/MIP gel (1), with Au-MIP/MIP of lower

nanoparticle density (2), with MIP/MIP (3), and with

11-mercaptoundecanoic acid (4) in water at 30 �C.
(From Ref. [76].)
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ing, such as to in situ and ambient analyses of electrochemical, catalytic, biological,

and organic systems. SERS measurements can be carried out under ambient con-

ditions in a broad spectral range. Both electromagnetic-field and chemical-based

models have been used to explain the SERS phenomenon. Electromagnetic effects

dominate over the chemical effects, which in fact contribute to enhancement by

one–two orders of magnitude [78]. Chemical enhancement (CE) involves changes

in the electronic states of the analyte following its surface chemisorption [79],

while electromagnetic enhancement (EME) is related to the metal surface rough-

ness. The latter can be developed in several ways, such as, for example, by means

of (a) oxidation–reduction cycles on electrode surfaces; (b) vapor deposition of

metal particles onto substrates; (c) lithographically produced metal spheroid as-

semblies; (d) metal deposition over a mask of polystyrene nanospheres; (e) metal

colloids [80]. All of these methods basically aim to provide rough metal surface

for which roughness is actually due to metal nanoparticles or aggregates.

The intensity of the Raman scattered radiation is proportional to the square of

the magnitude of the electromagnetic field incident to the analyte [Eq. (7)]:

IR ¼ E2 ð7Þ

where IR is the intensity of the Raman field, and E is the total electromagnetic field

associated with the analyte. Moreover, E is given by Eq. (8):

E ¼ Ea þ Ep ð8Þ

where Ea is the electromagnetic field on the analyte in the absence of any rough-

ness features and Ep is the electromagnetic field emitted from the particulate

metal roughness feature [81]. Of course, the electromagnetic field of the excitation

radiation is incident to the analyte. In normal Raman scattering ðEp ¼ 0Þ, Ea is rel-

atively small since the source of the electromagnetic radiation (the laser) is rela-

tively far away. However, in SERS the roughness features provide an additional

field, Ep, in close proximity to the adsorbate, that is associated with the metal par-

ticles. Because of this proximity, any electromagnetic field from the particle will

strongly contribute to E. Thus, the magnitude of the particle field is of crucial im-

portance in determining the overall intensity of the Raman signal. Since the plas-

mon excitation is also confined in a small material volume (related to the charac-

teristic features of the surface roughness), the field Ep associated with it is also very

intense. The large electromagnetic energy density on the particle effects the scatter-

ing IR, as described by Eqs. (7) and (8). It follows that analyte molecules adsorbed

between two SERS-active particles will yield a higher signal than those molecules

being close to only one particle.

Since the surface roughness features are so relevant to SERS, much attention

has been devoted to their study. Normal roughening procedures produce heteroge-

neous surfaces where the particles have various sizes, shapes, and orientations

[82]. The frequency of incident light that is most effective in producing an intense

field on the particle severely depends on the degree of surface roughness as well as

on the nature of metal used. The specific region on the particle where analyte ad-
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sorption occurs affects the magnitude of the SERS enhancement, as the EME is

strongest where the particle has the highest curvature.

The CE mechanism is less understood than the EME enhancement, but brings

about some interesting considerations. The molecule adsorbed onto the surface

has necessarily to interact with the surface. CE exists because of this interaction,

which has been described in several ways. The proximity of metal adsorbate may

allow pathways of electronic coupling from which novel charge-transfer intermedi-

ates are formed that have a higher Raman scattering cross-section than that of a

non-adsorbed analyte. This fact resembles a resonance Raman effect. Another ex-

planation is that the molecular orbitals of the adsorbate overlap with the conduc-

tion band of the metal, thus modifying the analyte chemical properties [83]. Inter-

estingly, the CE effect results in an alteration in the scattering cross-section,

whereas the EME effect generally leads to change in the scattering intensity with-

out affecting the scattering cross-section.

The distance dependence of SERS is used in the overlayer technique. An ultra-

thin solid or liquid film is adsorbed onto the SERS-active substrate, with the

analyte within the film taking advantage of the EME of the substrate. It follows

that the Raman spectrum of the analyte is greatly enhanced. This makes SERS ap-

plicable to various targets, such as organic films, semiconductors, insulators, etc.

Spacer layers can be adsorbed onto the substrate, and can alter the chemistry of

either the substrate or that of the overlayer, extending the utility of SERS even fur-

ther. An advantage to the overlayer technique is that it suffers less from the inhib-

itory effect of metal surface defects, such as pinholes in silver [84].

As most of signal enhancement is due to electromagnetic fields whose inten-

sities decrease with increasing distance from the point source, it follows that an

analyte would benefit from SERS substrates even if it were located at some dis-

tance away from the active surface. Theoretical calculations have been performed,

and the SERS enhancement, G, has been found to scale with distance according to

Eq. (9):

G ¼ ½r=ðr þ dÞ� ð9Þ

where r is the radius of the spherical metal roughness feature, and d is the distance

of the analyte from that feature. Experimentally, G decreases by a factor of ten at a

distance of 2–3 nm, or equivalent to one–two monolayers.

Traditionally, SERS-based sensing has employed roughened metal surfaces or

colloidal particles immobilized on a substrate to create relatively large active areas

for sensing [85]. More recently, efforts have been focused on the potential of using

individual nanoparticles or small clusters of nanoparticles as the sensing elements

[86]. This approach has paved the way to a wide range of applications that so far

have been difficult to address with conventional chemical sensors. A remarkable

example is the possibility of using these probes inside single living cells. The small

size of the nanoparticles (50–100 nm in diameter) combined with the highly local-

ized probe volume makes these particles work as localized sensors suitable for

monitoring biological processes in living cells.
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5.6

Advantages and Disadvantages of Nanocrystals in Optical Detection

Colloidal nanocrystals have several peculiar advantages over organic dyes that are

conventionally used in optical bio-detection [29d–87]. Indeed, their wide absorp-

tion spectrum, coupled with their extinction cross-section, makes it possible to ex-

cite different luminescent nanoparticles with different sizes by one single excita-

tion wavelength. Organic fluorophores, however, exhibit discrete and well-spaced

absorption bands with cross-sections nearly an order of magnitude smaller. In ad-

dition, most semiconductor nanocrystals have narrow (few tenths of nanometers)

symmetric emission peaks that can be finely tuned from blue to red up to the near-

infrared region [88]. The high color purity achievable by precise size control repre-

sents the main advantage offered by colloidal nanocrystals, especially in multiplex-

ing applications. In contrast, organic dyes are often characterized by asymmetric

spectra with distinct phonon progression towards the longer wavelength, which

leads to undesirable spectral overlap among different channels in a detecting sys-

tem for the measurements. Moreover, the typical fluorescence quantum yields of

NCs, defined as the ratio of the number of photon emitted in radiative channel to

the number of photon absorbed, can be as high as that of organic dyes, approach-

ing values close to 30%. As a further advantage, semiconductor NCs are much less

susceptible to photobleaching than organic dyes, which are rapidly and irreversibly

photodegraded [52a].

The sensitivity of luminescence of NCs to their surface status (defects and/or

dangling bonds) and to the local environment has typically represented the major

limitation to technological applications. Now, core–shell heterostructures, where

the nanocrystal is coated with a thin inorganic shell of a wider band gap semicon-

ductor, provide increased fluorescence quantum efficiencies (>50%) and greatly

improved photochemical stability (Fig. 5.17).

The sensitive detection in thick specimen requires wavelengths such that excita-

tion light can penetrate up to the desired depth, and the emitted light must be able

to travel back to a photodetector. Several semiconductor materials have been used

to generate bright nanocrystals that emit between 650 and 2000 nm [89]. NCs with

emission maxima between 750 and 860 nm have been employed to image the cor-

onary vasculature in a rat model, while NCs emitting in the 840–860 nm region

have been used to sentinel lymph-node mapping in cancer [90, 31c]. This use of

near-IR emitting NCs can be thus profitably extended for ‘‘in vivo’’ biosensing ap-

plications, as NCs have been demonstrated to retain their emission in tissues

in vivo for months.

Colloidal semiconductor nanocrystals represent, therefore, a valid alternative to

organic fluorophores and their superior fluorescence properties account for the

large success illustrated by several applications as biosensors.

Historical inconveniences of colloidal nanocrystals, such as the loss of emission

in aqueous environment or the poor biocompatibility and bioconjugability, have

been effectively overcome in recent years by suitable functionalization methods

that have been reported in the Section 5.3. A serious difficulty with the large-scale
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use of colloidal nanocrystals, especially those subjected to bioconjugation treat-

ments, lies in the still expensive fabrication costs. However, it is expected that com-

mercial expansion of chemical manufacturers will lead to a more competitive envi-

ronment and, possibly, to lower production costs.

5.7

Applications

The impact of nanotechnology on biosensing has been tremendous owing to the

availability of the more robust, versatile and efficient materials for sensing. The fol-

lowing subsections review several successful examples of the use of colloidal nano-

particles in optical biosensing.

5.7.1

Biosensing with Semiconductor Nanocrystals

The broad spectrum of ‘‘colors’’, which can be obtained by exciting semiconductor

NCs of different size with a single excitation laser wavelength, poses the basis for

the simultaneous detection of several markers in biosensing and assay applica-

tions. NCs can be used as fluorescent labels for immunosensing and DNA sensing,

providing tunable wavelength, narrow emission peaks, and 100-fold higher stability

than molecular fluorescent dyes [91].

The novel applications of NCs have highlighted their wide potential in present

technology. Several examples can be found on the use of luminescent CdSe@ZnS

core–shell nanocrystal bioconjugates in quantum dot-based sensors. Biomolecules

can be labeled with luminescent NCs. They have been also demonstrated to be in-

Fig. 5.17. Schematic diagram of core–shell nanocrystals of

CdSe@ZnS. The growth of a thin layer of ZnS on CdSe

nanocrystal cores causes an increased optical confinement.
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volved in efficient fluorescence resonance energy transfer between neighboring

NCs of different sizes, while their emission is readily quenched by bound fluores-

cent dyes. Sensor assemblies have been reported that employ NCs linked to dye-

labeled biological receptors to exploit donor–acceptor energy transfer between the

NCs and the receptors for detection purposes based on molecular recognition

events. The effect of variation in concentration of the energy acceptors bound to a

nanocrystal surface on the luminescence quenching of either in soluble and solid

phase conditions has been investigated. The obtained results suggest the occurrence

of fluorescence quenching between NCs and surface anchored dye–biological re-

ceptor [36b].

An application of quantum dots is the multiplexed optical encoding and the

high-throughput analysis of genes and proteins. This is a very important issue, be-

cause most complex human diseases (such as cancer) involve many genes and pro-

teins. Tracking a panel of molecular markers at the same time will allow scientists

to understand, classify and to differentiate such complex human diseases.

The advantageous core–shell nanocrystals have also been exploited in combina-

tion with polymers [29c] (Fig. 5.18).

First, polystyrene microspheres doped with single-size CdSe@ZnS nanocrystals

in known amounts are prepared and analyzed. Fluorescence intensity analysis of

the beads clearly discriminates ten different intensity levels and indicates a high

degree of bead uniformity and bead identification accuracy. Next, the beads with

three colors of quantum dots are prepared. Significantly, fluorescent resonant en-

ergy transfer from the small nanocrystals to the large nanocrystals is not observed.

The triple-coded bead is then used to demonstrate a DNA hybridization assay.

Overall, these results indicate that a new spectral coding technology with poten-

tially wide application to various biological assays that can be developed using flu-

orescent nanocrystals, embedded in microspheres. In this regard, NC probes are

particularly attractive, because of the simultaneous excitation and continuous tun-

ing by variation of particle size and chemical composition. The use of six colors

and ten intensity levels can, theoretically, encode one million protein or nucleic

acid sequences. Specific capturing molecules, such as peptides, proteins, and oligo-

nucleotides can be covalently linked to the beads, which encode a specific spectro-

scopic signature. To determine whether an unknown analyte is captured or not,

conventional assay methodologies (similar to direct or sandwich immunoassay)

can be applied.

Bioconjugated NCs have also been used successfully in time-gated fluorescence

detection of tissue sections. This optical technique is based on lifetime fluores-

cence microscopy employed for the selective and sensitive characterization of fluo-

rescence species and in biophysical studies of proteins. Silanized nanocrystals were

added to a 3T3 mouse fibroblasts cells grown on fibronectin treated coverslips,

without signs of toxic response to the presence of NCs in the medium being ob-

served [64].

The use of luminescent colloidal semiconductor nanocrystals as fluorophores

have expanded to the range in FRET-based sensing applications [92]. If fully ex-

ploited, the unique NC properties should allow development of FRET-based nano-
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scale assemblies capable of continuously monitoring target (bio)chemical species

in diverse environments [93].

It has been confirmed that semiconductor nanocrystals can be FRET donors,

quenchable with efficiencies up to 99%, when using organic fluorophores, non-

emissive dyes, gold nanoparticles, or other nanocrystals as acceptors (Fig. 5.19)

[94].

NCs conjugated to maltose binding proteins have been used as in situ biosensors

for carbohydrate detection. A fluorescence quenching is observed by adding a malt-

ose derivative covalently bound to a FRET acceptor dye, while PL emission is recov-

ered upon addition of native maltose, as the sugar–dye compound is displaced. In

this work, the recovery of nanocrystal fluorescence upon maltose addition can be

directly related to maltose concentration, because of both the physical orientation

and stoichiometry of the maltose receptors on the nanocrystals are considered as

Fig. 5.18. Schematic illustration of optical

coding based on wavelength and intensity

multiplexing. Large spheres represent polymer

microbeads, in which small colored spheres

(multicolor quantum dots) are embedded

according to predetermined intensity ratios.

Molecular probes (A–E) are attached to the

bead surface for biological binding and

recognition, such as DNA–DNA hybridization

and antibody–antigen/ligand–receptor

interactions. The numbers of colored spheres

(red, green, and blue) do not represent

individual NCs, but are used to illustrate the

fluorescence intensity levels. Optical readout is

accomplished by measuring the fluorescence

spectra of single beads. Both absolute

intensities and relative intensity ratios at

different wavelengths are used for coding

purposes; for example, (1:1:1) (2:2:2), and

(2:1:1) are distinguishable codes. (From Ref.

[29c].)
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parameters. Although the FRET quenching efficiency was low, this work demon-

strates the potential of NC-based in situ biosensing.

Other important applications of fluorescent nanocrystals as FRET-based biosen-

sors have been very recently developed for ultrahigh sensitive detection of DNA

[63]. The DNA nanosensor can consist of two target-specific oligonucleotide

Fig. 5.19. Function and properties of a

maltose nanosensor. (a) Nanocrystal-MBP

nanosensor operation principle. Each NC is

surrounded by MBP. The formation of complex

NC-MBP with CD-QSY9 (maximum absorption

@565 nm) results in quenching of NC

emission. Added maltose displaces CD-QSY9

from the sensor assembly, resulting in an

increase in direct NC emission. (b) Spectral

properties of the nanosensor. Absorption (i)

and emission spectra (ii) of MBP-conjugated

NC are displayed along with the absorption

spectra (iii) of CD-QSY9. (c) Demonstration

of NC-MBP FRET quenching. PL spectra

(AU ¼ arbitrary units) were collected from NCs

and NCs mixed with an average of 20 MBP/

NC, obtaining an increase in PL (@300%). The

same NC-MBP conjugates were then mixed

with either free QSY9 dye or CD-QSY9. (d) NC-

10MBP maltose sensing. Titration of a NC-

10MBP/NC conjugate (quantum yield@39%)

preassembled with CD-QSY9 with increasing

concentrations of maltose. (e) Transformation

of titration data. The right-hand axis shows PL

at 560 nm, and fractional saturation is shown

on the left-hand axis. (From Ref. [94].)
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probes, which include a reporter probe labeled with a fluorophore and a capture

probe labeled with biotin, in addition to a NC conjugated with several streptavidins.

The nanocrystal works as both a FRET energy donor and a target concentrator,

producing an extremely low level of background fluorescence that is difficult to

achieve with conventional organic fluorophores. When a target DNA is present in

solution, it is sandwiched by the two probes. Several sandwiched hybrids are then

captured by a single NC through biotin–streptavidin binding, resulting in a local

concentration of targets in a nanoscale domain. The resulting assembly brings the

fluorophore acceptors and the nanocrystal donor into close proximity, leading to

fluorescence emission by the acceptors by means of FRET upon illumination of

the donor, indicating the presence of targets.

5.7.2

Biosensing with Metallic Nanoparticles

The use of gold colloids in biodetection dates back to the early 1970s when the

immunogold staining procedure was invented. Since that time, the labeling of

targeting molecules, such as antibodies, with gold NCs has deeply modified the

approach to detection of biologically relevant components.

The optical transduction of receptor–ligand interactions at the surface of noble

metal NCs via changes in their extinction spectrum is attractive for the develop-

ment of biosensors, because a colorimetric transduction scheme is considerably

simpler to implement than conventional, planar SPR.

It has been shown [95] that, for oligonucleotide-functionalized 30-nm Au NCs,

the amount of optical absorbance recorded for an array surface of bound particles

is directly related to the number of bound particles and to the concentration of

hybridizable targets in solution. This study also demonstrates that, using micro-

structured substrates, DNA-modified areas with dimensions in the micrometer

range specifically recognize complementary NC-bound DNA strands, with the sig-

nal background from unfunctionalized areas of the chip remaining rather low.

The environmental sensitivity of the color of nanosized gold has been exploited

in a first prototype of biosensor in [96]. This study demonstrated the possibility of

colorimetrically monitoring the binding of antibody to the surface of Au NCs func-

tionalized with protein antigens.

Highly selective, colorimetric detection methods based on polynucleotide-

modified gold particle probes have been also proposed (Fig. 5.20) [97]. Specifically,

in the presence of 13-nm Au NCs, the color of the solution changes from red to

blue, as a consequence of analyte-induced formation of Au NC aggregates in which

the individual surface plasmon resonances are coupled. This simple phenomenon

points to the use of metal NCs as DNA detection agents for nucleic acid targets.

Actually, it has been found that spotting the solution onto a white support ampli-

fies the colorimetric change and provides a permanent record for each test. Such

system can detect about 10 fmol of oligonucleotides.

This type of colorimetric biosensor based on Au NCs has been extensively used

in the analysis of biomolecules.
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Gold NCs have been modified with an aptamer, which is specific to a defined

growth factor, to allow monitoring of the change in color and extinction coefficient

due to NC aggregation [44c]. The color of the aptamer-modified Au NCs signifi-

cantly changes at low concentrations (<400 nm), while only minor changes are de-

tected at higher concentrations (>400 nm). In addition, the ionic strength of the

medium and the NC surface status surface are also important parameters in deter-

mining the ultimate sensitivity and specificity of the aptamer–nanoparticle-based

probes. Efforts are now focused on the development of aptamer modified Au nano-

rods, to achieve further sensitivity enhancement. Special precautions must, how-

ever, be taken to prevent aspecific adsorption of biomolecules.

The performances of a label-free optical biosensor [98] have been tested in the

real-time quantification of biomolecular interactions on a surface in a commer-

cially available UV–visible spectrophotometer and in colorimetric end-point assays

with an optical scanner. Such a sensor shows a concentration-dependent binding

and a detection limit of 16 nm for streptavidin.

In this perspective, coupling the optical properties of noble metal colloids with

improved bioconjugation protocols has the potential to provide excellent detection

Fig. 5.20. Temporal changes in the UV/Vis spectra of

nanoparticle aggregates grown from DNA linkers 1–3 (defined

in parts A–C, respectively). The y-axes are labeled ‘‘extinction’’

since the larger aggregate structures will contain scattering as

well as absorbance components. (From Ref. [97d].)
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capabilities. SPR has been widely used to monitor a broad range of analyte–surface

binding reactions, including the adsorption of small molecules, ligand–receptor

binding, protein adsorption on self-assembled monolayers, antibody–antigen bind-

ing, DNA and RNA hybridization, and protein–DNA interactions [99]. The SPR

sensing mechanism relies on the measurement of small changes in refractive

index that occur in response to analyte binding at or near the surface of a noble

metal (Au, Ag, Cu) thin film. Chemosensors and biosensors based on SPR spec-

troscopy possess many desirable characteristics: (a) a refractive index sensitivity of

the order of 10�1 pg mm�2; (b) a large sensing length scale (@200 nm) dictated by

the exponential decay of the evanescent electromagnetic field; (c) multiple instru-

mental modes of detection (viz., angle shift, wavelength shift, and imaging); (d)

real-time detection on the 10�1–10�3 s time scale for measurement of binding

kinetics; and (e) lateral spatial resolution of the order of 10 mm allows for multi-

plexing and miniaturization, especially using the SPR imaging mode of detection

[100]. Although SPR spectroscopy is an intrinsically nonselective sensor platform,

a high degree of analyte selectivity can be conferred by means of attaching high

specificity ligands to the surface and then passivating the sensor surface with non-

specific binding molecules. Other practical advantages of SPR can be recognized,

such as that of being label-free [101] useful for probing unpurified complex mix-

tures, such as clinical samples, easy to integrate with the available commercial in-

strumentation and with advanced microfluidic sample handling [100]. The devel-

opment of large-scale biosensor arrays composed of highly miniaturized signal

transducer elements that enable the real-time, parallel monitoring of multiple spe-

cies is an important driving force in biosensor research.

Au NCs linked to bioreceptors provide labeled conjugates that can be used to

follow the biorecognition event at a biosensor surface. Resonance enhancement of

the absorption properties of nanosized metals binding to a surface by biorecogni-

tion interactions has also been used as an effective approach for biosensor devices

[102]. Au nanoparticles have been extensively applied in bioaffinity binding events

based on enhanced SPR. SPR biosensing has been improved dramatically in DNA

immunosensing in the presence of Au NCs [103]. A sensor interface has been

modified with antibody units, with the surface being functionalized with the com-

plementary antigen component, and, finally, making this affinity assembly react

with a secondary antibody labeled with Au NCs. The association of an antigen with

its antibody-functionalized surface can be detected by SPR. However, the change in

the SPR spectrum is larger if the secondary antibody is bound to the surface. The

secondary antibody is, notably, not able to associate with the modified surface, un-

less the antigen is already bound there, thus providing an amplification route for

the primary recognition event. Amplification is dramatically increased when the

secondary antibody is labeled with gold. The binding of the Au NCs to the immu-

nosensing interface leads to a large shift in plasmon angle, to a broadening of the

plasmon resonance, and to an increase in the minimum reflectance, thereby allow-

ing for picomolar detection of the antigen. Similarly, an enhancement in sensitivity

by about 3 orders of magnitude has been obtained in DNA analysis when Au NC-

functionalized DNA molecules have been used as probes [76].
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An SPR sensing device sensitive to a low molecular weight analyte has been fab-

ricated starting from molecularly imprinted polymer gel with embedded Au NCs

onto a gold substrate of a chip sensor. The sensing mechanism is based on swell-

ing of the imprinted polymer gel that is triggered by an analyte binding event with-

in the polymer gel (Fig. 5.21). The swelling increases the distance between the Au

NCs and substrate, shifting the SPR resonance angle to higher values.

The modified sensor chip shows changes in the SPR angle in response to

dopamine concentration, which agrees with the supposed sensing mechanism.

The presence of Au NCs has been proven to be essential for enhancing the signal

intensity. The analyte-binding process and the consequent swelling appears to be

reversible, thus allowing re-use of the sensor chip.

There has been a recent explosion in the use of metallic nanostructures to

favorably modify the spectral properties of fluorophores and to alleviate some

of the photophysical constraints associated with these fluorophores. The use of

fluorophore–metal interactions can lead to ultrabright over-labeled proteins, gener-

ating a new class of probes based on MEF proteins covalently labeled with fluoro-

phores to be used as reagents, e.g., in immunoassays or for the immunostaining of

biological specimens with specific antibodies. For these applications, the com-

monly used fluorescein is unfortunately self-quenching, thus resulting in a homo-

Fig. 5.21. Schematic representation of Au-MIP/MIP-coated

SPR sensor chip for detection of an analyte, dopamine. (From

Ref. [76].)
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transfer process [68]. Self-quenching can be largely avoided by the close proximity

to Ag islands [68]. Such a decrease in self-quenching has been ascribed to an in-

crease in the rate of radiative decay. These results suggest the possibility of exploit-

ing ultrabright labeled proteins based on high labeling ratios, and the release of

self-quenching through metal enhanced fluorescence.

An approach has also been reported that should provide a readily measurable

change in fluorescence intensity in DNA hybridization assays [104] due to the pres-

ence of Ag particles. This approach should ensure an intensity enhancement rela-

tive to the background with an increase in the number of detected photons per

fluorophore molecule by a factor of ten or more. In the presence of thiolated oligo-

nucleotide single-stranded DNA as the capturing sequence bound to Ag particles,

an increase in the emission intensity has been observed upon addition of a single

strand fluorescein-labeled DNA. This effect can be attributed to the localization of

the fluorescein labeled DNA near to the particles by hybridization with the captur-

ing DNA.

A metal-enhanced multiphoton excitation has also been studied. For multipho-

ton excitation of fluorescence, most of excitation occurs at the focal point of the ex-

citation beam, where the local intensity is the highest. For a two-photon absorption

process, the rate of excitation is proportional to the square of the incident intensity.

This suggests that two-photon excitation can be greatly enhanced [69–105]. Such

an enhancement in the excitation rate is expected to provide selective excitation of

fluorophores near to metal islands of colloids, even if the solution contains a con-

siderable concentration of other fluorophores that could undergo two-photon exci-

tation at the same wavelength, but which are more distant from the metal surface.

Recently, the enhanced and localized multiphoton excitation of fluorophores adja-

cent to metallic silver islands has been observed to be accompanied by a reduction

in lifetime, as compared with that detected using one-photon excitation. At pres-

ent, following the widespread use of multiphoton excitation in microscopy and

medical imaging, the use of metallic nanostructures appears promising to both en-

hance and localize fluorescence.

Recent works have demonstrated the effectiveness of MEF in solution-based bio-

sensing applications. Silica-coated Ag colloids can represent enhanced-fluorescence

sensing platform as a three- to fivefold enhancement has been observed [106]. It

has also be found that oligonucleotide-modified Ag particles and fluorophore-

labeled complementary oligonucleotides can yield an increased emission from the

fluorophore-labeled complementary oligonucleotide after hybridization, which

could allow access to DNA detection based on the aggregation of metallic NCs

binding to the fluorophore label [3b].

The unusual optical properties of noble metal NCs have been also used to design

a label-free biosensor in a chip format. The NC size affects the sensitivity of the

biosensor significantly. The sensor has been fabricated by making Au NCs chemi-

sorbed nanoparticles on amine-functionalized glass. In the investigate size range

(12–48 nm), sensors fabricated from 39-nm-diameter Au NCs exhibited the highest

sensitivity to the change in the bulk refractive index as well as the largest ‘‘analyti-
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cal volume’’, defined as the region around the nanocrystal within which a change

in refractive index induces a change in the optical properties of the immobilized

NCs. The detection limit for streptavidin–biotin binding of a sensor fabricated

from 39-nm diameter nanoparticles is 20� better than that of a sensor fabricated

from 13-nm-diameter gold nanoparticles by another method [101].

Surface-enhanced Raman scattering (SERS) of substrates bound to nanoparticles

allows molecular vibrational spectra to be amplified by a factor of 105 [107]. Al-

though this technique has not been widely applied for detecting biorecognition

events on surfaces, a cytochrome c–Au NC conjugate associated with silver surface

has been revealed by a SERS spectrum [108].

The use of a versatile format based on gold nanoparticles-based microarray dem-

onstrated high selectivity and sensitivity for protein binding and kinase functional-

ity, indicating that the method is based on the fact that specific antibody–protein

binding or peptide phosphorylation events can be marked by attaching gold nano-

particles and then depositing silver to enhance the signal. The detection principle

is based on the resonance light scattering. The attachment of gold nanoparticles is

achieved by standard avidin–biotin chemistry. The obtained results show that a low

detection limit for protein binding has been achieved together with a large dy-

namic range. Similarly, for kinase functionality a high sensitivity has been reached

[109]. Recently the SERS response of individual nanoscale pH sensors based on

functionalized silver nanoparticles has been tested in vitro [110].
The 4-MBA-capped nanoparticles (4-MBA, 4-mercaptobenzoic acid, is a non-

resonant molecule) have shown a pH-dependent response in a pH range relevant

to biological systems, showing promise for application in intracellular chemical

measurements (Fig. 5.22). The nanoparticle sensors can be incorporated into living

cells while retaining their functionality and robust signal.

5.8

Towards Marketing

Generally, the term ‘‘technological applications’’ strictly refers to scientific products

that can be potentially put on the road towards markets. The combination of biol-

ogy, material science, and modern optical techniques has certainly great potential

in offering a new generation of devices able to solve biosensing problems in a sen-

sitive, selective, fast and high-performance way. Nevertheless, present applications

of nanocrystals in the biosensing field are still far from being recognized as

commercializable.

Presently, in detection devices relying on chip-based biosensing, the capturing

molecules on the chip surfaces are patterned on the microscale. A large parallel

screening of diverse analytes can be thus achieved in a small area, which greatly

facilitates simultaneous sensing. Further miniaturization in the form of nano-

arrays would allow for orders of magnitude larger multiplexed detection, eventually

improving detection limits due to the smaller analyte capture area. Several estab-
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lished techniques, as well as emerging technologies, such as dip-pen nanolithogra-

phy, nanografting, and focused ion beam lithography are possible candidate tools

to fabricate nanoscale patterns of biomolecules or hybrid systems.

Lithographic techniques can also be used to fabricate nanoscopic patterns or

containers on surfaces that should significantly reduce the sample volume re-

quired and, possibly, lower detection limits even more. The development of such

nanopatterning techniques can be expected to represent the next step that has to

be made towards achieving further miniaturization [3b]. The commercial explora-

tion of nanomaterials for biosensing deals also with the development, the produc-

tion and the commercialization of nanocrystals suitably engineered. In this regard,

Fig. 5.22. Raman spectrum of solid 4-mercaptobenzoic acid

(4-MBA) (a) and the SERS spectra of 4-MBA attached to silver

nanoparticles at pH 12.3 (b) and at pH 5.0 (c). Insets to the

left of each spectra illustrate the dominant state of the

molecule under the conditions described. (From Ref. [110].)
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a large progress has been realized, as authenticated by the first related patents

[111].

Industrial interest in this direction is indicated by the number of companies that

have worked in synergy with academic institutions, where the seed ideas have been

generated. Quantum size effects in semiconductor NCs for tagging biomolecules

or the use of bio-conjugated noble metal nanoparticles to label and sense biomole-

cules or bio-related analytes are among the most explored application fields.

Other key issues for the progress of nanomaterial based biosensing are related to

material toxicity and safety issues. The properties of colloidal NCs should be better

exploited in in vivo biosensing devices. In this perspective, the issue of toxicity of

the used nanosized material became crucial. The toxicity suspects of many semi-

conductor nanocrystals have recently alerted the scientific community, becoming

also a societal topic of considerable importance and discussion. Indeed, in vivo tox-
icity is likely to be a key factor in determining whether nanoparticles would be ap-

proved by regulatory agencies as biosensing probes for clinical use on human

beings. For example, a recent study [31c] indicates that CdSe NCs are highly toxic

to cultured cells under UV illumination for extended periods of time. This is not

surprising because the UV irradiation can break covalent chemical bonds and

induce NC photodissolution, ultimately releasing toxic cadmium ions into the cul-

ture medium. In the dark, however, NCs protected by a polymer coating have been

found to be essentially non-toxic to cells and animals, as no effects on cell division

or ATP production have been ascertained. For polymer-encapsulated NCs, chemi-

cal or enzymatic degradation of the inorganic cores is unlikely.

Finally, possible toxicity problems associated with long-term exposure of techni-

cal human staff devoted to routine production, manipulation, and ‘‘in vitro’’ use of

NCs for fundamental research purposes must be carefully considered [112].

5.9

Conclusions

The potential of nanomaterial-based optical biosensing has been assessed by recent

research developments and implemented into various novel and/or improved opti-

cal techniques, competing strongly with traditional methods. The merits of nano-

crystals can be recognized in the breakthrough, compared with conventional as-

says, in terms of both selectivity and sensitivity. Optimization of the physical,

chemical and fabrication parameters is necessary to ensure extension of these devi-

ces from experimental prototypes to large-scale industrial production.

Future design and engineering of biosensing devices able to detect analytes

in complex matrices and environments will, essentially, need close interdisciplin-

ary exchange and stimulating collaborations among material scientists, engineers,

analytical, (bio)chemical and biomedical researchers. This can, hopefully, be ex-

pected to guarantee the realization of efficient sensors at relatively low cost for

easy commercialization.
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6.1

Introduction

Over the last several years, semiconductor quantum dots (QDs) have won recogni-

tion as a new generation of fluorophores in bioimaging and biosensing, because

of their unique spectral properties compared with traditional organic dyes: high

quantum yield (>50% versus 15–50% for classical organic dyes); high molar ex-

tinction coefficients (@10–100� that of traditional organic dyes); broad absorption

spectra with narrow, symmetric fluorescence spectra (full-width at half-maximum

@25–40 nm) spanning the ultraviolet to near-infrared; large effective excitation/

emission Stokes shifts; high resistance to photobleaching and exceptional resis-

tance to photo- and chemical degradation. All these characteristics make QDs

brighter fluorescent probes (10–20� brighter than classical organic dyes) under

photon-limited in vivo and in situ conditions, where the light intensities are se-

verely attenuated by scattering and absorption. These novel optical properties can

be used to optimize the signal-to-noise (signal-to-background) ratio and to improve

the sensitivity of the fluorescence detection devices, as well as to increase the qual-

ity of fluorescent cellular and molecular labeling, and deep-tissue in situ and in vivo
fluorescent imaging. Moreover, the size-tunable fluorescent emission (as a func-

tion of core size for binary semiconductor materials) and the broad excitation spec-

tra (which allow excitation of mixed QD populations at a single wavelength) give

possibilities for application of QDs in multiplexed fluorescent analyses.

The present chapter overviews the current status and future trends of QD-based

nanobiohybrids for ultrasensitive fluorescent detection of molecular and cellular bi-

ological targets. Section 6.2 outlines the basic principles of design and synthesis of

highly fluorescent QDs, appropriate for life science research, with their advantages

and drawbacks over classical fluorophores. Section 6.3 summarizes currently data

on applications of QD-based nanobioprobes in cellular and deep-tissue imaging in
situ and in vivo, using the following fluorescent detection methods: fluorescent

confocal microscopy, two-photon microscopy, fluorescence correlation spectros-

copy, single-molecule microscopy. It describes the potential of multifunctional
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QDs for positron emission tomography and functional magnetic resonance imag-

ing. Sections 6.4 and 6.5 focus on the application of QDs in several basic fluores-

cent biotechnologies in vitro (e.g., FRET analyses, time-resolved photolumines-

cence spectroscopy, immunoblotting). These sections describe, for the first time,

the great capacity of QDs for improvement and quantification of immunoblot anal-

ysis of protein expression, using a fluorescent detection, as well as for development

of new generation optical recognition-based biosensors. A new type of QDs pos-

sessing a long fluorescence life-time (approximately 90 ns) is also reported. Finally,

Section 6.6 briefly describes future trends for QD-based composite materials as

novel fluorescent standards for thin calibration of fluorescent instrumentation.

6.2

Quantum Dots – Basic Principles of Design and Synthesis, Optical Properties, and

Advantages over Classical Fluorophores

6.2.1

Basic Principles of Design and Synthesis of Quantum Dots

QDs are made from inorganic colloidal semiconductors. They are single crystals a

few nanometers in diameter whose size and shape can be precisely controlled by

the duration, temperature, and ligand molecules used in the synthesis [1]. This

process yields QDs that have unique composition- and size-dependent absorption

and emission (Fig. 6.1).

Absorption of a photon with energy above the semiconductor band gap energy

results in the creation of an exciton. The absorption has an increased probability

at higher energies (i.e., shorter wavelengths) and results in a broadband absorption

spectrum, in marked contrast to standard fluorophores. For nanocrystals smaller

than the so-called Bohr exciton radius (a few nanometers), energy levels are quan-

tized, with values directly related to the QD size – an effect called quantum con-

finement that gives the name ‘‘quantum dots’’. The relative recombination of an

exciton (characterized by a long life-time, >10 ns) [2] leads to the emission of a

photon in a narrow, symmetric energy band.

Surface defects in the QD crystal structure act as temporary ‘‘traps’’ for the elec-

tron or hole, preventing their radiative recombination. The alternation of trapping

and untrapping events results in intermittent fluorescence (blinking) visible at the

single-molecule level [3–5]. This reduces the overall quantum yield (the ratio of

emitted to absorbed photons). The way to overcome these problems and to protect

surface atoms from oxidation and other chemical reactions is to grow a shell of a

few atomic layers of a material with a large band gap on top of the nanocrystal

core. The shell can be designed carefully to obtain quantum yields close to 90%.

This step also enhances QD’s photostability by several orders of magnitude in com-

parison with conventional dyes.

For application of QDs in life science experiments, it is necessary to dissolve the

core–shell nanocrystals in aqueous solutions at physiological conditions (pH@ 7–

7.4 and physiologically normal ion strength), avoiding aggregation completely.
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Presently, the best available QDs for biological applications are made of CdSe

cores overcoated with a layer of ZnS. The size of CdSe/ZnS QDs varies from 3 to

10 nm. Their quantum yield is very high in organic solvents (@85%); however, the

direct phase-transfer to aqueous solutions using appropriate surface-modifying

agents results in a significant decrease or complete loss of their fluorescent proper-

Fig. 6.1. Size-dependent absorption and emission of CdSe

quantum dots (from@2 to@6 nm in diameter, starting from

the blue color).
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ties (as a result of direct contact between the metal surface and the polar environ-

ment). Thus, additional organic coating of CdSe/ZnS QDs is necessary to preserve

(at least partially) their high quantum yield in aqueous solutions. The organic (usu-

ally polymer) coating is required not only to preserve the quantum yield but,

mostly, for isolation of the metal surface, which is sensitive to oxidation. For exam-

ple, QDs that are covered only with water-soluble surface ligand can be easily oxi-

dized by the oxygen dissolved in aqueous solution. As a result, QDs aggregate,

form about 100–500 nm clusters, and lose completely their unique properties.

The polymer coat forms a box around single QDs and thus avoids the aggregation

and preserves the unique properties of the semiconductor core–shell nanocrystal.

Several excellent reviews summarize the advantages and drawbacks of the syn-

thetic strategies for water-soluble QDs [6–11]. QDs have been synthesized using

both two-element systems (binary dots) and three-element systems (ternary alloy

dots). The most successful strategy for additional coating of CdSe/ZnS QDs before

their subsequent water-solubilization is an organic coating using ‘‘diblock’’ or ‘‘tri-

block’’ copolymers [8, 12], amine box dendrimers [13], dihydrolipoic acid deriva-

tives [14, 15], modified acrylic acid polymer [16–18]. However, current organic

coats have one important shortcoming – the obtained QD particles have a non-

defined heterogeneous size after the organic coating. Moreover, the total size of

the organic-coated CdSe/ZnS QDs usually varies in the range 15–50 nm – a size

that is commensurable with or larger than that of biomolecules (proteins, oligonu-

cleotides, etc.) that the particles have to be conjugated with. Despite their relatively

large size, recent life science experiments have shown that bioconjugated QD

probes behave like fluorescent proteins and do not suffer from serious binding ki-

netic or steric hindrance problems and can be used in fluorescent imaging of mo-

lecular and cellular targets [8, 9, 12, 19–32]. In this ‘‘mesoscopic’’ size range, QDs

also have a greater surface area and a lot of functionalities to develop multifunc-

tional nanoparticles that can be used for linking to multiple diagnostic and thera-

peutic agents. However, the comparatively large sizes of water-soluble QDs make

them inappropriate for several approaches, e.g., FRET-based biosensing technolo-

gies (the Forster-radius for effective FRET is calculated as 5–10 nm). Since the or-

ganic coating is necessary to avoid aggregation of the metal nanoparticles and to

preserve their high quantum yield in aqueous solutions, future expectations have

been directed to the development of methods for overcoating of QDs with a maxi-

mal size of organic coat of@8 nm.

6.2.2

Optical and Chemical Properties – Advantages Compared with Classical Fluorophores

Semiconductor QDs have attracted much interest for bioimaging and biosensing,

because of their unique spectral properties over traditional organic fluorophores.

Briefly, the following characteristics distinguish QDs from the commonly used flu-

orophores: high quantum yield (more 50% versus 15–50% for standard organic

dyes); high molar extinction coefficients (in the order of 0.5–5� 106 M�1 cm�1,

which is @10–100� larger than those of traditional organic dyes – 5–10� 104
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M�1 cm�1) [7, 33]; broad absorption spectra with narrow, symmetric photolumi-

nescence spectra (full-width at half-maximum @25–40 nm) spanning the UV to

near-infrared; low life-time-limited emission rates for single QDs (@5–10� lower

than those of single organic dyes), because of their longer excited state life-times

(20–50 ns); large effective Stokes shifts; high resistance to photobleaching (several

thousand times more stable than organic dyes) and exceptional resistance to photo-

and chemical degradation [34–36], which makes them well-suited for continuous

tracking studies over a long period of time. All these characteristics make QDs

brighter fluorescent probes (10–20� brighter than organic dyes) [37, 38] under

photon-limited in vivo and in situ conditions, where light intensities are severely

attenuated by scattering and absorption. These novel optical properties can be used

to optimize the signal-to-background (signal-to-noise) ratio. For example, the com-

paratively long fluorescence life-time of QDs enables the use of time-gated detec-

tion to separate their signal from that of shorter lived species, such as background

autofluorescence encountered in viable cells and animals. Moreover, the longer ex-

cited state life-times of QDs provide a means to separate the QD fluorescence from

background fluorescence using a time-domain imaging technique [39, 40]. Figure

6.2 shows a comparison of the excited state decay curves of QDs and organic dyes.

Assuming that the initial fluorescence intensities of QDs and dyes after a pulse

excitation are the same and that the fluorescence life-time of QDs is one order of

magnitude longer, one can estimate that the QD and dye intensity ratio (IQD=Idye)
will increase rapidly from 1 at time t ¼ 0 to@100 in only 10 ns (t ¼ 10 ns). Thus,

Fig. 6.2. Comparison of the excited state

decay curves (monoexponential model) of QDs

and classical organic dyes. The longer excited

state life-time of QDs allows the use of time-

domain imaging to discriminate against the

background fluorescence (short life-times);

tðdyeÞ and tðQDÞ are the delay times for the

fluorescence signals to decrease to 1/e of their

original values, where e is the natural log

constant (¼ 2.718). (Kindly provided from X.

Gao [8]).
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the image contrast (measured by signal-to-noise or signal-to-background ratio) can

be markedly improved by time-delayed data acquisition.

The large Stokes shifts of QDs (measured by the distance between the excitation

and emission peaks) can be used to further improve detection sensitivity (Fig. 6.3).

As shown in Fig. 6.3, the Stokes shifts of QDs can be as large as 300–400 nm, de-

pending on the wavelength of the excitation light. Organic dye signals with a small

Stokes shift are often mimicked by strong tissue and cell autofluorescence. In con-

trast, QD signals with a large Stokes shift are clearly recognizable above the back-

ground. This ‘‘color contrast’’ is only available to QD probes, as the signals and

background can be separated by wavelength-resolved or spectral imaging [12].

The most attractive features for life science research are the size- and

composition-tunable emission of QDs from visible to infrared wavelengths, which

give a possibility for their use to image and track multiple molecular targets simul-

taneously, e.g., combinatorial optical encoding, in which multiple colors and inten-

sities are combined to encode thousands of genes, proteins or small-molecule com-

pounds (a), and simultaneous sensing and imaging of several molecular and more

complex targets (b) [17, 41–48].

Single QDs can be observed and tracked over an extended period of time (up to a

few hours) with fluorescent confocal microscopy [49], total internal reflection mi-

croscopy [50, 51], or basic wide-field epifluorescence microscopy [19, 52]. Single-

molecule microscopy is possibly one of the most exciting new capabilities offered

to biologists. A related technique, fluorescence correlation spectroscopy, has al-

lowed determination of the brightness per particle and also provides measurement

of the average QD size [53]. QDs are also excellent probes for two-photon confocal

microscopy [51, 54, 55] because they are characterized by a large absorption cross

section. They can be used simultaneously with standard dyes. In particular, QDs

Fig. 6.3. Comparison of excitation/emission Stokes shifts

between QDs and classical organic dyes – an important issue

for optimization of the signal-to-noise (signal-to-background)

ratio.
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have a largely untapped potential as novel tracers in PET and MRI imaging [9], as

customizable donors of a fluorescence resonance energy transfer (FRET) pair [23,

24, 28, 56–61], and as photosensitizers [31, 32, 62]. In the next several subsections

we discuss the application of QD-based probes in most usable imaging and sens-

ing methodologies in life science experiments.

6.3

Quantum Dots for Fluorescent Labeling and Imaging

The unique optical properties of QDs make them very attractive as novel fluoro-

phores in various life science investigations, in which traditional fluorescent or-

ganic dyes fall short of providing long-term stability and simultaneous detection

of multiple fluorescent signals. The ability to make QDs water soluble and target

them to specific biomolecules has led to promising applications in cellular label-

ing, deep-tissue imaging, in vitro fluorescent assays, and FRET-based techniques.

6.3.1

Structure of Quantum Dot Nanobiohybrids for Fluorescent Microscopic Imaging

Since water-soluble QDs have many functional groups (NH2a, COOHa, SHa, etc.)

on their surface, they are easily conjugated with different biomolecules (proteins,

DNAs, RNAs, small ligands, etc.), as well as with appropriate chemical substances

(e.g., drugs). The resulting conjugates combine the properties of both materials,

i.e., the spectroscopic characteristics of the nanocrystal and the biomolecular func-

tion of the surface-attached entities.

There are two types of conjugates, depending on the QD size. Using QDs with

size commensurable with or slightly larger than that of many biomolecules, it is

possible to obtain QD-based nanobiohybrids that consist of a single QD with sev-

eral biomolecules attached on its surface. Thus, the large number (10 to 100) of

potential surface attachment groups can be used to ‘‘graft’’ different functionalities

to individual QDs, resulting in multifunctional probes. For instance, in addition to

a recognition moiety, QDs can be equipped with a membrane-crossing or cell-

internalization capability, and/or and enzymatic function.

In contrast, using small QDs (approximately 2–3 nm in diameter) it is possible

to obtain nanobiohybrids that consist of several QD particles attached to a single

biomolecule (usually protein) [26]. In this case, QDs have an important privilege

for fluorescence detection methods in comparison with classical organic dyes –

the attachment of several small size QDs on the surface of one protein molecule

does not result in fluorescence self-quenching, in contrast to classical dyes (e.g.,

cyanines, fluorescein, etc.) where the conjugation of several dye molecules with

one protein molecule results in a strong fluorescence self-quenching. This assump-

tion is based on our comparative study of the fluorescence intensity of multifunc-

tional PMAM dendrimers conjugated with different numbers of QD particles

(@2 nm in diameter) or cyanine 3/cyanine 5 molecules (unpublished data).
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Several strategies can be used to manipulate the molecular orientation of the li-

gands attached on the QD surface as well as their molar ratios with respect to QDs.

However, QD probes with precisely controlled ligand orientations and molar ratios

are still not available.

Two problems associated with fluorescence microscopy – cell and tissue auto-

fluorescence in the visible spectrum (which can mask the signals from labeled

molecules) and the requirement of long observation times – have created a

need for new QD probes that emit in the near-infrared (NIR) region (wavelength

> 700 nm) and are more photostable than current organic fluorophores [29].

6.3.2

Quantum Dots for Fluorescent Cell Imaging

QDs have made the most progress and attracted the greatest interest in cellular

labeling and imaging. Within the last two-three years, numerous reports have

described the ability of one or more ‘‘color/size’’ of biofunctionalized QDs to label

cells [20–22, 26, 30, 32, 37, 50, 63–68]. Many of these reports show that QD label-

ing permits extended visualization of cells under continuous laser illumination as

well as multicolor imaging, highlighting the advantages offered by these fluoro-

phores (Fig. 6.4) [20, 22, 26, 65–68].

A clear differentiation can be made between labeling of live and fixed cells (dead

with crosslinked components to maintain cellular architecture). Fixed cells can be

treated ‘‘harshly’’ to facilitate entry of the QDs by chemically creating pores. To

label live cells, the process must be handled softly to maintain cellular viability.

Live-cell experiments introduce a few extra levels of complexity, depending on the

application: whole-cell QD labeling, labeling of membrane-bound proteins, and

cytoplasmic, subcellular or nuclear target labeling. The major impediment is the

entry of the relatively large QDs into the cell across the cellular membrane lipid

bilayers. For small size water-soluble QDs, the positive charge on the surface can

facilitate this process, but for negatively charged QDs this is usually extremely

difficult. Such QDs can be delivered into the cells only through some specific

(receptor-mediated) transport based on the functional molecules conjugated on the

QD surface. The results indicate that large amounts of QDs can be delivered into

live mammalian cells via three different mechanisms: non-specific pinocytosis, mi-

croinjection, and peptide-induced transport [16, 17, 22, 69–71]. For example, trans-

ferrin has been used to facilitate endocytosis of QDs by mammalian cells and to

label pathogenic bacteria and yeast cells [38], whereas lectin-conjugated QDs were

used to detect specifically Gram-negative bacteria [61, 72]. Different types of QD

functionalization have also been explored as a way to target QDs to cell surface pro-

teins. Some examples include streptavidin, secondary or primary antibodies, recep-

tor ligands such as epidermal growth factor or serotonin, recognition peptides, and

affinity pairs such as biotin–avidin after engineering of the target protein [19–22,

25, 70, 73, 74]. To reduce the size of QD probes, researchers have used ligands of

cell surface receptors bound to QDs via a biotin–streptavidin link or by direct

crosslinking [21, 25, 70]. Some cell surface proteins can be recognized by small
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peptides (screened by phage-display technology) [74], so it is attractive to use pep-

tides for QD functionalization. The same concepts could also be used to label sub-

cellular or nuclear targets. However, QDs need to enter the cell cytoplasm and to

reach their target without being trapped in the endocytosis. A surprising finding

is that two billion QDs could be delivered into the nucleus of a single cell, without

compromising its viability, proliferation or migration [8, 16, 71, 75]. The ability to

image single-cell migration and differentiation in real time is expected to be impor-

tant to several research areas such as embryogenesis, cancer metastasis, stem-cell

therapeutics and lymphocyte immunology.

The main advantage of QDs in cellular imaging resides in their resistance to

photobleaching over long periods of time (minutes to hours), allowing the acquisi-

tion of images that are crisp and well contrasted. The increased photostability of

QDs is especially useful for acquisition of many consecutive focal-plane images

and their reconstruction into a high-resolution three-dimensional (3D) projection,

Fig. 6.4. Stability of QD fluorescence during

continuous laser scanning on a confocal

fluorescent microscope. (A) Top row: Nuclear

antigens labeled with QD630-streptavidin

(red), and microtubules labeled with Alexa-488

conjugated with anti-mouse IgG (green)

simultaneously in 3T3 cells. Bottom row:

Microtubules labeled with QD630-streptavidin

(red), and nuclear antigens stained with Alexa-

488 conjugated with anti-human IgG (green).

Specimens were continuously illuminated for

1 min with light from a 100 W mercury lamp

under a 100� 1.30 oil-immersion objective. An

excitation filter (lex ¼ 485 nm) was used to

excite both Alexa-488 and QD630. Emission

filters at lem ¼ 535 nm and lem ¼ 635 nm

were used to collect Alexa-488 and QD630

signals, respectively. Images were captured

with a CCD camera at 10 s intervals for each

color automatically. (According to Wu et al.

[20]). (B) Fluorescent microscopic imaging of

interaction of QD-lectin conjugates with

leukemia cells (green): dynamic of the signal

during 30 min scanning. (According to Zhelev

et al. [26]).
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e.g., for 3D optical sectioning, where a major issue is bleaching of fluorophores

during acquisition of successive z-sections. This compromises the correct recon-

struction of 3D structures [76]. The very small number of QDs is necessary to pro-

duce a fluorescent signal. In addition, QDs are available in a virtually unlimited

number of well-separated colors, all excitable by a single wavelength. This property

could be used in fluorescent confocal microscopy to perform nanometer-resolution

colocalization of multiple-color individual QDs.

6.3.3

Quantum Dots for Fluorescent Deep-tissue Imaging In Vivo

The long-term stability and brightness of QDs make them ideal candidates for in
vivo fluorescent targeting and imaging. At present, such imaging uses two groups

of organic fluorophores: the fluorescent proteins expressed by the cells themselves

and fluorescent dyes that are exogenously loaded into the cells. Organic fluoro-

phores have numerous limitations, restricting their usefulness for in vivo fluores-

cent microscopy. A first limitation is the difficulty in simultaneous imaging of

multiple independent organic fluorophores, based on two characteristics of these

fluorophores. First, they require distinct excitation wavelengths and have a very

small Stokes shift between excitation and emission wavelengths (Fig. 6.3). Thus,

multiple excitation lines are needed for imaging multiple organic fluorophores

and each additional excitation line limits the spectra available for emission collec-

tion. Second, they emit over a broad region of the visible spectra. Thus the emis-

sion of different fluorophores overlaps with each other and with much of the tissue

autofluorescence. A second limitation is the susceptibility of organic fluorophores

to photodamage and metabolic degradation, which restricts their use in long-term

in vivo imaging [53]. Moreover, some organic fluorophores (e.g., fluorescein) have a

limited response to multiphoton excitation, which is a particular liability when try-

ing to image into tissues.

QDs completely overcome these limitations. They can be excited by a wide spec-

trum of single and multiphoton excitation light, which is well separated from their

emission spectra. The large Stokes shifts allow the possibility to overcome, or at

least to minimize, tissue autofluorescence that appears near the excitation region

(Fig. 6.5). Thus, only one excitation wavelength is needed to simultaneously excite

several different QD probes. QDs also have narrow emission spectra, which are

tunable to any desired wavelength from blue to infrared. Thus from their emission

spectra several different QD probes can be easily distinguished. QDs are also vir-

tually resistant to photobleaching and are as bright as the best-known organic

fluorophores. Further, they have a good multiphoton absorption between 700 and

1000 nm. These features make QDs desirable for long-term multicolor in vivo
imaging.

Theoretical modeling studies have indicated that two spectral windows are avail-

able for in vivo QD imaging – one at 700–900 nm and other at 1200–1600 nm [77–
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79]. There are great expectations for QDs emitting in the near-IR region that are

ideal for in vivo imaging. In this region of the electromagnetic spectrum there is

low tissue scattering and absorption, yielding the greatest tissue penetration depth

and optical signal. In this case, QDs offer an excellent alternative to organic fluoro-

phores for in vivo animal imaging. However, biocompatible near-IR-emitting or-

ganic fluorophores suffer from low QY (quantum yield), broad emission spectra,

and an inability to multiplex. Near-IR QDs can, potentially, be designed to have

high QYs and molar absorption coefficients, leading to a highly luminescent and

useful in vivo contrast agent. In fact, high QY near-IR organic soluble QDs have

already been designed [29, 80–82] – a major hurdle is the preservation of the

optical properties of organic-soluble near-IR QDs after surface modification with

biocompatible coatings and water solubilization. The highest reported QY for bio-

compatible near-IR-emitting QDs made from CdSe/CdTe alloy is 17%.

Another important issue for application of QDs in vivo is their overcoating with

high molecular weight poly(ethylene glycol) (PEG) molecules that gives a possibil-

ity to reduce their accumulation in the liver and bone marrow, and to ensure effec-

tive targeting and imaging of the desired tissue in vivo (e.g., blood vessels, solid

tumors, tumor metastases, lymph nodes, etc.) [12, 16, 18]. In contrast to small or-

ganic dyes, which are eliminated from the circulation within minutes after injec-

tion, PEG-coated QDs remained in the blood circulation for an extended period of

time (half-life more than 3 h) (Fig. 6.6A) [18, 29]. This long-circulating feature can

be explained by the unique structural properties of QD nanoparticles. PEG-coated

QDs fall within an intermediate size range: they are small enough and sufficiently

Fig. 6.5. Comparison of mouse skin autofluorescence and QD

emission spectra, obtained under excitation at 350 nm. The

results demonstrate that QD signals can be shifted to a

spectral region where autofluorescence is reduced. (This figure

was kindly provided from X. Gao [8].)

6.3 Quantum Dots for Fluorescent Labeling and Imaging 185



hydrophilic to slow down opsonization and reticuloendothelial uptake, but are

large enough to avoid renal filtration. In this context, near-IR QDs also have great

potential to be used in diagnostic blood vessel (e.g., stenosis, aneurism, stroke,

etc.).

To guarantee high binding affinities of QD probes to the respective cellular or

molecular target in vivo, the nanocrystals are usually conjugated with antibodies

or small peptides [12, 63]. Antibodies offer higher binding affinity of QDs than

peptides, but they add size to the nanoparticles (@5–30 nm). Furthermore, anti-

bodies could limit the co-coating of other molecules (e.g., polymers) onto the sur-

face of QDs. By contrast, peptides are smaller than antibodies – large libraries of

targeting peptides for specific diseases can be identified using screening tech-

Fig. 6.6. (A) Noninvasive imaging of 645 nm-

emitting mPEG-750 QDs (A, C, E) and 655 nm-

emitting mPEG-5000 QDs (B, D, F, G.). Nude

mice are imaged at different post-injection

times. Significant liver uptake is detected using

mPEG-750 QDs even at 10 min, while using

mPEG-5000 QDs such uptake is visible after

1 h. The same QDs are very stable and can be

also detected after 3 h. (Reprinted from Ref.

[18] with the permission of ACS Publications).
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niques, such as phage-display – and provide greater flexibility in QD surface

engineering.

Currently, there are several excellent examples for application of QDs in in vivo
cellular targeting and imaging, including fluorescent deep-tissue imaging. Two-

photon laser exciton confocal microscopy has been used to visualize blood vessels

in mice after intravenous injection of QDs, showing that higher contrast and imag-

ing depth can be obtained at a lower excitation power than with organic dyes [53].

Larson and coworkers found that the two-photon absorption cross-sections of QDs

are two to three orders of magnitude larger than those of traditional organic fluo-

rophores (Fig. 6.6.(B)) [81].

Fig. 6.6. (B1) In vivo imaging of vasculature

labeled by a tail vein injection of water-soluble

QDs (fluorescence wavelength, 550 nm).

Fluorescent capillaries, containing@1 mM

QDs, were clearly visible trough the skin at the

base of the dermis (@100 mm deep). Blue

pseudocolor is collagen imaged via its second

harmonic signal at 450 nm. (B2) Comparison

image at the same depth as in (B1), acquired

by injecting FITC-dextran at its solubility limit.

Scale bars in (B1) and (B2): 20 mm. Excitation

is at 880 nm for (B1) and 780 nm for (B2).

(Reprinted from ref. [84] with the permission of

Science Publishing Group.)

6.3 Quantum Dots for Fluorescent Labeling and Imaging 187



QD–peptide conjugates have been also used to target tissue-specific vascular

markers (lung blood vessels and cancer cells) by intravenous injection in mice

[18]. Histological sections of different organs after 5 or 20 min of circulation

showed that QD-peptide conjugates reach their targets and are internalized by en-

docytosis in target cells but not in surrounding tissues, probably because of their

large size relative to dye molecules (which stain surrounding tissues). In vivo imag-

ing of targeted QD delivery has recently been achieved in mice by Gao et al., who

intravenously injected PEG-coated QDs functionalized with antibodies to prostate-

specific membrane antigen (PSMA) (Fig. 6.7) [12]. However, since their QDs emit

in the visible spectrum, the authors use a spectral demixing algorithm to separate

tissue autofluorescence from QD signal in grafted tumors.

This problem has been eliminated by Kim et al. [29], who have injected near-IR-

emitting QDs intradermally into mice and pigs and demonstrated the visualization

of sentinel lymph nodes in these animals via optical imaging (Fig. 6.8).

To improve tissue penetration, Kim et al. have prepared a novel core–shell nano-

structure called type II QDs with fairly broad emission at 850 nm and a moderate

QY of@13% [29]. In contrast to conventional QDs (type I), the shell materials in

Fig. 6.7. In vivo fluorescence imaging of QD-

PSMA antibody conjugates in mouse bearing

C4-2 human prostate tumor. Orange-red

fluorescence signals indicate a prostate tumor

growing in a live mouse (right-hand mouse).

Control studies using a healthy mouse

(without tumor) and the same amount of QD

injected showed no localized fluorescence

signals (left-hand mouse). (a) Original image;

(b) unmixed autofluorescence image; (c)

unmixed QD image; (d) super-imposed image.

(This figure was kindly provided from X. Gao

[12].)
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type II QDs have valence and coordination band energies both lower than those of

the core materials. As a result, the electrons and holes are physically separated and

the nanoparticles emit light at reduced energies (longer wavelengths). Injection of

only picomolar amounts of the QDs enables visualization of sentinel lymph nodes

1 cm below the skin using excitation rates of only 5 mW cm�2. QDs rapidly mi-

grate to nearby lymph nodes and can be imaged virtually background-free, allow-

ing image-guided resection of a lymph node in a pig. The sentinel nodes have

been confirmed by a second intradermal injection of blue dye (the current ‘‘gold

standard’’), which also flowed to the same nodes. The advantage of QD over blue

dye is the ability to ‘‘see’’ through several centimeters of tissue so that there would

be real-time visual guidance of the surgery, with resolution being limited only by

the visual acuity of the surgeon. Visual inspection would also allow the surgeon to

confirm that all sentinel nodes had been removed from the node field. There is

also exciting potential for histopathologists to focus exactly on the part of the sen-

tinel node containing the QDs by using a fluorescent microscope.

Sentinel lymph node biopsy is elegantly simple in concept but quite often very

difficult to perform accurately in individual patents. The sentinel nodes can be

very deep, up to 10 cm from the skin, and sometimes the nodes are inside the

body cavities; situations such as these are considered as problematic for optical

imaging using near-IR fluorescence. Therefore, anything that potentially improves

the technique is welcome. The work of Kim et al. [29] points to the possibility that

QD probes could be used for real-time intra-operative optical imaging, providing

an in situ visual guide so that a surgeon could locate and remove small lesions

(e.g., metastatic tumors) quickly and accurately. At present, however, appropriate

high-quality QDs with near-IR-emitting properties are not yet available. Most mate-

rials (e.g., PdS, PdSe, CdHgTe and CdSeTe) are either not bright enough or not

stable enough for biomedical imaging applications. There is an urgent need to de-

velop bright and stable near-IR-emitting QDs that are broadly tunable in the far-red

and IR spectral regions.

Fig. 6.8. Near-IR QD sentinel lymph node

mapping in mouse and pig. (a) Images of

mouse injected intradermally with 10 pmol of

near-IR QDs in the left paw. Left-hand side –

pre-injected near-IR autofluorescence image;

middle – 5 min post-injection white light color

video image; right – 5 min post-injection near-

IR fluorescence image. An arrow indicates

the putative axillary sentinel lymph node.

Fluorescence images have identical exposure

times and normalization. (b) Images of the

mouse obtained 5 min after re-injection with

1% isosulfan blue (standard) and exposure of

the actual sentinel lymph node. Left-hand side

– color video; right – near-IR fluorescence

images. Isosulfan blue and near-IR QDs are

localized in the same lymph node (arrows).

(c) Images of the surgical field in a pig injected

intradermally with 400 pmol of near-IR QDs

in the right groin. Four time points are

shown from top to bottom: before injection

(autofluorescence), 30 s after injection, 4 min

after injection, and during image-guided

resection. For each time-point: Left – color

video; middle – near-IR fluorescence; and right

– color-near-IR merge images. (This figure was

kindly provided from J. Frangioni [29].)
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Fig. 6.8
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6.3.4

Potential of Quantum Dots for Positron Emission Tomography (PET) and functional

Magnetic Resonance Imaging (fMRI)

The ability to design a wide variety of QDs and targeting molecules provides a new

set of tools for engineering novel contrast probes for non-invasive imaging tech-

niques such as PET, MRI, and CT. As a research tool, these probes could have

many uses, from monitoring tissue implants to studying the real-time dynamics

of tumor metastasis.

Despite their relatively large hydrodynamic radii (10–15 nm), bioconjugated QD

probes do not suffer from serious binding kinetic or steric-hindrance problems. In

this ‘‘mesoscopic’’ size range, QDs also have more surface areas and functionalities

that can be used for linking to multiple diagnostic (e.g., radioisotopic or magnetic)

and therapeutic (e.g., anticancer) agents. Multimodality imaging probes could be

created by integrating QDs with paramagnetic or superparamagnetic agents, as

well as with chelators for radioactive isotopes (Figs. 6.9 and 6.10).

Fig. 6.9. Multifunctional QD-based probes for simultaneous

application in different imaging techniques (e.g., fluorescent

imaging, MRI, PET).

Fig. 6.10. MicroPET imaging of QD uptake in

live animals. QDs having DOTA (a chelator for

radiolabeling) and PEG on their surface were

radiolabeled with 64Cu (positron-emitted

isotope with a half-life of 12.7 h). These QDs

were then injected via the tail vein into nude

mice (@80 mCi per animal) and imaged in a

small animal PET-scanner. Rapid and marked

accumulation of QDs in the liver was detected.

This could be avoided by functionalizing QDs

with higher molecular weight PEG chains.

(Reprinted from Ref. [9] with the permission of

Science Publishing Group.)
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Researchers have recently attached QDs to Fe2O3 and FePt nanoparticles and

even to paramagnetic gadolinium chelators [83, 84]. By correlating the deep imag-

ing capabilities of MRI with ultrasensitive optical imaging, a clinician could visu-

ally identify tiny tumors or other small lesions during an operation and remove

the diseased cells and tissue completely. Medical imaging modalities such as MRI

and PET can identify diseases non-invasively, but they do not provide a visual guide

during surgery. The development of magnetic or radioactive QD probes has the po-

tential to solve this problem.

6.4

Quantum Dots for Immunoblot Analysis with Fluorescent Detection

6.4.1

Basic Principles of Classical and QD-based Immunoblot Analyses

Although immunoblotting technology is about 20 years old it is still a major ana-

lytical approach for detection of protein expression in cells and tissues, used in

molecular and cellular biology and molecular medicine. Currently, it is one of the

basic methodologies (together with northern blot analysis and Light Cycler technol-

ogy) for microarray data validation and verification in functional genomics and pro-

teomics projects.

Figure 6.11(A) shows the basic principle of classical immunoblot analysis

(Western blot).

The protein fractions are separated from cell lysate using gel-electrophoresis and

are subsequently transferred to a PVDF membrane. The protein of interest is de-

tected using two-step immunoblotting procedure: incubation of PVDF membrane

with primary monoclonal antibody that interacts specifically with the target protein

and does not interact with other protein fractions (a); washing of membrane and

incubation with secondary antibody, conjugated with enzyme (usually horse radish

peroxidase, HRP) (b). The blotted antigen is detected by the chemiluminescence of

the HRP-catalyzed reaction of appropriate substrate, exposed to X-ray or Polaroid

films.

Notably, despite its widespread and long-standing use, immunoblotting has not

been much improved from its initial state 20 years ago. The standard immunoblot

analysis suffers from several shortcomings: a semi-quantitative nature; a long du-

ration (usually more 24 h); a poor reproducibility of the obtained data; a risk to

reach saturation of the enzyme reaction and to mimic the concentration-dependent

difference of the blotted antigens; a low sensitivity for detection of ‘‘tracer’’ proteins

– including the impossibility of using directly cell lysates for protein separation

and immunoblotting, as well as a necessity to use preliminary procedures for im-

munoprecipitation and concentration of these proteins (each step holds a risk for

accumulation of analytical errors). Every researcher in the genomics/proteomics

field has been faced with the difficulties in obtaining reproducible and high quality

immunoblot images.
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Fig. 6.11. Principle schemes of classical and QD-based immunoblot analyses.
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In the middle of August 2004 the Quantum Dot Corporation (USA) offered on

the market two western blotting kits, and in the January 2005 issue of Nature Meth-
ods [85] they undoubtedly demonstrated the potential of QD-based immunoblot-

ting technology in multiplex fluorescent detection of proteins or protein states

from a single immunoblot. Their protocol is similar to the classical one; however,

the secondary antibody is conjugated with QD instead of enzyme, and the fluores-

cence of blot images instead of chemiluminescence is detected. The described

procedure takes the same time as standard western blot analysis with chemilumi-

nometric detection. However, the narrow emission of QD-labeled protein blots en-

ables simplified image acquisition and quantification that gave a possibility to over-

come the semiquantitative nature of western blot analysis. It is possible to store

QD-labeled blots in a buffer at 4–8 �C with minimal loss of the fluorescent signal

for imaging at a later date.

We have tried to improve QD-based western blotting technology, to simplify and

to make it quantitative and applicable for detection of ‘‘tracer’’ proteins directly in

cell lysates [27, 86].

Below, we present two immunoblotting protocols, named as ‘‘mono type’’ and

‘‘sandwich type’’ and show the privilege of QD-based western blot analysis in the

detection of ‘‘tracer’’ proteins through classical technology with colorimetric detec-

tion. Figure 6.11(B, C) presents the principle schemes of both procedures.

6.4.2

QD-based Immunoblot Analysis of ‘‘tracer’’ Proteins – Privileges over Classical

Immunoblot Analysis

QDs with emission maximum at 535 nm were used in this study. Telomere associ-

ated proteins, telomeric repeat binding factor (TRF1, a 56 kDa protein) and TRF1-

interacting nuclear protein 2 (Tin2,@40 kDa protein), were selected as proteins of

interest. TRF1 and Tin2 are known to be poorly expressed in Philadelphia-positive

(Phþ) cells derived from patients with chronic myelogenous leukemia (e.g., K-562

cells) and several modifications of the standard immunoblotting protocol have to

be performed to identify these two proteins in K-562 cells. Details are described in

Refs. [27, 86]. The blotted QD-labeled antigens (proteins) were detected directly by

a fluorescence gel imaging system supplied with an appropriate emission filter.

The experimental results in Fig. 6.12 represent typical blots of TRF1 and Tin2,

analyzed in cell lysates by classical (C) and QD-based western blotting protocols

(A, B).

Using ‘‘mono-type’’ QD-based western blotting technology, it was possible to de-

tect both proteins without preliminary immunoprecipitation and concentration

procedures (Fig. 6.12A). However, the fluorescence of QD-labeled TRF1 and Tin2

blots was weak. It was practically impossible to detect these ‘‘tracer’’ proteins di-

rectly in cell lysate, without their preliminary immunoprecipitation and concentra-

tion (Fig. 6.12C). In contrast, TRF1 and Tin2, detected in K-562 cell lysates by

‘‘sandwich type’’ QD-based western blotting technology, possessed a bright fluo-

rescence as a result of biotin–avidin crosslinks (Fig. 6.12B). The images in Fig.
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6.12(A, B) were generated using an identical exposure time (15 min) and

excitation/emission settings. Since avidin can interact non-specifically with other

non-biotinylated proteins on the PVDF membrane, we recommend the use of neu-

travidin or streptavidin in ‘‘sandwich type’’ QD-based western blot analysis. Nota-

bly, the fluorescent signal was stable during continuous scanning in gel imager. No

changes in the blot fluorescence intensity were registered between 5 and 30 min

scanning – time enough for membrane imaging and data acquisition.

The higher sensitivity of QD-based methodology in comparison with classical

analysis can be explained, at least partially, by the inherent sensitivity of fluores-

cence compared with chemiluminescence. The QD-labeled membranes can be

kept in buffer at 4 �C for a week without loss of image quality. It was also pos-

sible to improve markedly the brightness of blots with serial incubations of

PVDF-membrane in QD-labeled neutravidin and QD-labeled biotin. However,

concentration-dependent saturation of QD-signal was detected at high protein con-

centrations of cell lysate (applied to each gel patch) and this procedure can be rec-

ommended for work with samples containing less than 20 mg protein per gel patch.

The proposed QD-based immunoblotting technologies with fluorescent detec-

tion allow the possibility of quantification of the blot fluorescence, and they also

Fig. 6.12. Representative blots of ‘‘tracer’’

proteins TRF1 and Tin2, analyzed in K-562

cell lysate using classical (C) and QD-based

(A, B) immunoblot analysis. Numbers 1–5

correspond, respectively, to protein

concentrations of cell lysates (in mg), applied

to each gel patch, of 1–10, 2–20, 3–30, 4–40,

and 5–50. In (A) and (B) blot images were

obtained by fluorescent detection, and the

images in (C) were obtained by chemi-

luminescent detection.
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shortened the time of analysis of ‘‘tracer’’ proteins in comparison with the stan-

dard methodology. The sensitivity of our protocols was up to 1 and 5 ng of pure

protein per gel patch for ‘‘sandwich’’ and ‘‘mono’’ type, respectively (Fig. 6.13).

The detection of QD-labeled immunoblotted proteins is simple, in contrast to the

detection procedures of the standard western blot analysis. Standard technology re-

quires a transfer of the chemiluminescent signal on Hyperfilms, which is a time-

and cost-consuming process. Both technologies in our study were developed for de-

tection of TRF1 and Tin2 in K-562 cells, but they can also be applied for detection

of other proteins in different cellular and tissue samples.

6.5

Quantum Dots for FRET Analyses, Time-resolved Fluorimetry, and Development of

Optical Recognition-based Biosensors

6.5.1

Quantum Dots for FRET-based Bioanalyses

In the past several years, FRET has been involved in many biochemical analyses

and applied to the development of simple fluorescence detection techniques, in-

Fig. 6.13. Sensitivity of ‘‘sandwich type’’ and ‘‘mono-type’’

QD-based immunoblot analyses, as determined by pure

soybean agglutinin (two-serial dilution starting from 20 ng per

gel patch – number 1). Upper curve – ‘‘sandwich type’’; lower

curve – ‘‘mono type’’.
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cluding a PCR with real-time FRET measurements; DNA hybridization analyses

and formation and dissociation of hairpin structures; an elucidation of the dy-

namics of telomerization or DNA replication; and an investigation of interactions

between proteins, nucleic acids and small molecules [23, 87–90].

The essential requirement for FRET is that the emission spectrum of the donor

has to overlap with the absorption spectrum of the acceptor, and distance between

donor and acceptor has to be within 1–10 nm. Reports on QDs as FRET-donors in

a biological context appeared from 2001 [56, 57]; however, the full potential has not

been demonstrated yet. Several elegant studies in this field have been designed and

provided recently by the U.S. Naval Research Laboratory [23, 24, 58, 59]. By self-

assembling acceptor dye-labeled proteins onto QD donor surfaces, two unique ad-

vantages over organic fluorophores for FRET became apparent: QD donor emis-

sion could be size-tuned to improve spectral overlap with an acceptor dye (using a

size selection, it is possible to obtain QDs with emission maximum corresponding

exactly to the excitation maximum of the FRET-acceptor) (a), and several acceptor

dyes interacting with a single QD-donor substantially improved FRET efficiency

(b). Obviously, the unique optical properties of QDs make them the most appropri-

ate FRET-donors. However, currently there is a serious limitation in the wide-

spread use of QDs in FRET-based bioanalyses related to the size of highly

luminescent water-soluble QDs, which is usually beyond the Forster radius. Efforts

are being directed to the development of small (up to 10 nm in diameter) highly

luminescent water-soluble QDs with optimal FRET capacity.

6.5.2

Quantum Dots for Time-resolved Fluorimetry

Some of the presently described QDs possess a comparatively long fluorescence

half-life and can be appropriate for time-resolved fluorimetric analyses. Figure

6.14 demonstrates the fluorescence half-life of water-soluble broad-fluorescent

CdSe QDs [86]. The fluorescence half-life varied from 27 to 92 ns, depending of the

emission wavelength. Lakowicz and colleagues have described sharp-fluorescent

CdSe/ZnS QDs with a mean fluorescence half-life of@17 ns and a heterogeneous

intensity decay curve [91]. For comparison, the reported fluorescence half-life of

commercial CdSe/ZnS QDs, dispersed in organic solvents, is approximately 10–

12 ns [92–94].

6.5.3

Quantum Dots for development of New Generation Optical Recognition-based

Biosensors

The FRET capacity and comparatively long fluorescence half-life of QDs are very

promising in the evolution of optical recognition-based biosensors that can moni-

tor rapidly the concentrations of target species in their physiological environment,

in a continuous, simple and reliable manner. Presently, the most popular

recognition-based optical sensors consist of surface immobilized functional
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materials – usually a thin polymer film with incorporated hydrophobic organic dye

[95, 96]. These sensors possess, predominantly, a pressure or temperature sensing

ability, and an ability to detect the concentration of ions and small molecular

weight molecules (e.g., oxygen, carbon dioxide, etc.). They do not possess an ability

to detect the concentration of middle (100–1000 Da) or high (10–100 kDa) molec-

ular weight molecules and more complex components, since the diffusion of such

substances into the film and their accessibility to the dye are strongly restricted. All

presently known recognition-based optical sensors work in two dimensions and in

a non-aqueous environment. They have no possibility for analysis of complex

chemical and biochemical substances, as well as enzyme activities.

The leading tendencies in the development of new generation optical

recognition-based biosensors are: to increase the intensity of the specific optical

signal; to decrease the intensity of the non-specific noise; to ensure the possibility

for detection of water-soluble target compounds in their aqueous environment; and

to increase the number of simultaneously analyzed targets in one sensor device.

What can QDs offer to biosensor evolution?

QDs have attracted much attention as one of the most promising nanotrans-

ducers that have several advantages over other known nanomaterials. Figures 6.15

and 6.16 represent two common examples for the design of QD-based sensors for

detection of chemical or biochemical targets and for detection of enzyme activity.

Fig. 6.14. Time-resolved fluorescence life-time

spectra of water-soluble broad-fluorescent

CdSe QDs synthesized at room temperature.

For comparison, sharp fluorescent QDs

synthesized at high temperature were recorded

at an emission wavelength corresponding to

their fluorescent maximum. All data were

recorded at an excitation wavelength of 365

nm, frequency 40 kHz, using a Hamamatsu

FLS920S spectrometer. IRF ¼ instrumental

response function of the nanosecond flash-

lamp.

198 6 Quantum Dot-based Nanobiohybrids for Fluorescent Detection



In the first sensor, a QD nanotransducer is conjugated with a receptor-specific

for some chemical (or biochemical) target substance that has to be analyzed. The

receptor is bound to target analogue, labeled with classical dye (e.g., cyanine). The

analytical capacity of the sensor is based on the FRET efficiency between QD and

dye. The target analogue has to be with a lower binding affinity to the receptor

than the real target. Thus, it can be competitively replaced from the target, which

will reflect the FRET signal in a concentration-dependent manner. In the second

sensor (biosensor), a quantum dot nanotransducer is conjugated with some enzy-

matic substrate, e.g., double-stranded RNA (dsRNA) labeled with fluorescent

quencher (e.g., black hall quencher, BHQ). The analytical capacity of this biosensor

is based on the lack of fluorescence in the presence of quencher near the QD sur-

face and the appearance of fluorescent signal if there is RNase activity leading to a

Fig. 6.15. Schemes of QD-based optical sensors for detection

of more complex chemical and biochemical targets.
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fragmentation of dsRNA and removal of the quencher from the QD area. Fluores-

cence detection in both cases can be realized using fiber optic devices.

QD nanotransducers meet almost all requirements of the leading tendencies in

the design and fabrication of new generation recognition-based optical biosensors.

Currently, only QDs manifest a large excitation/emission Stokes shift, which

gives an opportunity to overcome the autofluorescence of other components in

the sensor device and to minimize the noise, using filter combinations that effec-

tively isolate the desired fluorescent signal. Moreover, the autofluorescence usually

appears rapidly, while the FRET-signal appears slower and, using a time-resolved

fluorimetry, it is possible additionally to increase the signal-to-noise ratio. The

size-dependent multicolor coding properties of QDs render these nanoparticles as

an indisputable favorite in multiplex fluorescent analyses. Thus, size-distinguished

QD nanotransducers immobilized on 2D or 3D matrices will give an opportunity

to develop optical sensor devices for the simultaneous detection of several targets.

Presumably, it will be not necessity to separate the size-distinguished QD nano-

transducers in the area of matrix platform because the unique fluorescent proper-

ties of QDs give a possibility to detect more than six fluorescent signals at the same

time. Because different colors QD nanotransducers can be conjugated with differ-

ent reporters, they can be functionally separated on the matrix.

Finally, the significant progress in the synthesis of highly fluorescent water-

soluble QDs makes possible the fabrication of nanobiosensors for detection of bio-

logical targets and enzyme activities in their physiological environment, as well as

environmental pollutants and food ingredients in aqueous solutions.

Obviously, the bridge between QD technology and fiber optic technology can

open up new trends in biosensor evolution, resulting in development of ultrasensi-

tive 3D optical sensors for multiplex detection of low, middle and high molecular

weight substances, and enzyme activities, in their natural environment.

Fig. 6.16. Scheme of QD-based optical sensor for detection of enzyme activity.
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6.6

Quantum Dots as New Fluorescent Standards for the Thin Calibration of Fluorescent

Instrumentation

Fluorescence-based measurements are becoming the standard for high-throughput

screening technologies, sensing technologies, imaging technologies, forensic deter-

mination, genomic research, clinical diagnostics, etc. One of the critical challenges

in the measurement of fluorescence is to obtain wavelength calibration. A small

discrepancy in wavelength can lead to a large discrepancy in the measured fluo-

rescence intensity. Moreover, absolute fluorescent measurements are also difficult

since few fluorescent standards are available. A fluorescence standard is necessary,

especially where quantification is required. At present, it is nearly impossible to

quantify the fluorescence from an assay. Traditional fluorescing materials, such as

organic dyes, lose their fluorescence intensity due to photodegradation and have

significant disadvantages as standards. Semiconductor QDs are very promising in

this application since they are typically very stable – a characteristic required for a

standard. Being composed of simple inorganic compounds they are chemically rel-

atively inert and very resistant to photochemical damage. The size-tunable fluores-

cent emission of QDs and the large Stokes-shift between excitation and emission

give a possibility for application of QD composite materials for the thin calibration

of fluorescent instrumentation.

Future efforts are being directed to the development of QD composites (consist-

ing of QDs incorporated in transparent materials such as polymers, silica, etc.) and

to applying them in fluorescent measurements – to characterize these materials

and to evaluate their possible use as novel fluorescence standards for calibration

of biotech instrumentation. This is the priority of all leading institutes in the field

of measurements and standardization.

Fluorescent standards based on QD composites will possess the following

improved characteristics in comparison with conventional fluorescent standards

(based on organic dyes incorporated into transparent composite materials): a

higher quantum yield (70–80% vs. 15–50% for classical standards); a higher chem-

ical and photochemical stability; a long fluorescence life-time; a possibility for fab-

rication of fluorescent standards that have Stokes’ shifts of several nanometers for

thin calibration of the fluorescent instrumentation, which is impossible with tradi-

tional fluorescent standards.
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Detection of Biological Materials by Gold

Nano-biosensor-based Electrochemical Method

Juan Jiang, Manju Basu, Sara Seggerson, Albert Miller,

Michael Pugia, and Subhash Basu

7.1

Introduction

Escherichia coli (E. coli) is a fecal coliform bacteria commonly found in the intestine

of healthy humans and animals, but disease-causing pathogenic forms such as E.
coli O157:H7 are responsible for food-borne and water-borne illness because they

can rapidly produce a powerful toxin, resulting in hemorrhagic colitis or hemolytic

uremic syndrome, which may lead to death, especially in children. Not only E. coli
but also other pathogenic bacteria produce toxins (such as Cholera, Salmonella,
Pseudomonas, etc.) and they divide in human bodies quite rapidly (doubling times

are 10 to 15 min). Time, sensitivity, and accuracy of analysis are the most impor-

tant limitations affecting the usefulness of microbiological methods of detection

for pathogenic bacteria. Most of these microbiological detection techniques involve

the binding of a non-fluorescent or fluorescent dye to the bacteria and the cultur-

ing and screening in the presence of several antibiotics for 2 to 3 days. Thus, while

a specific strain is being identified, a patient may die helplessly with kidney infec-

tion from E. coli or Salmonella (from food). A quicker detection method for patho-

genic strains of such bacteria is urgently needed to maintain human health around

the world.

Gold-based amperometric sensors are now recognized as very promising and

powerful tools in bio-fluid or biomaterial investigations and their associated clinical

studies. It is expected that such sensors will not only cut down the time of detec-

tion but also guide doctors to prescribe specific drug or antibiotic therapy to save a

human being without contributing unduly to the growing problem of drug resis-

tance. In addition, subtle changes in adsorbates at electrolyte/electrode interfaces

affect the AC capacitance measured in two electrode cell systems by Electro-

chemical Impedance Spectroscopy (EIS) and could be used to sensitively detect

and distinguish any strain of bacteria present on gold surface based biosensors,

provided binding specificity can be provided by a surface bound specific antibody.

An understanding of the electrical polarization mechanisms in bacteria leading to

the AC capacitive response and the database that catalogues this determined capac-
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itance behavior of selective antibody-bound bacteria are not available. Until such

knowledge is developed, EIS biosensor development will continue to proceed on a

case-by-case basis, limiting progress in the next few years.

Section 7.2 of this chapter gives a detailed method for the preparation of various

kinds of gold nanowires arrays (GNW), while Section 7.3 describes the method for

synthesis and attachment of a linker, dithiobissuccinimidylundecanoate (DSU), to

these GNW, which significantly increases the binding capacity of a specific anti-

body. Section 7.4 details the method of bacteria detection utilizing GNW and Elec-

trochemical Impedance Spectroscopy (EIS). Preliminary results demonstrate the

potential applications of this kind of biosensor in clinical laboratories, environmen-

tal monitoring, and the food industry to achieve rapid and sensitive detections.

7.2

Template Synthesis of Gold Nano-wire Arrays for Biosensor Applications

7.2.1

General Template Synthesis

Template synthesis is one of the ways to form nanostructured materials. The nano-

structured materials are formed by confining the nucleation and growth of the

material inside the ordered templates. The advantage of this method is that it can

be very generally applied. Various nanostructured materials, such as conductive

polymer [1–5], metals [6–11], and semiconductors [12–14], can be prepared using

the same type of template. Moreover, nanostructured materials with different

shapes, such as nano sized wires, rods, tubules and particles, can be prepared by

controlling the growth morphology of the materials inside a template cavity [15–

18]. With a two-step replication, the template nanostructure can be duplicated in

most materials [19]. Template synthesis has been able to produce materials with

the dimensions of only several nanometers [20, 21], which are very difficult to

make by lithographic methods. Template synthesis is also suitable for mass pro-

duction.

Most template syntheses reported in the literature have been accomplished by

the use of a nanoporous film. To date, there are mainly two types of films: ‘‘track-

etch’’ polymeric films and porous alumina films [22, 23]. Track-etch films are made

by bombarding a polymeric material to create damaged tracks and then chemically

etching these tracks into pores. These porous films are commercially available as

microporous or nanoporous polymeric filtration membranes, with pore diameters

ranging from 10 nm to several microns [22, 23]. The drawbacks of ‘‘track-etch’’

membrane are randomly distributed pores and a wide distribution of pore diame-

ters. Porous alumina films are produced electrochemically. Masuda et al. [24–26]

have reported that, under certain conditions, the pores are self-ordered. All the

pores have the same diameter and are uniformly distributed across the surface.

The pores are vertically aligned, perpendicular to the film surface, and hexagonally

arranged. In addition, the pore diameter is adjustable by controlling the conditions
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of the electrochemical preparation process. A very high aspect ratio (pore length

divided by the pore diameter) can be easily achieved, which is difficult to obtain by

conventional lithographic techniques. Because of the regularity of the pore struc-

ture and ease of formation, the porous alumina films with pore diameters from

5 nm to more than 200 nm have been used as the template to prepare various

nano-materials for applications in optoelectronic, electronic, and magnetic devices,

in addition to catalysis.

The ideal structure of an anodized porous aluminum oxide film is a two-

dimensional (2D) close-packed array of columnar hexagonal cells, each containing

a central pore normal to the underlying metal surface and separated from it by a

convex barrier-type film (Fig. 7.1). This porous Al2O3 film is made by electrochem-

ical anodic oxidation of aluminum in a chilled acid bath. Traditionally, Al2O3 film

is prepared to protect the metal against corrosion and to improve its abrasion and

adsorption properties. The more recent and rapidly growing applications of porous

anodic alumina in nano material synthesis are due to the self-assembled and well-

controllable pore structure, high throughput, and low cost compared with conven-

tional lithographic (electron beam, focused ion beam, X-ray, STM/AFM, etc.) tech-

niques.

Anodic processes consist of the oxidation of metals and the formation of a hard

oxide film, the partial dissolution of metals in the electrolyte, and the evolution of

gaseous oxygen at the anode. The applied electric field sustains a continued growth

of the film by causing metal ions and oxygen ions to be pulled through the grow-

ing film in opposite directions.

More than 40 years ago, Hoar and Mott [27] first proposed their field-assisted

dissolution model to explain the pore initiation and growth phenomena. This elec-

tric field-assisted dissolution theory has been widely accepted since then to explain

the steady-state growth of the pores [1, 28, 29]. This theory showed that pore

growth is balanced by field-assisted dissolution at the bottom of the advancing

pore, whose rate is determined by the local field and by the radius of curvature of

Fig. 7.1. Schematic illustration of the porous oxide film that

grows on aluminum when it is anodized in acidic electrolytes.
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the pore base. Therefore, the applied voltage is the most important factor that af-

fects the formation and growth of the pores. Both pore diameter and pore spacing

depend on the cell voltage. Other factors, such as pH and acid aggressiveness, also

affect the oxide formation. The ratio of pore diameter to pore separation is found to

be independent of voltage but varies with the pH of the electrolyte and at pH

higher than 1.77 a nonporous oxide film forms [26]. Relatively non-aggressive elec-

trolytes promote thicker barrier layers, larger cells and larger pores than aggressive

electrolytes under constant current density conditions. The acid aggressiveness de-

creases in the order of sulfuric acid > oxalic acid > phosphoric acid. In sulfuric

acid, pore sizes of 15–20 nm are usually formed; while in oxalic acid and phos-

phoric acid 40–60 nm pores and 120–180 nm pores respectively, are more com-

monly found.

The reason for the self-organization of the pores is still not very clear. The driv-

ing force could be the lateral component of the electrical field at the pore bottom

curvature and also, could be the mechanical stress or thermal effects [26, 28, 30]. It

is generally agreed that long anodization time and low anodization temperature

improve the ordering of the pores. For different acids, the best ordering occurs in

different potential regions. The experimental results of Masuda et al. showed that a

well-ordered hexagonally arranged pore structure was accomplished with anodiza-

tion in 0.5 m H2SO4 at 25 V, or in 0.3 m oxalic acid at 40 V, or in 0.3 m H3PO4 at

195 V [24, 25, 31]. However, very long-period anodizations, from 16 to 160 h, were

used to achieve the best ordering.

The initial surface structure of the metal plays an important role in the pore ini-

tiation mechanism [28, 32]. Yue has shown that pores would preferentially nucle-

ate at the bottom of depressions in electropolished aluminum surfaces or at defec-

tive sites, such as grain boundaries or cracks [33]. Therefore, improved ordering of

the pore structure can be, possibly, obtained in a shorter time by introducing de-

signed ‘‘preferred sites’’ to facilitate the nucleation of pores in a desired way. For

example, an almost defect-free porous structure has been achieved by using a SiC

stamp with a hexagonally ordered array of convexes to pre-texture the aluminum

surface [24]. Two-step anodization can also achieve a better ordering and form

well-ordered pores with a very short aspect ratio [19]. A long-term anodization in

the first step generates a well-organized porous structure at the pore bottom. After

complete removal of the anodic oxide film prepared in the first step by dissolution

in the mixture of chromic acid and phosphoric acid, a highly ordered array of dim-

ples remains on the surface of aluminum metal that becomes the pore initiation

sites in the second anodization step. However, the overall preparation time is still

long.

Previous work has determined that the electrochemically polished aluminum

surface can exhibit a very regular pattern of aligned stripes or hexagonal arranged

dots, depending on the time of the electropolishing and the voltage applied [33–

39]. The patterns are attributed to preferential adsorption of organic molecules on

the convex portion of the electrode due to its locally enhanced electric field [39].

The wavelength of the pattern increases monotonically with the applied voltage

and also depends on the effective electrolyte polarizability. When the electrochemi-
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cally polished patterned surface with the right wavelength has been used for anod-

ization, a well-organized nano-porous oxide structure was formed in a very short

time. Therefore, highly ordered nano-porous aluminum oxide template can be fab-

ricated rapidly.

7.2.2

Template Formation

The porous alumina template was fabricated using 99.999% 0.1 mm thick alumi-

num foil (Alfa Aesar, Ward Hill, MA). The foil was annealed in nitrogen at 500 �C

for 3 h before electropolishing at 40–42 V DC for 60 s in a LECO electropolishing

tank EP-50 (LECO Corporation, St. Joseph, MI) with an electrolyte consisting of

70.0 vol.% of ethanol (CH3CH2OH), 13.8 vol.% distilled water, 10.0 vol.% butyl cel-

lusolve (CH3(CH2)3OCH2CH2OH), and 6.2 vol.% perchloric acid (HClO4). The

electropolishing temperature was 10 �C, controlled by a Julabo1 FP30 refrigerated

circulating bath (Julabo USA Inc., Allentown, PA). Anodization was performed in

0.3 m oxalic acid (pH 1.6) at a constant voltage of 40 V and 3 �C for 10 min. The

reaction was executed in a jacketed glass reactor with vigorous agitation. The anod-

ization process was controlled by a digital acquisition system running a custom

LabVIEW5 program that logged the anodization current and controlled the applied

voltage at a preset level. After anodization, the foil was immersed in 5% (by

weight) phosphoric acid (pH 1) with moderate stirring for 45 min to round the

pores.

Field emission scanning electron microscopy (SEM, Hitachi, Model S4500)

was used to observe the anodized alumina membranes and the nano-structured

gold arrays. Atomic force microscope images were taken by a tapping mode

atomic force microscope (AFM, Model Dimension 3100, Veeco Instruments,

Woodbury, NY). X-Ray diffraction patterns were obtained using Cu Ka radiation

(wavelength ¼ 1.5405 Å) on a Scintag X-ray diffractometer (Scintag Inc., Cuper-

tino, CA).

Figure 7.2 shows a typical anodization curve of aluminum in 0.3 m oxalic acid at

40 V, 3 �C. The curve can be divided into three regions. In region I, the current

density surges to a very high value in a very short time, representing the barrier

oxide layer formation. Once the barrier oxide layer forms, the current starts to

drop because of the lower mass transport through the oxide layer. After the current

reaches a minimum, it increases again in region II, where pore nucleation occurs.

Region III is the pore growth and self-adjustment region in which the dissolution

of the aluminum metal and the oxide formation have the same rate.

The ordering near the pore bottom (pore advancing front) was observed to be

better than that near the pore opening because of a longer self-adjustment time.

Figure 7.3(a) and (b) are SEM images viewed from the top and bottom of a porous

alumina film anodized in 0.3 m oxalic acid at 3 �C, 40 V for 16 h. At the pore bot-

tom, the cells have an almost perfect hexagonal shape and uniform size. The aver-

age distance from the center of the cell to the center of the neighboring cell is

100 nm, which is also shown in the magnified cross-section image (Fig. 7.3(d)). Al-
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though there are still a couple of defect sites, the ordering at the pore advancing

front is much better than that at the pore opening.

Figure 7.4 demonstrates the impact of the initial surface structure of the alumi-

num metal on the pore ordering of the template. One of the electropolishing pat-

terns containing regular stripes of wavelength of 102 nm was observed when the

aluminum foil was electropolished at 41 V, 10 �C for 60 s (Fig. 7.4a). Actually, at

this voltage the electropolishing pattern is at the transition from regular stripes to

regular hexagons [39]. The onset of the breakdown of the stripes to dots was ob-

served. When this pre-patterned sample was anodized, the prior electropolishing

pattern impacted the initial pore nucleation and hence the final pore ordering. Fig-

ure 7.4(b) shows one sample anodized in 0.3 m oxalic acid at 40 V, 3 �C for 5 min.

The pores are aligned along parallel lines, and the average distance from line to

line is about 100 nm, indicating that the pores are preferentially initiated along

the valleys of the stripe pattern obtained from electropolishing. For comparison,

Fig. 7.4(c) is the porous structure obtained when the aluminum was not electro-

polished.

The templates discussed here were produced without electropolishing since array

order was not important. The aluminum foil was anodized for 10 min in 0.3 m

oxalic acid at 3 �C. The pores were then widened and rounded in 5 wt.% H3PO4

for 45 min. Figure 7.4(c) shows a typical SEM image of an anodized oxide film.

The average pore diameter is 65 nm with a standard deviation of 4.3 nm and the

separation is 95 nm with a standard deviation of 6.2 nm. The porosity is 43%

and the pore density is 1:4� 1010 cm�2. To determine the anodization rate, the

thicknesses of the oxide layers were measured by SEM after the aluminum metal

was removed in saturated HgCl2 solution. The anodized aluminum oxide film was

Fig. 7.2. Dependence of anodization current on time for

aluminum anodized in 0.3 m oxalic acid at 40 V and 3 �C.
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about 2.5 mm thick for 60-min anodization, 5.3 mm thick for 120-min anodization

and 37 mm for 16-h anodization. The calculated average growth rate is about

42 nm min�1. Therefore, the estimated pore depth for 10-min anodization is

around 420 nm.

7.2.3

Fabrication of Gold Nano-wire Arrays (GNW)

Gold nanowire arrays were formed by a two-step deposition procedure, which con-

sisted of electrochemical deposition and electroless plating. Electrodeposition was

carried out in a CEC/TH electrochemical cell (Radiometer Analytical, Loveland,

CO) with a platinum disc counter electrode. The electrolyte was HAuCl4�3H2O

(1 g L�1; ACS reagent grade, ICN Biomedicals Inc., Aurora, OH)þH2SO4 (7 g L
�1).

An AC voltage of frequency 60 Hz and RMS amplitude of 15 V was applied at

room temperature for 1 min. The electrochemical deposition was used to drive

gold ions down to the bottom of the pores and form gold metal nuclei. Electroless

Fig. 7.3. SEM images of an alumina oxide

film, anodized in 0.3 m oxalic acid at 40 V, 3 �C
for 16 h. (a) View from the top of the oxide

film; (b) from the bottom side of the oxide

film; (c) a cross-section image that shows that

the oxide layer is 37 mm thick; and (d) a higher

magnification image of the cross-section,

showing the parallel columnar pores.
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deposition was used to grow gold nanowires. Electroless deposition used a com-

mercial Neorum TWB gold plating solution (Uyemura International Corporation,

Ontario, CA). For the best plating speed and quality, the deposition temperature

was controlled in the range of 68–72 �C. No stirring of the solution was supplied.

Two types of gold nanowire arrays were prepared by this template synthesis

method. The experimental procedure is described schematically in Fig. 7.5. The

first type of structure was formed by filling the pores, so that gold was deposited

just to the top of the porous alumina template surface (Fig. 7.5(a)). The gold nano-

wires were still embedded in the oxide template and separated from the Al metal

by a 3-nm thick oxide barrier, with the tips of the wires sticking out to interact with

biomolecules for later biosensor applications. The second type of surface was made

by a 2.5–3 h electroless plating of gold. After the pores of the template were com-

Fig. 7.4. (a) AFM image of an aluminum surface

electropolished for 60 s at 41 V, 10 �C. A regular striped

structure developed. (b, c) Porous alumina oxide formed at

40 V, 3 �C in 0.3 m oxalic acid for 5 min: (b) after electro-

polishing and (c) without electropolishing.
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pletely filled with gold, gold was plated onto the top surface of the oxide template.

Before use, both the oxide template and the underlying unanodized aluminum

metal were removed by immersing the sample in 1.5 m NaOH at 40 �C. After the

dissolution, the overplated thin (@5 mm) gold film was left with gold nanowires

protruding from the surface like the bristles of a brush (Fig. 7.5b).

For the application of biosensors, the substrate materials should be compatible

with and have a good affinity for biological molecules and should also be stable in

air or aqueous solution for reliable measurements. Gold is a good candidate for

this purpose. Gold has good affinity to biomolecules – functional groups such as

thiol (aSH) or amine (aNH2) can chemically adsorb onto the gold surface. The

bonds are strong enough to survive measurements in flowing liquids and even in

a vacuum.

There are two common ways to electroplate metals inside the pores. The first is

to electrodeposit metal from a metal ion solution by AC current. Alternating cur-

rent was needed to deposit metal inside the pores because of the rectifying nature

of the Al metal/oxide junction [9, 40, 41]. Another approach is to remove the alu-

minum metal and etch through the barrier layer of the oxide to get a through-hole

oxide membrane. Then a thin layer of metal is evaporated onto one side of the ox-

ide as the cathode, so electrodeposition by DC current can be carried out. Electro-

less plating has a distinct advantage over electroplating in its capability to coat a

surface that is not electronically conductive, such as aluminum oxide. Martin et al.

Fig. 7.5. Schematic view of the procedure for preparing gold

nanowire (GNW) arrays, (a) embedded in the aluminum oxide

template (GNW-Al2O3) and (b) free-standing (GNW).
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also discovered that electroless plating allowed for more uniform gold deposition

than electrochemical plating [18]. Therefore, a commercial electroless gold plating

bath was chosen to grow the gold wires inside the aluminum oxide template. This

plating solution is a non-cyanide solution and works at a neutral pH. Most of the

conventional electroless gold plating baths are strongly alkaline [42]. However, alu-

mina is only stable in the pH range between 4 and 9. When the pH is above 9,

Al2O3 can be dissolved and form aluminate ion (AlO2
�). Thereby the porous struc-

ture can be damaged.

The basic components of an electroless plating solution are a gold salt (Auzþ)

and a reducing agent (Redsolution). This reducing agent will reduce gold ion to gold

metal (Aulattice) and form an oxidized species in the solution (Oxsolution) when a cat-

alytic surface is present. The overall reaction is:

Auzþ
solution þ Redsolution �������!catalytic surface

Aulattice þOxsolution

Without a catalyst, this reaction is extremely slow and, therefore, prevents gold for-

mation in the solution. A non-catalytic surface to be plated must be activated by

generating catalytic metal nuclei on the surface to obtain a practical plating rate.

The catalyst metal may be any of Pd, Pt, Au, Ag, or Cu. In this work, gold seeds

were put down as the catalytic sites. The deposition of gold seeds was realized by

AC electrodeposition. The locally enhanced electric field will drive the metal ions

down to the pore bottom and form nuclei there [43]. Gold wires were then grown

on these catalytic sites by electroless plating. The length of the wires can be simply

controlled by the plating time.

Figure 7.6 is the top view SEM image of an alumina membrane with gold inside

the pores. The time used for electrodeposition was 1 min and for electroless depo-

sition it was 5 min. Since the electrodeposition solution was acidic (pH 2), contain-

ing H2SO4, prolonged immersion in this solution with an AC voltage applied may

damage the template; consequently, the electrochemical deposition was performed

Fig. 7.6. SEM image of an aluminum oxide template with gold deposited inside the pores.
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for no longer than 1 min. Notably, not all the pores are filled with gold. This is

probably due to the low frequency (60 Hz) of the AC voltage applied. The filling

percentage increases as the frequency increased from 100 to 750 Hz for electro-

deposition of Ni and Bi inside the pores of alumina films [44]. This is because

more nuclei are formed at higher frequencies, promoting the deposition better.

This is similar to pulse plating, which has more ‘‘throwing’’ power to facilitate the

filling of the pores. However, a lower frequency may be preferred if a uniform

growth of the wires is required [45].

Because only the gold nuclei at the pore bottoms produced by electrodeposition

were catalytic sites for the electroless plating, gold was only plated inside the pores

and not on the top of the oxide layer. After the pores were completely filled with

gold, gold began to plate on top of the oxide film. It was found experimentally

that the time needed for electroless plating to fill the pore (the average length is

@420 nm) was about 5 min, when the temperature of the electroless plating bath

was controlled between 68 and 72 �C. Owing to the special optical properties

of nano-sized metal-oxide composite, the color of the gold-alumina composite

changes depending on the aspect ratio of the gold wire inside the oxide [46–51].

This phenomenon was also observed in this research in that the gold-alumina

changed from purple to dark blue, then green and yellow during the filling of the

pores (65 nm in diameter, 420 nm long) of the oxide layer with gold.

Figure 7.7(a) and (b) shows top-view SEM images of the free-standing gold nano-

wires at lower and higher magnifications respectively, after the dissolution of both

the alumina and the residual aluminum metal. The electroless plating was carried

out for 2.5 to 3 h, resulting in an overplated gold film of about 5 mm thick. The

wires stood on this overplated gold film. According to the SEM images, the average

diameter of the wire is 62 nm with a standard deviation of 6.4 nm, and the distance

from the center of the wire to the center of the neighboring wire is 93 nm, with a

standard deviation of 7.5 nm. This is consistent with the pore size and the inter-

pore distance of the template. Notably, in Fig. 7.7(a), some gold nanowires are

Fig. 7.7. SEM images of the top view of gold nanowires. Magnifications: (a) 60k�. (b) 300k�.
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lying down in two regions. They were deformed intentionally with tweezers in an

attempt to measure the length of the wires.

Figure 7.8(a) shows an X-ray diffraction pattern of the gold nanowire arrays in-

side the alumina template. There is only one peak, at about 2y ¼ 44�, which repre-

sents the Au(200) crystal plane. No Al2O3 peaks appeared at this scale, indicating

the oxide was probably amorphous. The X-ray diffraction pattern of the electroless-

plated gold film is shown as pattern (b) in Fig. 7.8. The peaks corresponding to

Au(111), Au(200), Au(220), Au(311), and Au(222) crystal planes appeared, meaning

that this electroless-plated gold film is polycrystalline with a face-centered cubic

crystal structure. When the sample with free-standing gold nanowire arrays on

top of the electrolessly plated gold film was scanned, again all the gold peaks ap-

peared (pattern (c) in Fig. 7.8). This X-ray diffraction pattern is not only the diffrac-

tion pattern of the gold wires but may also have a contribution from the underlying

electrolessly overplated gold film.

In this work, nanogold wire arrays were formed based on a template synthesis

method. The template was a nano-porous aluminum oxide membrane produced

by electrochemical anodization in 0.3 m oxalic acid. Gold nanowires were grown

by filling the pores of the template by electrochemical plating and electroless plat-

ing. The gold nanowires could either be embedded in the oxide matrix or be free-

standing on a thin gold film. The average diameter of the wire was 62 nm, which is

consistent with the size of the pores. The wire could be as long as the depth of the

pore or shorter, depending on the deposition time.

Gold has selective affinity to some functional groups, such as amine (aNH2) and

thiol (aSH). These functional groups exist extensively in bio-entities, such as en-

zymes and antibodies, which are common bio-sensing elements for the detection

of a particular bio-reaction or bio-interaction. Both kinds of nano-structured gold

Fig. 7.8. X-ray diffraction patterns of (a) gold nanowires

embedded in a porous alumina template; (b) an electrolessly

plated gold film (@5 mm thick), and (c) free-standing gold

nanowire arrays on top of the electroeless plated gold film. The

average length of the wire is about 420 nm.
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surfaces fabricated in this work, including the free-standing gold nanowires and

the gold nanowire arrays embedded inside the porous alumina template, could be

the substrates for sensor applications. Electrochemical and optical transducers can

be applied. The free-standing gold nanowire arrays have a large surface area, which

improves the binding capacity of bio-sensing molecules or electrochemically active

species; and enhances the reaction current and double-layer charging capacitance

that can be detected with electrochemical methods, such as chronoamperometry

or impedance spectroscopy. Complete sealing of the cylindrical surface of the gold

nanowires inside the aluminum oxide template, with only the end disk-shaped

electrode exposed to the electrolyte, enables detection by electrochemical methods,

such as cyclic voltammetry, because of the reduced charging current and the en-

hanced signal-to-noise ratio [18, 52]. The special optical properties of this nano-

structured metal-oxide composite may also find use in optical sensors [49, 51].

7.3

Synthesis of a Linker and its Attachment to Gold Posts of GNW followed by

Binding to Specific Antibodies

Figure 7.9 gives the synthesis of DSU [53]. In the first reaction, 11-

bromoundecanoic acid (1) was added to Na2S2O3 in 50% aqueous 1,4-dioxane and

Fig. 7.9. Synthesis of the dithio-bissuccinimidylundecanoate (DSU) linker.
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refluxed for 2 h at 90 �C to yield the Bunte Salt (2). Oxidation to the disulfide was

carried out by adding I2. Surplus I2 was retitrated with 15% aqueous sodium pyro-

sulfite. The 1,4-dioxane solvent was removed by rotary evaporation and the suspen-

sion was filtered to yield dithio-bis(undecanoic acid) (3). Purification was achieved

by recrystallization from ethyl acetate/THF(1:1). N-Hydroxysuccinimide (NHSA)

was added to a solution of (3) in MeOH, followed by the addition of dicyclohexyl-

carbodiimide (DCC) at 0 �C. The reaction mixture was cooled to 25 �C and stirred

for 36 h. MeOH was removed by rotary evaporation, and the product was resus-

pended in THF and filtered off. The crude final product (4) was purified by recrys-

tallization from 1:1 acetone/hexane, and by silicic acid column chromatography to

yield DSU (4). All intermediates were characterized by IR spectroscopy.

Initial studies were carried out using various amounts of (Goat PAb)E: coli to de-

termine the degrees of direct binding to the gold plate. Competition studies were

carried out among three kinds of testing surfaces (as shown in Fig. 7.10): (I) flat

gold disc (FGD), (II) free-standing gold nanowire array (GNW), and (III) gold

nanowire array surrounded by Al2O3 (GNW-Al2O3), to determine which had the

higher affinity for antibody binding. The flat gold surface (structure I) was pre-

pared by electron beam evaporation of gold on a Si(100) n-type wafer under a vac-

uum of about 1� 10�6 Torr. The deposition speed was around 10 Å s�1. The gold

layer was 200 nm thick.

The DSU linker was applied to the surface to covalently immobilize the anti-

bodies. Covalent immobilization of (Goat Pab)E: coli was accomplished by immers-

ing the gold discs in 1500 mL of a 1 mm DSU in MeOH solution for 30 min at

room temperature [54]. After rinsing with MeOH (7 mL), the N-hydroxysuccini-
midyl (NHS) terminated monolayers were dried under a stream of nitrogen gas

and immediately used for immobilization of E. coli antibodies. Figure 7.11 depicts

the self-assembly of DSU to form self-assembled monolayers (SAM) on the gold

surface. Covalent immobilization takes place when a lysine residue of the antibody

comes into contact with the DSU SAM to nucleophilically attack the carbonyl

carbon, thereby displacing the N-hydroxysuccinimide to form an amide linkage

(Fig. 7.12). Covalent immobilization of antibodies via SAM (Fig. 7.12) is desirable

because of the tendency to increase the binding capacity of the gold surface for the

antibody. This is predicted because the linker has a long carbon chain, protruding

directly up from the plate, that can freely rotate in space. This creates a more steri-

Fig. 7.10. Structures of the surfaces investigated.
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cally favorable condition for the antibodies to bind to monolayers because there is

less chance of antibody crowding, whereas when antibodies are directly bound to

the gold nanowire surfaces without the SAM there may be crowding on the gold

surface that decreases the binding capacity.

Studies of the influence of the linker on antibody binding were also carried out

among the same set of three surface types.

Fig. 7.11. Formation of self-assembled monolayers with the

dithio-bissuccinimidylundecanoate (DSU) linker.

Fig. 7.12. Covalent immobilization of antibodies via a DSU self-assembled monolayer.
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The binding of anti-E. coli antibody was determined optically by enzyme-linked

immunosorbent assay (ELISA). Alkaline-phosphatase-conjugated second antibody

(rabbit anti-goat IgG) was added to the gold discs after washing off unbound first

antibody. The anti-E. coli antibody binding to the gold substrates was then quanti-

tated optically by measuring the hydrolysis of p-NO2-phenylphosphates (Fig. 7.13).

Tables 7.1–7.3 give the ELISA results.

From the data it was determined that, without linker, the gold surface with Al2O3

(GNW-Al2O3) bound the antibodies more efficiently than the gold nanowires

(GNW), although gold nanowires have a huge surface area (e.g., GNW-1 vs. GNW-

Al2O3-1). It was inferred that the antibodies are not able to fit completely inside the

crevices or between the wires, thereby decreasing the binding capacity. For the sur-

face with Al2O3, it was hypothesized that the antibodies may be binding to the

Al2O3 as well as the Au.

Fig. 7.13. Schematic representation of antibody binding detection by the ELISA sandwich assay.

Tab. 7.1. Relative affinity of (Goat PAb)E: coli to flat gold discs

(FGD) with and without DSU linker.

1 mM DSU (mL) 1st antibody (mg) 2nd antibody (mg) O.D.405 nm

FGD-1 – 5 6 0.144

FGD-2 – 10 12 0.337

FGD-3 1500 5 6 0.224

FGD-4 1500 10 12 0.510

FGD-5 – – 6 blank
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It was determined that the linker greatly enhances antibody binding for the free-

standing gold nanowire surfaces (GNW) (e.g., GNW-3 vs. GNW-1). The presence of

the linker also enhances antibody binding for the GNW-Al2O3 surfaces (e.g., GNW-

Al2O3-3 vs. GNW-Al2O3-1). However, the increase in antibody binding is not as

great as it was for the gold nanowire surfaces (GNW-3 vs. GNW-Al2O3-3). For flat

gold surfaces, DSU linker also enhances the antibody binding, but the effect is not

as great as GNW and GNW-Al2O3 surfaces. This may be because the flat surface

does not have the crevice characteristic and, therefore, exhibits a lower binding ca-

pacity for antibodies than other kinds of surfaces.

7.4

Development of Electrochemical Nano-biosensor for Bacteria Detection

7.4.1

General Detections for Biosensors

Biosensors have attracted considerable attention and have found extensive applica-

tions. However, although there is an extensive literature on various combinations

Tab. 7.2. Relative affinity of (Goat PAb)E: coli to a gold nanowire

array (GNW) with and without DSU linker.

1 mM DSU (mL) 1st antibody (mg) 2nd antibody (mg) O.D.405 nm

GNW-1 – 5 6 0.127

GNW-2 – 10 12 0.204

GNW-3 1500 5 6 0.648

GNW-4 1500 10 12 0.652

GNW-5 – – 6 blank

Tab. 7.3. Relative affinity of (Goat PAb)E: coli to gold nanowire

array embedded in Al2O3 (GNW-Al2O3) with and without DSU

linker.

DSU 1 mM (mL) 1st antibody (mg) 2nd antibody (mg) O.D.405 nm

GNW-Al2O3-1 – 5 6 0.192

GNW-Al2O3-2 – 10 12 0.354

GNW-Al2O3-3 1500 5 6 0.257

GNW-Al2O3-4 1500 10 12 0.590

GNW-Al2O3-5 – – 6 blank
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of biological recognition elements and transducers in biosensor configurations, the

conventional biosensors generally lack the combination of high-speed detection,

high specific sensitivity and the ability to be integrated into a miniaturized sensor

[55]. Therefore, in recent years, intensive research has been undertaken to develop

the technology of portable, selective and sensitive biosensors capable of immediate

results [56, 57]. The development of biosensors in this work was based on electro-

chemical impedance measurements on nanostructured substrates, with the aim of

increasing the sensitivity, and decreasing the response time and the size of the de-

vice.

Among various transducers, electrochemical transduction strategies have dis-

tinct advantages in that they offer a much higher sensitivity and a simple, fast

detection procedure. Owing to the capability of the measurement of nano- or pico-

ampere current by conventional instruments, the pretreatment steps, such as sep-

aration and pre-enrichment, are no longer necessary. In addition, the equipment

required for electrochemical analyses are simple and inexpensive as compared

with most other analytical techniques. Furthermore, electrochemical techniques

are more suitable for miniaturization, circuit integration and continuous electrical

controls. With the development of microelectronics, the integrated circuit industry,

nanotechnology and microfluidics, electrochemical transducers could be one of the

most promising candidates for future sensor development.

Electrochemical impedance spectroscopy (EIS) was chosen as the main detection

method because it is a very sensitive method that facilitates the direct measure-

ment of the antigen–antibody interaction. This method does not require the pres-

ence of tags, such as redox probes, fluorophores, dyes or radioactive species, for the

detection. This greatly simplifies the detection procedures. Moreover, EIS measure-

ments require only a very small voltage (which is usually less than 20 mV) to be

applied to the system. This small voltage applied is beneficial not only because it

allows a complicated nonlinear problem to be simplified into a pseudo-linear prob-

lem during the analysis, but also because it is less destructive to the biological

properties of the biomolecules, such as the activities of enzymes and antibodies,

minimizing the impact on the sensitivity, stability and reliability of biosensors em-

ploying EIS.

Figure 7.14 depicts a model of the nano-biosensor. The nano-structured sub-

strate, with biological recognition components immobilized, was the working elec-

trode. The nano-structured substrates were gold nanowire arrays, which were

fabricated as described in Section 7.2. To detect a specific type of bacteria, the bio-

logical recognition component was a bacteria-specific antibody. To enhance the

binding strength and capacity, the specific antibody was covalently bound onto the

gold surface through an organic ‘‘linker’’ molecule (Section 7.3). Escherichia coli (E.
coli) was the target analyte for this sensor prototype. The reaction scheme at the

electrode surface includes: (a) assembling the linker onto the gold substrates; (b)

covalent binding of the anti E. coli antibody onto the linker; and (c) tethering of

the target E. coli antigen. The voltage and current signals were recorded when the

analyte interacted with the biological recognition component. This study was car-

ried out using both the nano-structured gold substrates and the conventional
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e-beam evaporated planar gold substrate. The effect of the nano-scale structure of

the substrate on the detection sensitivity was investigated. Optimization of the di-

mension of the nano-structured gold substrates is expected in the future.

7.4.2

Experimental Conditions

E. coli antigen was cultured in the Department of Chemical and Biomolecular En-

gineering at the University of Notre Dame from the strain – ATCC #11775 (Amer-

ican Type Culture Collection, Manassas, VA). The bacteria were suspended in a

0.01 m phosphate saline buffer. The number of bacteria was counted during cultur-

ing after serial dilution using an optical microscope.

The antibody used was polyclonal goat anti E. coli antibody (catalog # 1091) from

ViroStat (Portland, Maine). The concentration of the antibody was 0.4 mg mL�1.

Dithio-bissuccinimidylundecanoate (DSU) was synthesized as described in Section

7.3. It was used to covalently link the antibody onto the gold substrate. Thus, it is

also called the ‘‘linker’’. The final concentration of DSU was 1 mm, dissolved in

methanol.

All electrochemical measurements were performed using a Gamry FAS1 poten-

tiostat (Gamry Instruments, Warminster, PA). Electrochemical impedance spec-

troscopy (EIS) was performed in the frequency range 10�2–105 Hz at an amplitude

of 10 mV (RMS) around the open circuit potential. A three-electrode electro-

chemical cell was used. The reference electrode was a saturated calomel electrode

(SCE) and the counter electrode was a platinum disk. The exposed geometric

surface area of the working electrode was 0.2 cm2, defined by a silicone rubber

washer.

Fig. 7.14. Biosensor model for the detection of E. coli bacteria.
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All measurements were performed in 0.01 m phosphate buffer saline (PBS

buffer) solution (Sigma, St. Louis, MO), which has a pH of 7.4 at 25 �C. All dilu-

tions were made using Millipore [Millipore, Bedford, MA (18 MW)] water.

Three kinds of surfaces with the same geometric area have been studied for

comparison. They are (I) vacuum evaporated gold on Si wafer (FGD); (II) free-

standing gold nanowire array (GNW), and (III) gold nanowire array distributed in-

side the pores of the anodized alumina template (GNW with Al2O3). Figure 7.10

depicts the structures of the substrates.

The general biomolecule immobilization steps were as follows. First 1 mm DSU

(20 mL) was added to the substrate. The sample was rested at room temperature for

30 min, followed by washing in methanol. After the sample was dried under an air

stream, antibody (10 mL, 0.4 mg mL�1) was added and the sample was rested at

room temperature for 2 h to let the antibody interact with the DSU linker. The

sample was kept wet by sealing in a glass bottle. If needed, another 10 mL of PBS

buffer was added to the sample after 1 h. The sample was then rinsed with PBS

buffer to remove the loosely bound antibodies. E. coli bacteria were added in units

from 10 to 25 mL, depending on the final surface concentration of bacteria desired

and the E. coli concentration of the stock solution used. After adding the bacteria,

the sample was rested for another 1.5 to 2 h at room temperature to let the anti-

gens attach to the antibodies. Finally, the sample was rinsed with PBS buffer be-

fore the electrochemical measurements.

7.4.3

Electrochemical Impedance (EIS) Detection of E. coli

The detection of the E. coli antigen was investigated by sequentially adding a cer-

tain number of E. coli cell onto the antibody/linker coated substrates.

The EIS data can be analyzed by an equivalent circuit model [58, 59]. However,

for this E. coli sensor device, the equivalent circuit model analysis could be very

complicated because:

� There are three layers of molecules that have been immobilized on the surface:

linker, antibody and antigen. Each layer may not be completely loaded. Also, in

every layer, either the organic linker or the bioentities may be immobilized at dif-

ferent orientations, which also results a nonuniform biomembrane.
� The substrates studied have nanostructured surfaces. These nanostructures can

cause an inhomogeneous current distribution along the surface and disturb the

double-layer structure.
� There is an electrostatic force between the biomolecules, which changes the po-

larizability of the system and influences the impedance measurements.

Therefore, this biosensor study used a simplified circuit model that contained only

an overall resistance and an overall capacitance connected serially.

It was assumed that the binding of the biomolecules causes the capacitance to

change and the measured imaginary part of the impedance comes mainly from
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the capacitive behavior of the biomembrane. Therefore, the number of E. coli on
the surface can be approximately determined from the system capacitance value.

This overall capacitance can be calculated by the Eq. (1):

C ¼ 1=½2pf jZimagj� ð1Þ

where jZimagj is the magnitude of the imaginary part of the impedance, in ohms, f
is frequency in Hz, and C is capacitance in farads. Equation (1) can also be rewrit-

ten as

jZimagj ¼
1

C
o�1 ð2Þ

where o�1 ¼ 1=2pf , in rad�1 s. Therefore the capacitance C can be obtained as the

inverse slope of a plot of the imaginary impedance Zimag against the reciprocal fre-

quency for the low frequency data.

7.4.3.1 EIS on Flat Gold Surfaces

Figures 6.15 and 6.16 are representative EIS results on an enzyme-coated flat gold

electrode with different numbers of E. coli bacteria attached. Figure 6.15 is the

Nyquist plot. Figure 7.16 is the same result plotted as the imaginary part vs. the

frequency.

The capacitances can be calculated by the reciprocal slops of jZimagj vs. o�1

(Fig. 7.17a). If the capacitance of the electrode with linker and antibody, 4.3 mF, is

Fig. 7.15. Electrochemical impedance spectroscopy (EIS) on a

flat gold surface with different amounts of E. coli bacteria

attached (Nyquist plot).
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Fig. 7.16. EIS on a flat gold surface with different amounts of

E. coli bacteria attached (�Zimag vs. frequency).

Fig. 7.17. (a) jZimagj vs. o�1, and (b) relative capacitance

change vs. the number of E. coli (log scale) on a flat gold

electrode.
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considered as a reference capacitance, Fig. 7.17(b) shows the relative capacitance

change with the number of E. coli bacteria tethered. There is a linear relationship

between the change of capacitance and the logarithmic number of E. coli cell on
the surface when the number of E. coli cell is from 50 to 1000. The sensitivity of

the capacitance change is about �0.5 mF per log(number of E. coli cells).

7.4.3.2 EIS on GNW

On a free standing gold nanowire array, typical EIS results are shown in Figs. 7.18

and 7.19. The same calculation procedure was applied as that for a flat gold. The

imaginary impedance is also linear with the reciprocal radial frequency in the low

frequency range (Fig. 7.20(a)). The relative capacitance change because of the bind-

ing of the E. coli cells is shown in Fig. 7.20(b). A similar linear relationship be-

tween the change of the capacitance and the log scale number of E. coli was ob-

tained in the concentration range from 50 cells to 2000 cells. The slope was

determined to be �29.82 mF per log(number of E. coli cells). The sensor saturates

at a higher concentration than a flat gold electrode.

7.4.3.3 EIS on GNW with Al2O3

Figures 7.21 and 7.22 shows a typical set of the impedance results of E. coli at-
tached GNW-Al2O3. The Nyquist plots of this sensor surface have very different

shapes from the previous ones. This is because of the different structure of the

sensor, in other words, the gold nanowires are embedded in an insulating alumina

matrix. The capacitance of this insulating oxide layer also contributes to the system

overall capacitance. However, the capacitance of the oxide layer could be assumed

Fig. 7.18. EIS on GNW with different amounts of E. coli bacteria attached (Nyquist plot).
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Fig. 7.19. EIS on GNW with different amounts of E. coli

bacteria attached (�Zimag vs. frequency).

Fig. 7.20. (a) jZimagj vs. o�1 and (b) relative capacitance

change vs. the number of E. coli (log scale) on a GNW

electrode.
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Fig. 7.21. EIS results for a GNW-Al2O3 sample with different

amounts of E. coli cells attached (Nyquist plot).

Fig. 7.22. Imaginary part of impedance vs. frequency of a

GNW-Al2O3 sample with different amounts of E. coli cells

attached.
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to be constant before and after the antigens interact with the antibodies, which

means that the observed capacitance change is only due to the binding of E. coli
cells. If the imaginary part of impedance is plotted vs. the frequency, a peak shape

curve was obtained (Fig. 7.22). The imaginary impedance vs. frequency curve was a

peak shape in many tests for this type of substrate. The peak frequencies for differ-

ent samples were in the range 1 Hz–100 Hz. This peak is most likely due to the

presence of Al2O3 on the substrate. The impedance results of an anodized Al2O3/

Al electrode tested in 0.01 m PBS buffer shown in Fig. 7.23 confirmed this specu-

lation.

The capacitance can be calculated for this type of substrate from the data in the

region of the right-half of the peak in the figure. Figure 7.24(a) shows the fitting

results. If the capacitance of the electrode with linker and antibody is set as the ref-

erence capacitance, the relative capacitance change vs. the number of E. coli cells
can be plotted as shown in Fig. 7.24(b). An increase of the capacitance with the

concentration of E. coli has been found. The sensitivity of the linear region is about

0.36 mF per log(number of E. coli cells). The reason why the capacitance increases

instead of decreases after E. coli is bound is still not clear.

7.4.4

Summary of EIS Detection of E. coli Bacteria

Immunosensors for the detection of E. coli bacteria have been developed based on

the gold nanowire arrays formed by the template synthesis technique. A specific

Fig. 7.23. Imaginary part of impedance vs. frequency of an

anodized Al2O3/Al electrode in 0.01 m PBS buffer.
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type of antibody was immobilized on the active gold surface by covalent binding.

EIS measurements were carried out to detect the complex formation between the

antibodies and antigens. A thiol-containing linker molecule was synthesized to in-

crease the binding capacity and strength of the specific antibody. The binding of E.
coli results in a change in the overall capacitance. This capacitance change can be

monitored by impedance measurements. Different substrate structures result in

different working frequency ranges (compare Figs. 17(a), 20(a), and 24(a)). The

preliminary results showed that this nano-gold biosensor is able to detect every 50

E. coli cells with a sensor area of 0.2 cm2. For both planar and nanostructured gold

substrates, the change of capacitance (DC) was linear with the logarithmic number

of E. coli cell on the surface. However, the linear range was smaller on a flat gold

surface. The detection sensitivities were determined to be the slopes of the linear

portion of the curves for all substrates (Table 7.4). It can be seen that the gold

Fig. 7.24. (a) jZimagj vs. o�1, and (b) relative capacitance

change vs. the number of E. coli (log scale) on a GNW-Al2O3

sample.

Tab. 7.4. Comparison of three substrates studied for E. coli sensor application.

Substrate Detection sensitivity Sensitive region

Flat gold �0.5 mF/log(number of E. coli cell) 50–1000 cells

Gold nanowire array (GNW) �29.8 mF/log(number of E. coli cell) 50–2000 cells

Gold nanowire array in the oxide

(GNW-Al2O3)

0.36 mF/log(number of E. coli cell) 50–2000 cells
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nanowire array electrode is the most sensitive substrate according to the obtained

capacitance change arising from the binding of the same amount of E. coli cells.
The study of the E. coli sensor has shown that an impedometric transduction

strategy is suitable for detection of E. coli at low concentrations. The nanostruc-

tured materials can further improve the detection sensitivity. However, the specific-

ity of this sensor device, as well as the long-term stability has not yet been estab-

lished. The antibody used is not specific to a single strain of E. coli bacteria,

various strains of E. coli can interact with this antibody.

7.5

Conclusions

This chapter has described a quick method for bacteria detection using a gold

nanowire based biosensor and electrochemical measurements. Detection methods

have been developed with the use of gold nanowire (GNW) substrates attached to a

C11 linker arm in turn attached to the specific E. coli antibodies (Fig. 7.25). Prelim-

inary results indicate that the GNW biosensor can detect as few as 50 E. coli cells
with a sensor area of 0.2 cm2. However, this report gives the initial results for

this novel procedure to be used in wider applications. The specificity of detection

of any cell depends on the availability of a specific antibody directed to the cell sur-

face macromolecules or antigens (Fig. 7.25). This method would be applicable to

detect any cancer cells based on the antigens present on cell surfaces, such as

human colon and breast cancer cells containing LeX and Sialo-LeX [60]. Antibodies

against these antigens are available commercially. Further studies on the detection

of cancer cells by this method are in progress.
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Dendrimer-based Electrochemical Detection

Methods

Hak-Sung Kim and Hyun C. Yoon

8.1

Overview

The use of molecularly-organized nanoscale interfaces is of great interest in efforts

to enhance the analytical capabilities of biosensors. In this regard, dendrimer-

based biocomposite structures, including molecularly organized monolayers and

multilayers, have been developed for catalytic and affinity biosensing. As a highly

organized and plurifunctional macromolecule, dendrimers find wide applications

in analytical sciences. The anticipated merits of using dendrimers as the layer-

forming materials are based on their structural characteristics such as homogene-

ity, compatible size with biomolecules, internal porosity, and the high density of

functional groups. These unique characteristics make them good candidates for

the building units of films on biosensor surfaces, presenting both the advantages

of using polymers (plurifunctionality) and molecularly controllable nanomaterials.

This chapter focuses on the fabrication of dendrimer-based biocomposite mono-/

multilayers and their biosensing applications. Implementations of biointerfaces

for the bioelectrocatalytic enzyme sensors with the multilayer configuration and af-

finity sensors based on either bioelectrocatalytic signal amplification or immuno-

precipitation-voltammetric detection principles with dendrimer monolayers are

covered.

8.2

Introduction

8.2.1

Background

Molecularly organized nanostructures are of great interest in analytical sciences,

molecular device technology, and biotechnology [1]. Especially, an enormous

amount of research has been devoted to the development of molecularly organized
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interfaces containing biomolecules as diagnostic tools (biosensors), biomimetic

membranes and, recently, bioelectronic devices [2–4].

With the availability of highly controllable structuring and patterning tech-

niques, especially the self-assembled monolayers (SAMs) methodology [5, 6], the

pace of development in the related fields has greatly increased. The pioneering

studies of Whitesides group regarding the mixed SAM technology and micropat-

terning such as microcontact printing have opened a new avenue for the technique

[7–9]. By keeping in step with such developments, there have been numerous ap-

proaches for the well-organized and active biocomposite assemblies.

However, the quest continues for molecularly organized, structurally rigid, bio-

chemically active and stable biocomposite superstructures. In this regard, the im-

plementation of useful surface bio-functionalization methodologies as well as the

introduction of novel materials having unique properties is one of the major sub-

jects of research and development. As a promising molecule for biocomposite

nanostructures, highly branched dendrimers draw much attention.

8.2.2

Dendrimers as a new Constituent of Biocomposite Structures

The past decade has seen expanding interest in the newly introduced synthetic

dendritic polymers (dendrimers) [10, 11], which are highly branched, fractal-like

macromolecules of defined molecular structure, size, and topology. The molecules

are synthesized by an iterative sequence of reaction steps, or cascade synthesis,

with sophisticated control in reaction conditions [12]. With the development in

synthetic methodology, structurally perfect dendrimers with high purity and nar-

row polydispersity have been produced. The unique characteristics of dendrimers,

such as structural homogeneity, molecular integrity, controlled composition, and

the multiple homogeneous chain-ends available for consecutive conjugation reac-

tion, have enabled their use as the material of choice in applications such as drug

delivery, energy harvesting, ion sensing, catalysis, and information storage [13].

For these objectives, several approaches adopting dendrimers as the building block

for the nanostructures have been conducted. These include deposition of dendritic

multilayers via Pt-complexation, electrostatic interaction, and reaction with grafted

copolymer [14–17]. Characteristics mentioned above, along with the recently recog-

nized biocompatibility [13], merit the use of dendrimers for the fabrication of or-

ganized functional biocomposite nanostructures, comparable with those prepared

with entangled linear and branched polymers. By us and other groups, the utility

of the dendrimer has extended to bio-related fields [18–20].

Our recent reports demonstrate that dendrimers are advantageous as the build-

ing block for the construction of the multilayered biocomposite nanostructures and

reagentless enzyme or affinity biosensors [18, 21–25]. As a building unit for organic

thin films, dendrimers, as highly branched dendritic macromolecules, possess a

unique surface of multiple chain-ends, and the number of surface groups can be

precisely controlled as a function of synthetic generations (Fig. 8.1). For example,
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fourth generation (G4) poly(amidoamine) dendrimers have 64 surface amine

groups. The high concentration of functional end groups of dendrimers enables

synthetic modifications of molecularly ordered nanostructures. Dendrimers pro-

vide multiple conjugation sites, and the remaining groups, after film formation,

are accessible for further modification with functionalization groups for specific

purposes. Dendrimers of high generation numbers offer some advantages over lin-

ear or partly branched polymers, e.g., structural homogeneity, controllable compo-

sition, comparable size to the participating biomolecules, and multiple homoge-

neous chain-ends groups, valuable for the conjugating reactions [21].

In this respect, we have employed the G4 poly(amidoamine) dendrimer as the

underlying-layer for functionalizing or micropatterning ligands on the solid sur-

face. Besides G4 poly(amidoamine) dendrimers, poly-l-lysine and poly(allylamine)

and amine-terminated cystamine SAM, all presenting surface amine functional-

ities, have frequently been used, and we have compared their physicochemical and

biochemical properties as thin films for arraying ligands on a solid surface [26].

8.3

Applications for Biosensors

In the past decade, self-assembled monolayers, silane-modified layers, Langmuir–

Blodgett (LB) layers, and polymer grafting layers compatible with biomolecules

have been commonly used for the presentation of ligands or proteins on a solid

surface to modulate their interactions with reacting couple molecules. These or-

Fig. 8.1. Characteristics of fourth-generation (G4)

poly(amidoamine) dendrimers. Molecular models for

dendrimer and glucose oxidase are shown for size comparison.
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ganic thin films have an expanded application in biosensors (enzyme electrodes,

immunoelectrodes, DNA analyses), artificial biomimetic membranes, and, re-

cently, bioelectronic devices. In this regard, dendrimer-based biocomposite struc-

tures, organized mono- and multilayers, have been developed for catalytic and af-

finity biosensing.

8.3.1

Bioelectrocatalytic Enzyme Electrodes based on LBL (layer-by-layer) Assembly with

Dendrimers

For a catalytic biosensing interface, a new approach to construct a multilayered en-

zyme film on the electrode surface has been developed [18, 21]. Figure 8.2 shows

the schematic procedure to construct a film by alternate layer-by-layer (LBL) depo-

sitions of G4 poly(amidoamine) dendrimers and periodate-oxidized glucose oxidase

(GOx). Cyclic voltammograms registered from gold electrodes modified with GOx/

Fig. 8.2. (A) Schematic representation of a

multilayered GOx/dendrimer network

construction on a Au electrode surface.

(B) Cyclic voltammograms of the GOx/

dendrimer multilayered electrodes in the

presence of 0.1 mm ferrocene-methanol as

a diffusional electron-transferring mediator:

(a) E5D5, (b) E4D4, (c) E3D3, (d) E2D2, and

(e) E1D1 in the presence of 20 mm glucose;

(f ) E1D1 in the absence of glucose, un-

mediated. Inset: cyclic voltammograms for

each layer numbers in the absence of glucose

in solution. All curves were registered in 0.1 m

phosphate buffer (pH 8.0) under Ar. Potential

scan rate: 5 mV s�1. (Modified after Ref. [18]).
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dendrimer multilayers revealed that the bioelectrocatalytic response is directly pro-

portional to the number of deposited bilayers, i.e., to the amount of active GOx im-

mobilized on the gold electrode surface. From analysis of electrochemical signals,

the amount of active enzyme per GOx/dendrimer bilayer during the multilayer

forming steps was calculated, demonstrating that the multilayer is constructed in

a spatially-ordered manner. Also, by ellipsometry measurement, a linear increase

of the film thickness was observed, supporting formation of the desired multilayer.

The five-bilayer associated electrode (E5D5) showed a sensitivity of 14.7 mA (mm

glucose)�1 cm�2 and remained stable over 20 days under daily calibrations. The

proposed method is simple and applicable to the construction of thickness- and

sensitivity-controllable biosensing [18].

As an extension of this research, poly(amidoamine) dendrimers having surface

ferrocenyl functional groups were prepared and used for the fabrication of a re-

agentless bioelectrocatalyzed enzyme electrode [21]. Poly(amidoamine) dendrimers

having various degrees of tethering with the ferrocenyls were prepared by control-

ling the molar ratio of ferrocenecarboxaldehyde to amine groups of dendrimers

during synthesis (Fig. 8.3A). By LBL depositions of ferrocenyl-tethered dendrimers

with periodate-oxidized GOx on gold surface, an electrochemically and enzymatically

active multilayer was constructed. The resulting GOx/Fc-D multilayer-associated

electrodes were electrochemically characterized, and the density of ferrocenyl

groups, active enzyme content, and sensitivity were analyzed. Dendrimers with

32% modification level was found to be an optimum from the analyses in terms

of GOx-dendrimer network formation, electrochemical connectivity of ferrocenyls,

and electrode sensitivity (Fig. 8.3B, C). With the synthesized Fc(32%)-tethered den-

drimers, mono- and multilayered electrodes were constructed, and their electro-

chemical and catalytic properties were characterized. The bioelectrocatalytic signals

from the GOx/Fc-D electrodes were directly proportional to the bilayer numbers.

From this result, it seems that the electrode sensitivity is directly controllable, and

the multilayer-forming strategy with ferrocenyl-labeled dendrimers is useful for the

development of reagentless biosensors.

8.3.2

Bioelectrocatalytic Immunosensors based on the Dendrimer-associated SAMs

8.3.2.1 Affinity Recognition Surface based on the Dendrimer-associated SAMs

All biological phenomena, such as generation and development, are regulated

by functional interactions of protein–protein, receptor–ligand, antigen–antibody,

enzyme–substrate, and protein–XNA. Therefore, the understanding of functions

of biomolecules that specifically interact with particular proteins or ligands is the

main theme in life science. As a tool for the functional study of proteins, affinity

recognition chip technology is important. Therefore, we have focused on surface

functionalization technology that will arrange and immobilize active proteins on

affinity chip surfaces. Immobilization of active proteins on solid supports with an

extended lifetime is the major concern of a protein chip.
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In this respect, we emphasize three considerations to obtain sufficient sensitivity

and accuracy from the affinity sensor. Aside from the signal generation efficacy,

which will be covered later, the surface chemistry should be specially optimized to

drive efficient immobilization of proteins or ligands. (a) Proteins must be immobi-

lized on a chip surface in a stable and satisfactorily concentrated manner. (b) The

orientation of protein should be controlled for favorable bio-specific interactions at

Fig. 8.3. (A) Schematic representation of a

semi-synthetic preparation of partial ferrocenyl-

tethered G4 poly(amidoamine) dendrimer

(Fc-D). (B) Bioelectrocatalytic signal

amplification for GOx/Fc-D electrodes

containing dendrimers with various ferrocenyl

functionalization levels as a function of

deposited bilayer numbers. Signal values were

sampled at þ370 mV vs. Ag/AgCl reference

electrode from cyclic voltammetric data in the

presence of 20 mm glucose. (C) Schematic

representation of the idealized multilayered

GOx/Fc-D network on an Au electrode surface

and the anticipated biochemical and charge-

transfer reactions. (Modified after Ref. [21]).
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the chip surface. (c) Nonspecific binding of molecules at the chip surface should be

adequately circumvented. Additionally, and importantly, a highly sensitive detec-

tion system should be devised, by which the derived signal can be analyzed, be-

cause, in typical cases, the concentration of immobilized biomolecules on the chip

is as low as 10�15@10�14 mol/chip surface.

For a biospecific affinity-sensing interface, an affinity biosensor system based on

avidin–biotin interaction has been developed [22]. The avidin–biotin interaction, a

unique model of strong protein–ligand interaction, exhibits stronger affinity than

any other antigen–antibody interactions. As the building block of an affinity sens-

ing monolayer, a G4 poly(amidoamine) dendrimer having partial ferrocenyl-labeled

surface groups was synthesized and used. The surface amine groups from den-

drimers were also functionalized with biotin amidocaproate, and the biotinylated

and electroactive monolayer was used for the affinity-sensing surface interacting

with avidin. As shown in Fig. 8.4(A), an electrochemical signal from the affinity

biosensor was generated by free enzyme GOx in electrolyte, depending on the de-

gree of coverage of the sensing surface with avidin and subsequent surface shield-

ing. The sensor signal decreased with increasing avidin concentration, and ap-

proached a minimum when the sensing surface was fully covered (Fig. 8.4B). The

Fig. 8.4. (a) Construction and proposed

operational principle for an affinity biosensor

based on the avidin–biotin interaction on a

gold electrode surface. Molecular models of

the chemicals used for electrode construction

are shown. (b) Cyclic voltammograms of the

affinity biosensors as a function of reacted

avidin concentration: (A) 0, (B) 1 ng mL�1,

(C) 10 ng mL�1, (D) 100 ng mL�1,

(E) 1 mg mL�1, and (F) 10 mg mL�1. Cyclic

voltammograms were obtained in the presence

of 30 mg mL�1 of GOx as a signal generator

and 10 mm glucose as a substrate;

(G) background voltammogram in the absence

of enzyme and substrate. Potential scan

rate: 5 mV s�1. (Modified after Ref. [22]).
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detection limit of avidin was about 4.5 pm, and the sensor signal was linear, rang-

ing from 1.5 pm to 10 nm, under optimal conditions. Based on the kinetic analysis

using the biotinylated glucose oxidase, an active enzyme coverage of 2.5� 10�12

mol cm�2 on the avidin pretreated surface was calculated, demonstrating the for-

mation of a spatially ordered and compact protein layer on the modified sensing

interface.

As an extension of this research, a new approach regarding the development of a

repeatedly renewable affinity-sensing surface was presented based on the reversible

association/dissociation reactions between avidin and biotin analogues [23] (Fig.

8.5). The surfaces were constructed with dendrimer monolayers, whose surface

chain-end groups have been functionalized with a biotin analog, desthiobiotin,

which has a reduced affinity toward avidin (Fig. 8.5A). The functionalized mono-

layers provided an affinity recognition interface for avidin and further biospecific

interactions with biotinylated molecules. The desthiobiotin–avidin associates

underwent a dissociation (displacement) reaction with free biotin treatment, and

this renewed the affinity surface and provided the possibility of repeated utilization

of the affinity-sensing surface. Biotinylated glucose oxidase, as a model compound

for signal generation, was used for the association reaction onto the avidin pre-

incubated surface, and voltammetric measurements were performed to track

the reaction steps by registering the activity of associated enzyme. Efficient

association/dissociation reaction cycle traces were found, especially for the desthio-

biotin amidocaproate modified electrodes, suggesting steric limitation regarding

the ligand length for the biospecific interaction. With the optimized affinity-surface

construction steps and reaction conditions, continuous association/dissociation re-

action cycles were achieved, which is useful as a regenerable affinity surface.

Reversible affinity interactions at the functionalized electrode have also been

extended to antibodies [24]. The surfaces were constructed with dendrimer mono-

Fig. 8.5. (A) Molecular structures of d-desthiobiotin

amidocaproate. (B) Schematic representation of the procedure

employed for the biospecific association/dissociation of

biomolecules at the affinity-sensing electrode surfaces.

(Modified after Ref. [23]).
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layers, whose surface chain-end groups have been double-functionalized with

biotins and ferrocenyls for the biospecific recognition and electron transfer. The

functionalized monolayers provide a platform for biospecific recognition with

monoclonal anti-biotin antibodies. The bound antibodies were dissociated with

free biotin treatment, and the process renewed the affinity surfaces for repeated

utilization. Figure 8.6 displays the electrochemical tracking of the association/

dissociation reaction cycles, based on the shielding of the electrode surface with

bound antibody molecules and subsequent hindrance in electron transfer, with

free-diffusing signal generator and mediator. Factors influencing the biospecific

interactions and measurements were considered. With the results, continuous

association/dissociation reactions have been accomplished, holding great promise

for reversible affinity biosensing.

8.3.2.2 Electrochemical Signaling from Affinity Recognition Reactions

Affinity sensing has been evolved from the viewpoints of detection of immune-

related molecules with minute concentration range and signaling with acceptable

quantification capability. Several detection principles for affinity/immuno sensing

have been developed. A detection technique such as surface plasmon resonance

(SPR) spectroscopy and a quartz crystal microbalance (QCM) can recognize the

concentration of bound biomolecules by changes in mass and/or surface density

Fig. 8.6. Schematic representation of the

idealized reactions in electrolyte and at the

affinity-sensing electrodes for antibody-

associated and regenerated surfaces:

enzymatic catalysis, electron mediation with

Fc-D in electrolyte, and charge transfer to Au

electrodes. Dimensions of the components are

not drawn to scale for simplicity. (From

Ref. [24]).
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(molecules/sensor area). However, notably, they are not suitable for application as

portable biosensors. For SPR immunosensing, major progress has been made with

bench-top scale instruments, enabling high-throughput and multiplexed analysis.

In the concept of handheld biosensor/immunosensor, electrochemical methods

have received the spotlight due to facile device-miniaturization and sensitive

signal-quantification. Especially, recent efforts have focused on integrated devices,

the so-called lab-on-a-chips [27, 28], combining the detection part with sample de-

livery parts based on microfluidics; thus a detection method that necessitates min-

imum instrumental part is highly desired. In that sense, we have focused on sig-

naling methodologies that fulfills the needs of electrochemical detection and have

developed two potential methods, including the immunoprecipitation-mediated

signaling and the enzymatic back-filling immunoassay.

A signaling strategy for immunosensors that transduces biospecific affinity rec-

ognition reactions into electrochemical signals has been developed. This method

combines the relatively well-known immunohistochemical reactions with electro-

chemistry [25]. As can be seen in Fig. 8.7, the cyclic voltammetric method, tracking

the precipitation of insoluble products onto the sensing surface and the subse-

quent surface shielding and decrement in the electrode area, was employed for sig-

nal registration. Precipitation of insolubilities was induced by the catalytic reaction

of peroxidase, which were labeled to the biospecifically associated protein or anti-

body molecules. We have investigated the functionalization of biotin ligand groups

to the sensing monolayer and their biospecific interactions with anti-biotin anti-

body molecules as a model affinity recognition. The immunosensing interface

was developed onto dendrimer-activated SAMs, as the base template for the func-

tionalization of the antigen as well as generation. Additionally, the sensing system

was applied for biotin/(strept)avidin couples, extending the usage of the developed

strategy. With the affinity-sensing interface, a stepwise surface regeneration pro-

cess has been developed, based on the combination of deposited product thin-

film dissolution and bound-protein displacement reactions from the modified sen-

sor surfaces [29]. The results exemplify the usefulness of immunoprecipitation-

mediated signaling in terms of sensitivity and repeated use.

By using the developed immunosensing principle, a silicon-based immunosen-

sor chip has been microfabricated and applied for the analysis of real samples

such as blood serum [30]. Figure 8.8 shows an array-type gold electrode, which

was fabricated on a silicon wafer, containing two electrode geometries of rectangu-

lar (100� 500 mm) and circular (radius: 50 mm) types. These two types of electrodes

showed distinct electrochemical characteristics of bulk and micro-electrodes, re-

spectively, exhibiting different sensing parameters such as operation voltage, sensi-

tivity, and dynamic detection range. Ferritin was employed as a model analyte for

immunosensing because it has serological importance as a general marker protein

for tumors and cancer recurrence. With the ferritin-functionalized immunosensor

chips, biospecific interactions were performed with antiferritin antiserum and

secondary antibody samples, followed by electrochemical signaling by an immuno-

precipitation reaction with the label peroxidase enzyme. Under the optimized affin-

ity-surface construction steps and signaling conditions, both types of microfabri-
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cated electrodes, including rectangular (100� 500 mm) and circular (radius: 50 mm)

types, exhibited well-defined calibration results as a function of ferritin concentra-

tion in antiserum samples. Furthermore, circular-type micropatterned immuno-

electrodes displayed the voltammetric characteristics of microelectrodes, which is

advantageous in sensor operation under a fixed potential with low signal drift com-

pared with the bulk-type electrodes. The results support the idea that the employed

signaling method with the proposed immunosensor configuration is fit for sensor

miniaturization and integration to biomicrosystems and lab-on-a-chips.

The analyte for affinity sensors, especially antibody, is usually bound to the

surface-immobilized capture molecule and could cause a significant signal loss

during subsequent handling procedures and signaling due to its limited affinity/

Fig. 8.7. (Top) Schematic representation of

the affinity biosensor construction and

proposed operational principle, and CCD

camera images of a representative surface

upon signaling reaction (inset). Component

dimensions are not drawn to scale for

simplicity. (Bottom) Cyclic voltammetric traces

for sensor signaling at the dendrimer-assisted

SAM surfaces. A freshly prepared and biotin-

functionalized surface before (left) and after

target protein association and precipitation

reaction steps (right). Curves were registered

in a 0.1 m phosphate buffer (pH 7) containing

ferrocene-methanol (0.1 mm) as a signal tracer.

Potential scan rate: 50 mV s�1. (Modified after

Ref. [25]).
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stability. Thus, we also focused on the signal stability of affinity sensors. The signal

stability from immunosensors is usually not sufficient because the known bind-

ing constant between antigens and antibodies are several orders of magnitude

lower than the well known and frequently used model of biotin–streptavidin

(Ka ¼ 1� 1015 m�1) [23, 24]. This suggests that the antibody-bound surface under-

goes a gradual change, raising the possibility of antibody detachment and signal

variation. Also, supplementary label molecules such as enzymes are applied to gen-

erate electrochemical signals from immunosensors. In a typical immunoassay, the

detection process requires pre-treatment of ligands or expensive commercial re-

agent to activate reporter molecules such as secondary antibodies because the sig-

naling mechanism is based on the proper enzymatic labeling. Therefore, a detec-

tion strategy for electrochemical immunosensors in which the signal is not

dependent on the stability of bound antibody molecules to the sensing interface

would be valuable. In this regard, we have developed a signal generation method

from bioelectrocatalytic immunosensors that does not require routine and cumber-

Fig. 8.8. (A) Schematic representation of the

procedure for bioaffinity interface construction

and the biocatalyzed precipitation reaction

for signal generation from a ferritin

immunosensor. Component dimensions are

not drawn to scale for simplicity. (B)

Representative voltammetric sensor signal.

(C) Photographs of the signaling result along

with the microfabricated immunosensors.

Magnified views of an array micropatterned

biochip were taken both before and after the

signal generation reaction by the biocatalyzed

immunoprecipitation. (Modified after Ref. [30]).
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some processes, including surface activation and antibody labeling or the use of la-

beled reporter molecules such as secondary antibodies [31]. The signaling method

is based on the ‘‘back-filling’’ covalent immobilization of enzymes onto the immu-

nosensor surface, circumventing the use of enzyme-tagged antibody and alleviating

the signal instability from low-affinity binding (Fig. 8.9). In the back-filling assay,

the electrochemical signal could be maintained despite the analyte dissociation by

its low affinity with immobilized ligand because the signal generating enzyme is

separated from the analyte.

As a model biorecognition reaction, a dinitrophenyl (DNP) antigen-

functionalized immunosensor surface has been fabricated and the anti-DNP anti-

body was used as a target analyte [31]. For the construction of immunosensing sur-

face, a poly(amidoamine) G4-dendrimer was employed not only as a building block

for the electrode surface modification for antigen-functionalization but also as a

matrix for binding of signaling enzyme (GOx). The non-labeled native antibody

was biospecifically bound to the immobilized ligand, and the enzyme (periodate-

activated GOx) reacted and back-filled the remaining surface amine groups on the

dendrimer layer by an imine formation reaction. The DNP functionalization reac-

tion was optimized to facilitate the antibody recognition and signaling; 65% dis-

placement of surface amine to DNP was found to be an optimum (Fig. 8.10A).

From quartz crystal microbalance measurements, the immunosensing reaction

timing and the surface inertness to nonspecific biomolecular binding were investi-

gated. By changing the DNP functionalization level in the calibration experiments,

immunosensors exhibited distinct dynamic detection ranges and limits of detec-

tion, supporting the capability of parameter modulation (Fig. 8.10B).

Fig. 8.9. Schematic representation of electrochemical

immunosensing with the ‘‘back-filling’’ immobilization of

enzyme (GOx) and bioelectrocatalysis (component dimensions

not drawn to scale for simplicity). (From Ref. [31]).
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8.3.3

Protein Micropatterning on Sensor Surfaces for Multiplexed Analysis

Micropatterning of biomolecules on solid surfaces has several applications, includ-

ing the modulation of cell–substrate interactions in biomaterials and tissue engi-

neering, the fabrication of array-type biosensors for multianalyte detection, and

Fig. 8.10. (A) Comparison between the

DNP displacement ratio (x) and bioelectro-

catalyzed signals from the back-filled GOx (u)
as a function of reaction time for DNP-

functionalization. Error bars represent

95% confidence limits for three tests.

(B) Calibration curves for the DNP/anti-DNP

IgG affinity biosensors as a function of

target protein concentration. Two types of

immunosensors were tested, having different

DNP-functionalization ratios of 13% ({) and
65% (~). (Modified after Ref. [31]).
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genomic/proteomic arrays. We have patterned molecularly organized films of den-

drimers having a submicrometer edge resolution on solid chip surfaces such as

evaporated gold and glass using microcontact printing technique [32]. Microcon-

tact printing is a non-photolithographic technique that is broadly applicable for

the generation of micrometer scale patterns on solid surfaces, e.g., gold, silver, cop-

per, and silicon oxide [33]. In this process, an elastomeric stamp, typically made

from poly(dimethylsiloxane) (PDMS), is prepared by casting a prepolymer against

a master whose surface has been patterned with a complementary relief structure

using conventional photolithography. Microcontact printing has been used to pat-

tern alkanethiolates on metallic substrates, alkylamines on reactive SAM of alkane-

thiolates, alkyltrichlorosilanes on metal oxides, and proteins with submicrometer

spatial resolution by area-selective printing [34, 35].

In our report [32], a patterned thin film of dendrimers was used as the underly-

ing platform for ligand modification for the fabrication of protein microarray. Pat-

terning of biological molecules was attempted on both gold and glass surfaces

using fourth generation poly(amidoamine) dendrimer as an interfacing layer be-

tween solid surfaces and biomolecules to be patterned (Fig. 8.11). An alcoholic so-

lution of dendrimer was employed as the inking material for the PDMS stamp. As

for the patterning of avidin and anti-biotin antibody on gold, dendrimers represent-

ing amine groups were printed onto the preactivated 11-mercaptoundecanoic acid

SAMs by microcontact printing, followed by biotinylation, and reacted with fluores-

cein-labeled avidin or anti-biotin antibody. Fluorescence analysis revealed that the

patterns of avidin and anti-biotin antibody were successfully constructed within

the resolution of less than a micrometer. The dendrimers were also printed onto

an aldehyde-activated slide glass and reacted directly with anti-bovine serum albu-

min (BSA) antibodies that had been oxidized with sodium periodate. Also, distinct

patterns of the anti-BSA antibodies were made with a comparable edge resolution

to that of avidin patterns on gold (Fig. 8.11B). These results clearly show that den-

drimers can be adopted as an interfacing layer for the patterning of biological mole-

cules on solid surfaces with micrometer resolution, presenting a highly functiona-

lizable microarray (plurifunctionality) made of a molecularly ordered nanomaterial.

The micropatterning technology of arranging dozens or hundreds of different

biomolecules on a chip surface is required to analyze biospecific recognition events

in a concurrent and massive manner. For example, 256 corrals of proteins dimen-

sioned by 50� 50 mm is made up on a 1� 1 cm chip surface, and a large pool of

biomolecules can be distributed at the chip surface by micro-spotting. By using the

developed micropatterning technique with amine-terminated dendrimer, array-

Fig. 8.11. (A) Schematic representation of

the microcontact printing and patterning of

biomolecules on gold and glass. Component

dimensions are not drawn to scale for

simplicity. MUA ¼ 11-mercaptoundecanoic

acid, PF5 ¼ pentafluorophenol, EDAC ¼ 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide

hydrochloride, PAMAM ¼ poly(amidoamine),

PDMS ¼ poly(dimethylsiloxane).

(B) Fluorescence images of patterns

constructed on the dendrimer-printed

gold surface by using FITC-labeled avidin.

Fluorescence profiles across the white lines

on images are also registered. (Modified after

Ref. [32]).
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patterned chips could be made having different surface wettability or surface

charge between the patterned area and background space, enabling efficient spot-

ting and/or functionalization of target molecules. Multiplexed electrochemical

affinity sensing with the micropatterned chips is being pursed, by adopting the

aforementioned electrochemical signal generation strategies [25, 31].

8.4

Conclusions

There has been an increasing demand for efficient analytical tools for bioassays in

the fields of clinical analysis and biochemical studies. Based on this requirement, a

new scientific field in bioassay has been emerging, linking bioanalytical techniques

with microelectronics technology. Especially, immuno- or affinity-sensing biochip

technology, registering biospecific interactions such as antigen–antibody, ligand–

receptor and protein–protein recognition reactions, is under great demand in

terms of assay automation and throughput/output. Additionally, recent completion

of the human genome project (HGP) and flourishing genomics/proteomics have

opened new research fields of high throughput and user-friendly analysis, making

the development of biosensing techniques more important.

Current research trends in protein biochips are, mainly, in two directions: the

first is the design of biorecognition interfaces/surfaces presenting desired charac-

teristics such as useful surface functionality, adequate immobilization density, bio-

compatibility, resistance to nonspecific binding, etc. Second is the development of

novel transduction techniques, particularly stressing parallel sensing with array-

type sensors. In this chapter, we have summarized our recent researches regarding

the development of electrochemical biosensors and platform technologies for the

effective immobilization of proteins or ligands on solid surfaces. We have devel-

oped technologies that use dendrimers as the building unit for biospecific recogni-

tion layers based on SAMs technology and accumulated signaling result by using

the dendrimer-associated mono-/multilayers. Currently, we are attempting to inte-

grate proteins on chip surfaces in a form of microarrays to prototype the protein

chip microsystem.
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9

Coordinated Biosensors: Integrated Systems for

Ultrasensitive Detection of Biomarkers

Joanne I. Yeh

9.1

Overview

The ability to monitor biorecognition events and interactions on platforms offers

pathways to the application of biological macromolecules as detectors. Coupled to

the ability to precisely produce conductive elements on the nanoscale, biosensing

offers unprecedented avenues for screening and detection at increasing sensitiv-

ities. Although biosensors have been an area of active investigation for several

years, full realization of their potential has yet to be reached because the rates of

reactions and sensitivities are significantly lower than in endogenous, biological

systems. This is likely due to the random nature of how the various signal trans-

ducing units are placed relative to the electrode. Consequently, integrating the

precise 3D information obtained from X-ray crystal structure analysis with nano-

technology platforms can result in a highly enhanced system. This gain is from

optimization of the geometrical parameters that make up the various components

of the biosensor. A nanobiosensor involves a biological molecule, linker or media-

tor, and nanoelectrodes; the various components can be equated with the electronic

elements of a sensor as every component has to transduce the signal generated at

the source (biomolecule) to the detector (electrode). Consequently, as in enzyme

systems, rate improvements can occur from proximity and geometric effects, with

potential enhancements of 102 to 103 at each junction. The additive consequence

can be a gain of several orders of magnitude in rates, concomitantly improving

sensitivities. In this chapter, the concept of coordinated biosensors is introduced,

as an approach to align the signal transduction centers to enhance the kinetics of

reactions. Additionally, nanoparticles are described that can further augment the

systems by positioning the bioelement relative to the electrode surface. The various

components of a bionanosensor and their role in enhancing the overall response of

the system are described, from a structural perspective.
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9.2

Introduction

Several recent reviews illustrates, compares and contrasts biosensor designs [1–5].

The main focus of this chapter is to provide a brief introduction of the biotechnol-

ogies behind these systems and to highlight the improvements that can be gained

using an integrated approach, utilizing precise three-dimensional (3D) structural

information.

The structure determination of deoxyribonucleic acid (DNA) double helix ad-

vanced the scientific world in numerous ways. This discovery lead to the under-

standing of how DNA replication is achieved, resulting in the birth of a new field,

molecular biology. The foundation for these discoveries was the X-ray diffraction

data from DNA fibers [6]. This scientifically defining result highlights the value

structures can have on understanding biological reactions, functions, and states.

The ability to explicitly observe the exact positions of atoms of a molecule provides

vast insights into important questions, such as how a biomolecule functions,

potential interactions to trigger cellular activity, and regulatory mechanisms to

control activity. The link between structural biology – the study of the precise con-

formation and location of the atoms that comprise the molecule and how the mol-

ecule folds in three dimensions – and its link to bionanotechnology can be under-

stood from how structural results are used in biotechnological applications.

Among the more traditional uses are in structure-based drug design, mutational

analysis, and bioengineering. However, a revolutionary approach is to integrate

structural results with nanotechnology, as described in this chapter.

Proteins and nucleic acids have diverse roles in the body and studies of their 3D

structures teaches us how these function in our bodies and help us understand dis-

eases caused by abnormal forms of these biomolecules. Just as structural biology

has provided a definitive fundamental understanding of functional states of biolog-

ical macromolecules, nanotechnology has provided the platform and a means to

bridge the gap between fundamental scientific understanding to enhanced applica-

tions [7–11]. A direct connection between the two disciplines can be seen in size:

in X-ray crystallography, the resolutions at which molecules are determined are

at the atomic dimensions of 10�10 m or angstroms (Å). When looking at protein–

protein or oligomeric interactions, complexes, and organelles, the working func-

tional ‘‘machinery’’ of a cell, these are on the order of hundreds of angstroms or

in the nanometer range. Consequently, there exist complementarities of dimen-

sionalities when linking structural results with nanotechnology applications.

As structural biology has had an immense impact on how scientists visualize

biomolecules and their interactions, nanotechnology has changed our concept of

working dimensions and applications at the single molecule level. Single eukary-

otic cells are at least 250� larger than the nanodevices that are being developed.

As a new field, nanotechnology already has had an immense impact on theoretical

as well as empirical areas. In bioanalysis, nanoparticles can overcome many of the

significant chemical and spectral limitations of more traditional reagents, leading

to the ability to detect and monitor on the single molecule level. Fundamentally,
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as single molecule measurements become possible, profound changes to our

understanding of biochemical reactions are occurring. With the removal of ensem-

ble averaging, distributions and fluctuations of molecular properties can be charac-

terized, transient intermediates identified, and catalytic mechanisms elucidated.

Recently, it has become apparent that models based on data obtained from a popu-

lation of molecules do not most accurately reflect the true biochemical nature of

reactions [12–15]. This is particularly important when applying biomolecules to

various applications because the most efficient means of catalyzing a reaction, for

example, would not be one based on an averaged reaction but the most active and

efficient one. Consequently, the ability to discriminate differences between single

molecules allows us to identify the most effective states of a biomolecule, to obtain

enhanced reactions and sensitivities.

The ability to precisely see the positions of atoms from crystallographic struc-

tural analysis allows for optimally aligning the various components of a nanobio-

sensor. Orientation and proximity can have immense effects on activity and this

can be readily seen in native biological systems. The ultimate catalysts in nature

are enzymes, which have the ability to enhance reactions by 105 to 1017-fold. En-

zymes hold reactive molecules in precise configurations one by one, orchestrating

the formation and breakage of bonds to form products. Although enzyme bio-

sensors have been under study for several years, their use have been limited by

the inability to actively harness signals generated by a binding event, such as the

electrons produced from a biochemical reaction. The rate constants in electrode-

contacted enzymes are far lower than between enzymes and their natural electron

acceptors. This decrease has been largely attributed to nonoptimal positioning of

the bioelectrocatalyst with the electrode. This is because the active site of a redox

enzyme is buried and electrons produced from a reaction cannot efficiently get

out to the surface to be used or are not directed to the electrode so they are lost to

solution. Consequently, the decreased rates of reactions and amount of enzyme re-

quired to obtain detectable signals make these enzyme-based sensors impractical

and limited in their sensitivities. The application of structural insights to precisely

align the biological components with nanoplatforms can more fully realize the vi-

sion of exploiting the innate specificities and enhancements of biological reactions

in detection applications. This ability to direct the placement of various active cen-

ters (e.g., electron transducing sites or other active units), allows the production of

systems with enhanced sensitivities and kinetic properties. This capability is firmly

rooted in incorporating results from X-ray crystallography or NMR spectroscopy,

techniques allowing for the atomic resolution determination of the 3D conforma-

tion of molecules. Consequently, detection of molecular events approximating sin-

gle molecule sensitivity through integrating advances gained in structural biology

and nanotechnology is feasible.
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9.3

Elements of a Nanobiosensor

9.3.1

Biomolecular Components

Biosensors are chemical sensors capable of biorecognition through biochemical

processes. Generally, bionanosensors contain a biological component that can be a

protein (e.g. antibodies, enzymes) or nucleic acids or even whole cells [16, 17]. This

bioelement is responsible for the binding and recognition of the target analyte,

whether a small molecule or a large protein partner. The binding event is the basis

for signal generation and a physical element, such as an electrode, captures the sig-

nal as the output. As the electrode, this component translates information from the

biological element into a chemical or physical output with a defined sensitivity. The

information that is detected can be chemical, energetic such as detection of light,

or essentially any information that organisms innately process as all of these sig-

nals depend on biological molecules for their generation and/or signal detection

and transduction. The array of potential sensory detection is vast, as combinatorial

integration can potentially result in detection of multiple signals. The bioelement

can consist of antibody/antigen; enzymes, particularly redox enzymes; nucleic acids

including DNA, RNA; cellular components such as organelles; and synthetic or

semi-synthetic materials. Some will be described briefly.

In antigen/antibody biosensing, interactions of immunogenic partners are the

events being detected [19, 20]. The innate sensitivity of antibody–antigen com-

plexes are exploited to detect the presence of antigens although conditions are usu-

ally manipulated to minimize nonspecific interactions. The structures of several

antibodies have been determined to high resolution.

For enzyme-based biosensors, the detection process relies on the catalytic activity

of the system. Enzymes are of great interest as they are natural catalysts, typically

proteins but can also be catalytic ribonucleic acids (catalytic RNA). Enzymes can

accelerate reactions 105- to 1017-fold. Such magnitudes of kinetic amplification are

possible through various mechanisms, including proximity and geometrical ef-

fects. The structures of enzymes show that they are mostly globular, with their

active sites buried at the center or at oligomeric (multimeric) interfaces [21]. This

serves to protect the active site from reacting with non-productive molecules, in-

cluding solvent water molecules. This is achieved by protecting their labile active

sites from bulk environment, forming a region with limited accessible and a local

microenvironment. The catalytic site can thus have substantially perturbed pKa

and electronegativity values from the bulk solvent; this unique microenvironment

is attained through the folded structure of the protein. Accordingly, the catalytic

activity of enzymes depends on the integrity of their native protein conformations.

Signals and products formed at the active site must somehow be released via a con-

formational change or through other means. This highlights the essential difficul-

ties in using proteins as the source; immobilizing the protein onto an electrode

surface to more directly establish electrical communication between the biocatalyst
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and electrode can alter the conformation of the protein. Not only can the biocata-

lyst not be optimally aligned to the electrode surface upon immobilization but the

signals generated in a buried active site may not be efficiently routed to allow facile

communication between the biocatalysts and electrodes. Consequently, these can

limit applications of enzyme biosensors as the electrode-contacted electron transfer

rate constants are far lower than those between the enzymes and their natural elec-

tron acceptors [22–24]. This highlights an area of optimization in bioelectrode

development, where chemical immobilization method for the enzyme can be

modified to maximize the enzyme’s active conformation. In addition to immobiliz-

ing, the method would provide a means of directing the signals generated at the

buried active site of the enzyme to the electrode surface, increasing the signals ob-

tained. The 3D structures of numerous enzymes have been determined and these

can used to enhance both of these important parameters.

Some of the most familiar systems involve the use of DNA-based sensors. Nu-

cleic acid based biosensors (also called genosensors) are numerous and have been

shown to detect nucleic acids at very low concentrations [25–27] (attomole levels).

These types of sensors combine nucleic acid layers with electrochemical trans-

ducers for sensitivity. Several different approaches have been used to amplify sig-

nals, many based on electrochemical effects. Advantages of using nucleic acids for

biosensing are their endogenous charge characteristics, allowing for electrochemi-

cal detection methods that allow for amplification. There are numerous structures

of nucleic acids and most adopt canonical conformations that can be predicted

based on sequence information.

9.3.2

Nanoparticles

Semiconductor nanoparticles coordinated to native biological macromolecules sen-

sitive to external stimuli are attractive systems for various applications [28, 29]. As

labeling reagents, undecagold particles have been used for several years in electron

microscopy applications as phasing reagents. Their application in nanobiotech ap-

plications is an extension of their material properties, providing facile surface chem-

istries that can be exploited to further enhance optical, charge, and magnetic prop-

erties of the particles. Several types of nanoparticles have been used as biosensors

components. Their function in a biosensor varies, from directing the binding of

the biomolecular component to functioning as the sensor component itself. They

have been used as probes, recognizing and differentiating an analyte of interest

for diagnostic and screening purposes [30]. Detection of an interaction event via

nanoparticle probes can be through color, mass, or other changes in physical prop-

erties [31–34].

Nanoparticles such as quantum dots, metallic nanobeads, and non-metallic par-

ticles such as those based on silica and natural materials such as chitosan and car-

bon nanotubes have been produced [35, 36]. In addition to their role in mediating

biomolecular binding and linkage for electrochemical detection, these nanopar-

ticles have been used in various bioanalytical formats. These include quantitation
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tags in optical detection of quantum dots, substrates for multiplexed bioassays, me-

diators of signaling events such as those using gold-based aggregation assays, and

potentially as surface catalysts for biological reactions. The sizes of nanoparticles

used for most of these applications are from 2 to 50 nm [2, 30].

Another type of nanomaterial is nanopores, molecular sieves that could be trans-

port and possibly serve as inorganic channels. These nanopores have been demon-

strated to allow permeation of charged molecules when an external electric field is

applied. A protein capable of forming pore structures, a-hemolysin, has been in-

serted in lipid bilayers coating nanopores to form selective molecular sieves [37].

Other organic and synthetic nanopores have been fabricated in an attempt to form

channels and detection systems capable of high throughput and specificity [38, 39].

These nanopores are typically over 5 nm in diameter and larger.

9.3.3

Nanoelectrodes

In nanoscale structures, electrons no longer behave like physical objects that flow

in a continuous stream but take on wave mechanical and quantum properties and

have the ability to tunnel through structures that would ordinarily be insulators.

As single molecule measurements become more feasible with the advent of meth-

ods sensitive enough to study single molecule kinetics, thermodynamic, and elec-

tronics, significant deviations from ensemble measurements have been found.

With the removal of ensemble averaging, distributions and fluctuations of molecu-

lar properties can be characterized, transient intermediates identified, and catalytic

mechanisms elucidated. Towards facilitating single molecule measurements, nano-

electrode platforms have been investigated as nanosensors for enhancing signals.

A viable nanobiosensor must include an electrode surface that allows proteins to

be immobilized yet retain their native structure. Proteins approaching a hydropho-

bic planar surface will denature upon contact. This phenomenon, called surface

denaturation, occurs because the platform serves as a catalyst to the cooperative

unfolding process whereby hydrophobic residues of a protein will interact with

a surface to expose additional hydrophobic groups. Consequently, immobilization

of a protein onto an electrode whose dimensions are significantly larger than the

hydrodynamic radius of the macromolecule requires a spacer that will prevent or

minimize surface denaturation effects. As described in the next section, peptides

and DNA have been used for this purpose; furthermore, these have an additional

role as a conductive bridge between the protein and electrode. However, nanoelec-

trode platforms with dimensions of 20–40 nm diameter and 80–100 nm center-to-

center distance on an array platform mostly circumvents surface denaturation

effects as their sizes and geometrical aspects results in 3D electrodes, bypassing

complications that arise from planar surfaces as well as maximizing surface areas

for binding proteins.

Nanoelectrodes formed from carbon nanotube and other materials can display

altered properties simply by the nature of their dimensionality [40–43]. Reducing

to smaller sizes can result in increased reactive surface areas as well as other ef-
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fects, such as focusing of electric field due to their geometric configuration [36, 44,

45]. These are desirable effects, enhancing the system through their physical as-

pects. Carbon nanotube and metallic arrays have been used as electrodes, to pro-

mote electron transfer in redox reactions [36, 40, 46].

9.4

Coordinated Biosensors

Advantages in sensitivity and enhanced rates of reactions can be gained from inte-

grating atomic resolution structural information with nanoelectrode arrays, to build

detection devices of ultrahigh sensitivity and enhanced kinetics of reactions. In this

section, a system utilizing a peroxidase consisting of the components described

above will be described, to demonstrate how structural results can be applied to en-

hance nanobiosensors design. The enzyme NADH peroxidase has been used as the

specific detector of hydrogen peroxide, converting a biological binding event into

an electronic signal [47, 48]. Although this system used an oxidative metabolism

enzyme, other redox proteins can be the bioelement, since detection is based on

generation of electrons as the detectable signal. In addition to the traditional use

of redox enzymes, other non-redox proteins can be used if the binding of a ligand

triggers a conformational change that can be detected by an induced electronic

event or via optical, thermal or other detectable physical changes. These interac-

tions provide the basis for catalysis (in enzymes), recognition of antigen (with anti-

bodies), in initiating cellular processes and signal transduction (in receptor sys-

tems). Alternatively, a virion or particles can theoretically be the bioelement of a

sensor as structural information is available for many of these macromolecules.

Our strategy integrates desirable properties of the individual components: the pro-

tein machinery for sensitivity and specificity of binding, peptide chemistry for

aligning the various electron transducing units, and the nanoelectrodes for gain

sensitivity in electronic detection.

9.4.1

Biomolecular Conduits: Signal Transducing Mediators

The use of redox enzymes as the source of electronic signals that can be propa-

gated efficiently in response to a specific ligand or other physiological signal has

many potential applications, such as amperometric biosensors [17, 18, 49]. A ma-

jor limitation in using biomolecules in electrodes is that their incorporation is

complicated by a lack of efficient pathways for the transport of electrons from their

embedded redox sites to an electrode, as described above. Although electrical com-

munication between redox proteins and electrode surfaces has been improved

through various approaches [17, 19, 50–52], these methods involve contact of the

enzyme at somewhat random conformations with respect to the electron relaying

units, ultimately resulting in decreased rates of electron transfer. To produce elec-

troactive biocatalysts in amperometric biosensors with sufficiently high rates of
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electron transfer, the relaying units must be linked in a controlled and mechanisti-

cally relevant manner [53–57]. The following section describes harnessing of elec-

trons through a modularly formed, redox active assembly consisting of a redox en-

zyme, a metallized double-helical peptide, and a gold nanoparticle immobilized

onto a carbon nanotubes electrode and a gold wire derivatized with a benzenedi-

thiol compound. Each of these components and their role in biosensing has been

described before. One unique component of this bioassembly is the use of metal-

lized peptide as the conduit of electronic signals.

Peptides and DNA linkers can be made conductive through binding of metals

and functionalized to incorporate specific reactive groups. The overall redox poten-

tial is driven by the coordination of the particular metals to the peptide. The reduc-

tive potentials reflect the ease or difficulty in transitioning between oxidized and

reduced states for a particular metal ion. Imidazolium chemistry is well defined

and allows for the binding of divalent metals. Depending on the metal, the poten-

tials needed to drive the oxidative/reductive states of the metals can be shifted

through precise ligation [58, 59]. Consequently, application of specific coordination

chemistry through various ligation groups of a peptide or DNA allows for the more

directed binding and stabilization of a subsequent redox state. This is an important

consideration as the peptide or DNA linkers form a junction and functions in

transducing the signals from the bioelement to the electrode. Functionalization of

peptides and DNA allows for targeting, in principle, of virtually any protein, as

long as unique groups (e.g., reactive amines, thiols, hydroxides) are present and

assessable. In addition to their roles in linking and signal transduction, they have

a physical function of spacing the protein away from the surface of the electrode,

helping to minimizing surface denaturation effects.

Using the unique cysteine-sulfenic acid chemistry of the Npx redox center, de-

scribed below, we designed a metallizable, multi-histidine peptide (MHP), with dif-

ferentially functionalized termini that linked to a specific component of the signal-

ing assembly (Fig. 9.1) and of sufficient length to penetrate the active site.

A 33-amino acid sequence from the leucine zipper region of the GCN4 transcrip-

tion factor was used to design metal binding sites along a face of the helix by intro-

ducing histidines at i, iþ 4 positions [60]. These histidines bind divalent metals

while still permitting the formation of a stable dimer with metals bound along

each face of the double-stranded peptide, as confirmed through circular dichroism

analysis. A reduced thiolate moiety at the carboxyl terminus (CT) reacts with the

active site sulfenate of Npx to form a cysteine bond. Formation of the enzyme–

peptide complex was confirmed by mass spectrometry (Fig. 9.2).

The peptide has a helical axis 47 Å long, sufficient to penetrate into the active site

that is buried centrally in the enzyme. Before formation of the peptide–AuNP com-

plex in the next step, cobalt metallization of the peptide was achieved by incubation

of the MHP with CoCl2, forming a substituted metallized peptide (CoMHP) (con-

firmed by mass spectrometry). The stoichiometry of Co to peptide duplex was

determined by isothermal titration calorimetry, which resulted in a stoichiometry

of 2 to 4.7, depending on conditions and design, Co per peptide strand. Further

confirmation of binding to various divalent metals came through X-ray fluores-
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cence spectroscopy (EXAF) measurements performed at beamline X8C at Brook-

haven National Laboratory. EXAF results established that the peptide binds Ni2þ,

Zn2þ, and Co2þ. For the assembly, Co was used as the Co3þ/Co2þ redox couple

has reported values of 0.22–0.295 V vs. SCE for imidazolium complexes [58] and

0.37 to 0.4 V for conjugated ring complexes [59]. The mechanism by which elec-

trons are transmitted through this assembly system likely requires the formation

of the Co3þ state, which is transiently reduced back to Co2þ during the transduc-

tion of electrons upon NADH binding. The structure of the MHP peptide in the

presence and absence of cobalt have been determined to high resolutions of 1.6

and 1.7 Å. These results show that the peptides not only maintain their structural

integrity after mutation to histidines but that their elongated structure is even

more pronounced (Fig. 9.3), confirming the design principles originating from

the structural results of the intact GCN4 protein.

9.4.2

NADH Peroxidase: the Biocatalytic Element

For the peroxidase sensor [61], the assembly incorporated a bacterial NADH perox-

idase (Npx), a 49 kDa flavoenzyme, that catalyzes the two-electron reduction of

H2O2 into H2O. This reduction is initiated upon binding of the cofactor NADH,

which donates two electrons through the primary redox center, FAD. Under oxidiz-

ing conditions, the electrons are passed onto a molecule of peroxide, bound to the

secondary redox center, a thiolate residue. This residue progresses from the re-

duced thiolate (aS�) to the oxidized sulfenate (aSO�) states during the catalytic cy-

cle [48]. The 3D crystal structures of wild-type, oxidized and reduced forms of Npx

[61] have been solved to atomic resolution so that the precise conformation of the

active site residues and steric limitations within the active site are well-defined.

Fig. 9.1. Schematic of assembly of AuNP-Co-

MHP-Npx electrode through stepwise linkage

of each component with adsorption of the

AuNP linked complex reconstituted onto a

dithiol monolayer associated with an Au

electrode. An electroactive monolayer assembly

consisting of NADH peroxidase enzyme

(‘‘source’’), CoMHP, (‘‘linker-conduit’’), and

AuNP (‘‘electron sink’’) was constructed by

stepwise linkage of components and covalently

connected to a monolayer on a macroscopic

Au electrode.

9.4 Coordinated Biosensors 267



The current resulting from NADH binding to Npx and the concomitant electron

transfer through the assembly was measured using an electrochemical cell consist-

ing of the biocatalytic molecular wire assembly (‘‘working electrode’’) and an Au-

wire reference electrode. Solution conditions for current measurements were the

same as that used for enzyme activity measurements as these are optimized for

NADH binding [47]. Before initiating the reactions, we applied a slight potential

of 10 mV to the working electrode, to offset the difference in potential between

the reference and working electrodes originating from immobilization of the as-

sembly. It was expected that a charging potential may be necessary to overcome

the tunneling barrier that may arise from the dithiol monolayer that bridges the

AuNP to the Au bulk electrode, as reported previously [49]. However, other than

the 10 mV offset potential applied, additional charging potential did not appear to

be necessary in this system.

Once the system was equilibrated in the reaction buffer, an aliquot of H2O2 so-

lution was added. This generated a signal in the positive Y-direction, indicating that

Fig. 9.2. Matrix-assisted laser desorption

time-of-flight mass spectrometry (MALDI-

TOFMS) analysis of the complex formed upon

reaction of the peptide with the NADH

peroxidase (Npx). A gold nanoparticle was also

part of the complex and the resulting complex

molecular weight is between 66431 and 66549

daltons (Da). The molecular weights of each

component are Npx (49 500 Da), MHP (3934

Da), and gold nanoparticle (13 115 Da). MS

analysis can be valuable in confirming the

formation of various complexes as the

bioassembly consists of multiple components.
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electrons were flowing through the circuit toward the working electrode from the

reference electrode. The role of hydrogen peroxide is two-fold – to oxidize un-

reacted free thiols prior to initiating the enzyme-mediated reaction and, more im-

portantly, to generate the Co3þ oxidation state of the metal. As expected, the reac-

tion of H2O2 has a time constant longer than that generated by NADH, whose

binding initiates the electron transfer reaction mediated through the binding of

the cofactor by the enzyme. Hence, H2O2 current generation represents reactions

that are not mediated through the enzyme itself but rather through oxidation ef-

fects at the surface and on the metal centers. Oxidation of metals bound in the pep-

tide primes the assembly for electron transduction. This is an important factor and

aids in driving the overall reaction from the enzyme active site to the electrode. Af-

ter the H2O2 signal returned to the starting baseline value, an aliquot of NADH

was added to reach a final concentration of 0.3 mm. The current generated in re-

sponse to NADH binding reached maximum values within 100 ms, indicating

fast kinetics of electron transfer. Anodic current peak density values obtained for

electrodes with three different surface areas were 50 nA for an electrode coated

with 108 molecules of assembly and 85 mA for 1011 molecules of immobilized as-

sembly. Two concurrent processes appeared to occur with the addition of NADH –

a fast electron transfer signal that is transduced through the assembly to the elec-

trode and a slower event that is the reduction of the disulfide bond linkage between

the enzyme and the metallized peptide [61]. This reduction resulted in eventual

liberation of the enzyme from the assembly and limited the current producing

cycles of the assembly, providing additional verification of the route of electron

transfer in this system.

Fig. 9.3. Structure of the metallizable peptide

(MHP), shown in ribbon depiction, in the

absence of metals, refined to 1.6 Å resolution.

These structural results confirm the

conformational rigidity of the peptide, which is

essential for efficient electron transduction.

The leucines, which hold the peptide together,

are shown in gray ball-and-stick, at the

interface of the two strands. Two views are

shown, differing by 90� along the helical axis.
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9.4.3

Undecagold Nanoparticle: Role in Alignment and Directing Electron Flow

For the peroxidase sensor described, an undecagold nanoparticle was used to fur-

ther help align Npx on the electrode surface. A sulfo-N-hydroxysuccinimido acti-

vated carboxyl group on the AuNP allows the formation of a covalent link to the

MHP through a nucleophilic attack by the amino terminus primary amine group

of MHP. The AuNP-CoMHP component is reacted with the Npx enzyme to form a

disulfide bond between the carboxy terminal cysteine of the peptide and the redox

active cysteine of Npx. For the final reconstitution of the Npx-CoMHP-AuNP as-

sembly onto the Au electrode, a self-assembled monolayer was formed by adsorp-

tion of 1,4-benzenedithiol (BDT) onto Au wires. This provided the reaction surface

for final immobilization by reaction of the AuNP with thiols of the BDTmonolayer.

The tri-modular assembly was formed on an Au electrode wire with a geometri-

cal area of 0.25 cm2 and a roughness factor of@1.2, functionalized with the 1,4-

benzenedithiol monolayer. Surface coverage of the electrode was determined by

cyclic voltammetry scans of the 1,4-benzenedithiol derivatized electrode, which

indicated a number density of thiol groups of 3.2� 10�10 mol cm�2. Our first

route for assembly formation prior to immobilization on the Au-electrode was

non-optimal, which resulted in 108 molecules of assembly per 0.25 cm2 electrode

surface. This was found to be due largely to incubation times of 1–2 h for the ini-

tial CoMHP-AuNP formation. We have found that increasing the incubation times

to overnight at 4 �C resulted in enhanced linkage between the peptide and AuNP,

producing an electrode surface coverage of 1011 molecules cm�2.

Using the gold nanoparticle, we labeled as described above then reacted the as-

sembly through the MHP N-terminus to carbon nanotube arrays. The reaction be-

tween the peptide’s N-terminus to the carboxyl groups at the tips of carbon nano-

tube arrays was catalyzed by EDC/NHS chemistry. Scanning electron microscopy

of the resulting array shows that the bioassembly is localized to the tips of the elec-

trodes and that this reaction can be quantitated (Fig. 9.4).

9.4.4

Integrated Signals

Based on reaction rate enhancements reported due to proximity and orientation

effects in native enzyme and receptor systems, a coordinated assembly whose com-

ponents are optimally tethered on an electrode would be expected to enhance rates

of reactions by up to@100-fold [62, 63]. Furthermore, the tethering of a signaling

assembly containing the redox enzyme onto an electrode could enhance electronic

signal transduction rates by minimizing loss of signal to the solution. Particularly

relevant to the formation of a bioelectrocatalytic system is the spatial orientation

of the signaling unit and all its components, which must be reconstituted in a con-

formation that is conducive for charge transfer. Exhibition of enhanced electron

transfer rates through the enzyme assembly, compared with the native rate of
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unimolecular enzyme reduction by NADH, the electron donor, would suggest that

the signaling units are aligned properly for electron transfer.

The currents measured correlate to an electron transfer rate constant on the

order of 3000 s�1 within each assembly. This electron transfer rate is two orders

of magnitude higher than the endogenous electron transfer rate from NADH to

the native enzyme, 27 s�1. This rate indicates that the metallized peptide is in an

optimal conformation for electron transfer, and, in conjunction with the nanopar-

ticle, forms effective conduits for the electrical signals.

An advantage to this system is that, in addition to the atomic resolution struc-

tures of Npx, the kinetics of this enzyme have been well characterized so that the

rate constants of several steps in the reaction cycle are known. This information

helps correlate the electron transfer rate constant derived from the assembly cur-

Fig. 9.4. Scanning electron microscopy (SEM)

of an NADH peroxidase assembly conjugated

at the tips of highly ordered carbon nanotubes

(CNTs). In the array, the CNTs are 50 nm in

diameter, have walls of 3-nm thick, and exhibit

an exposed length of 60 nm, a total length

of 10 mm, and a center-to-center spacing

of 100 nm between adjacent tubes. The

reaction conditions can be modified to link

quantitatively the bioassembly onto the

electrode platform.
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rents measured in this system with the native reaction rates and allows an assess-

ment of the efficiency of the designed assembly in electronic signal transduction.

Using the anodic currents and the number of assembly molecules on the electrode

surface, we calculate a first-order electron transfer rate constant of ket ¼ 3000 s�1.

This value is more than 100� larger than that of the reduction of the oxidized en-

zyme by NADH (27 s�1), the most comparable unimolecular kinetic step character-

ized in the native enzyme. We believe that the rate-determining step for electron

transfer in this system is the initial binding of NADH, and that subsequent steps

in electron transduction are fast compared with this event.

Metallized peptides appear to be an efficient mediator of electrons. The precise

mechanism by which electrons are propagated through the peptide remains to

be studied although, based on the 5.2 Å distance between cobalt ions modeled

into the peptide, a hopping mechanism seems more likely than through-bond

transduction. The use of metallized peptides as conduits for electronic signals can

be extended to various systems, offering a convenient approach for the design of

modular functional linkers. Linking of biomolecules to electronic circuitry can be

essential to the design of efficient signal transduction assemblies in bioresponsive

systems. The use of metal nanoparticles that act as electrical nanoplugs helps to

align the enzyme on the conductive support. In our work, the AuNP appears to

channel the current to the electrode to help maximize the efficiency of electron

transfer.

This peroxidase biosensor initiates and conducts redox signals in the presence of

H2O2 and NADH. The current generated by the binding of NADH, the electron

donor, was transduced through the molecular assembly with high efficiency. A key

component of the system is the metallized peptide and the formation of M3þ/M2þ

states that allow for the transduction of the electronic signal. The gain in electron

transfer rates and concomitant sensitivity is likely a result of positioning of the

electron transducing units (Fig. 9.5), which provides an improvement at each junc-

tion, which can additively influence the overall rates of the biocatalytic element.

9.5

Conclusion

Important technological advances in the past few years have provided the tools

needed to develop new technologies to monitor biorecognition and interaction

events on solid devices and in solution [7, 64]. In conjunction with the ability to

fabricate solid substrates with nanoscale features and precisions, biosensing offers

unprecedented opportunities for screening and detection. In this chapter, the

approach of integrating 3D structural information to align the various signal trans-

ducing elements in a nanobiosensor has been described. This can result in coordi-

nated biosensing, where the elements of a biosensor are optimized geometrically

to enhance kinetics of reactions.

To illustrate the concepts presented here, the NADH peroxidase biosensor

was described as this was one of the first systems that demonstrated the gain that

272 9 Coordinated Biosensors: Integrated Systems for Ultrasensitive Detection of Biomarkers



can be obtained in by applying atomic resolution structural results to align trans-

ducing centers. These results highlight the feasibility of using these biosensors in

various applications, including nanomedicine, where detecting markers of disease

states requires high sensitivity to make them viable in clinical applications. This

approach, applying detailed structural information at sub-nanometer resolutions,

produces sensors at the nanometer dimensions that fully integrate the various bio-

logical and electronic elements to produce ultrasensitive detectors.

The efficiency, specificity, and modularity of biomolecules such as proteins and

nucleic acids make them attractive material for designing highly sensitive and

intelligent circuitry. Utilization of natural macromolecules as sensors exploits the

inherent recognition and diversity of these molecules. Effective integration of

biomolecules with nanoelectronic circuitry holds great promise for the design of

compact and highly sensitive systems. Direct electronic coupling with high effi-

ciencies between electrodes and enzymes can be achieved through several ap-

proaches and highlights the feasibility of fully utilizing biomolecules in nanobio-

sensors. The new field of nanomedicine, as with other studies on the nanoscale,

can lead to substantially new breakthroughs in technologies, leading to new para-

digms in medical detection and treatments. Many biomedical applications can ben-

efit substantially from the use of coordinated biosensors.

Fig. 9.5. Model of the assembly based on the

atomic coordinates of the NADH peroxidase

and MHP. The peptide coordinates cobalt

atoms (small yellow spheres) through the

histidine residues at every i, iþ 4 positions.

AuNP was modeled in as a gold sphere, to

scale with the biological molecules, with a

diameter of 14 Å. The cofactors are shown in

ball-and-stick, with nicotinamide adenine

dinucleotide in red and flavin adenine

dinucleotide in yellow.
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Protein-based Biosensors using Nanomaterials

Genxi Li

10.1

Introduction

Protein-based biosensors are fabricated based on the electron transfer between

proteins (enzymes) and electrodes [1, 2]. However, electron-transfer rates between

redox proteins and electrode surfaces are usually prohibitively slow [3]. On the one

hand, the electroactive prosthetic groups of most redox proteins are deeply buried

in the electrically insulated peptide backbones. On the other hand, unfavorable

orientations and adsorptive denaturations of proteins often occur at electrode sur-

faces. To achieve efficient electrical communication, one approach that has been

proposed, and widely employed in previous years, is based on electrochemical me-

diators, both natural enzyme substrates or products, and artificial redox mediators

(first-generation and second-generation biosensors) [1]. First-generation biosensors

have many defects, such as possible interference because of the too high applied

potential, systematic complexity caused by fluctuation of the concentration of dis-

solved oxygen, a relatively low detection limited since the tenuity of dissolved oxy-

gen will significantly decrease the electrical currents, etc. [4–6]. Consequently,

the idea of artificial mediators has been proposed, leading to the development of

second-generation biosensors. Nevertheless, redox mediators used in conjunction

with redox proteins are in no way selective but rather general redox catalysts, facil-

itating not only the electron transfer between electrode and protein but also various

interfering reactions [7]. Therefore, third-generation biosensors, which are based

on the direct electron transfer of proteins, i.e., the electrical communication be-

tween the proteins and signal transducers is accomplished directly without addi-

tional mediators, have received more and more attention [2]. Third-generation bio-

sensors are superior in selectivity both because they should be operated in a

potential window close to the redox potential of the protein itself, and therefore,

are less prone to interfering reactions [4] and also because of the lack of yet an-

other reagent in the reaction sequence.

Recent breakthroughs in nanotechnology have made various nanostructured ma-

terials more affordable for a broader range of applications, and nanotechnology is

playing an increasingly important role in the development of biosensors [8–11].
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Owing to the unique properties of nanomaterials, direct electrochemistry and cata-

lytic activity of many proteins have been observed at electrodes modified with vari-

ous nanomaterials such as TiO2, ZrO2, SiO2, Fe3O4, metal nanoparticles, carbon

nanotubes, etc. [12–17]. The sensitivity and performance of biosensors are being

improved by using nanomaterials for their construction. Various nanostructures

have been examined as hosts for protein immobilization via approaches including

protein adsorption, covalent attachment, protein encapsulation, and sophisticated

combinations of methods. Studies have shown that nanomaterials can not only

provide a friendly platform for the assembly of protein molecules but also enhance

the electron-transfer process between protein molecules and the electrode.

We have summarized the sensors fabricated with proteins (enzymes) in a

recently published encyclopedia of sensors [1]. Later, we noticed that increasing

numbers of protein-based biosensors were being fabricated by using nanomate-

rials. It has been necessary to focus on the application of nanomaterials in the

development of protein-based biosensors. This chapter reviews protein-based bio-

sensors according to the various sorts of nanomaterials used in their fabrication.

10.2

Metal Nanoparticles

Metal nanoparticles have many unique properties: large surface-to-volume ratio,

high surface reaction activity, high catalytic efficiency, and strong adsorption ability.

Metal nanoparticles have been used to facilitate the electron transfer in nanoelec-

tronic devices owing to the following important functions: the roughening of

the conductive sensing interface, the catalytic properties of the nanoparticles, and

the conductivity properties of nanoparticles at nanoscale dimensions that allow the

electrical contact of redox-centers in proteins with electrode surfaces [8, 18]. Gold

nanoparticles and silver nanoparticles are the most intensively studied and applied

metal nanoparticles in fabricating biosensors, which will be specially summarized

later. Other metal nanoparticles, such as palladium [19] and platinum nanopar-

ticles [20], etc. have also been used.

10.2.1

Gold Nanoparticles

Colloidal gold is a metallic colloid whose particles are formed by small octahedral

units, called primary particles. The size of gold particles essentially depends on the

way the colloid is formed [21]. To improve the stability of these particles, a kind of

gold nanoparticle protected by lipid has also been invented [22]. Gold colloid has

been widely used as a cytochemical label for the study of macromolecules, with

transmission and scanning electron microscopy, light microscopy and freeze-etch

electron microscopy, and to improve the signals of both surface-enhanced Raman

spectroscopy and surface plasmon resonance [21].

10.2 Metal Nanoparticles 279



In the last few years, electrochemical biosensors created by coupling biological

elements with electrochemical transducers based on or modified with gold nano-

particles have played an increasingly important role in biosensor research. Gold

colloid has many advantages for biosensor applications. First, gold nanoparticles

can, very usefully, provide a stable surface for the immobilization of biomolecules,

such that the molecules retain their biological activities. As is well known, the per-

formance of enzyme biosensors depends not only on the nature of the enzyme

molecules but also on the influences imposed on these molecules by immobiliza-

tion. Modification of an electrode surface with gold nanoparticles provides a micro-

environment similar to that of the redox proteins in native systems and offers the

protein molecules more freedom in orientation, which can weaken the insulating

property of the protein shell for the direct electron transfer and facilitate the elec-

tron transfer through the conducting tunnels of colloidal gold [21]. Second, gold

nanoparticles can form conducting electrodes and are the site of electron transfer

when anchored to the substrate surface, allowing direct electron transfer between

redox proteins and electrode surfaces with no mediators required [23]. They can act

as an electron-conducting pathway between prosthetic groups and electrode sur-

face. They can provide useful interfaces at which redox processes of biological mol-

ecules, such as proteins or NADH, involved in biochemical reactions of analytical

significance can be electrocatalyzed [23]. Xiao et al. have that reported the reconsti-

tution of one apo-flavoenzyme, apo-glucose oxidase, on a 1.4-nm gold nanocrystal

functionalized with the cofactor flavin adenine dinucleotide and integrated into a

conductive film could yield a bioelectrocatalytic system with exceptional electrical

contact with the electrode support [24]. Their work shows that electron transfer

through the Au nanoparticles is much faster than electron transfer to O2. Besides,

various characteristics of gold colloid, such as their high surface-to-volume ratio,

high surface energy, and ability to decrease the distance between proteins and

metal particles, may also facilitate electron transfer between the redox sites of the

proteins and electrode surface. The last advantage, but not the least, is that the size

and surface morphology (important parameters when applied in biosensing) of

gold colloid can be controlled easily experimentally. Colloidal gold surface mor-

phology is vital in establishing the electrical contact between the proteins and the

electrodes [25].

Taking horseradish peroxidase (HRP) as an example, although direct, non-

mediated electron transfer is well known for some redox proteins and particularly

for HRP [26, 27], it is usually very inefficient and is not generally used for practical

biosensory devices. Zhao et al. found, in 1992, that a mixed layer of HRP and col-

loidal gold nanoparticles of 30 nm could be electrocatalytically active for hydrogen

peroxide (H2O2) reduction without the need of electro-transfer mediators [28]. In

addition, immobilized HRP was reduced directly on gold colloid through an ampli-

fication effect of the enzyme–substrate interaction. It was demonstrated that the

utilization of gold nanoparticles in enzyme immobilization could increase the en-

zyme loading without compromising charge-transfer efficiency [21]. That was to

say the small size of gold nanoparticles could allow the conductive material to

come into close proximity of the active center of the enzyme, which might facilitate
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the electron-transfer process. The nanoparticles could also provide bioelectrocata-

lytic activity that can be utilized in biosensor devices. This work led to an extensive

investigation of the direct electron transfer based on gold nanoparticles and immo-

bilization of proteins, especially enzymes [15, 29–33]. Some related biosensors for

H2O2 [28, 34–38], glucose [34, 39], xanthine and hypoxanthine [34, 40–42], dopa-

mine [43], and cholesterol [44, 45] were also reported. These biosensors exhibited

high sensitivity, good reproducibility, and long-term stability.

The catalytic activity of HRP is attributed to its iron heme group, which acts as

the electroactive center. Since hemoglobin (Hb) contains four heme groups, it can

be utilized as the HRP substitute in the detection of H2O2, by virtue of its low cost

and stable properties in solution [46]. In the last few years, electrochemical sensors

for H2O2 based on the peroxidase-like activity of Hb incorporated in many differ-

ent kinds of materials, including colloidal gold, have been fabricated [22, 47–49].

Researchers have also made a novel Hb-based H2O2 sensor constructed on a gold

nanoparticles-modified ITO electrode [50]. Gold nanoparticles, acting as bridges of

electron transfer, can greatly promote the direct electron transfer between Hb and

the electrode surface without the aid of any electron mediator [51]. Thus, the Hb-

immobilized gold nanoparticles-modified electrode can be developed as a third-

generation biosensor for the determination of H2O2.

Besides HRP and Hb, other heme proteins, such as cytochrome c (Cyt c), myo-

globin (Mb), have also been investigated via being immobilized with gold nanopar-

ticles [52]. Direct electron transfer between immobilized Mb and a colloidal gold

modified carbon paste electrode, in addition to a glass carbon electrode, has also

been studied [53]. Cyt c immobilized on colloidal gold modified carbon paste elec-

trodes can also maintain its activity and electrocatalyze the reduction of H2O2 [54].

Meanwhile, a chitosan-stabilized gold nanoparticles-modified electrode can also be

developed for biosensors [55, 56].

Fabricating a sensitive, stable glucose biosensor has long been of great interest.

A novel method to fabricate a glucose biosensor has been proposed by immobiliz-

ing glucose oxidase (GOD) on gold nanoparticles, which have self-assembled on

Au electrode modified with a thiol-containing three-dimensional (3D) network

of silica gel [57] or with a cystasmine monolayer [58]. GOD can exhibit excellent

bioelectrocatalytic response to the oxidation of glucose. Researchers have also

found that aqueous colloidal gold nanoparticles can enhance the activity of aque-

ous enzymes [59]. Mena. et al. have compared several enzyme biosensor designs,

prepared by immobilization of GOD onto different tailored gold nanoparticle-

modified electrode surfaces [60].

The immobilization methods for connecting gold nanoparticles with electrodes

and with proteins should both be discussed in detail. Generally, there are three

ways to prepare gold nanoparticles-modified electrode: (a) by binding with func-

tional groups of self-assembled monolayer (SAMs); (b) by direct deposition of gold

colloid onto the electrode surface; (c) by co-modification of mixed gold colloid with

other components in the composite electrode matrix [61].

Protein or enzyme can readily be immobilized on colloid gold by dipping a pro-

tein solution onto the colloid gold modified electrode surface. The electrostatic in-
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teraction between the negatively charged citrate surface of colloidal gold and posi-

tively charged groups of the protein leads to the adsorption of protein onto the elec-

trode surface. The prepared electrodes can be characterized by several means such

as cyclic voltammetry (CV), transmission electron microscope (TEM), atomic force

microscopy (AFM), UV/visible spectroscopy (UV/Vis), surface-enhanced Raman

spectroscopy (SERS) and electrochemical impedance spectroscopy (EIS), etc.

SAMs can provide a simple way to tailor surfaces with well-defined composi-

tions, structures and thickness that can then be employed as specific functional-

ized surfaces for the immobilization of gold nanoparticles and enzymes [62]. Gold

nanoparticle-modified electrode surfaces can be prepared by covalently binding gold

nanoparticles with surface functional groups (aCN, aNH2, or aSH) of SAMs modi-

fied solid surfaces [63–66]. Short-chain molecules, such as cysteamine (Cyst) and

3-mercaptopropionic acid (MPA), can be self-assembled on the gold disk electrode

for further binding of gold nanoparticles. Biosensors based on immobilization of

enzyme onto Cyst or MPA SAMs that had been previously bound onto gold nano-

particles have also been evaluated and compared [61].

An early work through fabrication of a monolayer of colloidal gold on an indium-

doped tin oxide (ITO) support was performed in 1995 [67]. Either (2-aminopropyl)-

trimethoxysilane or (3-mercaptopropyl)trimethoxysilane was first attached to the

ITO support to yield an amine/thiol-functionalized thin film. The deposited gold

thin film was quite stable and provided an active interface for the immobilization

or redox-active self-assembled monolayers. The thiol functional group-derived car-

bon ceramic electrode (CCE) has been used to construct H2O2 biosensors [68]. Bio-

sensors can also be constructed by immobilizing the proteins by adsorbing them

onto the nanoparticles, by crosslinking them with bifunctional agents such as

glutaraldehyde, or by mixing them with the other components of composite

electrodes. When HRP is immobilized on a colloidal gold monolayer formed at

the gold electrode by a long ‘‘cysteamine/glutaraldehyde/cysteamine’’ molecular

bridge, it shows an excellent electrocatalytic response to the reduction of H2O2

[33]. This sensor shows a fast amperometric response, wide linear calibration

range and low detection limit for H2O2 determination. In addition, HRP immo-

bilized on colloidal gold has a high affinity to H2O2 with no loss of enzymatic

activity.

Multilayers of conductive particles can give rise to porous, high-surface-area elec-

trodes, where the local microenvironment can be controlled by the crosslinking

elements. Superstructures of a controllable number of colloidal Au particle layers

have been formed on a support surface by the alternate interaction of the assembly

with a crosslinker and the negatively charged Au particles [69]. A two-dimensional

(2D) double layer structure [70] and 3D superstructure consisting of gold nanopar-

ticles for biosensors [71] have also been proposed. The utilization of gold nanopar-

ticles as a building block in the construction of nanoscale functional devices has

become a very promising aspect for electrochemical biosensing. The technology of

derivatizing Au electrode surface by silica sol–gel and gold nanoparticles takes ad-

vantage of both self-assembly, nanoparticles, and the increased surface area of 3D

electrodes. Ikeda and coworkers have demonstrated that gold nanoparticles can
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self-assemble both inside the network and on the surface of the silica gel [72].

These gold nanoparticles immobilized by a silica gel 3D network can act as tiny

conducting centers and facilitate electron transfer between proteins and electrodes.

Based on these investigations, a HRP-based H2O2 sensor and a GOD-based

glucose sensor have been developed by embedding gold nanoparticles in thiol-

containing silica sol–gel network [73]. An amperometric H2O2 biosensor has also

been reported, based on immobilizing HRP to a nano-Au monolayer supported by

a carbon sol–gel derived carbon ceramic electrode [68]. This sol–gel 3D network

made it possible to control the effectiveness of the electrocatalytic process, the sen-

sitivity and response rate of the nanoparticle biosensor by controlling the thickness

of thiolated polymer or sol–gel, and the number of Au particle layers associated

with the electrodes.

Another feasible method to fabricate protein-based biosensor involves covalent

attachment of protein molecules to a gold nanoparticle monolayer modified Au

electrode, such as GOD/gold nanoparticle systems [58]. Briefly, gold nanoparticles

are first self-assembled on a gold electrode by dithiol via AuaS bonds. A cystamine

monolayer is then chemisorbed onto those gold nanoparticles and exposed to an

array of amino groups, which would further react with aldehyde groups of period-

ate oxidized GOD via the well-known Schiff base reaction. By this means, GOD

could be covalently attached to the gold electrode, resulting in a stable biosensing

interface.

Recently, a gold nanoparticle–CaCO3 hybrid material (AuNP–CaCO3) has been

prepared and applied for sensor preparation [74]. AuNP–CaCO3 can retain the po-

rous structure and inherits the advantages from its parent materials, such as satis-

fying biocompatibility and good solubility and dispersibility in water; therefore,

it can offer a promising template for enzyme immobilization and biosensor fab-

rication. HRP has been conjugated with AuNP–CaCO3 to fabricate HRP-AuNP–

CaCO3 bioconjugates, which were then embedded into a silica sol–gel matrix to

construct a novel biosensor.

There are also many reports on fabricating biosensors by mixing colloidal gold

and carbon paste to incorporate colloidal gold into the electrode. A reagentless glu-

cose biosensor based on the direct electron transfer of GOD [75], and a renewable

tyrosinase biosensor [76], have been constructed by immobilizing the correspond-

ing enzymes onto electrodes prepared by mixing a colloidal gold solution with the

carbon paste components. A renewable reagentless H2O2 sensor has also been re-

ported based on the direct electron transfer of HRP where HRP is mixed into col-

loidal gold-modified carbon paste electrodes [15]. Here, the nanoparticles are used

to retain the enzymatic activity and facilitate direct electron transfer between HRP

and carbon-sensing sites. In addition, nitrite sensors based on a Hb-colloidal gold

nanoparticle modified screen-printed electrode and carbon paste electrode have

also been developed [77, 78].

In addition to the proteins employed for the fabrication of the above-mentioned

biosensors, some other proteins (enzymes) have been used. Xanthine oxidase is re-

ported to be adsorbed onto colloidal gold that was previously evaporated on the sur-

face of glassy carbon, which responds to xanthine or hypoxanthine in the absence
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of added mediator by electrochemical oxidation of the enzymatic oxidation product,

uric acid [40]. A multi-enzyme biosensor for cholesterol [44] has been constructed

to detect cholesterol in serum and whole blood, by making use of HRP and choles-

terol oxidase. This sensor gives an electrochemical response that correlates well

with the total cholesterol concentration. The biosensor operates at a sufficiently

low potential to avoid interference from many sources, and the carrageenan hydro-

gel enables analysis of whole blood without electrode fouling. A more recent paper

reports immobilization of tyrosinase by crosslinking it onto glassy carbon elec-

trodes modified with electrodeposited gold nanoparticles [79]. The immobilized

tyrosinase retained a high bioactivity on this electrode material, displaying stable,

sensitive responses to various phenolic compounds.

The immobilization of proteins on colloidal gold has also been used for the

development of immunological detection methods. An electrochemical method to

monitor biotin–streptavidin interaction and determine the concentration of strep-

tavidin has been established by the use of colloidal gold as an electrochemical label

[80]. Velev and Kaler have created arrays of biosensors by in situ assembly of gold

and silver colloidal particles onto micropatterned electrodes and immobilizing anti-

bodies (IgG) on the colloidal particles [81]. Niemeyer and Ceyhan [82] have pre-

pared biofunctionalized nanoparticles by DNA-directed immobilization of proteins

at colloidal gold. Biometallic hybrid components can be used in an immunoassay

for the detection of proteins. Thanh and Rosenzweig have developed a unique, sen-

sitive and highly specific immunoassay system for antibodies using gold nanopar-

ticles [83]. This assay is based on the aggregation of gold nanoparticles that are

coated with protein antigens in the presence of their corresponding antibodies. Au

nanoparticles have also been used as electrochemical labels in genetic diagnosis

application [84]. Escherichia coli single-stranded DNA binding protein (SSB) has

been attached onto a SAM of single-stranded oligonucleotide modified Au nanopar-

ticle, and the resulting Au-tagged SSB was used as the hybridization label for the

electrochemical detection of DNA hybridization. Changes in the Au oxidation sig-

nal were monitored upon binding of Au tagged SSB to probe and hybridization on

the electrode surface. These works demonstrate the emergence of a new field of

application for colloidal gold in protein immobilization and biosensing.

10.2.2

Silver Nanoparticles

Colloidal silver is another nanomaterial often used for biosensor fabrication. Its

synthesis has been well demonstrated [85]. Much attention has also been given to

the quantum characteristics of small granule diameter and large specific surface

area as well as the ability to quickly transfer photoinduced electrons at the surfaces

of colloidal particles [86]. It is also found that surface-assembled silver nanopar-

ticles can act as an electrical bridge that ‘‘wire’’ the fast interfacial electron transfer

between Cyt c and pyrolytic graphite electrodes, opening up new opportunities

for the in vitro electron-transfer process of heme proteins by using silver nanopar-

ticles and for fabricating bioelectronic devices. Furthermore, silver nanoparticles
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greatly enhance the electron-transfer reactivity of heme-proteins, such as HRP,

Mb, Hb and their catalytic ability toward H2O2 and nitric oxide [87–89]. Glucose

biosensors based on immobilization of GOD in silver nanoparticles have also

been fabricated [90, 91]. The studies show that the colloidal silver nanoparticles

function as electron-conducting pathways between the prosthetic groups and the

electrode surface, therefore the electron-transfer rate between the enzyme and the

electrode is increased significantly. In addition, by the vapor deposition method,

Hb and colloidal silver nanoparticles can be entrapped in a titania sol–gel matrix

on the surface of a glassy carbon electrode – thus a NO2 biosensor is prepared [92].

10.2.3

Other Metal Nanomaterials

One promising metal for nanoparticles is platinum. Platinum nanoparticles with a

diameter of 2–3 nm have been used with single-wall carbon nanotubes (SWCNTs)

for fabricating electrochemical sensors with Nafion to form a network that con-

nected Pt nanoparticles to the electrode surface [20]. The use of platinized carbon

microelectrodes has also been reported for a glucose biosensor [93]. Nanocrystal-

line diamond exhibits several special properties that make it particularly suitable

for biofunctionalization and biosensing [94]. As an improvement, platinum-

modified boron-doped diamond microfiber electrodes were fabricated, which exhib-

ited much higher sensitivity [95]. Electrodeposition of highly dispersed palladium

nanoparticles on a glassy carbon electrode has also been reported for the construc-

tion of a glucose biosensor [96]. Another glucose biosensor has also been reported

by co-depositing palladium nanoparticles and GOD onto a Nafion-solubilized car-

bon nanotube (CNT) film [19]. GOD can retain its biocatalytic activity and offer ef-

ficient oxidation and reduction of the enzymatically liberated H2O2, allowing for

fast and sensitive glucose quantification.

Some glucose biosensors based on non-conducting polymer films have been re-

ported; however, such biosensors always suffer from a low response current and a

relatively high detection limit. To solve these problems, Cu nanoparticles are se-

lected to increase the response current because it can electrochemically oxidize glu-

cose [97]. A GOD and Cu nanoparticles-based sensor has a two times lower detec-

tion limit, a three times larger maximum current and 2.5� higher sensitivity than

biosensors fabricated with no Cu nanoparticles.

10.3

Metallic Oxide Nanoparticles

Some researchers have used MnO2 nanoparticles as eliminators of ascorbic acid in-

terference to amperometric glucose and lactate biosensors [98, 99]. Others have

constructed an enzyme field-effect transistor using a GOD membrane doped with

MnO2 powder [100]. In this configuration, MnO2 acts as a catalyst to the decompo-

sition of H2O2. Therefore, the produced O2 from the decomposition of H2O2 can
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be replenished in the glucose oxidation reaction and the dynamic range of glucose

determination is extended. Researchers have also fabricated some glucose bio-

sensors based on the co-immobilization of GOD and MnO2 nanoparticles [98, 101].

Nano titanium dioxide (TiO2) is now an attractive biocompatible material widely

used in toothpaste and cosmetics. Due to its unique physiochemical properties and

its inclination to selectively combine with some groups of biomolecules, nanosized

TiO2 has been proposed as a promising interface for the immobilization of bio-

molecules. Attempts have been made to assemble heme proteins, including Cyt c,

Mb and Hb, onto a nanocrystalline TiO2 film; the TiO2 film can not only offer a

friendly platform to assemble the protein molecules, but also enhances the elec-

tron-transfer process between the protein molecules and the electrode [12]. The

electrochemical characteristics of HRP entrapped in a TiO2 nanoparticles film cast

on pyrolytic graphite electrode has been examined [102]. The good biocompatibility

of TiO2 nanoparticles can make HRP retain its native state and show good electro-

catalytic activity, which may have potential application in constructing a third-

generation electrochemical biosensor.

Zirconium dioxide (ZrO2) nanoparticles have also been used in protein-based

biosensors. As an example, ZrO2 nanoparticles 35 nm in diameter have been cast

on a pyrolytic graphite electrode by dispersing them in dimethyl sulfoxide to im-

mobilize Hb for fabrication of a H2O2 sensor [13]. This sensor shows a high ther-

mal stability up to 74 �C. Another example is the treatment of the surface of a plat-

inum electrode with nanoporous ZrO2/chitosan composite matrix to fabricate a

glucose biosensor [103]. Other studies reveal that nanoporous ZrO2 has general af-

finity for the binding of proteins because the amine and carboxyl groups on the

surface of enzyme can act as ligands to ZrO2. Thus, the usage of glutaraldehyde

in crosslinking, which always denatures an enzyme, can be avoided, and a HRP-

based biosensor for H2O2 is correspondingly constructed [104]. Moreover, H2O2

sensors are constructed based on the self-assembly of ZrO2 nanoparticles with

heme proteins (Hb and Mb) on a functional glassy carbon electrode [105].

Zinc oxide (ZnO) is another attractive semiconductor material. It has been dem-

onstrated that ZnO with a high isoelectric point (@9.5) is suitable for the adsorp-

tion of low-isoelectric point proteins [106]. For example, low-isoelectric point tyro-

sinase is reported to be adsorbed on the surface of such ZnO nanoparticles,

facilitated by the electrostatic interactions, and is immobilized on a glassy carbon

electrode via film formation to develop a mediator-free phenol biosensor [107].

Therefore, ZnO nanoparticles deserve further investigation as an important prom-

ising candidate as support material in the fabrication of biosensors.

10.4

Carbon Nanotubes

Carbon nanotubes (CNTs), discovered in 1991, are a new type of carbon material

obtained by folding grapheme layers into carbon cylinders. They present a closed

topology and tubular structure with diameters of several nanometers and lengths
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to several microns. Basically, there are two types of carbon nanotubes, multiwall

carbon nanotubes (MWCNTs) and single-wall carbon nanotubes (SWCNTs). They

can behave as conductors or semiconductors depending on their structures, mainly

on their diameter and helicity.

Carbon nanotubes have received enormous attention for the preparation of elec-

trochemical sensors due to their unique properties, as reviewed in some publica-

tions [108–114]. Similar to the conventional electrochemical biosensors, proteins

and CNTs based biosensors can also be, generally, divided into three categories:

(a) first-generation biosensors via the detection of H2O2 or O2 involved in the enzy-

matic reaction, (b) second-generation biosensors through the utilization of electron-

transfer mediators, and (c) third-generation biosensors based on the direct electron

transfer of enzymes or proteins. Especially, CNTmaterials have been proved to pos-

sess electrocatalytic activity toward the oxidation of H2O2 and the reduction of O2

and can facilitate the direct electron transfer of proteins or enzymes. These fea-

tures make CNTs particularly attractive for the development of first- and third-

generation electrochemical biosensors [111]. Many second-generation protein-

based biosensors have also been fabricated by using CNTs. For example, organic

electrocatalysts, such as polynuclear aromatic dyes, have been employed, which

can be stably immobilized onto CNTs and can be further used to accelerate the

oxidation of H2O2 or shuttle electron transfer between the CNTs and enzymes or

proteins. Ye et al. have functionalized the MWCNTs with iron-phthalocyanines to

redox-catalyze H2O2 oxidation and have constructed a highly sensitive and selective

glucose biosensor [115]. Chen et al. have co-immobilized methylene blue with

HRP onto CNTs to shuttle the electron transfer between HRP and the CNTs. The

modified electrode exhibited a good bioelectrocatalytic activity toward H2O2 reduc-

tion [116].

The nano-dimensions, graphitic surface chemistry and electronic properties of

carbon nanotubes make them an ideal material for use in chemical and biochemi-

cal sensing [108–114, 117, 118]. In addition, the fabricated sensors using CNTs

usually show high sensitivity and stability of electrocatalysis. Although the mecha-

nism is still not fully understood, some researchers suggest that these advantages

may be attributed to the special structure of nanotubes, such as their open ends

[119, 120]. The electroactive ends of the nanotubes are readily accessible to species

in solution. The opened nanotube ends allow the enzyme to enter the hollow CNTs.

In addition, the rigidity of the tubes allows them to be plugged into biomolecules,

so enabling electrical connection to the redox centers of the biomolecules. Further-

more, the large surface area per unit volume of CNTs allows a large amount of en-

zyme to be immobilized within nanotubes.

However, the potential application of CNTs is still limited by (a) the CNTs tend to

aggregate in most solvents; (b) electronic communication between proteins and

CNTs is rather slow at pristine CNTs; and (c) strong interactions between proteins

and CNTs may distort the proteins. Therefore, the biosensing applications of CNTs

require rational functionalization of the CNTs to improve their solubility and

biocompatibility.

The combination of CNTs with redox active protein (enzymes) appears to offer a

convenient platform for a fundamental understanding of biological redox reactions
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and for the development of third-generation biosensors. Direct electron transfer

and bioelectrocatalysis of many proteins, such as GOD, cyt c, Mb, Hb, HRP, etc.,

have been investigated with CNTs-modified electrodes and their performance has

been found to be much superior to those of other carbon electrodes in terms of re-

action rate, reversibility, and detection limit [121–132].

GOD is the major protein employed for sensor fabrication by using CNTs. GOD

has been immobilized by coating onto the surface of SWCNTs without a gross loss

of enzyme activity [133]. Treatment of this bio-SWCNT sensor with both a diffusive

mediator and equilibrated glucose substrate enhanced the catalytic signal by more

than one order of magnitude compared with that observed at an activated macro-

carbon electrode. This enhanced performance was partly due to the high enzyme

loading and partly because of better electrical communication ability of the nano-

tubes. Other research on MWCNTs has revealed that a MWCNTs-modified glassy

carbon electrode can be employed as an amperometric oxygen sensitive electrode

to fabricate a glucose biosensor [134]. CNT-based glucose biosensor was also fabri-

cated via polypyrrole [135, 136]. Recently, a CNTs-doped polypyrrole (PPy) glucose

biosensor was reported [137]. Unlike other work on glucose biosensors based on

CNT/PPy electrodes, where CNT was physically entrapped within the growing

film, the PPy/GOD films were formed by using ‘‘oxidized’’ CNT as the sole charge-

balancing anionic dopant. This is the first example of anionic CNT acting as dop-

ant in the preparation of conducting-polymer enzyme electrodes. While the con-

cept has been presented within the context of glucose sensing, it could readily be

extended to other biocatalytic electrodes based on judicious selection of the enzyme.

Heme proteins have also been extensively employed to fabricate biosensors by

using CNTs. The direct electrochemical response of Mb on MWCNT-modified

glassy carbon electrode has been reported [16]. Mb exhibited elegant catalytic

activity for electrochemical reduction of oxygen, based on which an unmediated

biosensor for O2 was developed. An unmediated H2O2 biosensor, based on the

peroxidase-like activity of Mb on MWCNTs, has also been constructed [138]. Re-

cently, the same research group reported that Mb can be strongly adsorbed onto

the surface of MWCNTs with an approximate monolayer to develop an unmediated

NO biosensor, with a low detection limit [139]. HRP is able to adsorb on a carbon

nanotube microelectrode to transfer electrons directly with the electrode and retain

its catalytic activity toward H2O2 [124]. A H2O2 biosensor based on Cyt c and

MWCNTs has also been fabricated [140]. The enhanced electron-transfer rate was

also observed in systems in which microperoxidase (MP-11) was attached to the

end of aligned SWCNTs array and MWCNTs [141, 142].

Many other proteins (enzymes) have been employed to prepare various kinds of

biosensors by using CNTs. For example, the direct electrochemistry of xanthine

oxidase has been achieved on a SWCNTs-modified gold electrode, which may pro-

vide an attractive route for the development of biosensors [143]. Table 10.1 gives

information on sensors that use other proteins (enzymes).

Understanding the interaction between CNTs and proteins should be helpful in

developing protein-based biosensors using CNTs. Usually, proteins (enzymes) are

immobilized onto CNTs in three ways, taking GOD as example.
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Tab. 10.1. Protein-based biosensors using carbon nanotubes.

Protein(enzyme) CNT CNT immobilization

matrix/electrode

Analyte Ref.

Acetylcholinesterase

(AChE)

MWCNT Thick film strip

electrode

Organophosphorus

(OP) insecticides

219

l-Amino acid oxidase CNT Alkoxy silane sol–gel l-Amino acid 220

Urease CNT Sol–gel Urea 221

Acetylcholinesterase CNT Sol–gel Acetylthiocholine 221

L-lactate oxidase MWCNT Sol–gel/GCE l-Lactate 222

Putrescine oxidase MWCNT PDDA/GCE Putrescine 223

Aflatoxin–detoxifizyme

(ADTZ)

MWCNT Au electrode Sterigmatocystin 224

Choline oxidase

(ChOx)

MWCNT Sol–gel/platinum

electrode

Choline 225

Cholesterol oxidase MWCNT Sol–gel chitosan

hybrid film

Cholesterol 226

Dehydrogenase CNT CNT paste electrode Glucose, NADH 227

GCE Glucose, NADH 228

GCE NADH 229

Catalase MWCNT GCE H2O2 230

SWCNT Au electrode 231

Microperoxidase

(MP-11)

MWCNT MWCNT-Au NPs

nanohybrid film

H2O2 232

Laccase CNT CNT-chitosan

composite film

2,2-Azino-bis-(3-

ethylbenzthiazoline-

6-sulfonic acid)

diammonium salt

(ABTS), catechol, O2

233

lactate oxidase (LOX) SWCNT Functionalized

CNT–COOH

electrode

Lactate 234

Cholesterol esterase,

cholesterol oxidase,

and peroxidase

MWCNT Screen-printed

carbon electrode

Cholesterol 235
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(a) Physical adsorption [144]. GOD immobilized in this way usually maintains

its substrate-specific enzyme activity in the presence of glucose. The tubular fibrils

become positioned within tunneling distance of the cofactors without too much de-

naturation of the enzyme.

(b) GOD is covalently attached to the ends of the aligned tubes, which allows

close approach to FAD [145]. In addition, some researchers have reported the syn-

thesis of a fully integrated CNT protein composite system with high function den-

sity and with direct chemical bonding GOD to functionalized MWCNT under a

high degree of control and specificity [146]. Recently, a highly ordered array of

CNTs has been reported to serve as a universally direct nanoelectrode interface for

redox proteins [147]. The site-selective, covalent docking of GOD on the CNTs tips

has a marked effect on enhancing electron transfer properties.

(c) FAD is directly attached to the ends of the tubes [148]. A good example is

given by Willner and his coworkers, who covalently immobilized the FAD redox

center of GOD on one end of SWCNT, and the other end of the SWCNT was at-

tached to a gold surface or another FAD to accelerate electrical communication be-

tween the electrode and redox proteins [149].

CNTs have been extensively employed in preparing different kinds of electrodes

for biosensors on a larger scale. Wang et al. have reported a remarkable decrease in

overvoltage for the oxidation of NADH using composites obtained by dispersing

CNTs in a Teflon binder [150]. Compton et al. have proposed the use of MWCNTs

abrasively attached to the basal plane pyrolytic graphite [151]. Unique electrochem-

istry of soluble molecules and adsorbed proteins on flat mat-like layers of SWCNTs

or MWCNTs has been demonstrated. Rusling et al. have reported that Mb was co-

valently attached onto the ends of vertically oriented SWCNTs forest arrays used as

electrodes [121]. The results suggest that the ‘‘trees’’ in the nanotube forest be-

haved electrically similar to a metal, conducting electrons from the external circuit

to the redox sites of the proteins. Huang et al. [152] and Zhao el al. [153] have re-

ported multilayers of MWCNTs and GOD through a layer-by-layer technique. Liu

has reported the preparation of enzyme-polyion thin films consisting of GOD alter-

nately assembled with poly(diallyldimethylammonium) chloride polymer on CNTs

at a glassy carbon electrode [154].

CNTs have also been used to develop electrochemiluminescence (ECL) bio-

sensors. For instance, Wohlstadter et al. have reported ECL biosensors for the assay

of a-fetoprotein [113]. Studies revealed that CNTs were very useful for ECL-based

assays. CNTs have also been used to fabricated sensors with screen-printed carbon

electrode [155, 156].

CNTs array-based biosensors have also been reported. Aligned MWCNTs grown

on a platinum substrate have been described for the development of an ampero-

metric biosensor [114]. The two array systems in this work were either acid treated

or air treated. The results showed that chemical etching was more effective in

opening the carbon nanotubes and allowing the enzyme to enter the inner channel.

A so-called carbon nanotube paste electrode (CNTPE) has been reported in the

fabrication of a glucose biosensor modified with some metallic particles [157].

The bioelectrodes were obtained by dispersing the metal particles, enzyme and
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MWCNTs within a mineral oil binder. The resulting CNTPE combines the ability

of CNTs to promote electron-transfer reactions with the attractive advantages of

composite materials.

Microelectrodes and ultramicroelectrodes are important analytical tools because

they exhibit fast response times, significantly improved Faradic-to-capacitive cur-

rent ratios, and substantially reduced ohmic drops [158, 159]. Therefore, it is rea-

sonable to develop so-called micro-biosensors. The electrocatalytic reduction of dis-

solved oxygen in acidic medium using microelectrodes constructed from MWCNTs

has been reported [160]. Meanwhile, Martin and coworkers [161] have reported

that the detection limits obtained at nanoscopic electrodes ensembles are much

lower, three orders of magnitude, than the corresponding detection limits for a

conventional macroscopic disk electrode. An important consideration in the future

advancement of practical sensors is how to develop new immobilization strategies

that are appropriate for the construction of miniature sensors, which requires pre-

cise control of film deposition on a small electrode. Electrochemical immobiliza-

tion provides an elegant alternative for the deposition of enzymes on very small

area electrodes of defined geometry.

Nanoelectrode ensembles based on low-site density, aligned CNTs have also been

fabricated, and the electrochemical characteristics have been investigated [162].

Subsequently, the same research group developed a glucose biosensor based on

CNT nanoelectrode ensembles [163]. The operation eliminates the need for perm-

selective membrane barriers or artificial electron mediators, thus greatly simplify-

ing the sensor design and fabrication. The same group have also fabricated CNT

nanoelectrode ensembles by another method [164]. Platinum nanoparticles have

been used to modify the CNT nanoelectrode ensembles and a new amperometric

biosensor, based on adsorption of GOD at the platinum nanoparticle-modified

CNT electrode [165]. This work combines the advantages of CNTs with Pt nanopar-

ticles. The excellent electrocatalytic activity and special 3D structure of the enzyme

electrode result in good characteristics such as a large determination range (0.1–

13.5 mm), a short response time (within 5 s) and stability (73.5% remains after 22

days). Another reported glucose biosensor is also notable, due to its high sensitivity

and selectivity coupled to a wide linear range, prolonged lifetime and oxygen inde-

pendence [166].

CNTs are often used together with other materials (including nanomaterials) for

biosensor fabrication. Early in 2002, a novel glassy carbon electrode modified by a

gel containing MWCNTs and the ionic liquid 1-butyl-3-methylimidazolium hexa-

fluorophosphate (BMIPF6) was reported [167]. Wang et al. have reported on a sim-

ple avenue for preparing effective CNT-based electrochemical sensors and bio-

sensors using CNT/Teflon composite materials [150]. Unlike early CNT-modified

electrodes, the composite devices rely on the use of CNT as the sole conductive

component rather than utilizing it as the modifier in connection with another elec-

trode surface. Another novel glucose biosensor based on CNT epoxy resin bio-

composite has also been reported [168]. Experimental results show that the CNT

epoxy composite biosensor offers excellent sensitivity, a reliable calibration profile,

and stable electrochemical properties together with a significantly lower detection
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potential (þ0.55 V) than the sensor with no CNT. Recently, a nanobiocomposite

material based on a MWCNT-Nafion thin film for bioanalytical application has

been proposed [169]. By the combination of MWCNTs, Nafion, and GOD, a novel

electroanalytical nanobiocomposite thin film can be produced by simple solvent

casting. Compton et al. have proposed another glucose biosensor, fabricated by im-

mobilizing GOD encapsulated in a sol–gel matrix on basal plane pyrolytic graphite

modified with MWCNTs [151]. The present carbon nanotube sol–gel biocomposite

glucose sensor showed excellent properties for the sensitive determination of glu-

cose. More recently, Yang has used sol–gel solution with highly dispersed Pt nano-

particles as a binder for MWCNTs to fabricate glucose biosensors [170]. In another

study by Yang, a CNT-cobalt hexacyanoferrate nanoparticle-chitosan biopolymer

system was used in the fabrication of biosensors [171]. With the introduction of

CNT, this system could show significant improvement of redox activity of cobalt

nanoparticles due to the excellent electron-transfer ability of CNTs. Meanwhile,

CNTs have also been doped in organically modified sol–gels (ormosils) to enhance

the conductive properties of the sol–gel matrixes, since the conductivity of ormo-

sils is not good, although the porosity and biocompatibility are very favorable. Ac-

cordingly, H2O2 and glucose sensors have been developed by entrapping enzymes

in a new ormosil composite doped with ferrocene monocarboxylic acid-bovine se-

rum albumin conjugate and MWCNTs [172, 173].

The insolubility of CNTs in most solvents is one of the limitations in the design

of CNTs-based biosensing devices. A stable suspension of CNTs can be obtained by

dispersing CNTs in a solution of surfactant, such as cetyltrimethylammonium bro-

mide (CTAB, a cationic surfactant) [174]. CNTs have promotion effects on the di-

rect electron-transfer of GOD immobilized onto the surface of CNTs. Solubilization

of CNTs by Nafion, a widely used perfluorosulfonated polymer, has also been re-

ported for both single- and multiwall CNTs [175]. Redox activity has also been dra-

matically enhanced at CNT/Nafion-coated electrodes. This gives a new way to fab-

ricate amperometric biosensors. A recent interesting observation is that covalently

linked composites of MWCNT and GOD composites are highly water soluble [146].

SWCNTs have been reported to combine platinum nanoparticles with a diameter

of 2–3 nm for use in fabricating electrochemical sensors with remarkably im-

proved sensitivity toward H2O2 and glucose [176]. This work demonstrates that it

is possible to obtain very small Pt nanoparticles deposited onto Nafion-solubilized

SWCNT. Platinum nanoparticles are in electrical contact, through the SWCNT,

with the glassy carbon or carbon fiber backing, enabling the composite structure

to be used as an electrode. This composite structure may offer an excellent plat-

form for various biosensing applications. Finally, CNTs have been combined with

Fe nanoparticles to develop a glucose biosensor [177].

10.5

Nanocomposite Materials

Collagen/poly(acrylic acid) bilayers were once reported to be added to nanoparticle

CdTe/polycation layer-by-layer films to produce porous collagen bilayers. Such
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stratified multilayer systems showed successful cell attachment and survival while

native nanoparticle CdTe/polycation films were strongly cytotoxic [178]. Hu et al.

have made a detailed electrochemical investigation of Hb incorporated in collagen

films [179]. The Hb-collagen film electrodes were also used to catalyze the reduc-

tion of nitrite, oxygen and H2O2, indicating potential applications of the films for

the fabrication of a new type of biosensor. A novel amperometric glucose biosensor

combined with an enzymatic assay of glucose level in rat brain has also been devel-

oped based on ferrocene-doped silica (FcDS) nanoparticles conjugated with a bio-

polymer chitosan (CHIT) membrane [180]. The formation through a water-in-oil

(W/O) microemulsion method of such dye-doped silica particles clearly demon-

strated their remarkable bioconjugation and photostability.

Gold nanoparticles have been widely used in the electrochemical study of pro-

teins; however, the reversibility of Hb is not so good, because both gold nanopar-

ticles and Hb are positive-charged, and the electrostatic repulsion may result in un-

favorable orientation of Hb. It has been reported that a-zirconium phosphate is

an anionic material with good biocompatibility, but direct electron transfer of the

anchored protein is not easily realized perhaps for the weak conductivity and lower

enzyme-loading ability of ZrP [181]. To solve the problem, Chen et al. have intro-

duced the gold nanoparticles into ZrP, based on which an excellent H2O2 bio-

sensor was constructed [182]. Liu et al. have also developed a H2O2 biosensor

based on the immobilization of HRP to a nano-Au monolayer, which is supported

by a PAMAM dendrimer/cystamine modified gold electrode [183]. Meanwhile, Yu

et al. have reported a new electrode interface by using l-cysteine–gold particle

nanocomposite immobilized in the network of a Nafion membrane on a glassy

carbon electrode [184].

10.6

Nanoparticles with Special Functions

10.6.1

Semiconductor Nanoparticles

Some nanomaterials used for sensors fabrication have several special functions.

For instance, semiconductor nanoparticles that have recently been used for sensing

applications are a highly luminescent, photostable class of fluorophore [185–187].

Colloidal semiconductor nanocrystals, often referred to as ‘‘quantum dots’’ or

‘‘QDs’’, are single crystals a few nanometers in diameter whose size and shape

can be precisely controlled by the duration, temperature, and ligand molecules

used in their synthesis [185]. The synthesis process yields QDs that have

composition- and size-dependent absorption and emission. Absorption of a photon

with energy above the semiconductor band gap energy results in the creation of an

electron–hole pair or exciton. Absorption has an increased probability at higher en-

ergies and results in a broadband absorption spectrum, in marked contrast to stan-

dard fluorophores. Luminescent QDs have unique spectroscopic properties that
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include a broad adsorption spectra: size-tunable, narrow, and symmetric photo-

luminescence emissions ranging from UV to the near-IR range; and exceptional

resistance to chemical and photodegradation along with high photobleaching

thresholds [188]. Nanocrystals composed of ZnSe, CdS, CdSe, and CdTe also have

emission spectra that span the visible spectrum. Researchers have demonstrated

that QDs can function as fluorescence resonance-energy transfer (FRET) donors

in prototype hybrid QD–protein sensors [189]. Nanosized semiconductor crystals

can be effectively coupled to biomolecular units such as enzyme, to generate novel

photoelectrochemical systems [190].

CdSe nanocrystals have broad absorption spectra that progressively shift to

longer wavelengths with increasing particle size. These nanocrystals are tunable

fluorophores with absorption characteristics that allow simultaneous excitation of

different particle sizes at a single wavelength, while they exhibit a luminescent

emission that spans a wide range of wavelengths in the visible spectrum [188]. Re-

searchers have fabricated a facile, reagentless method for generating protein-based

semiconducting nanoparticle sensors for small molecules using CdSe nanopar-

ticles [187]. They used maltose binding protein (MBP) for the sensor receptor.

When MBP binds with maltose, the conformation of MBP is changed, and then

the movement prohibits the electron transfer to CdSe, resulting in fluorescence

emission. Researchers have also described a novel and direct method for conjugat-

ing protein molecules to luminescent CdSe–ZnS core–shell nanocrystals used as

bioactive fluorescent probes in sensing, immunoassay, imaging, and other diagnos-

tics applications [188].

CdS is also a promising nanomaterial that has also been used in biosensor

fabrication. The direct electrochemistry of GOD adsorbed on CdS nanoparticles-

modified pyrolytic graphite electrode has been investigated [191]. The results

showed that the fabricated biosensor was sensitive and stable in detecting glucose,

indicating that CdS nanoparticles are a good candidate material for the immobili-

zation of enzyme in glucose biosensor construction. Hb has also been immobilized

with CdS nanoparticles on pyrolytic graphite electrode to characterize the electro-

chemical reactivity and peroxidase activity of the protein, and the result demon-

strates that good redox waves of Hb can be achieved after this protein is entrapped

in CdS nanoparticles [192]. Combined with formaldehyde dehydrogenase enzyme,

nanocrystalline CdS has also been immobilized by self-assembling on a gold elec-

trode to prepare a biological–inorganic hybrid to perform catalytic oxidation of

formaldehyde [190, 193]. Researchers have also prepared an acetylcholine esterase

(AChE)/CdS nanoparticle hybrid system for the photoelectrochemical detection of

AChE inhibitors [194]. The photoelectrochemical charging effect of a Au-CdS

nanoparticle array has also been employed to develop a sensor for acetylcholine

esterase inhibitors [195].

As mentioned above, TiO2 has been a popular nanomaterial for use in sensor

devices. Recently, Li et al. have successfully constructed a Hb-based H2O2 bio-

sensor tuned by the photovoltaic effect of the nanoparticles [196]. The catalytic

ability of the protein and the sensitivity of sensor could be greatly enhanced after

UV light irradiation on the co-immobilized nanomaterial.
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10.6.2

Magnetic Nanoparticles

Magnetic nanoparticles have been widely applied in various fields of biology and

medicine, such as magnetic targeting, magnetic resonance imaging, diagnostics,

immunoassays, RNA and DNA purification, gene cloning, and cell separation and

purification etc. [197]. Thus, researchers have fabricated magneto-bioelectronics

that rely on magnetic nanoparticles. Multilayer films have been prepared on the

surface of a glassy carbon electrode by the deposition of chitosan/Fe3O4 nanopar-

ticles and phytic acid via the layer-by-layer assembly technique [198]. The multi-

layer films exhibited good biocompatibility, and adsorbed Hb on the film could

realize direct electron transfer reactions and maintain high catalytic activity. In

contrast, the orientation of magnetic particles can be controlled with a magnet,

which can in turn control the electron transfer of protein-based biosensors. Accord-

ingly, a magneto-switchable bioelectrocatalysis glucose biosensor has been pre-

pared with magnetic Fe3O4 nanoparticles as control factor [199]. Switchable sys-

tems that can be used as both H2O2 biosensor and glucose biosensor have also

been prepared with magnetic nanoparticles by the same research group [197].

Other magnetic nanoparticles have also been used in fabricating protein-based bio-

sensors with good characteristics. For example, a phenol biosensor has been devel-

oped based on the immobilization of tyrosinase on the surface of modified magnet-

ic MgFe2O4 nanoparticles attached to the surface of a carbon paste electrode [200].

10.7

Other Nanomaterials

In addition to the above-mentioned nanomaterials, which have been largely used

for sensor fabrication, there are also many other nano-materials, which either

have been used for biosensing devices or may have the potential of biosensor appli-

cation. One such nanostructure material is nanocrystalline silicon, often referred to

as porous silicon, which, in fact, has been extensively used in sensors. Since the

discovery of its strong visible luminescence at room temperature, porous silicon

has attracted considerable interest in its possible use in the construction of bio-

sensors. Its ability to emit light is due to its tiny pores that range from less than

2 nm to micrometer dimensions. In addition, porous silicon possesses a high

surface to volume ratio (as much as 500 m2 cm�3) and it can be fabricated easily

using some of the established processes of silicon technology. Porous silicon has

been used as an optical interferometric transducer for detecting small organic mol-

ecules (biotin and digoxigenin), 16-nucleotide DNA oligomers, and proteins (strep-

tavidin and antibodies) at pico- and femtomolar analyte concentrations [201, 202].

Many potentiometric biosensors based on porous silicon have been reported [203–

205]. In addition, the enzymes penicillinase and lipase have separately been immo-

bilized on the surface of porous silicon to develop biosensors for penicillin and

triglycerides [206].
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SiO2 nanoparticles are another often used nanomaterial. The electrochemical

and electrocatalytic properties of heme proteins, including Mb, Hb, and HRP in

layer-by-layer films assembled with SiO2 nanoparticles and the proteins have been

investigated. The proteins in the films can display good electrocatalytic activities to-

ward various substrates such as oxygen, H2O2, trichloroacetic acid, and nitrite,

which has showed a potential applicability in fabricating a new kind of biosensor

without using mediators [14]. SiO2 nanoparticles have also been used to immobi-

lize GOD by the sol–gel method. Experimental results show that hydrophobic SiO2

nanoparticles can immobilize enzyme well, providing a good and simple approach

for preparing a high quality glucose biosensor [207, 208]. Moreover, SiO2 nanopar-

ticles have been introduced into the construction of enzyme field-effect transistors

(ENFETs) to create a glucose-sensitive ENFET, and the SiO2 nanoparticles can pro-

vide a biocompatible environment and improve the enzyme activity, and prevent

the immobilized enzymes from leakage as well [209]. In addition, boron-doped

silicon nanowires (SiNWs) have been reported by Cui et al. to create highly

sensitive, real-time electrically based sensors for biological and chemical species

[210]. Antigen-functionalized SiNWs showed reversible antibody binding and

concentration-dependent detection in real time.

Recently, a disposable glucose biosensor was reported based on co-dispersion of

a diffusion polymeric mediator, poly(vinylferroceneco-acrylamide) (PVFcAA), and

GOD in an alumina nanoparticulate membrane on a screen-printed carbon elec-

trode [211]. The nanoparticulate membrane served not only biosensing, but also

analyte-regulating functions. Since the membrane is highly hydrophilic, the

amount of dissolved oxygen, one of the main interferants, is greatly reduced, and,

thus, little interference is observed.

Arrays of nanoscopic gold tubes have been prepared by electroless deposition of

the metal within the pores of polycarbonate particle track-etched membranes [212].

GOD can be immobilized onto the self-assembled monolayers of gold tubes, via

crosslinking with glutaraldehyde or covalent attachment by carbodiimide coupling.

Based on a similar method of template synthesis, Miao et al. have immobilized

GOD in the polypyrrole nanotubes and produced a biosensor [213]. Compared

with conventional techniques, this immobilization strategy greatly enhances the

amount of the enzyme immobilized, the retention of the immobilized activity and

the sensitivity of the biosensor.

Polyaniline nanoparticles, synthesized with dodecylbenzylsulfonic acid, can be

successfully electrodeposited on the surface of glassy carbon electrodes to form

nanostructured films suitable as heterogeneous mediators [214], and nanoparticles

have been applied to a glassy carbon electrode surface with HRP for H2O2 sensing.

A sensitive and selective amperometric glucose biosensor based on platinum mi-

croparticles dispersed in nano-fibrous polyaniline has also been developed [215].

PANI has a large specific surface area, good conductivity, high reaction ability,

and many microgaps between the fibers, which is very useful for sensor fabrica-

tion. This nanofibrous morphology is also beneficial to the dispersion of metal cat-

alyst and the immobilization of enzyme.
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Recently, there has been a tendency to extend the study of nanoparticles from

metal and inorganic compounds to organic compounds because of the diversity of-

fered by organic molecules [216]. It is expected that organic nanoparticles can be

used in constructing sensors, bioprobes, devices, etc. [217, 218].

10.8

Conclusion

Nanobiotechnology has played an increasingly important role in the development

of protein-based biosensors. Owing to the unique properties of nanomaterials,

such as large surface-to-volume ratio, high surface reaction activity, high catalytic

efficiency, and strong adsorption ability, numerous protein-based biosensors have

been well constructed with higher selectivity, better stability and a lower detection

limit for the detection of even more species. In addition, the special electronic, op-

tical and magnetic characteristics of nanomaterials are providing a platform for

fabricating more novel biosensors, which might also open up new topics in the

field of protein-based biosensors. Greater achievements and advances will be

made by combining nanotechnology with protein science and biosensing.
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Biomimetic Nanosensors

Raz Jelinek and Sofiya Kolusheva

11.1

Introduction

Within the burgeoning field of nanotechnology, bionanotechnology is an important

area. Bionanotechnology is generally defined as the ability to produce biological de-

vices and materials through molecular manipulation and specific control of the

physical, chemical and biological properties of the materials employed. The goals

of this increasingly visible discipline focus on the creation of functional systems

that could be employed in electronic circuitry and devices, advanced materials, bio-

medical devices, sensors, and others. Many excellent reviews have been published

in recent years on subjects at the interface between biology and nanotechnology,

reflecting the increasing interest in its potential for addressing diverse scientific

and technological challenges [1].

In the field of sensor research and development, bionanotechnology is poised to

make significant contributions, and has the potential to radically alter the way sen-

sors are designed, constructed, and implemented. As a rule of thumb, the require-

ments for miniaturization are ever present and are often critical in sensor design.

Accordingly, utilizing bio-inspired concepts and technical approaches and introduc-

ing biologically-based detection technologies have already had considerable impact

in biosensor development. In particular, the ability to harness molecular recogni-

tion in the literal sense – employing fewer and fewer recognition units in sensor

devices – could revolutionize the way biosensors operate. Several reviews on varied

aspects and exciting developments in this field have been published recently [2–6].

The present chapter discusses the nascent but rapidly expanding field of nano-

biosensors, putting particular emphasis on the way concepts and methodologies

borrowed from the biological world – termed ‘‘biomimetics’’ – contribute and

shape the chemical/physical characteristics of sensor devices. Put the other way

around – we have also summarized here reports depicting nanosensors designed

to analyze biological and cellular systems without interference in their functions

or structures. Such goals are sometimes satisfied by nanosensor assemblies that

mimic certain components within the biological or cellular system investigated.

311



Biomimetic nanosensors are referred to in a rather broad sense, including various

systems and applications that can be depicted as ‘‘nanotechnology’’, and focusing

on the interface between biology and chemistry, physics, or engineering. Similarly,

‘‘biomimetic sensors’’ depicted here represent important concepts, design criteria,

or molecular targets that are ‘‘biological’’, but include innovative components from

other disciplines. The explosive growth ofpublications that touch in different ways

on the subject of this chapter (and due to space limitations) necessitated summa-

rizing only selected studies.

Thematically, this chapter is organized according to the roles played by biology

and biomimetic assemblies in sensing devices, and mirroring this – the develop-

ment of nanotechnology-based (or nanotechnology-inspired) sensing of biological

and cellular systems. Specifically, Section 11.2 focuses on the description of bio-

sensing applications relying on nanostructures, such as nanoparticles and nano-

tubes, for studying and detection of biological systems. Emphasis in this section

is on the nanostructures and how their unique physicochemical properties contrib-

ute to bio-sensor designs. The spotlight in Section 11.3 is rather on biological (and

cellular) systems, and the solutions nanotechnology offers to detect and elucidate

molecular events in those assemblies. Section 11.4 summarizes the contribution

of biological molecules as building blocks and structural components in bio-

mimetic nano-scale sensors. Finally, Section 11.5 discusses the increasing promi-

nence of nano-biotechnology in biomedical diagnosis. Certain overlap exists

among the topics, primarily due to the interchanging roles of the sensors and bio-

logical molecules in many bio-inspired devices and applications.

11.2

Nanostructures in Biosensor Design

For such a young scientific endeavor, nanotechnology has already demonstrated

a noticeable role in biosensor research and development. The contributions of

nanotechnology can be roughly divided between the more ‘‘conceptual’’ impact –

pointing and demonstrating new approaches and models for biosensor design –

and the practical utilization of novel or superior physicochemical properties of

nanostructures in certain applications. This subsection will discuss examples for

both aspects of biomimetic nanotechnology in sensors.

One of the most important recent ‘‘meeting points’’ between nanotechnology

and the biological world has been the demonstration that nanoparticles (NPs) can

be successfully incorporated and used for detection and imaging biological as-

semblies and cell systems. Semiconductor nanocrystals or ‘‘quantum dots’’, in par-

ticular, have become an important tool in this field. The concept underlying the

use of quantum dots, particularly for biological and cellular imaging, is simple

and elegant (Fig. 11.1). Essentially, NPs with different sizes and compositions ex-

hibit distinct optical properties (mainly fluorescence or luminescence) [7, 8]. NPs

can be conjugated to varied biological targets, including proteins, enzymes, DNA

and others, thus facilitating detection, imaging and functional analysis of biolog-
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ical processes via the differently-labeled NPs [8–11]. Coupling of the NPs to biolog-

ical molecules provides these nanosensing particulates with means of exploiting

the diversity of the biological universe for varied applications. In particular, biocon-

jugation allows probing and pinpointing specific cellular pathways and physical en-

vironments within the cell. Semiconductor NPs were used for imaging of single

cells [11], cell components [12], tissues [13], plant cells [14], and living animals

[15].

An important advantage of the use of NPs for biological imaging is their often

superior spectral and optical properties compared with conventional dyes [16]. In

that regard, the ability to tune their optical properties through varying the particle

size and molecular composition, the coupling of the recognition element to NPs

with different emission wavelengths, and the relative biological inertness of the

NP core all make conjugated NPs an attractive labeling tool. Semiconductor NPs

are currently widely used in scientific and applied biotechnology research, e.g., for

intra- and extra-cellular imaging of cancer markers, and for orthogonal detection of

different molecular targets within a cell [16].

Diverse techniques have been developed for making NPs generally biocompati-

ble, and to overcome problems of nonspecific adsorption, aggregation, and intra-

cellular targeting in cell imaging. A simple and innovative approach has been the

inclusion of semiconductor NPs within phospholipids micelles, making such as-

semblies easy to manipulate and introduce into cellular systems [17]. The creation

of lipid/NP particles has certain advantages over covalent coupling of NPs to bio-

logical molecules. First, the assembly process is simple and does not require for-

mation of chemical bonds between the lipids and the NPs. Furthermore, the small

lipid-surrounded particulates can transport into cellular systems and microorgan-

isms without adversely affecting their viability [17].

Fig. 11.1. Variation of fluorescence emitted from

semiconductor nanoparticles (quantum dots), in relation to

particle size and composition. (Reprinted from Ref. [7].

Copyright (2004), with permission from Elsevier.)
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A critical test for the use of NPs for cellular imaging and analysis is whether

these particles can be depicted as ‘‘inert’’ markers of cells (or specific organelles

within the cell). Many studies have shown that NP incorporation does not ad-

versely affect cell processes or cell viability [8, 11]. In that sense, NPs can be re-

ferred to as ‘‘biomimetic’’ in that they can become part of a biological system (the

cell) without affecting its viability and biological functionalities, and augment it

through providing the imaging capabilities.

Semiconductor NPs are not the only nano-scale probes used in biological imag-

ing; however, their remarkable biological and optical versatility make them promis-

ing components for imaging and bioanalysis applications. Other types of NPs have

been reported in biosensing applications. NPs composed of silica or metal atoms,

for example, also allow easy surface modification aimed to incorporate labile bio-

logical functionalities [18, 19]. Zhao et al. have developed an elegant sensing tech-

nique based on bioconjugated silica NPs containing fluorescent dyes [20] (Fig.

11.2). The silica NPs were coupled to recognition elements such as antibodies rec-

ognizing specific antigens on bacterial surfaces, and additionally encapsulated high

concentration of fluorescence dyes within the NP matrix. Consequently, binding of

even a single bacterial cell yielded a detectable fluorescence signal from the in-

tensely fluorescent NP. This approach could easily be extended to rapid pathogen

detection and high-throughput screening using simple chip devices.

Gold NPs, in particular, exhibit varied uses in biological detection, in some in-

stances comprising the basic building blocks for the biosensors, in other cases as

vehicles of transmission of the induced signals. An example of the former design

is the use of gold NPs in monolayers for the construction of amperometric immu-

nosensors [21]. Here, the NPs constituted both the sensing interface as well as the

substrate for biological immobilization. Another study has described the use of

Fig. 11.2. Schematic depiction of bacterial detection using

fluorophore-containing silica NPs [20]. Binding of bacterial cells

to antibody-labeled NPs causes the release of the fluorescence

dyes.
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gold NPs for assembling a surface sensor for DNA hybridization [22]. Silica NPs

encapsulating luminescent markers have been prepared and used for biosensing

through conjugation with biological molecules and bio-surfaces [23]. The latter

work exploited advanced synthesis methods to assemble NP in distinct sizes, thus

achieving controlled luminescence. This, in turn, has endowed the system with

‘‘molecular encoding’’ capabilities through multiplexed signaling.

Films composed of NPs forming parts of biosensor chip assemblies have been re-

ported [24]. Metal nanoclusters were positioned on top of a biological recognition

layer (receptor/ligands) at a nanometer-scale distance from a reflecting layer (Fig.

11.3). The surface-enhanced light absorption by the NP layer was shown to be

highly sensitive to the thickness of the biological recognition assembly, thus pro-

viding means for sensing biomolecular binding [24]. The simplicity of this applica-

tion stems from the enhancement of visible signals – essentially color changes de-

tected by the naked eye – through deposition of the NPs on surfaces functionalized

with macromolecules. Such bio-chip devices could find varied uses in proteomics

applications, and their extension to single molecule detection is possible through

surface micro-patterning and nanolithography.

Confining NPs on solid surfaces could facilitate the application of sensitive sur-

face spectroscopic methods in a highly localized manner. Metallic NPs, particularly

gold or silver, placed on solid substrates yielded a dramatic increase in the intensity

of surface-enhanced Raman scattering (SERS) signals, enabling trace-level detec-

tion of varied biological compounds, including, for example, viral DNA [25]. Silver

NPs coupled to biological ligands yielded improved localized surface plasmon res-

onance (LSPR) signals following ligand/receptor binding, making such systems

potentially useful in immunoassays [26].

Biologically functionalized magnetic nanoparticles have been also contributed to

bio-sensing applications. The sensing schemes in such designs do not involve

optical detection but rather rely on the modification of the magnetic properties of the
particles, induced through biological interactions. One such system for sensing

biomolecular interactions has utilized biocompatible magnetic NPs onto which

biological molecules could be chemically attached [27]. The researchers demon-

Fig. 11.3. A biosensor design based on a

metal cluster resonance bio-chip; hn1 and

hn2 are the incoming and reflected light,

respectively, and the shift in color is caused by

absorption due to mirror–NP layer resonance.

Light absorption from the metal layer is

modified by the thickness of the biological

recognition layer [24].
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strated that differences in the aggregation state of the magnetic NPs, affected

through specific biomolecular interactions involving the functionalized NPs, could

dramatically alter the magnetic relaxation properties of the particles – making the

system a ‘‘magnetic relaxation switch’’ for identification of biological analytes. A

notably practical advantage of the technique is that such ‘‘relaxation sensing’’ could

be implemented by using conventional magnetic resonance instruments.

One of nanotechnology greatest molecular players – the carbon nanotube – could

also form a basis for a wide range of biosensor applications. The remarkable chem-

ical properties of carbon nanotubes [particularly single-wall (SW) nanotubes] have

already been exploited in biosensor applications. Particularly important factors

when considering carbon nanotubes as nanobiosensors are their nano-scale di-

mensions, versatile chemical functionalization possibilities, and the ready adsorp-

tion of proteins and other biomolecules onto their surface. All these factors make

carbon nanotubes ideal candidates for sensing platforms, capable of detecting ana-

lytes at extremely low molecular concentrations. Indeed, the field of carbon nano-

tube sensors has developed rapidly in recent years due in large part to the spectac-

ular progress in nanotube surface chemistries [28]. Biological molecules have been

attached to nanotube surfaces through covalent and noncovalent bonding, with

and without pre-activation, and through the use of diverse synthetic procedures

[28]. Carbon nanotubes derivatized with oligonucleotides and embedded in silica

have been used, for example, for ultrasensitive DNA detection [29]. That study

and other reports point to an important advantage of carbon nanotubes: their si-

multaneous role both as immobilization matrixes for the detected analytes, as well

as mediators of the induced signals (generally amperometric or electrical) within

the bio-sensor assemblies [30, 31].

Other recent developments straddling the chemistry/nanotechnology interface

point to technologies that could play a role in biomimetic nanosensors. Molecular

imprinting, for example, could become a useful tool for biosensor architectures.

Molecular imprinting creates recognition sites in polymers by using template mol-

ecules; the templates are prepared by initiation of the polymerization processes

while specific molecules of a particular analyte (or resembling the analyte) are

incorporated within the solidifying polymeric material [32, 33]. Following the

removal of the embedded analyte molecules, the polymer essentially becomes a

porous framework that selectively adsorbs only the analyte molecules within the

pre-shaped binding sites [34]. This kind of ‘‘template biosensing’’ could be compat-

ible with nanosensor design through accurately controlling the pore dimensions,

or through manipulation of the recognition surface, for example by using microgel

spheres that determine the overall size of the porous framework [35]. Recent

studies have employed molecularly imprinted polymers as bio-sensing templates,

achieving extremely sensitive (subpicomolar) detection of biological ligands [36].

A potentially useful implementation of molecular imprinting focuses on separation

applications, particularly capillary chromatography and electrophoresis [37]. Such

techniques, however, often face considerable hurdles when applied to minute sam-

ple quantities. Indeed, technical challenges still exist for transforming molecular

imprinting into a viable sensing technology.
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11.3

Nanosensors for Probing Biological and Cellular Systems

Nanosensors applied in the context of biological systems can be roughly divided

into two broad applications. One route focuses on sensor technologies designed to

investigate biological molecules and physiological/biological processes (rather than

the complete ‘‘living systems’’), while another active research track employs nano-

sensing for investigating actual living cells or tissues. This section summarizes the

contribution of nanotechnology to both applications, beginning with sensors aim-

ing to elucidate various aspects in the primary constituents of biology: proteins,

nucleic acids, carbohydrates, and others.

The protein world has probably attracted the most intense activity in nanosensor

development, undoubtedly due to the broad knowledge-base and the significance

of proteins in numerous biochemical and therapeutic processes. The main differ-

ence between the established and highly versatile protein bio-assays available and

newly introduced nanosensor methodologies is the focus on a very limited number

of molecules (preferably, sometimes, single protein molecules) in nanosensor de-

sign, rather than looking at greater populations. Similar to fluorescent markers, lu-

minescent dyes, or radioactive tracers, a primary challenge in protein nanosensor

research and development is not to affect or interfere with the structural and func-

tional properties of the inspected molecule. Indeed, the unprecedented technical

advances in biomolecular manipulation in recent years have greatly contributed to

progress in this field. An experiment exemplifying these concepts was the analysis

of the molecular interactions in metal transfer by the protein metallothionein. The

protein was labeled at two specific locations with a fluorescent-energy donor and

an acceptor, respectively [38]. Such labeling was achieved through introducing a

mutation in the protein that did not affect the protein properties. Monitoring the

fluorescence resonance energy transfer (FRET) between the donor and acceptor

bound to the protein allowed probing fine details pertaining to varied molecular

processes of the protein.

An innovative method for detection of single antigen–antibody binding events at

a bio-chip surfaces has been described recently [39] (Fig. 11.4). The sensing device

relied on the fabrication of an artificial pore between two electrode surfaces; the

electrical current measured through the pore (or more accurately its resistivity)

was sensitive to the passage of streptavidin-derivatized colloids. When antigens,

for example, were specifically bound to antibodies crosslinked to the colloid sur-

face, the size change of the colloid was reflected in the recorded current. This

microfluidic bio-sensor can be constructed through conventional lithography

techniques – and points to the substantial potential of ‘‘nanolithography’’ to pro-

duce truly ‘‘single molecule’’ nanosensors.

Oligonucleotide detection has also been at the forefront of nanotechnology-based

sensing techniques. This is mostly due to the explosive growth of genomics as a

tool for biological research and pharmaceutical R&D. The introduction of the

‘‘gene-chip’’ and the quest for ever higher molecular densities and sophistication

of chip surfaces have been major driving forces for new scientific and technical
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breakthroughs involving nanobiosensors. Pioneering work by Letsinger and Mir-

kin has demonstrated that gold NPs can be used as sensitive probes for single-

strand oligonucleotides [40]. The novel detection scheme was based on the col-

orimetric transitions of the gold NP suspension following the formation of a

polymeric network, owing to hybridization between the target solubilized oligo-

nucleotides and complementing oligonucleotide strands attached to the gold NPs.

Furthermore, the red–blue transformations of the NPs were highly dependent

upon hybridization mismatches – providing a unique tool for detection of DNA

damage. Extending the gold NP technology, the same researchers demonstrated a

simple scanner-based detection of target DNA segments using derivatized gold

NPs [10]. This work also showed that the sensor signal can be further enhanced

through addition of silver NPs to the surface-immobilized gold NPs. Of particular

importance, single nucleotide mismatch could be resolved by achieving heat-

induced dissociation of the hybridized gold NP network. These seminal studies

have demonstrated the power of nanotechnology to introduce a new tool-kit for

DNA sensing in particular, and biological sensing in general.

Other, diverse techniques have been developed to identify DNA strands with

high fidelity and sensitivity. A critical requirement in many methods has been

amplification of signals arising from recognition events between very dilute DNA

analytes and their complementary oligonucleotides. ‘‘Nanopores’’ fabricated in

polymer surfaces succeeded in detecting single DNA molecules, and achieved size

discrimination based on strand length [41]. Another approach for high sensitivity

DNA sensing involves the construction of optical fiber bundles, in which each fiber

Fig. 11.4. Schematic depiction of apparatus

designed to detect antigen–antibody

interactions through measuring the electrode

voltage across a small pore. The measured

current was sensitive to the size of antibody-

functionalized colloids passing through the

pores; antigen binding to the colloids modified

the measured current [39]. (From Ref. [39].

Copyright (2003), National Academy of Science

USA.)
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within such ‘‘nano-arrays’’ can transmit precise optical signals induced by various

physical changes, e.g., complementary strand binding of functionalized nano-

beads [42, 43]. Detection of DNA binding through force deflection measurements

on a nanomechanical cantilever array has been reported [44].

Carbohydrates appear increasingly important in different biological processes

and therapeutic applications. Similar to nucleic acids and proteins, some studies

have focused on the integration between carbohydrates and nanometer-size

systems and devices, while other efforts were directed to integrate advanced

nanotechnology-oriented concepts and instrumentation for specific detection of

carbohydrates. In a similar way to the approach described above for protein engi-

neering with fluorescent probes, ribose uptake and metabolism was monitored by

flaking a bacterial ribose-binding protein with two variants of the green fluorescent

protein (GFP), a popular macromolecular marker [45]. The FRET rate in such a

system was inversely correlated to ribose concentration, allowing evaluation of

free ribose concentrations within cells.

An intriguing study has described an amperometric biosensor facilitating high-

sensitivity detection of carbohydrates through embedding nickel nanoparticles

within a graphite-film electrode [46]. Essentially, the dispersion of the Ni nano-

particles within the carbon film yielded an order-of-magnitude lower detection

threshold compared with conventional electrode arrangements. Similar to other

NP-assisted biosensors described above, the nanoparticles in the device did not par-

ticipate in the actual detection of the carbohydrate molecules, but rather provided

the means for improving technical performance of the electrode. Another report

demonstrated that nanometer-size amphiphilic C60-dendrimers could be employed

in a biosensor construct for achieving improved association between the sensor

surface and the carbohydrate analytes [47]. Binding was achieved through creating

ordered Langmuir monolayers of the C60 conjugates. The films could be further

transferred to solid quartz surfaces, pointing to their potential applicability in bio-

sensor design.

Atomic force microscopy (AFM), a major driving force in nanotechnology re-

search, has also contributed to development of nanobiosensor for carbohydrates

and other biomolecules. Among the most abundant uses of AFM in nanobiosensor

research has been imaging of single biomolecules [48–50]. A potential high impact

application of AFM has been the introduction of ‘‘dip-pen nanolithography’’ –

placing molecules at desired locations on surfaces, and chemically manipulating

molecular entities at specific locations using chemically-coated AFM tips [49]. A

recent demonstration of dip-pen nanolithography for biosensing application has

been the construction of bioactive protein nano-arrays on a conductive surface for

detection of protein–protein interactions and proteomics applications [51]. Other

biological applications of AFM have been reported. The technique was used as a

tool for determination of carbohydrate heterogeneity on bacterial surfaces [52], or

the observation of a non-homogeneous distribution of specific oligosaccharide

units on the surface of yeast cells through derivatization of the AFM tip with lec-

tins [53]. A novel saccharide ‘‘force fingerprinting’’ technique, based on the single-

molecule imaging capabilities of AFM, has been reported [54].
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The numerous AFM studies of biomolecules both illustrate the potential of this

technique as well as the significant challenges for using single-molecule imaging

and force measurements for routine biosensor applications. On the one hand, the

atomic-level resolution of AFM could provide ‘‘imaging fingerprinting’’ for varied

biological surfaces and surface-bound molecules. It might be possible, for example,

to assemble an AFM image database for bacterial surfaces that might be used for

rapid pathogen identification. Further contributions could be envisaged from inte-

gration of computer-aided image analysis into AFM-biosensor applications. On the

other hand, formidable technical difficulties could arise from using AFM for suffi-

ciently fast and reliable detection in biosensors. In particular, the wealth of atomic

details and sensitivity of the method might lead to impracticality as a sensing

method.

Nanotechnology approaches could yield information on processes occurring

within lipid bilayers comprising the cell membrane. Jang et al. have inserted sili-

con NPs capped with a hydrophobic organic layer into the interior of lipid bilayer

vesicles [55]. Photoluminescence from the highly optically-sensitive silicon NPs

could be quenched by external quenchers – opening up possibilities to use the

technique for detection of membrane properties such as the communication be-

tween membrane-embedded species and the external environment of a cell.

The use of biomimetic vesicles themselves as bio-sensing platforms has gained

acceptance. Vesicles (also referred to as liposomes), having a simple lipid bilayer

structure, can be particularly attractive for bio-sensing applications because they

can be created in a range of sizes, and could enclose different dyes and optically-

active compounds. Liposomes can also be made reactive/non-reactive to biological

molecules, other vesicles, or cells, depending upon their lipid components and the

membrane compositions of their biological target [56]. Thus, such aggregates can

serve as specific detectors for pre-selected molecules, cell locations, or tissues.

Somewhat related to liposomes, newly-developed ‘‘nanogels’’ (Fig. 11.5) consisting

of nano-scale polymeric hydrogels coated with phospholipids [57] could be attrac-

tive for bio-sensing applications since they both mimic the bilayer membrane as

Fig. 11.5. ‘‘Nanogel’’ particles employed for bio-sensing

applications [57]. The particle size is dependent upon the pH,

making it a sensitive probe of different cellular compartments.
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well as providing a rigid scaffolding for addition of optical transduction compo-

nents. Nanogel particles (NGP) were shown to exhibit size sensitivity to the solu-

tion pH, making these particles potential sensor for tissue or intracellular pH

changes.

Several studies have exploited the properties of whole microorganisms for con-

structing nano-scale sensor assemblies with unique features. Genetic engineering

of filamentous bacteriophage allowed expression of a recognition element for ZnS

nanoparticles on the phage surface (through peptide selection by affinity screen-

ing), and the NPs could then be ordered via a liquid crystal alignment of the phage

[58]. This clever design resulted in NP ‘‘patterning’’ that could be further employed

in varied nanosensor constructs.

The primary aim of biosensor design for cellular sensing technology is the desire

to expose biochemical phenomena at the single cell level, and, preferably, maintain

cell viability throughout the measurement. Indeed, miniaturization constitutes the

core of different cellular sensing technologies, and nanotechnology could open

new avenues for such applications. An interesting device addressing that goal was

a nano-calorimetric sensor for measuring minute temperature changes in isolated

cell suspensions, generated by biological or pharmaceutical stimuli [59]. The cel-

lular sensor consisted of a gold and nickel thermoelectric transducer, and could

produce signals upon extremely small temperature and heat changes. That report

both exemplifies sensor fabrication achievements, as well as the technical and tech-

nological challenges nanobiosensor research is still facing.

Because aqueous environments are essential for cell viability, development of

nanobiosensors for cell activity and cellular processes have greatly benefited from

technical advances in micro- and nano-fluidics. Indeed, the increasing sophistica-

tion of fluidic biochips and cells has already contributed to demonstrating intrigu-

ing biosensor designs up to a single cell level. Detection of metabolic processes in

few dozens bacterial cells was achieved using a microfluidic biochip prototype that

could hold as little as 5 nL of a bacterial suspension [60]. Such an impedance-based

biosensor of cellular metabolism could, in principle, accomplish detection of a sin-

gle bacterial cell through lithographic design that would decrease the electrode size

and distance between the sensor electrodes.

Being a ‘‘silent observer’’ to processes within a cell is a central goal in nanobio-

sensor research and development. An innovative method for literally ‘‘illuminat-

ing’’ the cell interior with biologically-inert nano-capsules has been developed by

R. Kopelman [61–63]. The cell-inserted nanoprobes, denoted PEBBLEs (photonic

explorers for bioanalysis with biologically localized embedding), have been fabri-

cated from different polymeric matrixes encapsulating both a reference dye and a

sensing dye [63, 64]. Owing to their small size (20–100 nm) and biological inert-

ness, PEBBLE nanosensors can be delivered into the cell interior without com-

promising cell viability. Inside the cell, PEBBLEs essentially mimic cellular com-

partments, as they interact with and ‘‘sense’’ the intracellular environment. The

sensitivity of the encapsulated dyes to ions and molecules have made PEBBLEs a

useful platform for measuring intracellular concentrations of protons (pH), Kþ,

Mg2þ, Ca2þ, Cl�, oxygen, and glucose [65, 66].

11.3 Nanosensors for Probing Biological and Cellular Systems 321



Antibody-based nanoprobes have been a recent intriguing nanosensor approach

for probing the interior of living cells. These devices utilize extremely thin optical

fibers – less than 50 nm in diameter – derivatized with antibodies and inserted into

single cells [67]. Similar to PEBBLEs, the unique advantages of these nanoprobes

stem from their exceedingly small diameters, making them almost inert and non-

perturbing to the inspected cells.

While different methods have been developed for probing cell interior, relatively

fewer nanotechnology applications have been designed to explore processes at the

cell-surface or at the external membrane of living cells. A recent study has depicted

the construction of new membrane-fused fluorescent/colorimetric nano-patches

for probing membrane events in living cells [68]. The nano-scale probes in that

work were based on a conjugated polymer – polydiacetylene – that changes its vis-

ible color and its fluorescence emission following structural perturbations in its

vicinity [68, 69]. Polydiacetylene nano-patches were attached to the cell surface

through coupling to phospholipid moieties. Such membrane-incorporated lipid/

polymer patches do not adversely affect cell viability, and respond to local structural

perturbations within the membranes both through induction of fluorescence as

well as by undergoing blue–red color changes [67] (Fig. 11.6). These chemo-

engineered nanopatch-labeled cells could be used for microscopic imaging and flu-

orescence or visible spectroscopic analyses of physiological processes affecting the

cell membrane, its structure or morphology.

One of the challenges in coupling sensor devices to biological or cellular systems

is the efficient transduction of the signals (optical, electronic) from the biological

assembly into the recording/analysis units. Varied methods have been developed

Fig. 11.6. Phase contrast microscopic images

(left) and fluorescence confocal images (right)

of nanopatch-labeled cells [67]. (A) Control

‘‘blue’’ cells; (B) cells treated with a

membrane-active substance (polymyxin-B).

Fluorescence spots corresponding to the ‘‘red’’

nanopatches indicate membrane disruption by

polymyxin-B.
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to interface the biological constructs investigated with opto-electronic detectors,

and this is an active field of research. The fabrication of tiny micro-electrodes has

been reported, and these were successfully used for monitoring adhesion and

movement of different cells [70]. The use of organic dyes as reporters for the

biological/inorganic interface has also been described [71]. Surface patterning of

biological chips has further allowed fabrication of multi-analyte biosensors, as

well as monitoring pathological conditions in vitro [70].
The considerable advancement in construction of optical nano-fibers has been

central to developing nanosensors for investigating and imaging cell interiors [3].

Coupling of biological recognition elements to optical fibers (generally optical fiber

tips) has been another active field of research aiming to efficiently transmit biolog-

ical signals to opto-electronic detection systems. Varied types of biological mole-

cules were attached to optical fiber surfaces, including enzymes, antibodies, nu-

cleotides, and even whole cells, making this approach highly versatile as a tool for

detection of diverse analytes [42]. The increasingly sophisticated technologies for

manufacturing thin, resilient optical fibers with highly uniform consistencies

should significantly contribute to this nanosensing track.

Several laboratories reported the incorporation of nano-electronic devices inside
biological systems, thus creating new biosensor designs. Ritter et al. have described

the inclusion of nano-electronic sensors in a cellular neural/nonlinear network for

investigating fundamental physiological aspects, including image recognition, tar-

get tracking, and others [72]. Miniaturization of the devices through nanotechnol-

ogy makes possible their use as tiny probes within cells and tissues.

Technological progress in cellular nanosensor fabrication also promises to yield

important insight into cell metabolite levels, also known as ‘‘metabolomics’’. The

capability for detecting changes in metabolite patterns at a single cell level (rather
than in ensembles of cells as mostly done now) is extremely important for elucida-

tion of specific factors and substances affecting cell functions [73]. In particular,

the recent introduction of protein-based nanosensors, expressed via conventional

biotechnology methods, could play prominent roles in intracellular metabolite

sensing. One successful design was based on the attachment of two fluorescent

proteins through a fusion protein, in which one of the proteins had calcium-

binding properties [74, 75]. This nanosensor made possible analysis of Ca2þ levels

in isolated cells as well as in living microorganisms. Another reported protein-

based nanosensor employed a fluorescent marker (green fluorescent protein) fused

to a bacterial periplasmatic binding protein, facilitating real-time sensing of a range

of cellular metabolites [75].

11.4

Biological Components in Nanosensors

The extraordinary diversity of the biological universe has inspired numerous de-

vices and structures in the materials science realm. This is particularly the case in

biosensor design, in which varied biological concepts, or even actual biological
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molecules, can be utilized for construction of novel sensing assemblies. In that

sense, miniaturization, which constitutes the core of nano-biotechnology and

nanobiosensor development, increasingly relies on the incorporation of biomole-

cules from different sources into the sensing devices. In most instances, biological

molecules and entire microorganisms have been used as templates for construc-

tion of organized nanostructures.

‘‘Classical’’ biosensor designs have generally exploited enzymatic reactions as

the biological transduction component. Accordingly, enzyme immobilization and

maintenance of enzyme activity have been primary tasks in biosensor develop-

ment. Nanotechnology offers significant advantages and new approaches for

enzyme-based biosensors. In a complementary sense, enzymatic redox systems by

themselves are ideal candidates for nanobiosensor applications: electron transfer is

generally highly localized and can be detected in many instances both electroni-

cally and optically. Furthermore, enzymes can be readily chemically and biologi-

cally manipulated through self-assembly and protein engineering approaches and

can be assembled in modular building blocks [76].

Recent reports have described the incorporation of gold nanoparticles as ‘‘medi-

ators’’ of the electrochemical signals produced by immobilized enzymes in bio-

sensors [77]. The NPs in such studies have the potential not only to improve the

electrode performance but also to participate in immobilization of the enzyme and

retaining of biological activities. Another study has used the aggregation properties

of gold NPs for indirect detection of enzyme inhibitors, some of which are known

nerve gases [78]. The sensing system relied on prevention of thiocholine-mediated

transformation of AuCl4
� into growing nanoparticles through inhibiting the action

of the enzyme acetylcholine-esterase needed to produce thiocholine.

Peptides and proteins have also constituted important nano-structural compo-

nents in sensor systems. Diverse nano-assemblies, some with potential bio-sensor

applications, have relied on controlling and manipulating the self-assembly proper-

ties of short peptide sequences [79]. The extensive and advanced technical capabil-

ities of peptide and protein engineering have facilitated a remarkable plethora of

peptide- and protein-based nanostructures, which could furthermore respond to

external stimuli by emission of detectable signals – essentially performing a bio-

sensor task [80].

The use of biomimetic receptors in biosensor design has led to development of

fascinating hybrid systems. Artificial receptors that mimic ion channel proteins

have been used for detection of diverse ionic species [81]. Interestingly, that work

has shown that molecules much larger than the ions were actually recognized and

discriminated by the receptors. A chromatic detection platform for catecholamines

(such as adrenaline, noradrenaline, and dopamine) based upon nanoscale vesicles

displaying synthetic catecholamine receptors at their surface has been reported re-

cently [82]. The synthetic hosts in the vesicle assembly were incorporated within a

matrix that contained both biomimetic membrane bilayers, as well as domains of a

chromatic polymer reporter. This new assembly featured remarkable sensitivity

and selectivity among similar ligands compared with existing receptor-based cate-

cholamine biosensors.
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DNA has been a natural component in diverse assays and sensors because

molecular recognition is an intrinsic property of the molecule. The introduction

of aptamer technology has been a particularly significant driving force for

oligonucleotide-based molecular sensing [83]. Particularly important in this context

is the possibility for carrying out various chemical modifications of aptamers,

thereby attaching specific probes to the molecules [84]. The DNA ligands could

then emit the desired signal (optical, fluorescent, etc.) upon binding their protein

target. An example is the construction of ‘‘molecular beacon aptamers’’ for fluores-

cent detection of even minute amounts of a platelet-derived growth factor through

their high affinity binding to the protein [85]. The notable strength of aptamer

technology for nano-biosensing applications stems from the versatility of ligands

that can be constructed and their high specific affinity, which allows precise local-

ization onto target molecules or even cells and tissues.

An elegant nanosensor design for DNA detection using only biological compo-

nents has been reported recently [86]. That construct contained an aptamer unit

bound tightly to thrombin (through the aptamer peptide recognition element),

thereby disrupting the catalytic action of the enzyme towards a fluorescently-

labeled peptide. However, in the presence of an oligonucleotide strand comple-

mentary to a nucleic acid tethered to the aptamer, the aptamer was released from

the binding pocket, facilitating peptide cleavage by thrombine and generation of a

fluorescence signal (Fig. 11.7). The important aspect of this nano-scale system is

Fig. 11.7. Oligonucleotide detection by an all-biological sensor.

Double strand recognition frees the thrombin binding pocket,

facilitating enzymatic activity and fluorescence signal. (From

Ref. [86]. Copyright (2005), The American Chemical Society.)
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the use of only biological building blocks to produce a highly sensitive and specific

signal. Such an assembly could be easily coupled to opto-electronic components,

making a complete biological DNA nanosensor unit. The same research group

has reported the application of magnetic NPs functionalized with sequence-specific

DNA as substrates for endonuclease activity both as detector for complementary

DNA strands, but also as novel biological ‘‘logic’’ circuitry [87].

DNA and oligonucleotide derivatives have been used for varied other sensing ap-

plications. DNA enzymes (referred to also as ‘‘DNAzymes’’), for example, were the

basis for a highly sensitive lead biosensor [88]. This clever application relied on the

high specificity of DNA enzymes to metal ions such as Pb2þ, in which metal bind-

ing consequently resulted in a catalytic reaction – generally cleavage of the sub-

strate strand of the DNA. In the reported application, the DNA enzyme formed a

cluster of gold NPs; the presence of lead ions resulted in DNA cleavage and pre-

vention of NP aggregation – leading to different visible colors.

DNA was one of the early examples of biological scaffolding for nano-fabrication.

The molecular recognition and self-assembly properties inherent in DNA have been

powerful tools for assembling complex structures that could have sensing proper-

ties. A research group at the Israel Institute of Technology has demonstrated that

DNA could form the basis for varied organized nanostructures [89]. These studies

demonstrated that creation of highly defined carbon nanotube constructs using

DNA as a self-assembled framework had potential for bio-sensing applications

[90]. The researchers exploited the ‘‘coding’’ inherent in DNA by directing a DNA-

binding protein (a bacterial RecA protein) towards the DNA strand. This ground-

breaking experiment demonstrated that DNA can constitute a molecular ‘‘tool-

box’’ for assembling organized nonbiological nanostructures.

Nano-scale patterns constructed through ‘‘bio-inspired’’ approaches, such as

DNA hybridization, could, indeed, become an important tool in sensor technolo-

gies. Such molecular patterning could be crucial for improving sensitivity and

selectivity of the sensors, for integrating the biosensor within non-biological as-

semblies such as silicon chips, and for coupling of the nano-scale sensors to

electro-optic devices and circuits. Different techniques have been developed for

producing biomolecular patterning, e.g., microelectronic fabrication combined

with DNA hybridization and chemical immobilization on chip surfaces [91, 92].

DNA and antibodies have been used for extremely sensitive detection of molecular

interactions through attachment to tiny cantilevers [93]. Such sensing devices, con-

ceptually and practically, resemble force microscopes in that the cantilever moves

(or changes its shape) in response to molecular attractions between the immobi-

lized biomolecules and their targets. Such constructs could, in principle, facilitate

detection at a single molecule level; this property would depend upon the cantile-

ver size and the immobilization methods. The ‘‘functionalized cantilever’’ technol-

ogy could form the basis of extremely sensitive sensing devices capable of detecting

minute analyte concentrations.

Several reports have depicted the coupling between nano-scale assemblies and

biological molecules in sensor applications. An interesting, albeit complex, nano-
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sensor platform has been described in which the luminescent protein firefly luci-

ferase was used to assemble colloids deposited on an optical sensor surface [94].

The luciferase was utilized in this system for monitoring binding events occurring

at the sensor surface, but also as a participant in the sensing mechanisms through

its catalytic activity. The integration of whole cells or cell elements into inorganic

biosensor devices is another promising avenue for new sensing applications. Re-

cent progress in engineering of molecular circuits has opened the way for con-

struction of microelectronic devices containing whole cells [95]. Indeed, the

coupling of nanofabrication and bio-microelectronics could revolutionize micro-

biological and environmental monitoring [96].

Developments in surface manipulation through microprinting, lithography, and

microfluidics continue to contribute significantly to nanobiosensor research. A re-

cent report demonstrated, for example, the construction of a ‘‘lab-on-a-chip’’ using

a modular architecture [97]. One of the most remarkable aspects of that work was

the creation of an integrated chip for detection of biological markers through the

use of highly spatially-defined microfluidic channels and reaction chambers. This

device is a fine representative of the large variety of microfluidic labs-on-chips dem-

onstrated or already commercialized for detection of minute amounts of analytes

in liquid samples.

11.5

Nano-biotechnology and Biomedical Diagnosis

The emphasis in nanotechnology research on manipulation of ever smaller struc-

tures has opened revolutionary new avenues for biomedical applications and strat-

egies, an approach referred to as ‘‘nano-medicine’’ [98]. An often touted futuristic

application of nanotechnology in the field of medical diagnosis has been the intro-

duction of tiny ‘‘nano-robots’’ traveling within blood vessels and tissues, scanning

for malfunction and disease. Even though such applications are still far off, initial

steps towards ‘‘molecular diagnostics’’ have been reported. A fascinating example

of a nanosensor for in vivo analysis has been the implanting of nanoprobes for

monitoring neural tissues and therapeutic treatments of neural diseases [99, 100].

Carbon nanotubes and nanofibers, in particular, are promising candidates for di-

verse biomedical uses because of their unique chemical and biological reactivity

profiles. Several breakthrough studies have demonstrated effects of composites

containing carbon nanotubes on functionalities and behavior of nerve cells and

bone-forming cells [100].

Cancer diagnosis using nano-scale devices has gained considerable interest. Two

main directions are pursued in this field: (a) in vivo imaging – using biomimetic

nano-constructs for delivering imaging agents to malignant tissues and suspected

areas within the body, and (b) ex vivo analysis – early detection of precancerous and

malignancies in fluids extracted from the body using nanostructures as platforms,
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generally in high-throughput screening arrays [101]. NPs are particularly attrac-

tive candidates for in vivo imaging. In principle, they can undergo ‘‘orthogonal’’

couplings – both to molecular markers, such as fluorophores or radio-isotopes, as

well as conjugated with molecular entities necessary for targeting the particles to

their cellular or tissue destinations [102]. Furthermore, in addition to imaging,
NPs can be simultaneously used as vehicles for delivery of therapeutic substances

to desired targets – making them a highly versatile platform for cancer diagnostics

and treatment.

Nanoparticles have been employed for other cancer detection applications. A re-

cent study has described the attachment of biocompatible superparamagnetic iron

oxide NPs to nucleotide repeats produced by telomerase – an enzyme for which

elevated levels are associated with many malignancies [103]. Intriguingly, such

magnetic nanoparticles switched their magnetic state upon binding – facilitating

detection of the biologically originated signals using conventional magnetic readers

[103]. Such ‘‘magnetic illumination’’ from the bound nanoparticles could be also

captured easily by modified magnetic resonance imaging apparatus and forms the

basis for high-throughput sample screening.

A different type of NPs – the ‘‘nanoshells’’ – has been implemented in cancer

diagnostics and imaging. Nanoshells, spherical metallic shells encapsulating a

dielectric core, have been successfully used for tissue imaging because of the re-

markable tunability of their optical properties [104]. Specifically, the optical reso-

nance of the particles can be tuned to the near-IR (NIR) range – in which tissues

are transparent. Accordingly, bioconjugation of the nanoshells with molecular

markers and contrast agents allows illumination of inner body parts and disease

diagnostics.

Detection of disease biomarkers, combined with micro-array technologies and

biochips, has been an increasingly active field in nanobiosensor research, with

significant scientific and commercial potential at stake. Several innovative

nanotechnology-based techniques have been reported in recent years for detection

of biomarkers for Alzheimer’s disease. Haes et al. have employed LSPR in a nano-

scale optical sensor for immunological detection of amyloid-derived ligands [105].

In this application, which is amenable for high-throughput screening, the nano-

sensor surface successfully mimicked a physiological environment, facilitating

antibody–antigen recognition. Nanoparticles have been employed in a recent

breakthrough application for detection of a soluble biomarker for Alzheimer’s dis-

ease in cerebral spinal fluid [106]. The detection scheme was based on the onset of

aggregation by oligonucleotide-modified gold NPs following binding of an Alz-

heimer’s disease pathogenic peptide to its specific antibody, where the antibody

was also attached to the gold NPs (Fig. 11.8). This elegant approach not only

achieved very high sensitivity due to signal amplification from the gold NPs, but

is also notable for being carried out in an actual physiological solution. Such bio-

mimetic diagnostic systems point to future development of molecular diagnostic

kits in which pathogenic markers could be identified at very early stages of disease

progression.
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11.6

Conclusions and Future Directions

Biosensors (or ‘‘biological detection devices’’ in the broad sense of the word) are

becoming ubiquitous and increasingly complex. The proliferation of biological

and biomedical applications and technologies, such as high-throughput screening,

biomedical monitoring and diagnosis, and molecular arrays for functional ge-

nomics and proteomics analyses, all point to the pressing need for developing new

biosensor platforms, technologies, and concepts. The biological and physiological

spheres would most likely be increasingly exploited for ideas and building blocks

in biosensor design, a process that is already taking place.

Nature provides abundant examples for innovative nanobiosensors. Snakes’

‘‘thermal vision’’ organs [i.e., sensitive to infra-red (IR) electromagnetic radiation]

were found to contain an intricate array of nano-pits containing specific IR recep-

tors [107]. The highly-defined spacings between these nano-pits are assumed to

play a critical role in selective light absorption at particular wavelengths within

the IR spectrum – endowing the snake with environmental sensing and naviga-

tion. Elaborate multilayered spheres of IR receptors have been similarly identified

in Melanophila acuminate beetles [108]. Such dazzling arrays could inspire new

sensors and IR observation devices.

In several fields, the advantages offered by nanobiosensors are obvious. The use

of nanostructures as platforms for screening of large pool of compounds, i.e., ge-

nomics, proteomics, metabolomics, etc., would have a significant impact since this

would increase array densities and assay efficiency. In biomedicine and medical di-

agnosis, nanosensors could have a profound effect on the way diagnosis is carried

out, both inside and outside the human body. ‘‘Molecular imaging’’ and ‘‘molecular

Fig. 11.8. Bio-barcode amplification assay

[106]. The assay uses gold nanoparticles

functionalized with monoclonal antibodies that

recognize and bind a molecular marker for

Alzheimer’s disease (ADDLs). Following

separation and dehybridization, the

oligonucleotides can be identified. (From Ref.

[106]. Copyright (2005), the National Academy

of Science USA.)
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diagnostics’’ point to a future in which ‘‘smart agents’’ consisting of tiny molecular

entities will circulate in the blood stream, aiming to identify and report on various

diseases and pathological conditions. In vitro diagnostics will rely on nanostruc-

tures to form devices, making possible high-throughput screening and rapid anal-

ysis of millions of genetic and other biological markers for identification of disease

or health risks in individuals. Such applications could realize the much touted

‘‘personalized medicine’’ revolution.

Close collaboration among biologists, chemists, physicists, and engineers have

become a defining feature in nanobiosensor research and development, and

promise to open new horizons in the field. Such efforts have led to extraordinary

advances in molecular manipulation, using physical, chemical, and biological

tools. The general interest in nanotechnology commercialization and increasing

activity in this field by industrial entities will undoubtedly shorten the routes from

bench-top to commercial applications, a process that is already happening, as wit-

nessed by the proliferation of start-up companies dealing mainly with nanobiosen-

sor development.

Abbreviations

AFM Atomic-force microscopy

FRET Fluorescence resonance energy transfer

GFP Green fluorescent protein

LSPR Localized surface plasmon resonance

NP Nanoparticle

PEBBLE Photonic explorer for bioanalysis with biologically localized embedding

SERS Surface-enhanced Raman scattering
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Reagentless Biosensors Based on

Nanoparticles

David E. Benson

12.1

Introduction

The reagentless criterion for biosensors is one of the more stringent criteria for

biosensor development. However, biosensors based on nanoparticles have pro-

gressed to the point that the reagentless criterion can be applied. The advantages

of reagentless biosensors are a decreased need for recalibration, increased reprodu-

cibility, and minimized leaching of molecules used for analyte detection. From a

development standpoint, concepts used for developing reagentless biosensors can

be applied to various optical, electrochemical and magnetic detection methods.

For a biosensor to be considered reagentless, the entire sensing modality needs to

be unimolecular and connected through either covalent or kinetically-stable coordi-

nate bonds. Multimolecular sensor (‘‘non-reagentless’’) systems are well known

and provide an avenue for rapid concept development. However, artifacts arise

from multimolecular systems as one component is diluted more than another. A

classic example of this is the constant recalibration required of glucose oxidase-

based electrochemical biosensors due to mediator dilution. The advantage of a re-

agentless biosensor is that differential dilution artifacts have been removed. The

solution to the reagentless criterion for biomolecule-modified nanoparticles is ad-

dressed through biomolecule adhesion, specifically or non-specifically, to the nano-

particle surface. Certain aspects of attachment chemistry will be discussed in this

chapter with regard to the effect on biosensor performance; however, the bulk of

this literature is left to other chapters in this book series and many excellent review

articles [1–5]. Here we discuss the growing literature of reagentless biosensors that

are based on nanoparticles.

Notably, many nanoparticle-based biosensors function well but do not meet the

reagentless criteria. One methodology is to encapsulate various chemosensors and

biosensors within a nanometer scale liposome or polymer (PEEBLEs) [6–9]. While

this methodology is quite successful, it is beyond the scope of this chapter. This

chapter covers methods to perturb nanoparticle properties to produce unimolec-

ular biosensors, since this methodology will allow the unique properties of nano-

particulate materials to be harnessed for analytical applications. Additionally,
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biotin–streptavidin, DNA hybridization probes and antibody sandwich assays are

superb systems for concept demonstration, but do not meet the reagentless crite-

rion for this chapter. Coverage of these assays is left for other chapters in this vol-

ume. Finally, several cellular biosensors meet the reagentless criterion [5]. Discus-

sion of these biosensors is deferred to other chapters in that the sensing modality

still requires the multimerization of these probes to produce changes in optical ab-

sorbance, scattering, and fluorescence. Despite these biosensors being a single mo-

lecular species, the multimerization of these species is required for biosensing,

which does not meet the reagentless criterion.

Nanoparticle-based reagentless biosensor development tests the current scaling

law description of nanoparticulate systems. Creation of a nanoparticle-based re-

agentless biosensor must center on the nanoparticle as the readout element.

The biomolecule–nanoparticle interface must be altered to translate the

(bio)molecular–biomolecular binding event into a change in nanoparticle proper-

ties. The scaling rules of both nanoparticles and (bio)molecular phenomena must

be interlaced for reagentless biosensing with nanoparticles. Thus, the reagentless

criterion provides a method to compare nanosystem scaling rules to the scaling

rules that are well known for material and molecular systems.

There are three general methods for interlacing nanoparticle and (bio)molecular

scaling laws to provide nanoparticle-based reagentless biosensors (Fig. 12.1): sur-

face dielectric enhancement, catalytic activation, and biomolecular conformational

modulated effects. Optical, electrochemical, or magnetic detection methods have

been reported for at least one of these classes. Additionally, surface immobilized

and solution-based biosensors have differential representation in each class. Di-

electric enhancement, detected by surface plasmon resonance or electrical conduc-

tivity, is induced by the analyte adsorbing to a nanoparticle surface. The nanopar-

ticles in this class are typically surface immobilized or embedded; however, local

surface plasmon resonance scaling rules suggest a solution-based approached

could work as well. Catalytic activation of a biomolecule–nanoparticle scaffold by

a small molecule analyte provides excellent signal responses using optical, electro-

chemical, and magnetic detection methods. The optical and magnetic detected bio-

sensors from this class are solution-based, while the electrochemical is inherently

surface-immobilized. The use of analyte-induced biomolecule conformation

changes provides a flexible method for reagentless biosensor design. While, optical

solution-state biosensors in this class are typical, nanoparticles are an excellent

coupling element for developing electrochemical surface-immobilized biosensors

of this class. In each of these reagentless biosensor classes, the analyte–

biomolecule interaction must change either the nanoparticle electronic structure

or influence the environment surrounding the nanoparticle.

Here we discuss reagentless nanoparticle-based biosensors in the context of

three general methods for interlacing nanoparticle and (bio)molecular scaling

laws. Classification by these methods will be used to discuss relationships between

detection methods, types of analyte–biomolecule interaction, and the nanoparticle

scaling rules. A caveats and advantages subsection points out this relationship

and finishes the discussion of each general method. Each method relies on one of
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these related aspects more than another, which will be discussed in the conclusion

section.

12.2

Surface Dielectric Enhancement

Gold nanoparticles, silicon nanowires, and single-wall carbon nanotubes enhance

the sensitivity in detecting analytes at material–liquid interfaces by changes in sur-

face dielectric (Fig. 12.2). Most biosensors in this category are reagentless, in that

biomolecule surface immobilization is necessary for providing selectivity. Surface

dielectric changes can be detected either by changes in surface plasmon resonance

(SPR) of gold coated materials or by changes in electrical conductivity of nanoscale

circuits. In each of these approaches, an analyte is concentrated by a biomolecule

and the build up of this analyte changes the solvent dielectric at the material–

liquid interface. Sensitivity enhancements observed for both techniques come

from increasing the number/strength of analyte-material interactions. Thus, intro-

Fig. 12.1. Three classes of reagentless

nanoparticle-based biosensors. (A) Analyte-

induced changes in surface dielectric. The

surface plasmon (þ=�) is enhanced upon

analyte binding to a biomolecule. (B) Catalytic

enhancement of nanoparticle-mediated signals.

Nanoparticle-facilitated electron (e�) transfer
from an enzyme to a working electrode is

shown. (C) Biomolecular conformation

changes that alter nanoparticle properties.

Analyte-induced changes in protein

conformation alters the distance between a

nanoparticle and a reporter group, where the

reporter group–nanoparticle distance changes

the properties of the nanoparticle.
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duction of nanoparticles, nanotubes, or nanowires enhance preexisting material

properties.

12.2.1

Gold Nanoparticle Enhanced Surface Plasmon Resonance

Various Au/Ag nanoparticle modified surfaces enhance the SPR effect, but only

two primary configurations have been used for reagentless biosensing. Additional

localized SPR (LSPR) detection methods have been shown in multimolecular bio-

sensor formats; however, discussion of these methods is left for another chapter in

this series [10]. For planar Au/Ag surfaces the surface plasmon propagates along

the metal surface, where changes in the refractive index or surface dielectric at

the metal–liquid interface will alter plasmon propagation. For Au/Ag nanoparticle

templated or fabricated surfaces, the surface plasmon scattering is redirected from

within the material through the nanoparticles and into solution. These corrugated

Au/Ag surfaces provide enhanced detection of changes in the solvent dielectric

above these nanometer scale Au/Ag surface features [11, 12]. Two experimental

configurations have been used to measure the LSPR response. The classic mea-

surement determined the minimum absorbance by a Au/Ag coated slide as a func-

tion of the angle of incident light. A change in the angle of incidence for minimum

absorbance indicates a change in solvent dielectric at the Au/Ag surface. Alterna-

tively, the amount of light reflected at the surface plasmon resonance wavelength

of Au/Ag nanoparticles has been determined using a backscattering fiber optic

Fig. 12.2. Analyte-induced changes in surface

solvent dielectric. (A) Upon analyte binding

aqueous ions and water molecules are

displaced, which alters the solvent dielectric

at the nanoparticle surface. Two possible

configurations are shown for detection of these

effects: (B) Au bilayer films with proteins or

nucleic acids attached to the solvent exposed

surface and (C) Si nanowire FET devices, where

the bottom is the drain and the n- and p-gate

are on either side of the Si nanowire (top).

Proteins or nucleic acids are attached to the Si

nanowire or the exposed surface of the Au film

to increase solvent and ion displacement upon

analyte introduction.
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setup. In this approach, changes in the solvent dielectric around the nanoparticle

surface will change the amount of light back-scattered to the fiber optic cable.

Backscattered reflection spectra are recorded and the intensity at the surface plas-

mon resonance peak is monitored. Both detection systems rely on the Au/Ag

nanoparticle modified surface changing the SPR response as the analyte binds to

surface-immobilized biomolecules.

One reagentless LSPR-based biosensor uses an Au nanoparticle coated quartz

slide for optical detection. This work is ultimately based on earlier observations

that Au nanoparticles adsorbing to Au surfaces shift the minimum angle of reflec-

tion from 54.2� to 55.8� [13]. While the binding of these nucleic acid probes is non-

reagentless, reversibility measurements did provide reagentless detection of the

HinF I restriction enzyme. Discussion of the restriction enzyme reagentless bio-

sensing is left until Section 12.3. However, changes in the intensity of the Au/Ag

nanoparticle surface plasmon absorbance can also be used as a detection strategy.

Frederix and coworkers [14] have demonstrated LSPR-based human serum albumin

(HSA) biosensing using a quartz substrate mounted in a cuvette using a standard

UV/Vis spectrophotometer. The quartz substrate had Au nanoparticles adsorbed to

the surface through 3-mercaptopropyl triethoxysilane and enlarged the Au nano-

particles under electroless reduction of HAuCl4. Anti-HSA was covalently attached

to the Au modified surface [14, 15] causing an increase in surface plasmon reso-

nance (@634 nm, Au;@445 nm, Ag) and, after subtraction of the protein contribu-

tion, the interband absorbance (250–400 nm, Au and Ag). Addition of 2.5 mg mL�1

HSA (@40 mm) to anti-HSA modified Au nanoparticle surfaces caused a 0.002 and

a 0.004 absorbance unit increase after 30 min and overnight incubation in the ab-

sence of stirring. These small, but detectable, absorbance signals demonstrated re-

agentless biosensing could be obtained using common instrumentation. As noted

by the authors, addition of stirring to this system will increase mass transport and

facilitate a more rapid response. The small absorbance response could be en-

hanced by using the biotin-immobilized surface shown by Nath and Chilkoti [12]

with a tightly packed array of monodisperse Au nanoparticles. This work used a

flow cell variant of the Frederix work to increase mass transport, but maintained

detection by a UV/Vis spectrophotometer. In this study, a biotin-immobilized array

of 39-nm diameter Au nanoparticles on a glass slide showed a 0.050 absorbance

increase upon the binding of 1 mg mL�1 (@20 nm) streptavidin [12]. Thus, reagent-

less biosensing by an array of glass-immobilized nanoparticles provides a highly

accessible platform for Au nanoparticle-based reagentless biosensor development.

Au bilayer films with 100 nm spherical features allowed for wavelength-resolved

backscattered reflectance detection of single-stranded DNA and fibrinogen (Fig.

12.2B) [16, 17]. In these reports, thiobutyric acid coated Au films on glass slides

were EDC coupled with 100 nm diameter aminopropyltriethoxysilane coated silica

nanoparticles and the second Au layer was vapor deposited over these 100 nm

silica particles. Near monolayer coverage of these 100 nm features yielded an opti-

mal LSPR response [17]. The 100 nm features of these surfaces create an array of

Au nanoparticle shells that have been shown previously to provide large LSPR en-

hancements [18]. These Au bilayers are similar, but with larger features, to the
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nanoprism arrays on Au surfaces reported by Van Duyne and coworkers [11]. Anti-

fibrinogen was immobilized on these structures through biotin–streptavidin chem-

istry, which increased the reflected absorbance at 560 nm by 0.2 absorbance

units. Addition of 100 mg mL�1 (@2 mm of monomers) fibrinogen yielded an addi-

tional 0.2 absorbance unit increase, while bovine serum albumin addition (non-

specific control) yielded a 0.002 absorbance unit increase. When the neutral back-

bone peptide nucleic acid (PNA) or DNA is substituted for the antibody, single-

stranded nucleic acids were detected in a reagentless format [16]. Biotinylated

DNA or PNA probes (10-mers) from the tumor necrosis factor-a gene were at-

tached to the Au corrugated surface, causing a 0.10 to 0.15 increase in absorbance

at 550 nm. Addition of a complementary DNA target (1 mm) with a single

nucleotide mismatch yielded a less than a 0.003 absorbance unit increase, while

addition of a completely complementary DNA target (1 mm) yielded a 0.15 to 0.2

absorbance unit increase. The limit of detection of both the PNA and DNA immo-

bilized biosensors were 0.1 pm of the target DNA with a 0.03–0.04 absorbance unit

increase. PCR-amplified DNA targets were also detected down to 5 mL of the 1:40

dilutions from the initial amplified mixture. Application of this reagentless bio-

sensing strategy to the smaller Au/Ag nanoisland structures fabricated and exam-

ined by Van Duyne and coworkers [11, 19] should produce similar absorbance

changes, along with over 100 nm redshifts in the surface plasmon absorbance.

Therefore, these nanotemplated Au/Ag surfaces provide a surface-immobilized

platform for reagentless biosensing with inexpensive instrumentation.

A hybrid photoelectrical SPR-detected device has been constructed for reagent-

less biosensing of acetylthiocholine [20]. Using an open circuit configured Au elec-

trode, monolayers of Au and CdSe nanoparticles were successively chemisorbed to

the Au surface (Au/Au np/CdS np surfaces, Fig. 12.3). A similar surface had been

shown previously to display a photoinduced change in the minimum angle of inci-

dence for SPR reflected light under closed circuit constant potential electro-

Fig. 12.3. Example of a hybrid biosensing

device. Enzymatic hydrolysis of

acetylthiocholine into thiocholine and

thiocholine oxidation provides a pseudo-

reagentless method for photoelectrochemical

injections of electrons into thin Au films (A).

Electron injection to the Au surface changes

the incident angle of surface plasmon

resonance (B).
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chemical conditions [21]. With these Au/Au np/CdS np surfaces, applying mm

concentrations of triethanolamine in the presence of 1.5 mW blue LED source

caused up to a 0.4� shift in the angle of incidence minimum. This open circuit

photostimulated SPR effect comes from a@�150 mV bias across the Au/Au nano-

particle junction and a �25 mV photoinduced potential from the CdSe nano-

particle. The triethanolamine dependence of this process stems from oxidation

of triethanolamine by the valence band holes of CdS, which are formed by photo-

excitation. Back of the envelope calculations suggests four additional electrons

are collected per Au nanoparticle during this photostimulated process. Pseudo-

reagentless biosensing was then demonstrated, where acetylcholine esterase was

attached to the CdS nanoparticle that in the presence of acetylthiocholine produced

thiocholine. The acetylcholine esterase-produced thiocholine then mediated the

photostimulated 0.4� shift in the minimal SPR absorbance angle of incidence at

25 mm acetylthiocholine and a 2 mm LOD. The acetylcholine LOD in this system

is limited by the KM of acetylcholine esterase, as observed by the mm LOD for an

acetylcholine esterase inhibitor. This strategy has also been applied to an electro-

catalytic biosensor (Section 12.3.1). This strategy not only demonstrates an exciting

hybrid technique for nanoparticle-based reagentless biosensing, but also demon-

strates the detection of a low molecular weight analyte and that electrode-

immobilized metallic nanoparticles function as electron reservoirs.

12.2.2

Carbon Nanotube and Silicon Nanowire Enhanced Conductivity

Altering the conductivity of nanometer-scale electrode junctions is an alternative

technique to optical surface plasmon resonance techniques for biosensor develop-

ment (Fig. 12.2C). Single-wall carbon nanotubes (SWCNTs) [22] and Si nanowires

(SiNWs) [23] have been used for biosensing [24, 25]. The conductivities of these

devices are intimately linked to the electrostatics surrounding the SWCNTs and

SiNWs. While there are different scaling effects for SWCNTs [26] and SiNWs [23],

these nanotubes increase the sensitivity of conductivity measurements by increas-

ing the interaction between the electrode carriers and the surrounding solution.

Electrical conductivity detected biosensing with nanotubes is similar to SPR de-

tected biosensing, in that the non-specific adsorption needs to be carefully ex-

cluded. While the sensing methodology is generally similar between SWCNTs and

SiNWs, there are differences in device fabrication and biomolecule attachment

chemistry.

Carbon nanotubes are attractive as biosensing transducers from a biocompatibil-

ity and synthetic standpoint. Covalent modification of SWCNTs for biomolecule at-

tachment is an active area of research [24, 25]. Despite reported methods, biomo-

lecular attachment to SWCNTs for reagentless biosensing has relied on surfactant

physisorption with Tween [22]. Covalent coupling between Tween-20 and the bio-

molecule of interest then provides the specificity for conductivity measurements.

Surfactant coating is an important issue in that the sensitivity of the conductivity

response is minimized. An additional issue comes from the observation that con-
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ductivity detection occurs primarily at the SWCNT–metal electrode junction, or

Schottky barrier modulation [26]. Adsorption of biomolecules with an isoelectric

point similar to the solution pH to the SWCNT–metal junction will give the largest

change in conductivity [26]. If SWCNTs are left untreated, non-specific protein ad-

sorption abounds due to the large hydrophobic surface area of the SWCNTs, as ob-

served by conductivity changes. Tween-20 and other surfactants also adsorb readily

and irreversibly to SWCNT surfaces [22], forming the basis for biomolecule selec-

tive attachment strategies discussed here.

Selective protein detection has been displayed by SWCNT-based biosensors in a

reagentless format. Initial studies from Dai and coworkers were performed with

immunoglobulin G (IgG) and the 10E3 antibody that selectively binds the U1A

RNA splicing factor [22]. Each of these selective sensors were generated through

carbodiimide coupling between SWCNT adsorbed Tween-20 and either staphylo-

coccal protein A (IgG biosensor) or U1A RNA splicing factor (10E3 biosensor).

The staphylococcal protein A immobilized sensor showed a 1.02-fold decrease in

conductance with the addition of 100 nm IgG after 5–10 min. The IgG LOD could

be 20–50 nm for this system. The U1A-immobilized sensor gave a 1.03-fold de-

crease in conductivity with the addition of 1 nm 10E3 antibody after 10 min, plac-

ing the LOD for 10E3 around 200 pm. As a proof of principle after a mechanistic

report, human chondrionic gonadotropin (hCG) was immobilized on a SWCNT

device to detect a monoclonal antibody that specifically binds hCG, termed a-hCG.

Addition of 10 nm a-hCG to the hCG immobilized sensor yielded a 1.03-fold de-

crease in conductivity after 15 min. The a-hCG LOD is approximately 5 nm from

this report. With known solution state affinities for at least the SpA-IgG complex

(KD @ 1 pm) the sensitivity of these biosensors seems to be limited by the SWCNT

conductivity. Recently, SpA and hCG immobilized SWCNT biosensors were re-

ported with 1 pm detection of IgG or a-hCG, respectively, within one minute [27].

This increased sensitivity was provided by a shadow mask lithography technique,

which increased the area of SWCNT-Si/SiO2 contact and increased the Schottky

barrier where detection occurs. An increased conductivity response has been re-

ported for an aptamer-immobilized SWCNT sensor [28]. The thrombin-specific

DNA aptamer used in this report is one of the classic protein-specific aptamers

[4]. The thrombin aptamer was carbodiimide coupled to Tween-coated SWCNTs,

which yielded a sensor with 1.08-fold decrease in conductivity with the addition of

1 mm thrombin. The thrombin LOD for this biosensor was 10 nm and the response

saturated at 300 nm. Since the thrombin–aptamer dissociation constant is 100 pm

in solution the sensitivity of this biosensor can be improved. Finally, glucose/

glucose oxidase production of H2O2 has provided a pseudo-reagentless biosensing

strategy for glucose [29]. This report immobilized glucose oxidase to SWCNTs

through a pyrene-modification so that, in the presence of glucose, O2 would be

converted into H2O2 and increase the conductivity around the Schottky junction.

This biosensor showed a 1.12-fold increase in conductivity after the addition of

10 mm with a 30 s response time that lasted for at least 10 min. With the advent of

SWCNT covalent modification chemistries [30] and the increased Schottky barrier
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area fabrication technique [27], the sensitivity and response of SWCNT conductiv-

ity sensors can be improved from these exciting reports.

Lieber and coworkers have demonstrated SiNWs as a conductivity detected bio-

sensing platform. SiNW-based sensors rely on the solvent dielectric surrounding

the nanowire surface and not the nanowire termini at the device interface. This

chemical potential of SiNWs allows for an increased interaction between the solu-

tion dielectric and carriers in the nanowire. Thus, SiNWs are potentially more sen-

sitive than SWCNT-based conductivity devices. Additionally, the passivated SiO2

layer on the SiNW surface allows for facile biomolecule immobilization chemistry.

3-(Trimethoxysilyl)propyl aldehyde treatment is typically used to provide biotin or

protein modified surfaces. The increased synthetic control of doping in SiNWs

also allows analyte response validation by observing the opposite conductivity re-

sponse in the oppositely doped SiNW. SiNW-based conductivity devices that detect

a metal ion, DNA, and proteins have been reported.

SiNW-based biosensors displayed higher sensitivities but similar conductance

changes compared with SWCNT-based biosensors. The initial report of SiNW-

based biosensors described a calmodulin-terminated SiNW sensor [23]. This sen-

sor showed a reversible 1.03-fold decrease in conductance within 15 s of 25 mm

Ca2þ ions. Two systems were reported for SiNW-based biosensing of DNA. Li and

coworkers used a top-down lithographic method to fabricate larger diameter

SiNWs [31]. Chemical immobilization of the probe DNA oligonucleotide to SiNWs

yielded a biosensor with a 1.13-fold increase (p-type SiNW) and a 1.8-fold decrease

(n-type SiNW) in conductivity within 30 s of adding 25 pm complementary DNA.

Lieber and coworkers used synthetic SiNWs with biotin-modified surfaces. Avidin

attachment to these biotinylated SiNWs then facilitated biotinylated PNA immobi-

lization [32]. Despite the larger distance of the probe PNA from the p-type SiNW

surface, within 5 min a 1.25-fold increase in conductivity was observed with the ad-

dition of 100 fm complementary DNA to this biosensor. This biosensor was specific

for the complementary DNA over a DNA containing a single base deletion, respon-

sible for cystic fibrosis. A 10 fm detection limit of this PNA-modified SiNW device

places this as one of the most sensitive detection methods for DNA. Direct protein

adhesion was used for cancer marker biosensing, where monoclonal antibodies for

prostate specific antigen (PSA) and carcinoembyronic antigen (CEA) were immobi-

lized through aldehyde crosslinking to an array of n-type and p-type SiNWs [33].

This sensor showed a 1.10-fold increase (p-type) and a 1.12-fold decrease (n-type)
in conductivity with the addition of 20 pm PSA. The LOD for PSA in buffer was

25 fm (1.01-fold change in conductivity) while a 0.8 pm LOD was found for PSA

detection in donkey serum. Immobilization of a protein tyrosine kinase, Abl, to

p-type SiNWs through aldehyde crosslinking chemistries yielded reagentless ATP

biosensors with a 1 nm LOD [34]. The addition of 20 nm ATP caused, surprisingly,

a 2.0-fold increase in conductivity. Addition of known Abl inhibitors decreased the

ATP-dependent increase of the p-type SiNW conductivity to about 25% of the ini-

tial increase (1.25-fold increase). Given the large change in conductivity relative to

the molecular weight of ATP, a protein conformation change could be responsible

12.2 Surface Dielectric Enhancement 345



for this large relative increase in conductivity but the lack of site-specific attach-

ment chemistry makes investigation of this point difficult. Taken together, SiNWs

provide a versatile platform for biomolecule attachment, microfluidic interfacing,

and high analyte sensitivity for reagentless biosensing.

12.2.3

Advantages and Caveats

The ability to directly couple biomolecules to nanoparticles for analytical readout is

a clear advantage of the surface dielectric technique. The use of nanoparticles pro-

vides an exquisite sensitivity to solvent dielectric changes localized at the nanopar-

ticle surface. Proper attachment of biomolecules to nanoparticle surfaces adds the

molecular selectivity necessary for analyte detection. Most of these devices are sur-

face immobilized, which minimize the amount of solution handling for biosensor

activation. The surface immobilized nature of these devices allows for multiplexed

device fabrication and application to microfluidic separations. Integration of these

sensors with microfluidic separation is required due to the necessity of sample

clean-up. Changes in surface dielectric effectively increase the local analyte concen-

tration around the nanoparticle surface. Therefore, analyte detection in complex

environments will be difficult based on the small signal changes and large changes

in bulk solvent dielectric. By comparison of n- and p-type Si nanowires Lieber and

coworkers have addressed this issue [33, 34]; however, performing this analysis

in salt water, for example, would be difficult. Therefore, additional methods for

reagentless biosensing have been explored to minimize the amount of sample

clean-up necessary before analysis.

12.3

Catalytic Activation

An alternative method for developing reagentless biosensors is to couple

nanoparticle–biopolymer composites with catalytic activity. The nanoparticle scal-

ing rules used by biosensors in this class depends on whether the detection

method is electrochemical or optical/magnetic. The distance dependent dissipation

of this sensitivity should decay rapidly. Electrochemical biosensors that use nano-

particles take advantage of the improved electron flux at the enzyme–electrode in-

terface that the nanoparticle provides. Scaling laws similar to the previously dis-

cussed LSPR-scaling laws are used in optical or magnetic detected biosensors in

this class. The catalytic strategy can be readily employed to translate concepts

from hybridization-based biosensors into reagentless biosensors for hydrolytic en-

zymes or reagents. While the surface dielectric methodology provides a method

that integrates surface immobilization chemistry with analyte–biomolecule bind-

ing, the catalytic methodology translates multimolecular biosensing strategy into a

reagentless biosensing strategy.
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12.3.1

Electrocatalytic Detection

Nanoparticle-modified electrode surfaces allow multimolecular electrocatalytic bio-

sensors to be translated into reagentless biosensors. Electrode immobilized glucose

oxidase (GOx) is the classic electrocatalytic biosensor example. GOx-based bio-

sensors provide a catalytic amplification of Faradaic current to overwhelm capaci-

tive currents that typically dominate enzyme-immobilized electrochemical re-

sponses. Such catalytic enhancement occurs by the detection of H2O2 resulting

from O2 reduction during glucose oxidation by GOx. Catalytic amplification stores

electron equivalents in small molecular products that are more rapidly transported

to the electrode surface. Carbon nanotubes [35–38], Au nanoparticles [39–42], CdS

nanoparticles [43], and Fe3O4 nanoparticles [44] that are immobilized on glassy

carbon electrodes also store electron, or hole, equivalents to produce electrocatalyti-

cally amplified Faradaic currents for biosensing (Fig. 12.1B). The photovoltaic LSPR

biosensing scaffold discussed in the previous section calculated under photostimu-

lated, open circuit conditions that four electrons were injected per Au nanoparticle

[20]. Both increased electronic communication and enzyme stability of colloidal Au

adsorbed electrodes were demonstrated ten years ago [45–47]. Integration of the

reagentless electrocatalytic biosensors discussed here shows a@five-fold integrated

current increase, by cyclic voltammetry, in non-mediated background electroca-

talytic currents of enzyme-immobilized glass carbon electrodes. Most of these

methods employ non-oriented physisorption or crosslinking chemistries for en-

zyme film formation on the electrode interface. The five-fold Faradaic current in-

crease relative to the uncoated glassy carbon electrode was observed for carbon

nanotube [35, 36, 38], Au nanoparticle [39, 42, 48], and Fe3O4 nanoparticle [44] ad-

sorbed glassy carbon electrodes. The potential for increased enzyme stability and

electrode interaction with active enzyme makes the correlation of this five-fold in-

crease in integrated Faradaic current difficult to justify as an increased heteroge-

neous electron transfer rate. Since surface immobilized electrochemical behavior

is not typically observed for bare glassy carbon electrodes, derivation of differences

in the heterogeneous electron transfer rate is difficult. While no comparison of Far-

adaic current increases were provided by adsorbing CdS nanoparticles to glassy

carbon electrodes, Willner and coworkers have shown photocatalytic electron trans-

fer in enzymes adsorbed to CdS nanoparticle [21] and CdS nanoparticle–Au nano-

particle [20] modified Au electrodes. These nanoparticle-modified Au electrodes

clearly point out that electron injection to Au nanoparticles occurs [20]. Also,

photocatalytic electron injection is provided by CdS nanoparticle modified Au

electrodes [21]. Finally, enzymatic immobilized versions of nanoparticle-modified

electrodes can reversibly activate these photostimulated effects [20, 21]. There-

fore, integration of nanoparticles into enzyme immobilized electrodes provides

mediator-free electrocatalytic amplification.

For reagentless electrocatalytic biosensors the detectable analytes are predomi-

nantly low molecular weight. Glucose oxidase based electrocatalytic biosensors
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displayed different LODs for glucose. Single-wall carbon nanotube adsorbed elec-

trodes with GOx have shown an increase in catalytic current with a LOD of 2 mm

glucose and a response time of 30 s [35]. CdS nanoparticle modified glassy carbon

electrodes were able to detect glucose by a decrease in the reductive current in cy-

clic voltammetry with a glucose LOD of 2 mm [43]. The decrease in reductive cur-

rent upon glucose addition demonstrated slow electron injection from CdS for

FAD reduction in the absence of photostimulation. The GOx adsorbed Au nanopar-

ticle modified electrodes showed a LOD of 50 mm but a decrease in background cur-

rent with a �600 mV potential (vs. SCE) upon glucose addition [41]. The Au nano-

particle based biosensor was able to detect accurately blood glucose levels (8.4 mm).

Carbon nanotube modified electrodes with alcohol dehydrogenase immobilized

showed an ethanol LOD of 1 mm [37], consistent with the KM for the enzyme. Im-

mobilization of hemeproteins provides bioelectrochemical sensors for various low

molecular weight redox-active analytes. Hydrogen peroxide is a common analyte

for these sensors, where the LOD for the multiwall carbon nanotube biosensors

[36, 38] was@1 mm. The Fe3O4 nanoparticle modified electrodes provided a 80 mm

LOD for hemoglobin- or myoglobin-immobilized electrodes and a 2 mm LOD

for catalase-immobilized electrodes. Fe3O4 nanoparticle modified electrodes dem-

onstrated that the sensitivity was determined by the enzyme, not the electrode. Ni-

trite biosensing with these Fe3O4 nanoparticle modified electrodes [44] and with

Au nanoparticle modified electrodes [42] both showed a 200 mm LOD for sodium

nitrite in the electrocatalytic mode. However, the Au nanoparticle modified elec-

trode with hemoglobin immobilized showed a 1 mm LOD for nitrite [42] and

50 nm LOD for NO [40] using reversible non-catalytic peak currents from cyclic

voltammetry. The final example is the immobilization of the Cu-containing tyrosi-

nase on Au nanoparticle modified electrodes, which demonstrated LODs for phe-

nolic compounds from 150 nm (catechol) to 70 mm (gallic acid) [39]. Tyrosinase-

modified electrodes were able to detect the concentration of caffeic acid (LOD 6 mm)

from three red and three white wines, confirmed by a colorimetric test. Overall,

LODs that reflect the Michaelis constants of the immobilized enzymes are observed

for electrocatalytic biosensors that use nanoparticles as an electron reservoir.

A photoelectrochemical methodology demonstrates the potential for integrating

semiconducting nanoparticles into the bioelectrocatalytic systems above. Willner

and coworkers have demonstrated that illumination of CdS-modified Au electrodes

with acetylcholine esterase attached to the CdS nanoparticle turns on electro-

catalytic current [21]. Enzymatic production of thiocholine governs this process,

in that thiocholine reduces CdS valance band holes, which are formed upon photo-

exciting the CdS nanoparticle. Monitoring the current as a function of wavelength

(6–30 mm acetylthiocholine) produced an action spectra consistent with the band

edge absorbance of the CdS nanoparticles. In the presence of 380 nm wavelength

light, a LOD of 5 mm acetylthiocholine was detected, and the response saturated

above 30 mm. In comparison, CdS nanoparticles adsorbed on glassy carbon elec-

trodes were able to detect the slow reduction of glucose oxidase FAD in the ab-

sence of light and glucose [43]. Taken together these experiments demonstrate

that electron flow between CdS and enzymes/substrates is reversible. Application
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of photostimulated electron transfer to the electrochemical-based biosensors dis-

cussed here provides a method to introduce additional detection selectivity. Semi-

conducting nanoparticles allow the development of such hybrid techniques, like

the photostimulated LSPR effect in Section 12.2 [20], to be developed.

12.3.2

Catalytically Enabled Optical and Magnetic Detection

Enzymatic cleavage of biomolecule-tethered nanoparticles provides an alternative

method for detecting enzymatic activity (Fig. 12.4). In this particular type of sens-

ing, the biomolecule attached to the nanoparticle becomes the substrate to detect

the enzyme or reagent catalyzing biomolecule hydrolysis. As biomolecule hydro-

lysis occurs the physical link between the nanoparticles or nanoparticle–organic

fluorophore is broken. Once the nanoparticles or nanoparticle–organic fluorophore

assembly dissociate, the properties of the non-modified nanoparticles and fluoro-

phores are restored [1, 10, 49, 50]. Such a strategy has yielded pseudo-reagentless

biosensors based on Au nanoparticle quenched CdSe@CdS nanoparticle emission

[51], Fe3O4 nanoparticle associated enhancement of spin–spin relaxation time (T2)

of adjacent water protons [52], or magnetic field modulated cantilever deflection

[53, 54]. This method might be extended to optically detected surface plasmon res-

onance from an Au nanoparticle assembly. While optical assays based on hydroly-

sis of DNA-modified Au nanoparticle assemblies exist [55, 56], the assembly and

thermal denaturation steps seem to ensure specificity. It is assumed that the forces

applied by magnetic field detection methods [52, 53] overcome the need for assem-

bly and thermal denaturation. Since enzymatic cleavage uses an initial associated

complex, the more effective scaling laws for nanoparticulate materials can be more

readily employed for biosensor development.

To date, there is one example of a reagentless, optically-detected biosensor for

collagenase [51]. In this system, a peptide that is specifically degraded by collage-

nase (GGLGPAGGCG) is covalently coupled between CdSe@CdS nanoparticles on

the amino-terminus and Au nanoparticles on the carboxy-terminus. The covalently

coupled CdSe@CdS-peptide-Au complex has the CdSe@CdS emission intensity

partially quenched by energy transfer to the Au nanoparticles. Incubation with

@2 mm collagenase for 18, 39, and 47 h showed a 1.10, 1.20, and 1.35-fold increase,

respectively, in CdSe@CdS emission intensity. While the response times for these

Fig. 12.4. Enzymatic cleavage of biomolecule tethered

nanoparticle–nanoparticle or reporter group–nanoparticle pairs.

Upon cleavage, the pair of chromophores no longer interact

and restore the original signal of these chromophores.
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collagenase biosensors are slow, the response time could be enhanced through in-

creasing the accessibility of the peptide substrate.

DNA–magnetic nanoparticle assemblies that have been termed magnetic relax-

ation switches (MRS) provide magnetic resonance imaging (MRI) detected reagent-

less biosensing [52]. This method hybridizes two pools of covalently modified

DNA–Fe3O4 nanoparticle aggregates with complementary nucleotide sequences.

Once assembled, the 50–100 nm DNA–nanoparticle aggregates decreases the

water spin–spin relaxation time (T2) by two-fold. Duplex DNA formed in these hy-

bridized assemblies contains a recognition site for the BamH I restriction endonu-

clease. Digestion with BamH I, but not EcoR I digestion, caused a disassembly

of the aggregates and a restoration of the original T2. Imaging microtiter plate

samples within a MRI spectrometer, the Dpn I restriction endonuclease was

specifically detected with methylated DNA–Fe3O4 nanoparticle assemblies, while

unmethylated DNA–Fe3O4 nanoparticle assemblies showed no change in T2. A

similar strategy was reported where rennin and matrix metalloprotease-2 proteolytic

activities were determined using peptide substrates that were biotinylated at both

termini [57]. Unfortunately, the peptide substrate had to be hydrolyzed before

nanoparticle assembly occurred, rendering this as a multimolecular assay. Despite

the drawbacks of this second assay, catalytic hydrolysis has demonstrated reagent-

less biosensing can be performed using MRI.

Using larger magnetic particles, Willner and coworkers have demonstrated re-

agentless biosensors that detect restriction endonucleases with the application of a

magnetic field [53, 54]. Atomic force microscope cantilevers were coated with Au

and thiol-terminated DNA that was complementary to DNA modified magnetic

particles. The duplex DNA formed on the cantilever surface contained recognition

sites for restriction endonucleases. The cantilever deflection could be reversibly

controlled by application of a magnet to each system. The force experienced by

these cantilever systems was around 1–3 nN. In one system, ten units of either

Apa I or Mse I restriction endonucleases were detected with a 5 minute response

time [53]. In a different set of systems, two restriction enzyme sites were included

on one DNA duplex providing an OR logic gate detection for either Apa I or EcoR I

[54]. Alternatively, a mixed monolayer of duplex DNA was formed between the can-

tilever surface and the magnetic particle that contained recognition sites for EcoR I

and Asc I on different duplex DNA strands. The mixed monolayer provides an

AND logic gate detection of EcoR I and Asc I. The extension of logic gated detec-

tion strategies to microarray sensors is a particularly interesting application for

biosensor development.

12.3.3

Advantages and Caveats

Catalytic activation schemes for biosensing with nanoparticles enhance the analyte-

dependent signal. Enhancement occurs by one of two methods, either using nano-

particles to interface enzymatic electrochemical reactions or to adapt analyte–

biomolecule recognition to the scaling laws of nanoparticle mediated effects. These
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methods harness the unique properties of nanoparticles to detect analytes in com-

plex mixtures. Analyte specificity, in each case, is provided by the enzymatic ampli-

fication of a Faradaic current or enzyme (analyte) mediated cleavage. However,

many additional factors contribute to enzyme inhibition and the degree of inhibi-

tion varies from enzyme to enzyme. The largest caveat with enzymatic activation

schemes is that surface immobilization is necessary for analyte reversible detec-

tion. Thus, use of enzymatic activation schemes for reagentless biosensing for

fluorescence contrast imaging agents will only provide single-use biosensors. An

obvious alternative is to couple analyte-dependent biomolecular conformation

changes to provide reversible analyte detection by fluorescence contrast imaging

biosensors.

12.4

Biomolecule Conformational Modulated Effects

The final method for reagentless biosensing using nanoparticles is translating

ligand-mediated biomolecule conformational motions into changes in nanoparticle

properties (Fig. 12.5). While the previous methods have focused on directly cou-

pling the ligand–biomolecule binding event to changes in the analytical signal,

this method focuses on the detecting changes in the interaction between a reporter

molecule and a nanoparticle. The reporter groups that have been described are

organic compounds [58–62], a coordination complex [63, 64], or a nanoparticle

[65]. With the reagentless criterion, these reporter groups have to be covalently

attached to the biomolecule. Covalent bond formation is carried out through stan-

dard nucleophilic modification chemistries [66], where biomolecule-derived pri-

mary amines or thiols are modified with the reporter group. Reporter group co-

Fig. 12.5. Biomolecular conformation changes

mediate reagentless nanoparticle-based

biosensing. (A) Nucleic acid-based

conformation changes will move a reporter

group (the smaller ball) by 10 to 50 Å away

from the nanoparticle upon complementary

nucleic acid binding. (B) Protein-based

conformation changes will move a reporter

group by 1 to 6 Å away from the nanoparticle

upon analyte binding.
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valent attachment is necessary for ligand-mediated conformation changes to alter

the reporter group–nanoparticle interaction. Since biomolecular conformation

changes are the focal point of this method, the nanoparticle has to be site-

specifically attached to the biomolecule as well. Thus, strategies for orthogonal

site-specific attachment of reporter groups and nanoparticles are necessary for

this method [55, 67–69]. These methods either use DNA synthesis and modifica-

tion chemistry or recombinant DNA technology for protein production followed

by modification chemistry. Once generated, the type of reporter compound–

nanoparticle interaction that effectively reports analyte concentrations depends on

the magnitude of biomolecule motion. DNA duplex formation provides the largest

conformation change (10–50 Å, Fig. 12.5A), while analyte-induced protein con-

formation changes are much more subtle (1–10 Å, Fig. 12.5B). Therefore, this sec-

tion will be organized based on the type of biomolecule (DNA or protein) used in

analyte detection.

12.4.1

Biosensors Based on DNA Conformation Changes

With the larger analyte-induced conformation change of DNA, more nanoparticle-

based detection methods have been reported (Fig. 12.5A). Energy transfer methods

are a popular method for detecting changes in biomolecule conformation [70] and

provide reagentless biosensors with DNA probes. Organic reporter molecules [58,

60–62] seem to be most effective in reagentless biosensor development. AuaAu

nanoparticle interactions have also been used to provide colorimetric pseudo-

reagentless biosensors [65]. Three types of analytes have been detected by these

DNA–nanoparticle-based biosensors: oligonucleotides, proteins, and small mole-

cules. The oligonucleotide biosensors [58, 60, 62] used base pair recognition for se-

quence specific recognition. With the development of selection strategies for small

molecule and protein dependent conformation changes in nucleic acids (aptamers)

[71, 72], small molecule [65] and protein [61] biosensors have been developed for

reagentless DNA-nanoparticle based biosensors. Aptamers provide a complemen-

tary method for reagentless small molecule and protein biosensing relative to

proteins [4]. The drawback of aptamer–nanoparticle based biosensors that are

currently reported is that they are pseudo-reagentless where they begin as uni-

molecular species but after analyte addition part of the initial system is displaced.

Irrespective of this critique, these aptamer-based biosensors have introduced an

important concept in reagentless nanoparticle-based biosensor development.

Aptamer–nanoparticle based biosensors provide an avenue to rapidly expand the

pool of analytes that are detected by reagentless nanoparticle-based biosensors.

Using exponential selection strategies (SELEX) [71, 72], various RNA and DNA se-

quences have been identified that bind small molecules and proteins while induc-

ing a change in nucleic acid tertiary structure [4]. The ligand-bound conformation

is typically a stem-loop structure where the base of one of the nucleic acid termini

forms a duplexed stem. Stem formation then mediates a reporter molecule that is
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attached to the stem forming nucleic acid terminus, moving either away from or

towards the nanoparticle surface. As pointed out above, the change in the reporter

group–nanoparticle distance can be between 10 to 50 Å in aptamers. Adenosine

and cocaine aptamers were attached to Au nanoparticles through a thiolate-

modified 3 0-end of a 12-mer complementary DNA strand [65]. In the absence of

adenosine or cocaine the oligonucleotide existed in an extended conformation al-

lowing a second Au nanoparticle with a 5 0 thiolate-modified DNA strand comple-

mentary to the aptamer DNA. The duplex DNA formed from this second Au nano-

particle DNA was composed of seven bases from the adenosine aptamer sequence

and five additional bases used to separate the aptamer sequence from the hybrid-

ization sequence of the first Au nanoparticle. When these two pools of DNA-

modified Au nanoparticles are combined, the classic redshifted absorbance (@580

nm) of aggregated Au nanoparticles was observed. Due to multiple DNA molecules

attached to one Au nanoparticle, a simple two Au nanoparticle complex did not

occur but a larger aggregate of Au nanoparticles formed. However, the addition of

0.5 to 5 mm adenosine changed the solution from blue to red within one minute.

The equilibrium absorbance ratio between 522 nm (dissociated) and 700 nm (ag-

gregated) increased up to a saturated value of 15 with the addition of adenosine or

cocaine to the cognate aptamer assemblies. While the adenosine/cocaine-mediated

dissociation kinetics look monoexponential, the absorbance ratios after one minute

of reaction showed two binding affinities and saturated absorbance ratios. The low

adenosine/cocaine effect could be explained by dissociation of Au nanoparticles on

the surface of the Au nanoparticle aggregates. Despite these effects a colorimetric

assay for adenosine and cocaine with LODs of 0.5 and 0.1 mm was developed by

this strategy.

Thrombin-specific aptamer modified CdSe@ZnS nanoparticles were generated

and demonstrated thrombin and DNA biosensing detected by fluorescence [61].

This strategy harnessed the high quantum yield and photostability of semiconduct-

ing nanoparticles for low micromolar analyte sensitivity. The system used com-

mercially available streptavidin-coated CdSe@ZnS nanoparticles that emitted at

525 nm. A 5 0-biotin modified DNA containing the thrombin aptamer sequence

was hybridized with a complementary 12-mer DNA with a proprietary organic

quencher (e525 @ 66 000 m
�1 cm�1) attached to the 3 0-terminus. Up to 40

quencher-containing DNA equivalents needed to be added per CdSe@ZnS nano-

particle to quench the fluorescence by 95%. Addition of 0.8 mm complementary

DNA or 1 mm thrombin to this solution increased the emission intensity by

15- and 19-fold after 50 min. Based on the greater than 15-fold signal response

the LODs should be significantly below the micromolar analyte concentrations

reported. This report optimized this response by adopting a superquenched

approach used for FRET based detection of maltose using maltose binding protein

attached to CdSe@ZnS nanoparticles [73, 74]. Clearly, the slow response time of

the thrombin aptamer system, relative to the Au nanoparticle aggregate disas-

sembly, is due to the numerous organic quenchers that need to be removed per

CdSe nanoparticle for a measurable response. Again, this work presents a pseudo-
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reagentless biosensor based on DNA modified CdSe nanoparticles. Nevertheless,

the demonstration of a strategy for using aptamers to control the emission proper-

ties of semiconducting nanoparticles is highly significant.

The first demonstration of reagentless biosensing with nanoparticles through

analyte-mediated biomolecule changes was reported by Nie and coworkers in 2002

[58]. This method was based on the observation of organic fluorophore adsorption

to Au colloid surfaces as detected by fluorescence quenching and surface-enhanced

Raman scattering [75, 76]. This design used a single DNA probe strand with a

3 0-thiol group and a 5 0-fluorescein or 5 0-tetramethylrhodamine fluorophore. Upon

addition of the probe DNA to the Au nanoparticle, the emission intensity from the

organic fluorophore was completely quenched. After adding a four-fold excess (10

nm Au nanoparticle, 30 min incubation time, room temperature, 2–10 mm MgCl2)

of a complementary DNA strand, the emission intensity of tetramethylrhodamine

or fluorescein was completely restored. Addition of single-base mismatch comple-

mentary DNA strand under the same conditions caused a 50% restoration of the

fluorophore emission intensity. This study went on to carefully examine the com-

plementary DNA strand binding kinetics and DNA–Au nanoparticle thermal

stabilities. Up to 5 min (40% overall response), the binding kinetics were consis-

tent with a single exponential binding event. After 5 min multiple phases were ob-

served that slowed the response time. Notably, the response time of this biosensor

[58] is similar, if not more rapid, than the thrombin biosensor based on aptamer

attached CdSe nanoparticles [61]. Thermal stability studies of the probe DNA–Au

nanoparticle conjugate showed minimal increase in emission intensity at higher

temperatures as opposed to the analogous molecular beacon in solution. These re-

sults suggest substantial non-specific Au nanoparticle–DNA interactions, which

were clearly defined by this report. Despite these caveats this report showed, for

the first time, that biomolecule conformation could be used to couple ligand bind-

ing to nanoparticle-based signal enhancements.

This fluorophore modified DNA–Au nanoparticle methodology has been ex-

tended to a fluorescence microscopy detected microfluidic device [62]. Fluorescein

and Cy3 were used as the fluorophores in this study and attached to the 5 0 end of

the DNA probe. The 3 0-end of the DNA probe contained a thiol functional group

that provided Au nanoparticle attachment. Au nanoparticle modified microchan-

nels (50–90 mm) were generated by channel microfabrication followed by introduc-

ing 3-aminopropyltriethoxysilane, rinsing, and overnight incubation in Au nano-

particle solutions. The fluorophore-modified DNA probe was introduced to these

microfluidic channels for 16 h and repeatedly rinsed. Minimal fluorescence was

observed above background fluorescence in these rinsed channels. Fluorescence

micrographs before and after complementary DNA addition (60 min incubation

time) showed a significant increase in emission intensity for channels with 8 ppm

of the complementary DNA. This detector was able to discriminate between DNA

from danguevirus and enterovirus. This report demonstrates how a solution-based

strategy with the DNA–Au nanoparticle based reagentless biosensor can be trans-

lated to a surface immobilized strategy.
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Surface plasmon enhanced Raman spectroscopy has also been demonstrated for

reagentless biosensing of DNA strands [60]. Plasmonic detection was provided by

the use of a single strand of probe DNA with Rhodamine 6G attached to the 5 0-end

and a thiol on the 3 0 end. The DNA recognition sequence was flanked with 6-mer

complementary sequences on each end to induce stem-loop formation in the ab-

sence of analyte DNA. These DNA probes were adsorbed to 50 nm diameter Ag

nanoparticles and investigated in by Raman spectroscopy with the 632.8 nm line

from a HeNe laser excitation source. In the absence of any additional DNA the

SERS enhanced spectrum for Rhodamine was observed. Addition of a four-fold ex-

cess of complementary analyte DNA caused an eight-fold decrease in the intensity

of the prominent 1512 cm�1 vibration. All of the SERS vibrational bands decrease

upon the addition; however, the higher energy and intensity bands provided the

best spectroscopic handle for analysis. A sensor for the gene product of the HIV

gag gene was then constructed. PCR amplified DNA (109 bases) was then added

to this plasmonic detection biosensor. Addition of HIV gag amplified DNA cause a

three- to six-fold decrease in SERS band intensities, while the addition of amplified

DNA from human placenta (negative control) only caused a 1.5 to 2.5-fold decrease

in SERS band intensities. This method removes the worry of reporter group photo-

bleaching, since, even if photooxidation occurs, most of the SERS vibrational bands

will be observed.

12.4.2

Biosensors Based on Protein Conformation Changes

Energy transfer methods are less prolific in reagentless fluorescence detected

protein-based biosensors. The rationale for diminished reagentless energy transfer

protein-based biosensors is that the ligand-induced atomic movements in proteins

are smaller than in DNA. For an energy transfer methodology to function for a re-

agentless protein-based biosensor the distance for half-maximal energy transfer

(Ro) must be similar to the ligand-dependent change in interatomic distance.

Frommer and coworkers have shown reagentless energy transfer protein-based bio-

sensors for maltose, ribose, and glutamate [77–79]. These systems use green fluo-

rescent proteins (GFPs) that are engineered to absorb and emit at different visible

wavelengths, genetically encoded on the amino- and carboxy-terminus of the sen-

sor protein (Fig. 12.6A). The Ros for these GFP chromophore pairs are around 20–

25 Å. Fluorophore pairs with Ros longer than 30 Å are difficult to use as reagentless

protein-based biosensing. In this case, reagentless protein-based biosensing has

been achieved by intercalating organic fluorophores into cracks in the protein

structure that reversibly opens and closes as ligand-induced conformation changes

occur [80]. The intercalation strategy has yielded various reagentless biosensors [3,

81]. Despite the success of these reagentless organic fluorophore modified protein-

based biosensors, the susceptibility of organic molecules to photodegradation re-

mains a significant difficulty in fluorescence contrast imaging. Semiconducting

nanoparticles, of course, have minimal photodecomposition and have been an at-
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tractive target to apply similar methodologies, energy transfer or intercalation, for

reagentless protein-based biosensing.

To a first approximation, energy transfer can be used for reagentless protein-

attached nanoparticle biosensing. Two energy transfer based biosensing methods

using maltose binding protein (MBP) have been published [59, 74]. One system

used the maltose selective displacement of b-cyclodextran from MBP as a pseudo-

Fig. 12.6. Strategies for reagentless

biosensing based on changes in protein

conformation. (A) GFP-CFP protein chimeric

strategy, where energy transfer efficiency from

enhanced cyan fluorescent protein (green)

to enhanced yellow fluorescent protein

(orange) is altered as a function of analyte-

induced change in protein conformation.

(B) Displacement assay of a fluorescence

quencher bound (shaded with orange ball)

bound to a protein, where analyte binding

displaces this quencher and restores emission

intensity of the CdSe nanoparticle (green ball).

(C) Method where the emission intensity of an

organic fluorophore (orange ball) is altered as

a function of analyte binding, where a CdSe

nanoparticle (green ball) is used for photon

collection via energy transfer. (D) An electron

transfer quenching method where a reductant

or oxidant (red ball) is placed close to the

CdSe nanoparticle (green ball) surface in one

conformation to provide electron transfer

quenching (text and Fig. 12.7). Because the

protein conformation changes upon analyte

binding, the distance between the reductant/

oxidant and the nanoparticle will be altered

and the nanoparticle emission intensity will

change.
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reagentless strategy (Fig. 12.6B) [74]. For this system, fluorophores were attached

to a cyclodextran and energy transfer from the CdSe@ZnS nanoparticle to the

cyclodextran-modified fluorophore reported the amount of maltose in solution. A

100 nm LOD for maltose was observed with a 0.1 to 10 mm dynamic range. The dy-

namic range is typical for this type of strategy; however, the LOD is higher than

typical due the use of a competitive displacement strategy. This report did, though,

demonstrate the effectiveness of energy transfer to proteins attached to semicon-

ducting nanoparticles. Clearly, with this system, multiple organic fluorophores

need to be adsorbed to the nanoparticle surface to substantially alter the nanopar-

ticle emission intensity. A reagentless method based on nanoparticle–organic fluo-

rophore energy transfer has been reported recently [59]. This report showed that

CdSe@ZnS nanoparticles could function as high photon cross-section antenna.

Because energy transfer directly couples the nanoparticle emission intensity to the

organic fluorophore emission and absorbance properties, the interaction between

the organic fluorophore (Cy3) and MBP actually mediated the changes in overall

emission intensity (Fig. 12.6C). The linkage between Cy3-modified 41C MBP and

emission intensity is similar to that demonstrated by previous studies [82–84]. In

the end, maltose binding mediated a ‘‘turn off ’’ signal and is still inherently linked

to the relatively fast photodecomposition of organic fluorophores. Therefore, an al-

ternative to energy transfer needs to be used for reagentless protein–nanoparticle

based biosensing to take full advantage of the photonic properties of semiconduct-

ing nanoparticles.

Electron transfer quenching provides a route to reagentless protein–nanoparticle

based biosensing that maintains the high photostability of the semiconducting

nanoparticle. Electron transfer quenching involves an electron transfer to or from

the excited state of a fluorophore followed by a back electron transfer to form the

ground state to non-radiatively relax the fluorophore excited state [70]. Two proof-

of-principle articles have been published for electron transfer quenching with a

RuII complex modified MBP that was attached to either CdSe [63] or CdSe@ZnS

nanoparticles [64]. In this system, the RuII complex reduces the valence band hole

of the CdSe core, while the resulting RuIII complex oxidizes the electron that re-

mains in the conduction band of the n-type CdSe nanoparticle core (Fig. 12.7).

When the cyclic nature of this reaction scheme is maintained, minimal photode-

gradation of this material occurs. This electron transfer quenching method has an

exponential dependence [85] with respect to the distance between the RuII com-

plex and the surface of the CdSe nanoparticle core. Energy transfer distance depen-

dence dependences vary a function of Ro
6=ðRo þ rÞ6, where Ro is the distance at

which half maximal energy transfer occurs [70]. However, the r ¼ 0 point for en-

ergy transfer is at the center of the CdSe nanoparticle core [73, 74, 86] while the

core–shell interface is the r ¼ 0 point for electron transfer. Based on the Ros for

energy transfer from core–shell CdSe nanoparticle donors to organic fluorophore

acceptors (40–70 Å) [73, 86–88], energy transfer should have a shallow distance de-

pendence relative to electron transfer quenching.

Benson and coworkers have shown electron transfer quenching provides a solu-

tion to reagentless small molecule biosensor design using protein–semiconducting
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nanoparticle assemblies (Fig. 12.6D) [63, 64, 67]. This work relies on the genera-

tion of a 1:1 complex between a RuII complex modified protein and a semiconduct-

ing nanoparticle. Such a complex has been obtained through the use of kinetically

stable mercaptohexdecanoate capping groups [67], as opposed to the dihydrolipoic

acid capping groups used by Medintz, Mattoussi, and coworkers to facilitate multi-

ple proteins attached per semiconducting nanoparticle [74]. Four MBPs with differ-

ent surface Cys attachment sites were surveyed. When the RuII-modified MBP was

bound to either CdSe or CdSe@ZnS nanoparticles that emitted at 560–570 nm,

the emission intensities decreased from 1.5 to 2.3-fold [63] and 1.2 to 1.8-fold

[64]. Upon maltose addition to the RuII modified MBP attached to CdSe or

CdSe@ZnS nanoparticles, the emission intensity increased by 1.39 to 1.45-fold

[63] or 1.13 to 1.42-fold [64]. Recently, our laboratory has confirmed that maltose-

dependent changes in CdSe emission intensities correlate with changes in CdSe

emission lifetimes [89] and Faradaic electrochemical currents observed for these

proteins adsorbed to Au working electrodes [90]. Maltose titrations yielded dissoci-

ation constants ranging from 0.20 to 0.75 mm (LOD 1 to 5 nm) and 0.25 to 1.00 mm

(LOD 5 to 10 nm) for the CdSe and CdSe@ZnS nanoparticle systems. The similar-

ity of these dissociation constants to the maltose dissociation constant for MBP in

solution (KD @ 0:70 mm) suggests the function of MBP has not been altered by

nanoparticle attachment. This is in direct contrast to the 200 to 800 mm dissociation

constants reported for the Cy3-modified 41C MBP attached CdSe@ZnS nanopar-

ticle biosensors [59] and the 0.8 to 8.0 mm dissociation constant determined for

the fluorophore modified cyclodextran-MBP-CdSe@ZnS nanoparticle system [74].

The only nanoparticle-based perturbation seen for the RuII complex labeled sys-

tems is in the variation of the sample-to-sample dissociation constant reproducibil-

ity [63]. For MBPs that placed the RuII complex closer to the nanoparticle surface,

predicted by quenching efficiency, a higher variation in the dissociation constants

was observed. This suggested the RuII complex might be kinetically trapped in the

hydrophobic layer surrounding the nanoparticle, which is formed by the fifteen

Fig. 12.7. Electron transfer quenching

methodology. A nanoparticle ground state

(CdSe) and a reductant (Red.) are placed close

together. Upon photoexcitation (hn) the CdSe

excited state is formed with an electron in the

conduction band (upper molecular orbital) and

a hole in the valence band (lower molecular

orbital). For a close association of the

reductant with the CdSe surface, electron

(charge) transport can occur from the

reductant to the valence band hole. The

charge-separated state that forms (CdSe� and

oxidized reductant, Ox.) is non-emissive. The

electron in the conduction band of the CdSe

core will then reduce the oxidized reductant to

reform the ground state. As long as the first

electron transfer rate (kforward) is faster than

the fluorescence emission rate (kfluor:) the

nanoparticle emission intensity will be

diminished and the lifetime will be decreased.
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methylenes of the capping ligand. However, electron transfer is still observed for

MBPs with the RuII complex placed away from the nanoparticle surface [63, 64].

Using K46C and K25C MBP, where the RuII complex was away from the nanopar-

ticle surface, these MBP-CdSe@ZnS nanoparticle biosensors were shown to be

selective for maltose in a ten-sugar test panel and reversibly detect maltose in an

increasing glucose background [64]. Taken together, the use of electron transfer

quenching provides reagentless biosensing that modulates nanoparticle emission

intensity using protein–semiconducting nanoparticle assemblies.

The distance dependent changes in electron transfer and energy transfer

quenching efficiencies, based on reported data, are compared relatively in Fig.

12.8. As stated above, the delocalized hole–electron pair (exciton) density in core–

Fig. 12.8. Comparison of energy and electron

transfer quenching efficiencies in maltose

binding protein based biosensors. (A) Overall

comparison of energy transfer distance

dependence of quenching efficiency (line 1)

and electron transfer quenching efficiency

(line 2). The dotted line approximates the

nanoparticle radius reported by Medintz and

coworkers [86]. The range of the energy

transfer based distance was calculated from

assuming activation-less electron transfer.

The area within the box (50–58 Å) is shown

in panel B. (B) The region for nanoparticle

distance determined for N282C (line 1, r ¼ 0)

and D80C (line 2, r ¼ 0). Using the change in

quenching efficiency for the electron transfer

method [64], the expected FRET dependent

change was calculated to be one tenth of the

measured electron transfer change. (C)

Quenching efficiency (electron transfer method

[64], diamonds; energy transfer method [86],

circles) for three structurally related

attachment positions on MBP [64, 86] as a

function of the FRET determined distances

from the nanoparticle core [86].
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shell nanoparticles creates different starting points for distance determinations by

energy and electron transfer. Since the average emitted photon density comes from

the center of the nanoparticle core the nanoparticle centroid is considered r ¼ 0

Ro. Since exciton delocalization occurs significantly faster than nanoparticle emis-

sion, the closest approach for electron transfer is the nanoparticle core–shell inter-

face and functions as the r ¼ 0 for electron transfer. Energy transfer-determined

distances have been reported for CdSe@ZnS nanoparticle–Cy3 fluorophore pairs

using the derived Ro of 53G 3 Å [86]. Using this radius the Cy3 quenching effi-

ciencies of 530-nm emitting CdSe@ZnS nanoparticles (2% to 37%) yielded RET-

determined distances of 59 to 95 Å for six different surface Cys attachment points

for Cy3 [86]. The orientation of MBP, in the absence of maltose, on the nanopar-

ticle surface was derived to have both domains interacting with the nanoparticle

surface and the maltose binding site pointing away from the nanoparticle surface.

For the RuII complex modified MBP system, quenching efficiencies of 16% to 44%

were obtained for CdSe@ZnS nanoparticle emission [64]. A rough comparison be-

tween these two published systems is presented in Fig. 12.8, where the RET deter-

mined distances of structurally related surface Cys attachment sites are compared.

Clearly, all three structurally related surface Cys attachment sites show the RuII

complex with a higher quenching efficiency than Cy3. Furthermore, maltose addi-

tion decreases the RuII complex quenching efficiencies (�9% to �22%) [64], while

no maltose dependent change in Cy3 mediated nanoparticle quenching efficiency

has been reported. The differences in maltose-dependent quenching are no sur-

prise based on the distance dependences of electron transfer and energy transfer

discussed above. Figure 12.8(B) illustrates for the 282C/80C attachment site the

comparison of these scaling rules, where energy transfer has a shallower distance

dependence. Additionally, maltose dependent changes in quenching efficiencies

for the electron transfer method are consistent with changes in the CdSe core flu-

orescence lifetimes [89]. However, the surprise in the RuII complex mediated

CdSe@ZnS nanoparticle quenching is the shallow distance dependence with re-

spect to RET-derived surface Cys distance to the nanoparticle centroid (Fig. 12.8C).

From a technological standpoint the shallow distance dependence of RuII complex

mediated quenching efficiencies abrogates [63] the need for Cys scanning muta-

genesis methods as with organic fluorophore-MBP based biosensors [3, 81]. From

a mechanistic standpoint, the RuII complex based quenching distance dependence

might be more similar to protein–protein electron transfer as opposed to intrapro-

tein electron transfer. Beratan and coworkers [91, 92] have recently found construc-

tive interference from structural waters in electron transfer pathways provide very

shallow distance dependences in electron transfer. Interestingly, the electron trans-

fer distances calculated ruthenated MBP-CdSe@ZnS systems (8.0 to 9.5 Å) are

similar to the distances for the cyt. b5–cyt. c study [92]. In the end, the RuII com-

plex [63, 64] provides reagentless biosensing that modulates the emission intensity

of semiconducting nanoparticles in a ligand dependent fashion.

Clearly, from these examples, the scaling laws of the nanoparticle and the re-

porter group need to be carefully considered for reagentless biosensor construc-

tion. The biomolecular conformation change strategy clearly demonstrates this
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point. Nucleic acid–nanoparticle based biosensors can provide reagentless bio-

sensors more readily using conformation change, in that the conformation change

is typically greater than 10 Å. By moving a reporter group greater than 10 Å a sub-

stantial change in energy transfer and surface-enhanced Raman can be expected.

Protein–nanoparticle based biosensors require more careful consideration of scal-

ing rules since reporter groups typically are moved by 1–6 Å. Electron transfer

quenching takes advantage of a less efficient methodology than energy transfer to

provide a higher sensitivity to conformational motion. This is not to say that elec-

tron transfer quenching is the only solution to protein–nanoparticle based reagent-

less biosensing, but that it provides a scaling law that appropriately couples

analyte-induced protein conformation motions into changes in the nanoparticle

electronic structure.

12.5

Conclusion

The three general concepts outlined here provide reagentless biosensors from bio-

molecules attached to nanoparticles. As demonstrated by the literature cited in this

chapter, these reagentless concepts provide sensors that can be adapted to various

detection platforms. More importantly, the instrumentation used for biosensing is

relatively inexpensive and modular. Extension of these systems to multiplexed or

array assays has been reported and should be able to be extended for various other

systems. The idea that the biomolecule provides the analyte sensitivity and selectiv-

ity is at the heart of the modular detection strategies. As outlined in this volume

and this series, nanoparticles provide unique properties that can be detected by var-

ious analytical techniques. The translation between analyte–biomolecule binding

and changes in nanoparticle properties requires the selection of a reporting meth-

odology (e.g., FRET, SERRS, T2 relaxation, electron transfer quenching) with an

appropriate scaling law. The high surface area of nanoparticles provides a high sen-

sitivity method to measure changes in local solvent dielectric. Biomolecule attach-

ment to nanoparticle surfaces allows substrates for these biomolecules to alter the

local solvent dielectric and properties such as localized surface plasmon absorption

and electrical conductivity. Metallic and semiconducting nanoparticles can also be

used as electron/hole buffers to increase electrochemical communication be-

tween enzymes and working electrodes. This strategy has allowed multimolecular

bioelectrochemical sensors to be transformed into reagentless bioelectrochemical

sensors. Energy transfer methods are the most popular method for coupling bio-

molecule and nanoparticle properties by energy transfer from organic fluorophores

to metallic nanoparticles, semiconducting nanoparticles to organic fluorophores, or

semiconducting nanoparticles to metallic nanoparticles. While energy transfer

scaling laws facilitate enzymatic cleavage biosensors and nucleic acid–nanoparticle

based biosensors, protein–nanoparticle biosensors require a coupling method with

a more sensitive distance dependence. While reagentless protein–nanoparticle

based biosensors that use energy transfer have been reported [59], this method
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monitors differences in the emission intensity of the organic fluorophore. Electron

transfer quenching provides a method to effectively couple changes in protein con-

formation into changes in nanoparticle emission intensity [63, 64]. Magnetic force

and T2 magnetic relaxation methods, along with nanoparticle surface energy trans-

fer [93, 94], have a much shallower distance dependence that could be used for re-

agentless biosensor development with enzymatic cleavage (pseudo-reagentless) or

nucleic acid conformation changes. Another advantage of using nanoparticles is

the advent of hybrid detection schemes, such as endonuclease detection by mag-

netic force measurements [53, 54], electrochemical surface plasmon resonance

[20] and photoelectrochemical detection [21]. Such hybrid detection strategies pro-

vide signal selectivity on top of the analyte selectivity provided by the biomolecule.

Such selectivity provides additional confidence necessary for device approval and

commercialization. Finally, the development of nanoparticle based biosensors that

are reagentless and reversible is an exciting frontier that requires a material, bio-

molecular, and molecular viewpoint that is producing sophisticated biosensors

with inexpensive instrumentation.
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Pico/Nanoliter Chamber Array Chips for

Single-cell, DNA and Protein Analyses

Shohei Yamamura, Ramachandra Rao Sathuluri, and Eiichi Tamiya

13.1

Introduction

In recent years, miniaturized systems called Lab-on-a-chip or Micro-Total Analysis

System (m-TAS) have been examined as new systems for biochemical analyses.

These systems are expected to perform DNA, protein and cell analysis for drug

screening and development of novel therapies. Especially, microarray and

microfluidic types of chip devices have been developed using micro- and nano-

technological techniques. These lab-on-a-chip systems can be used for high-

throughput identification of large numbers of potential drug targets, e.g., DNA,

protein, chemicals [1, 2]. Recent advances in the human genome project have

prompted the use of the miniaturized chip devices for high-throughput analysis

of the vast amount of information potentially available. To obtain as much informa-

tion as possible in a short time with a minimal use of reagents, researchers require

highly integrated and sophisticated devices, such as microarrays. Thus, micro-

arrays suitable for different biomaterial assay and detection technologies have

been under intense investigation [1, 2]. Microarrays have been mostly applied to

the assessment of the presence of a specific base sequence, or which genes are ex-

pressed and at what level [3, 4]. They have also been employed in identification of

peptides and proteins as pharmaceutical drugs [5, 6]. Although the number of

human genes was reported to be approximately 30 000 from the human genomic

project, the functions and expression mechanism for most of the genes remain un-

known, because the fate of the genes functionality is determined after protein ex-

pression, but proteins expression is controlled by cellular function. Therefore, it is

necessary to develop the microarray chip devices that can perform high-throughput

screening and analysis of proteins and cells at single-cell and single-molecule level.

To achieve single-cell or single-molecule analysis, highly integrated microarray

systems that can perform assays at pico- and nano-liter volume level are greatly de-

sirable to realize post-genomic research, such as proteomics and cellomics. Single-

cell analysis contributes to elucidate the functional mechanism of genes, proteins

and chemical responses, which lead to clinical diagnosis and drug discovery [7]. In
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recent work, some researchers reported cellular microarrays using biomaterial

spotting techniques for investigating gene expression or differentiation of some

kinds of cells [8, 9]. These systems can screen and detect a group of cells but not

single-cell based assay from bulk cell suspension, because they have a great pos-

sibility of cross-contamination with neighboring cells due to the absence of a phys-

ical boundary. Therefore, it is necessary to construct a microarray system that can

perform high-throughout analysis of single-molecule or single-cell and quantitative

detection.

However, there are no reports available, to the best of our knowledge, that de-

scribe high-throughput analysis of DNA, protein and cell at single-molecule and

single-cell level together at one place. Therefore, we address the analysis of DNA,

protein and cell using pico- or nano-liter chamber array system in this chapter.

This chapter is divided into three topics: novel multiplexed PCR, cell-free protein

synthesis, and high-throughput single-cell analysis system [10–13]. The chapter

ends with a look at future prospects.

13.2

Multiplexed Polymerase Chain Reaction from A Single Copy DNA using

Nanoliter-volume Microchamber Array

Polymerase chain reaction (PCR)-based techniques have become the most impor-

tant part of DNA diagnostic laboratories since its first introduction in 1985 [14].

The discovery of this technology has earned its inventor, K. B. Mullis, a Nobel prize

for his achievement [15], which has opened up new horizons for a limitless num-

ber of DNA-based research possibilities. Since then, qualitative PCR has been a

well-established and straightforward technology, but the quantification of specific

target DNA sequences in a complex sample has been a difficult task. Several varia-

tions, caused by the manipulation of nucleic acids that may occur during sample

preparation, storage, or the course of the reaction hampered accurate quantifica-

tion. The exponential nature of the PCR amplification can significantly magnify

even minor variations in reaction conditions. Normalizing the amount of PCR

products of the specific template with respect to an internal reference template

has been partly successful against these variations. Since the challenge of accurate

DNA quantification stimulated many researchers, a great variety of protocols al-

ready exist for the utility of quantitative PCR [16–18]. However, these methods are

nearly exclusively restricted to be applied for research purposes only because of two

factors they have in common: they are difficult tasks and are costly to run.

To supply the demand for faster, more accurate, and more cost-effective PCR de-

vices with a high-throughput capacity, three important properties have directed the

development of the next generation of PCR systems: automation, standardization,

and miniaturization. Recently, Yang et al. have reported a high-sensitivity PCR as-

say in polycarbonate plastic, disposable PCR microreactors [19]. At a template con-

centration as low as 10 Escherichia coli cells (equivalent to 50 fg of genomic DNA),
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221-bp product was successfully amplified within 30 min. Lee et al. [20] have de-

scribed a microfabricated PCR device for simultaneous DNA amplification and

electrochemical detection on gold or indium tin oxide (ITO) electrodes patterned

on a glass substrate. A miniaturized flow-through PCR with different template

types in a silicon chip thermocycler has also been reported to have a minimum

power consumption [21]. With the flow-through PCR device of Fukuba et al. [22],

580 and 1450 bp of DNA fragments were successfully amplified from E. coli ge-
nomic DNA and directly from untreated cells. For temperature control of their

chip, six heaters made of ITO were placed on a glass substrate to act as three

uniform temperature zones. Lee et al. [23] have recently reported a bulk-

micromachined PCR chip. They validated that the proposed chip amplified the

DNA related to the tumor suppressor gene BRCA 1 (127 bp at 11th exon) after 30

thermal cycles in a 200-nL-volume chamber. Although most of the recent assays

are accurate and sensitive, they involve the definition of very stringent limits. The

PCR products are usually separated by gel electrophoresis, and the band intensities

are quantified by video imaging and densitometry. Additionally, Lagally et al. [24,

25] have shown that microfluidic systems are capable of multiplexed PCR reactions

and robust on-chip detection.

Microchamber arrays etched on silicon or glass have also been one of the most

reported miniaturized devices for multiple simultaneous DNA amplification [26–

28]. The minimum reported size for a microchamber for PCR was demonstrated

by Leamon et al. in connection with PCR [29]. They reported a novel platform,

namely PicoTiterPlateTM, which enabled simultaneous amplification of 300 000

discrete PCR reactions in volumes as small as 39.5 pL. Following the PCR on the

PicoTiterPlateTM, the solution from each well was recovered, and then quantified

by TaqMan assay. As for the easy integration with different applications, solid-

phase amplification was also performed on PicoTiterPlateTM by immobilizing the

PCR product to a DNA capture bead in each well. Thus, 370 000 beads bound with

PCR product were obtained for parallel processing in numerous solid-phase appli-

cations. The volume of a microchamber for a successful PCR amplification was re-

duced to 86 pL by Nagai et al. [26]. However, as the sample volume was decreased,

evaporation of sample solution and the introduction method of quite a small

amount of solution into the reaction microchamber appeared as the major draw-

backs.

In our research, for achieving simultaneous detection of several numbers of tar-

get DNA, the feasibility of our microchamber array was further improved by using

TaqMan PCR [11, 12]. To the best of our knowledge, three different DNA se-

quences were amplified from three different DNA templates and detected in the

same microchamber array simultaneously for the first time. In addition, the quan-

tification of initial DNA concentration present in a microchamber was achieved

from 0 to 12 copies per chamber, not only by monitoring the real-time fluorescence

intensity but also by observing the end point fluorescence signal. Therefore, this

system proves to be a promising device for the low-cost, high-throughput DNA

amplification and detection for point-of-care clinical diagnosis, which can also be

handled by non-specialist users.
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13.2.1

PCR Microchamber Array Chip System

13.2.1.1 Microchamber Array Chip Fabrication

The microchamber array chip for DNA amplification was fabricated using micro-

machining techniques, including photolithography, and anisotropic wet etching

on the optically polished side of a silicon (100) wafer. The chip substrate was de-

signed to be 2:54� 7:62 cm for compatibility with the dispensing system em-

ployed. Figure 13.1 shows the fabrication procedure, giving detailed schematic

steps of the silicon chamber array chip.

Before proceeding to microfabrication, the silicon wafer was washed thoroughly

with acetone and then immersed in a 60% (v/v) hydrogen fluoride solution and,

finally, allowed to dry at room temperature. Subsequently, the silicon wafer surface

was oxidized to silicon oxide (SiO2) by wet thermal oxidation at 1000 �C for 8 h. A

photo mask with 1248 chambers having a 24� 52 pattern was then printed on the

surface, after being coated with a positive photoresist (OFPR-800) layer, by a photo-

lithographic process. Soaking the chip substrate in a NMD-3 solution for 5 min re-

moves the light exposed OFPR portions and, followed by treatment with HF/NH4F

(v/v) 10:60 volumes solution, removed the exposed oxide layer and then remaining

portions of photoresist by treating with acetone. The chip substrate was then aniso-

tropically etched with 25% (w/v) tetramethylammonium hydroxide (TMAH) in an

aqueous solution to a depth of 250 mm for 8 h at 80 �C. A layer of SiO2 was grown

on the surfaces, including the etched chamber walls and then OFPR-800 was spin

coated and further photolithography was performed to leave the SiO2 layer inside

the microchamber walls. The oxidized layer and photoresist were removed by

using HF/NH4F (v/v) 10:60 volumes of solution and acetone, respectively. The mi-

crochamber feature was observed by a color laser 3D profile microscope VK-8500

Fig. 13.1. Schematic illustration of microchamber array fabrication procedures.
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(KEYENCE, Japan) and scanning electron microscope (HITACHI, Japan). Each

chamber was parallelepiped with dimensions of 650� 650� 200 mm, a pitch of

each microchamber of @900 mm, and accommodates 50 nL (Fig. 13.2). The total

number of chambers on each chip is of 1248. To achieve precise introduction of

sample mixture into the microchamber, only the inner wall surfaces of the micro-

chamber were prepared as hydrophilic by leaving an oxidized layer on them by

photolithographic techniques, as described recently by Felbel et al. [30].

13.2.1.2 Sample Loading with a Nanoliter Dispenser

The microchamber array chip was soaked in 1% (w/v) bovine serum albumin

(BSA) solution overnight, then rinsed with deionized water, and dried to prevent

nonspecific adsorption by coating the chamber wall. The chip was placed onto the

dispensing stage of a nanoliter dispenser from Cartesian Technologies. The precise

dispensing of nanoliter volumes of solutions exactly at previously determined loca-

tions had become very simple by using their technology. The volume of dispensed

solution in a single microchamber was 40 nL. Mineral oil as a cover lid was coated

onto the template DNA-modified chip, and 40 nL of PCR mixture, which included

target-specific primers and probe, was dispensed into all of the microchambers

Fig. 13.2. (A) Photographic image of the microchamber array

chip. The 1248 microchambers are integrated on the 1� 3

inch. of a silicon chip. (B) Scanning electron micrograph (SEM)

of a silicon microchamber array.
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through the oil layer. After preparing this setup, the chip was placed onto a conven-

tional thermal cycling system to achieve PCR reaction. Thermal cycling was initi-

ated at 94 �C and held for 10 min, followed by 40 cycles of 94 �C for 10 s and 60 �C

for 60 s. After the end of PCR amplification, the amplified DNA was observed

using a charge-coupled device (CCD) camera (Hamamatsu Photonics, Japan)

mounted on a fluorescence microscope (Leica, Heidelberg, Germany). The inner

walls of the microchamber were rendered hydrophilic with the formation of an oxi-

dized layer on their surfaces. After coating the microchamber array with mineral

oil, the remaining hydrophobic surface of the microchamber prevented the spread

of the aqueous solution to the outside of the microchamber. After dispension of

the aqueous sample solution, it first formed a droplet, which in time was replaced

with the oil in the microchamber, and settled inside the microchamber with the

convection of the oil (Fig. 13.3). The thickness of the oil layer had a significant ef-

fect on the protection of nanoliter-scale solutions from evaporation. The oil layer

was adjusted by controlling the volume of the oil drop. As the thickness of the oil

layer increased, the dispensing of the sample solution became more erroneous

(data not shown). The optimum thickness of the oil layer for introduction of the

sample mixture was chosen to be@200 mm.

13.2.2

Multiplexed Detection of Different Target DNA on a Single Chip

Target DNA sequence was amplified specifically in a nanoliter-volume microcham-

ber, and the microchambers, in which fluorescence signal was released, were

counted in consequence to TaqMan PCR. Cross-contamination between chambers

was tested by using alternate dispensings of wells containing template and those

without template. A high concentration of the template DNA was introduced as al-

ternate dispensings into the microchambers. Fluorescence signals were obtained

only from the chambers, into which template DNA was introduced. No fluores-

Fig. 13.3. Illustration of preparation steps

for on-chip DNA amplification: (a) Different

types of primers are dispensed into the

microchamber and then dried. (b) Mineral oil

is coated on the chip after the primer solution

has dried. (c) A PCR mixture (40 nL) with no

primers is dispensed in each chamber through

the oil layer. The solution sinks to the bottom

and then spreads to the microchamber walls.
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cence was gained from the remaining chambers, into which no template DNA was

dispensed. Thus, it was concluded that the selective distribution of the template

DNA into the microchambers was achieved in our system.

There were several inhibition factors, such as nonspecific adhesion of biomateri-

als, variety in the distribution efficiency of the sample dispensing, and errors

caused by PCR itself. Surface treatment of the microchamber was also an impor-

tant factor affecting the efficiency of the PCR reaction. Shoffner et al. have reported

several kinds of surface treatment methods that are useful for avoiding the ad-

sorption of biomaterials on the silicon surface [31]. Erill et al. have reported a

systematic analysis of material-related inhibition and adsorption phenomena in

glass-silicon PCR chips [32]. Their results suggested that the previously reported

inhibition of PCR by silicon-related materials was caused mainly by the adsorption

of Taq polymerase at the walls of the chip due to increased surface-to-volume

ratios; thus, direct chemical action of silicon-related materials on the PCR mixture

was negligible. In contrast to Taq polymerase, DNA was not adsorbed in significant

amounts. The net effect of polymerase adsorption could be prevented by the addi-

tion of a titrated amount of a competing protein, BSA, and the ensuing reactions

could be kinetically optimized to yield efficient PCR amplifications. In our system,

we combined these advantageous points of previous reports. The surface of the mi-

crochamber walls was first modified by an oxidized layer [30, 31] and then coated

with BSA [32]. Only a very low fluorescence signal could be observed, when no

BSA coating was employed. Thus, it was found necessary to coat the oxidized walls

of the microchambers with BSA, in good agreement with the findings of Erill et al.

[32]. To quantify DNA concentration, a certain number of microchambers were

used as one region for only one concentration.

Figure 13.4 shows the fluorescence image of the chip after DNA amplification of

three different target DNA sequences from three different DNA templates. Visual

comparison of the positive fluorescence intensity signals with the negative ones

greatly simplified the procedure of distinguishing which chamber contained the

target DNA. If the target DNA sequence was present in the dispensed sample, a

high fluorescence signal was easily obtained as a result of TaqMan PCR. Addition-

ally, the background fluorescence intensity of the b-actin PCR system was much

lower than that of the other two probes by using both our chip and the Smart-

Cycler real-time PCR system (Fig. 13.4B). SmartCycler real-time PCR system re-

sults were in good agreement with the results of our chip. The difference in the

background fluorescence intensity was caused by the bp distance between FAM

and TAMRA dyes of the TaqMan probes. In the TaqMan probe for b-actin gene,

FAM was only 6 bp away from TAMRA, but FAM and TAMRA were 26 and 31 bp

apart in the probes for SRY and RhD genes, respectively. Such a short distance

of 6 bp between the dyes caused the rapid quenching of the signal, and thus, the

b-actin system could release much lower fluorescence signals after amplification in

comparison with the other systems. Although the PCR systems in this experiment

had such different background fluorescence intensities, accurate detection of Taq-

Man amplification for all systems was achieved by using our chip. Since Rh(-)

human female genomic DNA did not contain SRY and RhD genes, almost none
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Fig. 13.4. Multiple PCR analysis of b-actin, SRY, and RhD

genes using three different kinds of template DNA.

(A) Photograph of the microchamber array after multiple

TaqMan PCR. (B) Average fluorescence intensity values

obtained from 16 microchambers.
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of the microchambers showed a fluorescence signal. Both human male and female

genomic DNA contained the b-actin gene; thus, a fluorescence signal could be ob-

served successfully in all microchambers of the related area on the chip. The fluo-

rescence intensity of the microchambers was also scanned and evaluated using a

DNA microarray scanner and its analysis system. The fluorescence intensity values

were obtained from 16 chambers. A remarkable difference between the fluores-

cence intensities of the positive and negative controls was observed clearly for all

three DNA templates. This result indicated that our system can detect different

kinds of target DNA sequences from different DNA sources simultaneously. Since

TaqMan PCR required the same thermal cycling protocol for the amplification of

many kinds of target sequences, it was found to be the most suitable detection

technique for microchamber array PCR systems in this report. For example, the

detection of genetic diseases such as Down’s syndrome [33], 22q11.2 deletion syn-

drome [34], and b-thalassaemia [35] using TaqMan PCR has already been reported.

These clinically important diseases can also be detected simultaneously using our

microchamber array-based PCR chip.

13.2.3

On-chip Quantification of Amplified DNA

The initial RhD gene concentration was also quantified by using the microcham-

ber array (Fig. 13.5A). Amplification of the RhD gene was performed by dispensing

different concentrations of target DNA into the microchambers. As target DNA

was increased from 0 to 12 copies per chamber, the number of the microchambers

with positive fluorescence signal also increased. PCR amplification in almost the

whole block of the chip was achieved by using eight copies of the target DNA.

When 0.4 copies of the target DNA were used, an average of 2 out of 60 chambers

ðn ¼ 3Þ showed a signal above the threshold level. The average fluorescence inten-

sity value of 1000 AU was determined as the threshold. The high fluorescence re-

leased in these two chambers could also be visually detected. Since 0.4 copies of the

target DNA were enough to give a readable signal, this concentration was deter-

mined as our limit-of-detection. The chambers with positive fluorescence signals,

which mean successful PCR amplification, showed easily distinguishable fluores-

cence intensity (Fig. 13.5A).

Figure 13.5(B) plots the number of chambers with positive fluorescence signal

versus input template DNA copy number for the amplification of RhD (B) se-

quence. As target DNA increased from 0 to 12 copies/chamber, the number of mi-

crochambers with a positive fluorescence signal also increased. It was possible to

fit the data from 0 to 8 copies/chamber into a straight line with the regression co-

efficients of 0.9879 for RhD sequence. The system reached a saturation plateau af-

ter DNA concentration of 8 copies/chamber, indicating that a trace amount of tar-

get DNA was satisfactory for the detection process. PCR amplification in almost

the whole block of the chip was achieved by using eight copies of the target DNA.

Such a behavior indicated the high detection capacity of our system, so that even a

trace amount of DNA copies would be satisfactory for a precise quantification.
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Copy numbers above eight that would be amplified without any problems but,

however, could not be quantified. Even 0.4 copies of the target DNA was enough

to give a readable signal, which was determined as our limit of detection. The aver-

age fluorescence intensity value of 1000 AU was determined as the threshold.

When 0.4 copies were dispensed, only two microchambers reached within the

1000–1200 AU level. One would have expected to get 4 out of 10 microcham-

bers to be positive and 6 to be negative, if we had an average of 0.4 copies/

microchamber, and every copy was intact. The polymerase concentration, anneal-

ing temperature, MgCl2 concentration, and the specific primers and TaqMan

probes should have been kept under the optimum conditions in 40-nL volumes in

the microchamber – a tedious task. Instrumental limitations also added to the inef-

ficiency of PCR, when such a small volume containing such a trace amount of an-

Fig. 13.5. (A) Photograph of fluorescence image for on-chip

quantitative analysis of RhD gene. (B) Plot for the average

number of chambers within a specific fluorescence signal range

versus the number of target DNA copies related to RhD gene

after TaqMan PCR.
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alyte was dispensed on a microchamber array. Thus, the combined negative effects

of biochemical (resulting from the TaqMan PCR itself ) and instrumental limita-

tions caused the appearance of only two microchambers out of 60 with positive sig-

nals after TaqMan PCR on our system. Our method requires only counting the mi-

crochambers that show a positive fluorescence signal as a consequence of PCR

amplification. No special equipment for the detection of real-time fluorescence in-

tensity is required for determination of DNA copy numbers. Only a simple fluores-

cence microscope, or a transilluminator used for gel electrophoresis, need be em-

ployed for accurate observation of the fluorescence released microchambers with

positive signals.

The microchamber array chip presented could be used to amplify multiple DNA

targets in combination with a nanoliter dispenser. Theoretically, the chip could be

used to amplify and detect @1200 target DNA simultaneously. The size and total

number of the microchambers are determined by the dispensing system. The min-

imum solution volume that could be dispensed with reliability was optimized as 40

nL for our experiments. If the dispensing instrument could be improved to provide

the dispension of a lesser volume of solution, the microchamber size could become

smaller, and the chip would become more integrated with a higher number of mi-

crochambers. Such further integration of our microarray PCR chips with a minia-

turized thermal cycler unit is in progress in our laboratory. The microarray PCR

chip reported here has significant potential to be implemented for a wide range of

applications. Overall, this system is a promising candidate for mass microfabrica-

tion due to its low-cost and high-throughput detection ability.

13.3

On-chip Cell-free Protein Synthesis using A Picoliter Chamber Array

The progress in analyzing the human genome has shifted the focus of research

from genes to proteins [36–40]. Although the number of human genes is reported

to be 28 000–38 000 [41], the functions of most of them are remain unknown. A

rapid and easy method for synthesizing gene products has yet to be developed.

Thus, an in vitro protein synthesis system has been designed and constructed on

the microarray to make a protein library chip. The chip has proteins arranged in

an array, and can detect target molecules. Gene cloning and expression is widely

used in the preparation of proteins. However, some kinds of proteins often cannot

be expressed well in host cells. Our cell-free protein synthesis system could be suit-

able for expressing such proteins. This protein synthesis system has other advan-

tages as well, such as labeling proteins with isotopes for detection by NMR spec-

troscopy [42], easy purification of the synthesized protein, and short protein

synthesis time.

A highly integrated protein chip is a powerful tool for accelerating post-genomic

research. Our aim is to develop protein chips directly from a DNA library using the

in vitro protein synthesis system. Recently, a cell-free protein synthesis system
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from Escherichia coli, rabbit reticulocytes, and wheat germ has been commercial-

ized [43]. In this research, a rapid translation system from E. coli was used for pro-

tein expression. Previously, we reported the development of a large-scale integrated

pico-liter microchamber arrays for PCR [27], the introduction of a novel nano-liter

dispensing system suitable for DNA amplification on microchamber array chip

[28], the development of a simultaneous multianalyte immunoassay method for

detecting human immunoglobulins based on a protein chip and imaging detection

[44], and the development of a new approach for manufacturing encoded micro-

structures used as versatile building blocks for miniaturized multiplex bioassays

[45]. Others have reported the construction of protein chips [46, 47] or cell-free

protein synthesis in small chambers [48]. Kukar et al. have detected eight samples

simultaneously on one chip [46], and Kojima et al. have constructed an electro-

chemical immunochip including an assembly of 36 electrodes [47].

There have been reports of high-throughput screening of a mutated anti-human

serum albumin single-chain antibody (anti-HSA-scFv) using an in vitro protein

synthesis system [49, 50]. In these reports, two amino acids were mutated ran-

domly, and over 600 mutations were screened on 96-well plates. Our newly devel-

oped chip could also be a powerful tool in similar applications.

High-throughput screening is required for the rapid elucidation of protein func-

tions. Microscale reactions have the advantages of short reaction time and the use

of a small amount of samples and reagents. Especially in a high-throughput

screening system, numerous samples must be analyzed simultaneously and, if

possible, economically. Thus, we have made a highly integrated protein micro-

chamber array chip by using micro-fabrication techniques and polydimethylsilox-

ane (PDMS) [6]. PDMS micro-molding techniques have been used to fabricate mi-

crofluidic systems [51, 52]. Unlike traditional micro-fabrication materials, such as

silicon and glass, PDMS can be bonded and manufactured easily and efficiently

[53]. In addition, PDMS has some properties that are advantageous for biochem-

ical applications such as high transparency in the 230–700 nm wavelength range,

and high permeability to gases.

13.3.1

Cell-free Protein Synthesis Chip Fabrication

Photolithography has been used to fabricate thin microarray sheets using PDMS

[53]. A master pattern was formed on a silicon wafer using SU-8 photoresist. The

PDMS prepolymer (Sylgard-184: Dow Corning, USA) mixture was poured onto the

master and covered with a transparency film (overhead projector sheet). A multi-

layer stack of aluminum plates, the master pattern, PDMS, a transparency film, a

glass wafer, and rubber sheets were clamped tightly and the PDMS prepolymer

was baked and crosslinked at 80 �C for 2 h. The resulting thin PDMS sheet, which

has over 200 000 microchambers (micro-holes), was put on a slide glass in acetone

and treated with oxygen plasma to bind the sheet to the glass. A reactive ion etch-

ing (RIE) system was used for the oxygen plasma treatment. The PDMS sheet has
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micro-holes, and a hydrophobic surface. Thus, only the bottoms of the microcham-

bers were hydrophilic and the solution easily remained in the chambers. Three dif-

ferent types of chips were designed and fabricated (Fig. 13.6).

The PDMS microchamber was used for in vitro protein synthesis. The ribosome

source was based on a lysate from E. coli (RTS-500 kit: Roche, USA). The wild-type

GFP gene contained in the kit was used as a reporter gene, and expressed on

the chips. Cell-free protein synthesis reagents were prepared according to the sup-

plier’s directions. The reaction solution was composed of a mixture of E. coli lysate
solution (0.25 mL), of the reconstituted reaction mixture (0.75 mL), of the enzyme

mixture (50 mL), and the GFP vector at a final concentration of 10 mg mL�1. First,

we dripped the in vitro protein synthesis solution on the chip, and removed the sur-

plus. Next, the microchamber chip was covered with a gap cover glass, and sealed

to prevent evaporation. A 20 mm gap between the chip surface and the cover glass

prevented capillary action among the chambers. The chip was then held at 30 �C,

and GFP expression was detected by an optical fluorescence microscope with an

FITC filter (excitation: 450–490 nm, emission: 515–565 nm).

Fig. 13.6. Optical images of PDMS/glass

complex chambers. (A) Rectangular chambers

about 100� 100� 15 mm; the volume is about

150 pL. (B) Cylindrical chambers 20 mm in

diameter and 15 mm deep; the volume is about

5 pL. (C) Cylindrical chambers 10 mm in

diameter and 15 mm deep; the volume is about

1 pL.
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13.3.2

Cell-free Protein Synthesis using a Microchamber Array

RIE treatment (oxygen plasma treatment) was used to bind PDMS to a slide glass.

Three different types of PDMS chips were designed and fabricated (Fig. 13.6).

Since the PDMS and glass construction gives the chamber structure a hydrophobic

surface and a hydrophilic bottom substrate, an aqueous solution poured onto the

chip enters through the holes of the array, and remains only in these microcham-

bers. This phenomenon prevents the cross-contamination between the microcham-

bers. This chip is also suitable for optical observations because of its transparency

over a wide wavelength range. Protein synthesis was carried out on the micro-

chamber chips with the GFP gene used as a reporter gene. Expression of GFP was

detected by fluorescence using an optical microscope. Figure 13.7 shows the re-

sults of cell-free protein synthesis on the chip. Fluorescence intensity was detected

within 1 h of incubation, and remained constant. In a batch system, protein syn-

thesis is said to be inhibited by a lack of substrate or accumulated waste within

2 h [54]. In our system, cell-free protein synthesis stopped within 2 h. This

result agrees with the report of Spirin et al. [54]. However, the formation of the

GFP fluorescent group is known to take 1–2 h [54]; thus, it may be considered

that protein synthesis stopped before the GFP fluorescence became constant. How-

ever, a similar shift in GFP fluorescence was shown in chambers with 10 (Fig.

13.8) or 20 mm i.d.

The lowest concentration of DNA template necessary for the detection of the

GFP signal was determined to be only 10 molecules of DNA per chamber. A micro-

chamber array chip with cylindrical chambers 10 mm wide and 15 mm deep was

used in this experiment. The volume of this chamber is about 1 pL. Thus, the

concentration of a solution containing 10 molecules of DNA is about 4� 10�5

Fig. 13.7. Fluorescent images of microchips

showing the expressed GFP protein. Chambers

on the chip were filled with the cell-free protein

synthesis reagents. Fluorescent image of the

chambers after incubation for (A) 0 h and

(B) 1 h; GFP expression was detected under an

optical microscope with a FITC filter.

13.3 On-chip Cell-free Protein Synthesis using A Picoliter Chamber Array 381



mg mL�1. This concentration is about 1/100 to 1/500 compared with the DNA con-

centration utilized in conventional cell-free protein synthesis protocols. The use of

a small volume chamber increases the possibility of contact between DNA and re-

agents, making it possible to express a protein using a trace amount of DNA.

The distribution of over 10 000 samples using a DNA spotter would take a very

long time; therefore, self-layout of samples containing the DNA library was used in

this study. DNA-immobilized beads were used as DNA carriers. The amount of

DNA immobilized on one bead was about 200 molecules on Dynabeads M-270 Car-

boxylic Acid, and 10 000 molecules on Dynabeads M-280 Streptavidin (Dynal, USA).

A microchamber array chip with a 10 mm i.d. chamber was used for bead arrange-

ment. About 60% of the chambers contained one bead; however, some chambers

had multiple beads because the diameter of a bead, which is 2.8 mm, is much

smaller than that of the chamber. The design and fabrication of a new chip with

Fig. 13.8. Optical images of GFPuv expression

from DNA-immobilized beads. (A) Optical

image under white light; arrows indicate the

presence of beads. (B) Fluorescence image

of the chamber, lex: ¼ 400–440 nm, lem ¼
475 nm. (C) Fluorescence image of a positive

control containing cell-free protein synthesis

reagents with 10 fg per pL pGGFPH vector.

(D) Fluorescence image of a negative control

containing only cell-free protein synthesis

reagents (no template DNA). Cylindrical

chambers shown in the figure are 10 mm in

diameter.
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smaller chambers to allow the entry of only one bead into each chamber are cur-

rently underway in our laboratory.

With the aid of lipid, it was possible to disperse the beads into the chambers.

Rhodamine-modified lipid was used instead of phosphatidylcholine, and the chip

covered with lipid solution was observed both in air and in water. Interestingly,

the lipid moved into the chamber when the chip was soaked in water. A chip with

beads containing the GFP gene was used for in vitro protein synthesis. As shown

in Fig. 13.8, fluorescence was observed after 1 h of incubation only in chambers

that contained DNA beads. As a positive control, pGGFPH vector solution was

added to the in vitro protein synthesis reagents at 10 fg pL�1; no template DNA

was added to the in vitro protein synthesis reagents as a negative control. The re-

sults of these control experiments are shown in Fig. 13.8. A comparison between

DNA immobilized beads and DNA in solution suggests that the amount of protein

per DNA molecule in solution is greater than that on DNA-immobilized beads.

Nevertheless, easy and fast manipulation of DNA immobilized beads prompted

us to use this method. In the experiments shown in Fig. 13.8, DNA immobilized

beads with biotin–streptavidin conjugate were used. Similar results were observed

when primer-immobilized beads were used. The concentration of GFP solution

was about 10 mg mL�1, estimated from the intensity of the fluorescence. The

amount of GFP protein per chamber was about 10 fg. The GFP solution did not

diffuse from the chambers, indicating that the solution in each chamber is physi-

cally separated from that in other chambers.

Tabuchi et al. have made a microchamber chip with a chamber volume per chip

of 10 mL [48]. In our case, the chamber number is much larger and the chamber

volume is much smaller, which is advantageous for high-throughput applications.

However, the analysis of over 104 chambers takes a long time. Therefore, a

scanner-type analyzer for our system is being developed to enable automatic

screening in the near future.

A new method for making a highly integrated protein chip from a DNA library

using in vitro protein synthesis on a microchamber array has been demonstrated.

The chambers are of three types, based on their volume capacity: 1, 5, and 150 pL,

and the total number of chambers per chip is 10 000 (150 pL), and 250 000 (both 1

and 5 pL). The array has a hydrophobic surface of PDMS and a hydrophilic glass

bottom. These structural properties provide the advantage of preventing cross-

contamination among the chambers. In vitro protein synthesis using these cham-

bers was achieved. The fluorescence of GFP expressed on the micro chamber

was rapidly detected. GFP expression was also achieved using immobilized DNA

molecules on polymer beads, which allows easy handling of the DNA molecules.

Brenner et al. have described a method for cloning nucleic acid molecules onto

the surfaces of 5 mm microbeads rather than in biological hosts [55]. A unique tag

sequence was attached to each cDNA molecule, and the tagged library was ampli-

fied. A unique tag was also attached to each bead, and the tagged library was con-

jugated with the tagged beads.

This method allows the immobilization of one kind of DNA on a bead. Be-

cause such clones are segregated on microbeads, they can be manipulated simul-
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taneously and then assayed separately. If this method can be applied to the

chip described in this report, it will be possible to analyze easily a whole DNA

library on a chip in a short time. In future, this system will be used for the exhaus-

tive expression of proteins included in target cells, the functional analysis of pro-

teins expressed from unknown genes, and the screening of artificially mutated

proteins.

In this study, we have reported a highly integrated protein microarray chip using

in vitro protein synthesis from DNA conjugated microbeads. The protein micro-

array system made it possible to perform high-throughput screening and analysis

for multiplexed gene expression on single beads in each pico-litter chamber. In the

future, this system will be applied for the expression analysis of proteins in multi-

plexed single-cells and the functional analysis of proteins expressed from unknown

genes or cells.

13.4

High-throughput Single-cell Analysis System using Pico-liter Microarray

Cell-based assays are one of the newest tools being used to broaden and strengthen

drug discovery for the identification of new therapeutic agents. They are fast be-

coming the assay format of choice, especially in target validation, lead identifica-

tion and optimization. Cell-based assay screening is by nature more complex and

automation is more difficult than biochemical screening. These assays hold the

promise of increasing productivity in the discovery process and the ability to screen

out compound failure earlier in the development process. The last few years have

seen an increasing number of cell-based assays being used, driving the market to

an anticipated $500 million mark by 2005 [56, 57]. Cell-based assays play a very

important role in the post-genomic era focusing on high-throughput functional

genomics and drug discovery. High-throughput screening assays play a pivotal

role in the search of novel drugs and potential therapeutics. Over the last de-

cade, various scientific advances include the growing number of potential thera-

peutic targets emerging from the field of functional genomics and the rapid devel-

opment of large compound libraries derived from parallel and combinatorial

chemical synthetic techniques, driven by the need for improved drug discovery

screening technology [58, 59]. High-throughput cell-based assays reduce the total

cost in screening the specific therapeutic target for a specific disease remarkably

reducing the time. High-throughput drug screening methods employed so far

involve use of 96- and 384-well microtiter plates and require at least a mini-

mum of 100-mL-assay mixture, suggesting further miniaturized assay formats to

reduce the total cost of drug screening. Combining miniaturized technology with

developments in automation, sensitive signal-detection, plate formats, automated

compound-delivery and data management results in highly efficient, and cost-

effective, integrated miniaturized ultrahigh-throughput screening (uHTS) systems.

The need to screen numerous compounds rapidly, in increasingly automated dis-

pensing systems, and with very small reaction volumes prompted us to carry out
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this study. It was of interest to develop a high-throughput cell-based assay using

miniaturized microarray chip formats.

For example, each B-cell clone expresses antigen-receptors, antibodies, with a

unique antigen-specificity: an antigen-specific monoclonal antibody derived from

a single B-cell clone finds applications in antibody medicine and clinical diagnosis.

Though each B-cell has 107 to 108 varieties of monoclonal antibody on these

surfaces only small percentage of B-cells respond and produce a specific mono-

clonal antibody. Only one or two cells in a total of 10 000 B-cells become active

and produce antigen-specific antibodies after stimulation with a hepatitis B virus

(HBV) surface antigen (HbsAg) [60]. It would be impossible to make a HBsAg spe-

cific antibody taking this ratio of positive B-cells into account using recently avail-

able technologies. A flow cytometer allows us to monitor individual cells that flow

through sheeth fluid, but the signals of the cells become background noise, which

consists of 0.1 to sometimes 1% of total cells, thus it is quite difficult to monitor a

signal of a minor population of cells whose signals are buried in the noise by a

flow cytometer. Further, we cannot compare the states of each cell before and after

stimulation by using flow cytometer. In contrast, a fluorescence microscope allows

us to observe the states of cells both before and after stimulation. However, it is

difficult to observe signals of large number of cells under a microscope. Accord-

ingly, it is difficult to monitor Ca2þ mobilization of a minor population of cells.

Therefore, it is necessary to construct a microarray platform that can confine a

large number of single-cells and detect antigen-specific single B-cells before and af-

ter stimulation with an antigen from a bulk cell suspension. For high-throughput

single-cell separation and analysis, Thorsen et al. have reported high-density micro-

fluidic chips that contain plumbing networks with thousands of micromechanical

valves and hundreds of individually addressable chambers and showed the separa-

tion of single E. coli cells in each chamber [61]. To achieve single-cell separation,

they diluted cells to create a median distribution of 0.2 cells per compartment, so

that reliable capturing of cells in each chamber is difficult. In another recent re-

port, Anderson et al. have tested biomaterial microarrays for their effects on hu-

man embryonic stem cell growth and differentiation using populations of human

embryonic stem cells [8]. However, single-cell based assay seemed to be impos-

sible using this microarray format. Also we have reported recently a micro-

chamber array and microfluidic chip for measuring high-throughput analysis of

cellular fluorescence [62–64]. Here, we discuss an improved microchamber array

to monitor Ca2þ mobilization of over 25 000 cells simultaneously at a single-cell

level [13]. We have also developed a novel high-throughput screening and analysis

system for antigen-specific single B-cells using microarray, which was carried out

by detecting antigen-specific single B-cells against an antigen of interest and their

retrieval by a micromanipulator for antibody DNA analysis [13]. The single-cell

microarray system developed in this study does not need to use myeloma, as in

the case of conventional hybridoma technique, and can screen the antigen-specific

single B-cells directly from cell suspension and analyze antigen-specific antibody

DNA at a single-cell level. This system is simple and easy in its operation, and

quick enough for making monoclonal antibodies when compared with conven-
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tional techniques. Moreover it can perform high-throughput single-cell analysis

using chip devices.

13.4.1

Single-cell Microarray Chip Fabrication

The microarray chip is made from polystyrene with over 200 000 microchambers

(10 mm width, 12 mm depth, and 30 mm pitch) by using the Lithographie Galvano-

formung Abformung (LIGA) process and was performed by the Starlight Co. Ltd.,

Japan (Fig. 13.9A–D). Using X-ray lithography from synchrotron radiation, a

poly(methyl methacrylate) (PMMA) as a resist was exposed and patterned with Au

metal mask. After development of the PMMA substrate, the resulting PMMA mold

was used for nickel mold construction by electroforming. Finally, a polystyrene

microarray chip was fabricated from the nickel mold by injection molding (Fig.

13.9A). Each microarray chip is consisted of 225 ð15� 15Þ clusters, and each clus-

ter consisted of 900 ð30� 30Þ microchambers. Each microchamber is cylindrical

and can accommodate only a single-cell.

Fig. 13.9. Construction of single-cell

microarray chip. (A) LIGA process for the

fabrication of single-cell microarray chip.

(B and C) SEM images and (D) a real picture

of the microarray chip device. The microarray

chip is made from polystyrene with over

200 000 microchambers (10 mm wide, 12 mm

deep, 30 mm pitch).
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The microarray surface was rendered hydrophilic by reactive ion etching (RIE)

treatment to make it convenient for cell studies. RIE exposure time controlled the

cell adhesion on the chip surface. An increase in RIE exposure time increases

the hydrophilicity of the microarray chip surface, which is inversely proportional

to the decrease in the contact angle of chip surface (Fig. 13.10A). This condition is

suitable for increased levels of single-cell occupancy in the microchambers because

RIE treatment keeps the confined single-cell in the microchamber during the

washing process, which is shown in Fig. 13.10(B–D). The polystyrene microarray

chip maintained hydrophilicity character without alteration for at least one week.

However, with increasing hydrophilicity, it becomes difficult to retrieve positive

single-cells from microchambers, e.g., over 30-s RIE restricted the retrieval rate

to <80% (Fig. 13.10A). This suggests optimization in the exposure time that suits

single B-cell occupancy as well as for cell retrieval – determined to be 20 s expo-

sure, which resulted in over 80% of single-cell occupancy and cell-retrieval rate

(Fig. 13.10B). To achieve over 80% single-cell occupancy, the cell density should

always be 1� 106 cells mL�1 or more, otherwise a decrease in the percentage of

single-cell occupancy was observed. We succeeded in single-cell separation and re-

trieval on the plastic microarray chip by controlling the chip surface treatment. In

contrast, we could not retrieve B-lymphocytes that adhered strongly to the glass

Fig. 13.10. Microarray chip surface treatment

studies for single-cell confinement and

retrieval. (A) Optimization of RIE exposure

time of chip surface for single-cell confinement

and retrieval from microchambers. Contact

angle (e); single-cell occupancy (a); and cell-

retrieval rate (C closed triangle). Scanned

microarray image of single-cells in 100

microchambers after (B) 20, (C) 10 and (D) 5 s

RIE exposure. Each treatment showed single-

cell occupancy of 83, 73 and 38%, respectively.
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and silicon chip substrates, because these materials have highly hydrophilic sur-

faces. Further, the transparent nature of a plastic microarray chip, along with its

flat bottom-surfaced cylindrical microchambers, made by the LIGA process, is con-

venient for visualization of single B-cells as well as retrieval of cells from micro-

chambers by a micromanipulator under a light microscope. Thus, the single-cell

microarray chip developed is study was suitable for separation and retrieval of sin-

gle cells to analyze the antigen-specific single B-cells.

13.4.2

Pico-liter Microarray for Single-cell Studies

A single-cell microarray chip that was constructed by using LIGA process has over

200 000 flat-bottomed cylindrical microchambers (10 mm diameter, 12 mm depth) in

1.4 cm2 area on a plastic wafer (2� 8 cm2) (Fig. 13.9A–D). Characterization of

such a microarray chip for single-cell studies was performed using mouse splenic

B-lymphocytes. The microchamber design was made such that each chamber al-

lowed entry of single B-cell (approximately 8 mm diameter) and hence there is no

possibility of two cells in a single microchamber. To achieve single B-cell confine-

ment in each microchamber as well as cell-retreival from microchambers, hydro-

philicity of the microarray chip surface was controlled by adopting different tim-

ings of RIE exposure (Fig. 13.10). As the result of chip surfice treatment using

RIE, lymphocytes derived from mouse spleen or human blood were spread on the

microarray, and over 80% of the microchambers achieved single-cell status. In ad-

dition, this novel microarray system demonstrated easy retrieval of positive single

B-cells from microchambers by a micromanipulator under microscope.

In this study, we report the data from approximately 30 000 microchambers for

detecting antigen-specific single B-cells, because the assay we have adopted, i.e.,

measurement of increase in the intracellular calcium after antigenic stimulus

using Fluo-4, lasts for few minutes. During this short period a microarray scanner

could scan the analyzable area of 30 000–40 000 microchambers. This number of

microchambers is sufficient to screen and identify below as little as 0.1% of

antigen-specific single-cells in a total B-cell population, which is the limitation

of flow cytometer, as described above. The ultimate potential of this single-cell mi-

croarray can be realized by improving the assay system and the scanning speed of

microarray scanner for detecting the total number of microchambers on the micro-

array chip.

Recently, however, researchers have reported single-cell based cultivation on mi-

crochips with the help of optical tweezers [65] and specially designed micropipette

[66]. By using these systems, it would be impossible to perform high-throughput

single-cell screening and analysis. Other chip systems, microfluidic devices, have

been reported to perform single-cell separation and analysis from bulk cell suspen-

sion in microchannels under the influence of integrated valves and pumps [67–

70], which make these systems complex in handling compared with microarray

formats. Despite their complexity these devices could not guarantee capturing a
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target cell, moreover they were not compatible for high-throughput analysis. The

single-cell microarray developed in the present study could easily separate single-

cells from a bulk cell suspension without using specialized tools.

13.4.3

Single-cell Microarray System for Analysis of Antigen-specific Single B-cells

To evaluate the utility of a novel single-cell microarray system for detecting intra-

cellular calcium, the (Ca2þ)i level of individual cells, we have employed anti-mouse

IgM antibody as a stimulant for mouse splenic B-cells, which delivers the signals

through B-cell antigen-receptors and induces a transient increase in the (Ca2þ)i
levels. Mouse lymphocytes loaded with Ca2þ-indicator, Fluo-4, were applied on the

chip and their fluorescence was detected with a microarray scanner before and af-

ter stimulation with anti-mouse IgM antibody (Fig. 13.11). Fluo-4 is a standard

fluorescent calcium indicator [71], which enters into the cells and generates fluo-

rescence after binding to (Ca2þ)i. It is known that the concentration of (Ca2þ)i in-

creases after B-cells respond to antigenic stimulation [72]. In this experiment,

major single B-cells on the microarray showed increases in the (Ca2þ)i after stimu-

lation (Fig. 13.11A). The fluorescence intensity reached to its maximum level after

1 min stimulation, and maintained a high magnitude for 2 min and then de-

creased gradually (data not shown). Thus, we used a 2 min stable duration for anal-

ysis. Scatter plot analysis of indvidual cell’s fluorescence-intensity (Fig. 13.11B) en-

abled us to discriminate B-cells that were activated with anti-mouse IgM antibody.

The data from over 30 000 microchambers in the microarray chip revealed 68%

(18 130 cells) of total splenic lymphocytes (26 650 cells) showed more than twice

the fluorescence after stimulation with anti-mouse IgM (Fig. 13.11B). While cells

with over a 5� increase in fluorescence (3883 cells) existed in 14% of the total

splenic lymphocytes [Fig. 13.11B(I)]. Whereas most lymphocytes incubated with

control antibody (anti-human IgM) showed a less than 5� increase in fluorescence

intensities [Fig. 13.11B(II)].

Each B-cell expresses membrane-bound antibodies with unique antigen-

specificity as antigen receptors. When B-cells were stimulated with an antigen in-

stead of anti-IgM antibody, only a minor population of total B-cells is stimulated

and their (Ca2þ)i increases. Previous studies reported diverse frequencies in the

number of antigen-specific B-cells, ranging from 1 in 102 for rabies virus [73] to 7

in 105 for myelin basic protein [74]. However, it is quite difficult to screen and

identify a minor cell population of antigen-specific single B-cells (<0.1%) with a

flow cytometer because fluorescent signals of minor populations of cells are buried

in the noise of non-specific cells. Whereas the single-cell microarray platform de-

veloped in this study could successfully screen and detect a low frequency of

antigen-specific single B-cells using a single chip in one run. In addition, it also

analyzes the same single-cells before and after stimulations with antigen,which a

flow cytometer could not.

If antibody cDNA is recovered from an antigen-specific single B-cell that is de-

tected with single-cell microarray, antigen-specific monoclonal antibodies can be
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developed. To this end, we have successfully performed retrieval of a single B-cell

from the microarray by a micromanipulator system under a microscope (Fig.

13.12) and subsequent single-cell RT-PCR amplification to determine its antibody

cDNA. Monoclonal antibodies are usually produced using hybridoma techniques

Fig. 13.11. Detection of activated single

B-cells using Fluo-4 upon stimulation with

anti-mouse IgM antibody. (A) Scanned images

of single-cells microarray in a single cluster

area of 900 ð30� 30Þ microchambers on a

microarray (I) before and (II) after stimulation.

Color scale represents the intensity of

fluorescence emission. (B) Scattered plot

analysis of single B-cell response in 32 400

microchambers area after stimulation with (I)

anti-mouse IgM antibody and (II) negative

control antibody. Circle A, microchambers with

lymphocytes; circle B, empty microchambers;

X, fluorescence intensity before stimulation; Y,

fluorescence intensity after stimulation; blue

line ðY ¼ 10XÞ, 10� higher fluorescence

intensity; red line ðY ¼ 5XÞ, 5� higher

fluorescence intensity.
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developed by Milstein and Koeller [75]. Using conventional hybridoma methods,

one hybridoma is routinely produced from 105 splenocytes [57] and, therefore,

not all B-lymphocytes are screened for antigen-specificity. However, the single-cell

microarray system we have developed could screen directly all the B-cell population

to detect antigen-specific single B-cells and analyze the antigen-specific antibody

DNA at a single-cell level. Our chip system is simple and easy in its operation,

and can perform high-throughput single-cells analysis. Moreover, it provides a

superior screening system for antigen-specific monoclonal antibodies that provide

the source for antibody medicines.

The single-cell microarray system we have developed made it possible to perform

high-throughput screening and analysis of intracellular Ca2þ-response at a single-

cell level and analyze multiplexed single-cell status before and after antigenic stim-

ulation on a single platform, which flow cytometory could not. Further, this system

Fig. 13.12. Retrieval and antibody cDNA

analysis of single B-cells derived from human

blood. (A and B) Light and fluorescence

microscopic images of the single B-cells on a

microarray chip before cell-retrieval using a

micromanipulator system. B-cells were treated

with CellTracker Orange (lex: ¼ 541 nm,

lem: ¼ 565 nm) for observation of fluorescence

from living cells. The arrows indicate a single-

cell in each microchamber, observed under the

40� lens of an inverted microscope. (C and D)

Light and fluorescence microscopic images

after target single-cell retrieval using a

micromanipulator. The circle in (D) indicates

the disappearance of fluorescence of target a

single-cell that was retrieved from the

microchambers.
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facilitated easy retrieval of antigen-specific single B-cell from the microarray,

demonstrating its novelty and superiority over conventional methods in making

monoclonal antibody. This explorative study throws more light on a novel high-

throughput single-cell analysis system that has tremendous potential to analyze

antibody DNA of an antigen-specific single B-cell for developing highly specific

monoclonal antibody as antibody medicines. It might also be applicable for detec-

tion of antigen-specific T cells, which could lead to immune therapy or gene ther-

apy in the future.

13.5

Conclusions

Pico- and nano-liter chamber array chips have been developed that show great po-

tential to detect and analyze DNA, protein and cell at single-molecule or single-cell

level.

The microchamber (40 nL) array PCR chip presented in this chapter was used to

amplify and detect quantitatively multiple DNA targets in combination with a

nanoliter dispenser. This demonstrated that a microarray PCR chip can be used to

amplify and detect @1200 target DNAs simultaneously; in addition, target gene

analysis at single copy level was achieved. Thus, the microarray PCR chip system

has a significant potential to be implemented for a wide range of purposes such as

detection of pathogenic microorganisms and clinical diagnosis.

The highly integrated protein microarray chip presented here successfully per-

formed in vitro protein synthesis using a pico-liter chamber array. Furthermore, it

made it possible to perform screening and analysis for multiplexed gene expres-

sion on single beads in each chamber. In future, this system will be applied for

high-throughput screening and functional analysis of proteins expressed from un-

known genes or cells.

The single-cell microarray system, which can accommodate single-cells in

pico-liter chambers, made it possible to perform high-throughput screening and

analysis of antigen-specific single B-cells and analyze multiplexed single-cell status

before and after antigenic stimulation on a single platform. Further, this system

facilitated easy retrieval of positive antigen-specific single B-cell from the micro-

array, demonstrating its novelty over conventional methods in making monoclonal

antibody. The single-cell analysis system has tremendous potential to analyze anti-

body DNA of an antigen-specific single B-cell for developing highly specific mono-

clonal antibody as antibody medicines. It might also be applicable for cell therapy

as personal diagnosis and development of personalized medicine in future.

Thus, the pico- and nano-liter chamber array systems discussed here could be-

come a potential tool for high-throughput analysis of DNA, protein and cell at

single-molecule or single-cell level, which could lead to clinical diagnosis and

drug discovery.
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Preface

Tissue Cell and Organ Engineering is the title of the ninth volume of the series on

Nanotechnologies for the Life Sciences. As the title indicates the book can be con-

sidered as an encyclopedia on nanotechnological approaches to tissue, cell and

organ engineering. The publication of the book is timely for a number of reasons.

First, with the increase in life expectancy there is an unfulfilled demand for replac-

ing non functional tissues and organs. Second, life time for implants and vascular

grafts made from conventional synthetic materials (with constituent dimensions

greater than 1 micron) is limited ranging from 5 to 15 years. Third, utilization of

living tissue/organ for replacement is not a practical solution as evidenced by the

fact that millions of surgeries are performed annually to treat tissue and organ fail-

ure and the number of people waiting for such transplantations are more than

80,000 at any time. Fourth, there is the ever-increasing cost of health care related

to tissue loss or end-stage organ failure exceeding 400 billion US dollars. Further-

more, laboratory experiments to date suggest that nanomaterials have great poten-

tial for tissue, cell and organ engineering. Until the publication of this book, there

is no single source of information about how nanotechnologies are impacting var-

ious facets of tissue engineering. With close to five hundred pages, the book has

turned out to be a comprehensive source of information covering different types of

nanomaterials being investigated for tissue, cell and organ engineering in addition

to innovative strategies for assembling functional and structural artificial tissues.

I am extremely pleased with the final product, which is a tribute to harmonious

integration of tissue engineering and nanomaterials science. Such an integration is

only possible due to the scholarly presentations from some thirty researchers

around the world, spanning twelve chapters. My special thanks to all of them for

making this project a reality. I am always grateful to my employer, family, friends

and Wiley-VCH publishers, who are part and parcel of this long journey into the

union of nanomaterials and life sciences. I am thankful to you, the reader, who

has taken time to join this journey. I do hope you will enjoy reading the book and

will find it useful in your future endeavors. Let me first give you a bird’s eye view

of the various facets of tissue engineering being touched by nanomaterials prior to

your plunging into the more specific topics.

In comparison with nanomaterials such as nanoparticles and nanotubes, nano-

fibers are more suitable for use as scaffolds in tissue engineering as they are
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morphologically similar to natural scaffolds and possess suitable properties such as

high porosity, various pore-size distributions, and high surface-to-volume ratio.

The majority of the investigations being carried out by tissue engineering research-

ers centers on utilization of nanofibers for development of artificial tissues. There-

fore, the first four chapters in the book have been dedicated to provide an under-

standing of various aspects of nanofibers with respect to tissue engineering. The

book begins with a chapter on Nanotechnology and Tissue Engineering: The Scaffold
Based Approach providing an overview of the importance of nanotechnologies in

developing scaffolds that closely mimic the structure and functions of the extra

cellular matrix (ECM). Lakshmi S. Nair, Subhabrata Bhattacharyya and Cato T.

Laurencin from the University of Virginia, USA, have demonstrated the impor-

tance of the scaffold approach for utilizing nanostructured materials in engineer-

ing ECM replacements. Of the various types of nanofibers currently under investi-

gation for tissue engineering, polymeric nanofibers have been attracting a great

deal of attention especially for applications in the area of ophthalmology, hepatic

biology, nerve, skin, bone and cartilage regeneration, heart and vascular grafts,

and stem cell research. Researchers Seow Hoon Saw, Karen Wang, Thomas Yong

and Seeram Ramakrishna from the National University of Singapore have con-

tributed the second chapter by bringing out an exhaustive review on Polymeric
Nanofibers for Ttissue Engineering covering different types of nanofibers, fabrication

methodologies, degradation kinetics, biocompatibility and their applications in

regeneration of several types of tissues. Focusing more specifically on electro-

spinining technology, researchers Wan-Ju Li, Rabie M. Shanti and Rocky S. Tuan

from the National Institute of Arthritis, and Musculoskeletal and Skin Diseases in

Bethseda, USA, demonstrate that this technology is a useful, economical, and easily

set-up method for the fabrication of three-dimensional, highly porous and nano-

fibrous scaffolds which have been shown to support cellular activities and tissue

formation. Their contribution in the third chapter, Electrospinning Technology in
Tissue Engineering, is a thorough review on not only electrospinning technology

per se but also on various chemical, physical and biological properties of nano-

fibers prepared using this technology. In the fourth chapter, electrospinning tech-

nology is compared with two other well known approaches, namely self-assembly

and phase separation for fabrication of nano-fibrous scaffolds. Researchers from the

University of Michigan in Ann Arbor, USA, systematically analyze the differences

and unique characteristics of the three approaches for the development of scaffolds

and their applications in tissue engineering. This chapter, Nano-fibrous Scaffolds
and their Biological Effects, reviewed by Laura A. Smith, Jonathan A. Beck and Peter

X. Ma provides some useful insights into achieving the dream of engineering

three-dimensional tissue formations.

The fifth chapter in the book, Nanophase Biomaterials for Tissue Engineering, con-
tributed by R. Murugan and S. Ramakrishna from the National University of Sin-

gapore is a source of information on nanoscale biomaterials in particular, ceramic

and polymer-based materials that are being investigated for tissue engineering ap-

plications. In addition to the fabrication techniques for nanobiomaterials, the chap-

ter also provides information related to their influence on cells and cell growth. In
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the next chapter, the sixth, reader’s attention is brought to nanotechnologies that

are bringing solutions to long-standing problems with current orthopedic im-

plants. The chapter, Orthopedic Tissue Engineering using Nanomaterials, written by

Michiko Sato and Thomas J. Webster from Purdue University and Brown Univer-

sity respectively in West Lafayette, USA, discusses the effect of ceramic, metallic,

polymeric, and composite nanomaterials on cellular functions particularly related

to the bone. Norberto Roveri and Barbara Palazzo from the University of Bologna

in Italy provide an up to date review on hydroxyapatite nanoparticles, which are be-

ing thoroughly investigated as materials for bone substitution. In the seventh chap-

ter, entitled Hydroxyapatite Nanocrystals as Bone Tissue Substitute, they describe

morphological, structural, chemical-physical, and surface characteristics of hydrox-

yapatite nanocrystals, followed by research investigations leading to understanding

their high bioactivity and ability to induce bone regeneration and remodeling.

Moving away from nanofibers, ceramic nanomaterials and hydroxyapatite nano-

crystals, the eighth chapter, Magnetic Nanoparticles for Tissue Engineering, authored
by Akira Ito and Hiroyuki Honda from Kyushu University and Nagoya University

respectively in Japan contains research investigations about application of the mag-

netic force-based tissue engineering technique (Mag-TE) to cell-seeding (termed

‘‘Mag-seeding’’) and its effectiveness in enhancing cell-seeding efficiency, leading

to three-dimensional porous scaffolds for tissue engineering. In addition to mag-

netic nanomaterials, carbon nanotubes (CNTs) have been attracting the attention

of life scientists. Due to their extraordinary physical, chemical, mechanical and

electrical properties, in parrticular single-walled carbon nanotubes (SWNTs) are be-

ing touted as materials that have immense potential to interface directly with bio-

logical systems leading to innovative applications. In the ninth chapter, Peter S.

McFetridge and Matthias U. Nollert from the University of Oklahoma in Norman,

USA, delve deeply into the applications of SWNTs in the field of tissue engineer-

ing. The chapter, Applications and Implications of Single-Walled Carbon Nanotubes in
Tissue Engineering, provides the history behind the electrical stimulation of cells

and the reasoning behind the use of SWNTs as a conductive material to support

or promote organ regeneration with specific examples of applications of SWNT in

tissue engineering from the literature.

Cellular engineering is conceptually more fundamental to tissue engineering

and nanotechnologies are helping in modulating cellular functions as well. In the

tenth chapter, a more specific case of the effect of nanomaterials on cellular engi-

neering related to free radical mediated oxidative stress is examined. The chapter,

Nanoparticles for Cell Engineering—A Radical Concept, is a contribution from the

laboratories of Beverly A. Rzigalinski at Virginia College of Osteopathic Medicine

and Virginia Polytechnic & State University in Blacksburg, USA. The authors de-

scribe in detail potential application of three nanoparticle redox reagents viz

rare earth oxide nanoparticles (particularly cerium), fullerenes and their derivatives

and carbon nanotubes in preservation of cellular redox status and treatment of dis-

ease. Adding to the specifc case of cellular engineering described in the tenth chap-

ter, Jessica Winter from Ohio State University in Columbus, USA, presents in the

eleventh chapter an exhaustive review on engineering of cells using nanotechnolo-
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gies. The chapter aptly entitled Nanoparticles and Nanowires for Cellular Engineering
is a one-stop source of information on applications of nanostructures to cellular

engineering in general and for manipulating specific cellular components. The

chapter deals with a gamut of issues on nanomaterial-based cellular engineering

related to a wide spectrum of biomedical applications ranging from tissue engi-

neering, intracellular tracking, biosensing and drug delivery. The final chapter of

the book is an excellent review on Nanoengineering of Biomaterial Surfaces contrib-
uted by Ashwath Jayagopal and V. Prasad Shastri from Vanderbilt University in

Nashville, USA. In this chapter, a variety of surface engineering techniques are

presented for achieving micro- and nanoscale surface features, in addition to their

applicability in the construction of hard and soft materials and three-dimensional

geometries relevant to cellular and tissue engineering. This chapter brings to close

the first comprehensive treatise on nanotechnological approaches for tissue, cell

and organ engineering and I am very confident that the book will be a knowledge

base for further advances that are bound to take place in the near future.

June 2006 Challa S. S. R. Kumar
Baton Rouge, USA
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1

Nanotechnology and Tissue Engineering:

The Scaffold Based Approach

Lakshmi S. Nair, Subhabrata Bhattacharyya,

and Cato T. Laurencin

1.1

Overview

Biodegradable porous three-dimensional (3D) structures have been extensively

used as scaffolds for tissue engineering to temporarily mimic the structure and

functions of the natural extracellular matrix (ECM). The ECM functions to provide

3D structure with mechanical and biochemical cues to support and control cell or-

ganization and functions. Even though macro- and micro-fabrication techniques

enabled the development of highly porous 3D scaffolds that could support the ad-

hesion and proliferation of cells, their ability to closely mimic the complex nano-

structured topography and biochemical functions of the ECM is far from optimal.

However, recent developments in nanofabrication techniques have afforded various

nanostructured bioactive scaffolds. These include top-down approaches such as

electrospinning and phase separation to develop nanofibrous scaffolds from poly-

mer solutions or bottom-up approaches such as self-assembly to develop nanofi-

brous scaffolds from specifically designed bioactive peptide motifs. Although sig-

nificant improvements are needed for these nanofabrication processes to produce

scaffolds that could precisely mimic the structure and functions of the ECM, the

developments so far have significantly enhanced our ability to recreate the natural

cellular environment for regenerating tissues.

1.2

Introduction

Tissue engineering has now emerged from the stage of infancy demonstrating

proof of principle and developing various functional tissues using different ap-

proaches to the stage of an established scientific discipline capable of developing

viable products for clinical applications. Tissue engineered skin can be considered

as one of the first commercialized products developed using the principles of tis-

sue engineering. In addition to clinical applications, tissue engineering has also
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raised significant interest as a novel tool for investigating cell and developmental

biology and developing novel drugs using tissues grown in 3D environments [1].

The ultimate goal of tissue engineering is to address the current organ shortage

problem, i.e., development of an alternative therapeutic strategy to autografting

and allografting, two common approaches currently used to repair or reconstruct

damaged tissues or organs. Autografts and allografts have several shortcomings

that significantly limit their applications. These include limited availability and

donor site morbidity associated with autografts and risk of infection and immuno-

genicity associated with allografts [2]. Conversely, regeneration or repair of tissue

using tissue engineering approaches attempts to recreate functional tissue using

bioresorbable synthetic materials and other required components that can be rou-

tinely assembled and reliably integrated into the body without any of the above-

mentioned adverse side effects. Tissue engineering thus holds promise to revolu-

tionize current health care approaches to improve the quality of human life in a

practical and affordable way.

The term ‘‘tissue engineering’’ was coined in 1987 during a National Science

Foundation (NSF) Meeting inspired by a concept presented by Dr. Y.C. Fung of

the University of California at San Diego [3]. At a subsequent workshop held by

NSF in 1988, tissue engineering was defined as ‘‘the application of principles and

methods of engineering and life sciences to obtain a fundamental understanding

of structure–function relationships in novel and pathological mammalian tissues

and the development of biological substitutes to restore, maintain and improve

tissue functions’’ [4]. However, widespread interest of the scientific community in

tissue engineering was triggered by two phenomenal reviews: one by Nerem [5] on

cellular engineering and another by Langer and Vacanti on tissue engineering [6].

These reviews discuss in depth, for the first time, the possibilities of tissue engi-

neering and presented some of the preliminary studies demonstrating proof of

the concept. Figure 1.1 shows the process of tissue engineering [7]. The field of tis-

sue engineering has now developed into a highly interdisciplinary science and has

attempted to recreate or regenerate almost every type of human tissue and organ

[8]. This was possible within a short time due to the highly multidisciplinary na-

ture of the tissue engineering approach, which makes use of the combined efforts

of basic and material scientists, cell biologists, engineers and clinicians. Several dif-

ferent definitions for tissue engineering followed the NSF consensus definition

due to the interdisciplinary approach and our laboratory defines tissue engineering

as ‘‘the application of biological, chemical and engineering principles towards the

repair, restoration or regeneration of living tissues using biomaterials, cells and

factors, alone or in combination’’, describing the different possible approaches for

tissue engineering [9]. Thus, three or more approaches are currently used to re-

generate tissues using the principles of tissue engineering. One approach is the

guided tissue engineering that uses a biomaterial membrane to guide the regener-

ation of new tissue; another approach called cell transplantation uses the applica-

tion of isolated cells, manipulated cells (gene therapy) or cell substitutes to pro-

mote tissue regeneration. A third approach uses biomaterial in combination with

bioactive molecules called growth factors to induce and guide tissue regenera-
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tion and a fourth, the most extensively investigated approach, uses biomaterials

in combination with cells (with and without biological factors). Within the cell–

biomaterial combination approach two different methods are used, a closed system

and an open system. In a closed system cells are protected from the immune re-

sponse of the body by encapsulating in a semi-permeable membrane that can allow

nutrient and waste transport to keep them functional. In an open system, the cell–

biomaterial construct is developed in vitro and is directly implanted in the body. In

the open system, biomaterials are used to develop supporting matrices or scaffolds

for cell implantation. Bioresorbable polymers (both synthetic and natural poly-

mers) are commonly used for fabricating scaffolds. Several fabrication techniques

are used to develop porous 3D scaffolds from these biomaterials. The function of

the scaffold is to guide the regeneration of new tissue and to provide appropri-

ate structural support, i.e., to mimic the structure and functions of natural extra-

cellular matrix (ECM). The exogenous cells delivered through the scaffolds along

with endogenous cells are used to regenerate or remodel the damaged tissue. Dur-

ing this process the bioresorbable scaffold will degrade and disappear resulting

in the formation of remodeled native tissue [8]. Research to date has identified dif-

ferent cell sources, including stem cells that, when combined with degradable, ma-

trices can form 3D living structures. The technique has led to the development of

many tissues in the laboratory scale such as bone, ligament, tendon, heart valves,

blood vessels, myocardium, esophagus, and trachea. However, several engineering

and biological challenges still remain for successful clinical translation of the labo-

Fig. 1.1. Scheme showing the process of tissue engineering.

(Adapted from Ref. [7] with permission from Elsevier.)
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ratory research to make tissue engineering a reliable route for organ/tissue regen-

eration. These include mimicking the complex structure and biology of the ECM

using synthetic materials, controlling cell interactions using artificial scaffolds, vas-

cularization of cell–scaffold constructs, development of efficient bioreactors for

in vitro culture, storage and translation [10]. The present chapter reviews progress

made in tissue engineering to overcome some of the engineering and biological

challenges in developing ideal 3D synthetic scaffolds by harnessing nanotechnol-

ogy and material science.

This chapter also overviews the importance of mimicking the structure and func-

tions of the ECM when developing ideal scaffolds for tissue engineering and the

recent developments and advantages of nanotechnology assisted techniques to

fabricate scaffolds that closely mimic the ECM.

After the present section, which gives a brief introduction to tissue engineering,

Section 1.3 lays out the importance of scaffolds in tissue engineering and the need

for mimicking the structure and functions of the ECM. Section 1.4 reviews the

important aspects of the structure and functions of the ECM that need to be

mimicked to develop ideal scaffolds for tissue engineering. Section 1.5 includes

in-depth examination of the applications of nanotechnology in developing ECM

mimic nanostructured scaffolds for tissue engineering. Section 1.6 reviews some

recent studies, demonstrating the advantages of nanostructured scaffolds for tissue

engineering, and Section 1.7 overviews some of the current applications of nano-

structured scaffolds for engineering different tissues.

1.3

The Importance of Scaffolds in Tissue Engineering

The importance of the extra-cellular matrix (ECM) in cellular assembly and tissue

regeneration was demonstrated by the pioneering works of Mina Bissell along with

others [11]. The cells in mammalian tissues are connected to the ECM which pro-

vide three-dimensionality, organize cell–cell communications and provide various

biochemical and biophysical cues for cellular adhesion, migration, proliferation,

differentiation and matrix deposition. Their studies have shown the significant dif-

ferences in behavior of cells when grown in two-dimensional (2D) and 3D environ-

ments [11].

Even though 2D cell culture techniques have been extensively used by cell biolo-

gists to derive valuable information regarding cellular processes and cell behavior,

in the light of recent studies it is evident that in vivo tissue response can be simu-

lated only through 3D cell culture techniques [12]. Considering the complex bio-

mechanical and biochemical interplay between cells and the ECM, it is apparent

that tissue engineers will be unable to address the biological subtleties if the cells

are grown on 2D biomaterials before implantation in the body.

The strategy of using bioresorbable porous synthetic scaffolds as artificial ECM

was introduced by Langer and Vacanti in 1988 [13]. This seminal paper signifi-

cantly influenced investigators throughout the world in the practical area of scaf-
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fold based tissue engineering and has led to hundreds of research articles and

patents to date.

A bioresorbable a-hydroxyester was used as the candidate polymer in the first

study by Langer’s group for developing the scaffolds. The a-hydroxyesters being ali-

phatic polyesters have the ability to undergo hydrolytic degradation in vivo and

therefore could resorb and disappear once regeneration is complete. Studies that

followed have shown that the properties of the biomaterial play a crucial role in

the success of the tissue engineered construct. Since the dynamics of different tis-

sues vary significantly, appropriate materials need to be carefully chosen to satisfy

the properties required. This knowledge has led to the design and development

of several bioresorbable polymeric biomaterials to fabricate scaffolds for engineer-

ing different types of tissues [14]. These include synthetic polymers such as a-

hydroxyesters, polyanhydrides, polyphosphazenes, polyphosphoesters and natural

polymers such as collagen, gelatin, chitosan and hyaluronic acid [15, 16]. Among

these, synthetic polymers are mostly preferred for developing tissue engineering

scaffolds due to immunogenic problems and batch by batch variations associated

with many of the natural polymers.

Apart from the properties of the materials, the 3D architecture of the scaffold

is very important when attempting to mimic the structure and functions of the nat-

ural ECM. Several unique fabrication processes have been developed to form 3D

porous structures from bioresorbable materials as scaffolds for tissue engineering

[9, 17]. These 3D structures have been primarily designed to direct tissue growth

by allowing cell attachment, proliferation and differentiation. Most of these fabrica-

tion processes have been designed based on a set of criteria that have been identi-

fied as crucial to promote cellular infiltration and tissue organization. Some of the

basic requirements of scaffolds for tissue engineering, summarized by Agarwal

and Ray [18], are that they should be:

� Biocompatible.
� Bioresorbable and hence capable of being remodeled.
� Degrade in tune with the tissue repair or regeneration process.
� Highly porous to allow cell infiltration.
� Highly porous and permeable to allow proper nutrient and gas diffusion.
� Have the appropriate pore sizes for the cell type used.
� Possess the appropriate mechanical properties to provide the correct micro-stress

environment for cells.
� Have a surface conducive for cell attachment.
� Encourage the deposition of ECM by promoting cellular functions.
� Able to carry and present biomolecular signals for favorable cellular interactions.

Various studies have been performed so far, using macro- and micro-fabrication

techniques, to form 3D scaffolds that could address the requirements listed above

to develop ideal synthetic scaffolds with some success. The results of these studies

have been extensively reviewed [17, 19–23]. Particulate leaching can be considered

as one of the first techniques widely used to develop micro-porous matrices from
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biodegradable polymers for tissue engineering applications (Fig. 1.2) [24–26]. The

technique has several advantages such as ease of processing, ability to develop

foams from wide range of polymers, and the ability to control the pore size by

varying the size of the porogen. However, the porogen leaching process has some

serious limitations to fabricate scaffolds for tissue engineering, such as the inabil-

ity to completely remove the porogen from the porous matrix and to control the

pore shape and maintain interconnectivity between pores. Consequently, several

modifications to the particulate leaching method as well as new fabrication tech-

niques were developed. Some of the newer processes include sintered microsphere

process and rapid prototyping.

Sintered microsphere matrix fabrication technique of Laurencin was developed

as a robust technique to fabricate 3D porous structures with reproducible poros-

ities and interconnected pore structure [27, 28]. Sintered microsphere matrices

are developed by heat sintering bioresorbable polymeric microspheres (Fig. 1.3)

Fig. 1.2. Porous bioresorbable poly(l-lactic acid) foams

developed by particulate leaching. (Adapted from Ref. [24] with

permission from Elsevier.)

Fig. 1.3. SEM showing the 3D porous structure of a PLAGA

scaffold formed by the sintered microsphere fabrication

process. (Adapted from Ref. [29] with permission from

Elsevier.)
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[27, 28]. Poly(lactide-co-glycolide)s (PLAGA) having different ratios of lactic acid

(LA) and glycolic acid (GA) were used as the polymers to develop sintered matrices.

Polymeric microspheres are prepared by the commonly used solvent evaporation

technique [27, 28]. The sintered microsphere matrices demonstrated controllable

pore size and interconnectivity depending on the size of the microspheres used

to fabricate the matrices. Thus, the pore size of the scaffolds could be varied from

100 to 300 mm, depending on the size of the microspheres used. The 3D porous

sintered microsphere scaffolds were investigated as potential candidates for bone

tissue engineering and showed appropriate mechanical properties for orthopedic

applications. The osteoconductivity of the porous 3D matrices were evaluated using

human osteoblast cells and showed good osteoblast attachment and infiltration

(Fig. 1.4) [28, 29]. An in vivo evaluation demonstrated the efficacy of the bioresorb-

able sintered microsphere matrix in healing a critical segmental bone defect in a

rabbit model [30]. Figure 1.5 shows the X-ray of a bone defect site implanted with

a sintered microsphere matrix after eight weeks of implantation. The study showed

the formation of new bone throughout the entire structure of the implant indicat-

ing significant bone regeneration at the defect site. The fabrication process led to

the development of porous scaffolds having high interconnectivity and good me-

chanical integrity, with the percentage pore volume of the matrices equal to@40%.

Recently, different types of computer-assisted design and manufacturing pro-

cesses (CAD/CAM) were investigated as potential methods to develop scaffolds

Fig. 1.4. SEM showing human osteoblast attachment and infiltration in

porous PLAGA sintered microsphere matrix. (Adapted from Ref. [29] with

permission from Elsevier.)

Fig. 1.5. Radiograph of a defect site implanted with sintered

microsphere matrix, bone marrow cells and BMP-7 after 8

weeks of implantation, showing significant bone regeneration.
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having controllable pore size, shape and porosity. One of the first developed com-

puter assisted techniques for scaffold fabrication was solid free form fabrication or

3D printing. In this process a complex 3D structure is first designed using CAD

software. An inkjet printing of a binder on appropriate polymer powder layers is

then used to fabricate the porous structure based on the computer model. Even

though complex structures can be designed and fabricated using this automated

process, the preciseness of the technology has various limitations imparted by the

size of the polymer particle, size of the binder drop and the type of the nozzle tip

[31]. Another rapid prototyping technique extensively investigated for developing

porous scaffolds for tissue engineering is fused deposition model (FDM) developed

by Hutmacher [22, 23]. The FDM can be used to develop 3D structures from a

CAD or an image source such as computer tomography (CT) or magnetic reso-

nance imaging (MRI) of the object. The computer design is then imported into

software that mathematically slices the model into different horizontal layers. The

FDM extrusion head and the platform are then synchronized to deposit fused poly-

meric melt based on the computer model, one layer at a time. Figure 1.6 shows a

porous 3D structure developed from a bioresorbable polymer poly(caprolactone)

(PCL). The FDM process has several advantages, such as the ability to precisely

control the pore size, pore morphology and pore interconnectivity. The process en-

ables also the development of multiple-layer designs and different localized pore

morphologies needed for multiple tissue types or interfaces. Another advantage of

FDM is the good mechanical properties and structural integrity of the scaffolds due

to the use of mechanically stable designs and proper fusion between individual

material layers. However, the fabrication process has some limitations that make

it less than an optimal method for developing porous matrices for tissue engineer-

ing applications. These include the limitations associated with the processing tech-

nique such as the requirement of temperature, the need for materials that are ap-

propriate for fused deposition, the necessity of supporting structures to construct

complex structures, and variable pore openings observed along different axis [32].

Fig. 1.6. SEM showing the porous structure of a polymer

scaffold developed by FDM. (Adapted from Ref. [23] with

permission from Elsevier.)
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Several stereolithographic techniques were investigated to develop porous 3D ma-

trices from polymers to overcome the problems associated with temperature-

assisted fabrication methods. Stereolithographic techniques have been extensively

used to develop 3D structures from photopolymerizable polymer solutions such

as poly(propylene fumarate) (PPF) in presence of photoinitiators (Fig. 1.7A and B)

[33]. Preliminary studies showed the feasibility of developing structures having

controlled pore sizes (50–300 mm) and different layer thicknesses using a highly

controlled laser light source.

Most of the techniques described above are used to develop 3D structures from

synthetic hydrophobic polymers. However, a wide range of techniques using hy-

drophilic polymers have also been investigated to develop novel structures as cell

delivery vehicles. Hydrophilic polymers are good candidates to develop tissue engi-

neering scaffolds due to their high water content and ability to mimic the proper-

ties of various tissues. One such technique is the use of photolithography to pat-

tern hydrogel films with hydrophilic porous structures [34].

The fabrication techniques discussed so far have been developed to fabricate

acellular scaffolds that are populated with appropriate cells after fabrication for tis-

sue engineering applications. However, this process has the limitation of obtaining

uniform cell distribution throughout the scaffold even with the use of bioreactors

during in vitro culture. Therefore some studies have also focused to develop mate-

rials and fabrication processes to form cellular scaffolds. These studies have led to

the development of different types of stimuli sensitive hydrophilic polymers that

can be used to encapsulate cells under mild conditions to form cellular scaffolds

[35, 36]. Cells can be uniformly distributed in the aqueous stimuli sensitive poly-

mer solutions before the gelling process (Fig. 1.8) [37]. Attempts are currently

underway to combine this process with the lithographic techniques to form cell in-

corporated 3D structures under very mild conditions.

Fig. 1.7. (A) Pro/Engineer rendered CAD image of prototype

PPF construct. The series of slots and projections test the

interslice PPF registration (50� 4 mm). (B) Three-dimensional

structure developed from CAD model data from PPF. (Adapted

from Ref. [33].)
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Another strategy recently developed to form structures with uniform distribution

of cells throughout the scaffold is cell printing [38]. This approach combines rapid

prototyping procedures with microencapsulation to print viable free form struc-

tures using bio-ink with custom-modified ink-jet printers. One advantage is the

feasibility of placing quickly and precisely various cells layer by layer to develop

multi-cell systems. However, the process is still in its infancy and further research

is necessary with regards to developing appropriate bio-ink, optimizing the rheo-

logic and surface properties of the inks, and designing printers optimized for these

properties [39]. Another strategy is organ printing, which makes use of nature’s

ability to assemble many tissue forms such as blood vessels. The technology is

based on the hypothesis that when cell aggregates are placed in close approxima-

tion they can assemble to form a disc or tube of tissue (Fig. 1.9) [40–42]. This pro-

cess is also still in its infancy, has various scaling up limitations and further studies

are needed to demonstrate the potential of the approach.

The previous discussion demonstrates the importance of the ECM in tissue re-

pair and regeneration and serves as a brief overview of the attempts made to mimic

the structure of the ECM using polymeric biomaterials and various macro/micro

fabrication techniques to develop interconnected porous structures having poros-

ities in the micron range. These studies have led to the design and synthesis of

novel bioresorbable materials with unique chemistries, fabrication of 3D structures

having different properties and demonstrated the feasibility of growing cells in ap-

propriate 3D forms in vitro and in vivo with the help of these scaffolds. Figure

1.10(A and B) shows the feasibility of developing an artificial ear on the back of a

mouse using a bioresorbable PCL scaffold having the macroscopic shape of an ear

seeded with chondrocytes [43].

Even though these materials and fabricated 3D structures showed the feasibility

of 3D organization of cells into tissue, they are far from being ideal for develop-

Fig. 1.8. Photomicrograph showing chondrocytes

encapsulated within a hydrogel after 21 days in culture stained

using Live dead stain (green shows live cells and red shows

dead cells). (Adapted from Ref. [37] with permission from

Elsevier.)
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ing fully functional tissues and organs in vivo in a reproducible way under clinical

setting.

So far, most of the biomaterial design has focused on developing materials that

are capable of degrading at a rate that matches tissue regeneration, have the ability

to degrade into non-toxic degradation products and can support the adhesion and

proliferation of cells without placing much emphasis on the bioactivity of the ma-

terials. Conversely, most fabrication techniques are focused on developing scaffolds

with macroscale properties, such as the ability to provide sufficient transport prop-

Fig. 1.9. Time evolution of the fusion of

aggregates of Chinese Hamster Ovary (CHO)

cells encapsulated in collagen gel. The nuclei

of the cells are fluorescently labeled. Cell

before fusion (top left) and the final disc-like

configuration after fusion (bottom right).

(Adapted from Ref. [37] with permission from

the National Academy of Sciences, USA.)

Fig. 1.10. (A) Photomicrograph of tissue engineered ear

construct developed from chondrocyte-PCL composite after 8

weeks in vitro culture. (B) The regenerated ear on the back of

athymic mice. (Adapted from Ref. [43] with permission from

Elsevier.)
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erties (interconnected microporous structure), and adequate mechanical properties

(to match the properties of the tissue to be replaced or repaired).

However, the organization of the cells, and hence the properties of the tissue, are

highly dependent on the structure of the ECM, which has a hierarchical structure

with nano-sized features. Figure 1.11 shows the ultrastructure of collagen fibrils in

human aortic valves, illustrating the nanoscale topographic features of the native

tissue [44]. Thus, successful fabrication of a fully functional tissue is a far more

complex and involved process that requires the creation of an appropriate environ-

ment at both a micro- and nano-scale level to allow for cell viability and function

along with macroscopic properties [45]. In fact, just as important as these struc-

tural features are the biological principles that govern cell–cell and cell–matrix

interactions. These interactions form the basis of cellular performance and appro-

priate tissue organization and are controlled by various biochemical cues present

in the natural ECM. The recreation of this process requires the incorporation of

various bioactive molecules in synthetic porous scaffolds with molecular precision

to mimic the functions of the ECM. Recently, a paradigm shift has been observed

from developing macro/micro-structured scaffolds to nanostructured bioactive

scaffolds in an attempt to improve tissue design and reconstruction in reparative

medicine [46, 47].

1.4

Structure and Functions of Natural Extracellular Matrix

Since the ultimate goal of tissue engineering is to develop tissue substitutes that

could temporarily mimic the structure and functions of damaged tissue to be re-

placed, it is crucial that the engineered substitutes mimic the natural tissue struc-

turally and functionally for successful regeneration. Extensive research performed

in different areas such as tissue and organ development during embryogenesis, the

Fig. 1.11. High magnification picture of collagen fibrils in

human aortic valve. Individual fibrils are separated by a narrow

space crossed by interfibrillar bridges formed by small

proteoglycans interconnecting adjoining fibrils. (Adapted from

Ref. [44] with permission from Elsevier.)
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normal tissue healing process, tissue structure and functions and development

of various characterization techniques at the micro- and nano-scale levels have sig-

nificantly enhanced our ability to mimic native tissue. The human body is a very

complex structure that is organized in a hierarchical way with body composed of

systems, systems composed of organs, organs composed of tissues and tissues

composed of cells, vasculature and extracellular matrix. In tissues, the ECM pro-

vides the structured environment with mechanical and biochemical cues that en-

able the cells to interact with each other and with the ECM to allow for control of

growth, proliferation, differentiation and gene expression.

The ECM is composed of a physical and chemical crosslinked network of fibrous

proteins and hydrated proteoglycans with glycosaminoglycan side chains (collec-

tively called the physical signals) in which other small molecules (such as growth

factors, chemokines and cytokines) and ions are bound. Figure 1.12 shows the

ultrastructural features of an ECM with a condensed basement membrane and

the stromal tissue [48]. The ECM proteins are mainly composed of more than 20

different types of collagens as well as elastin, fibrillin, fibronectin, and laminin

[49]. In the natural environment these macromolecular ECM components are se-

creted by the cells and then modified and assembled to form the matrix during

the tissue development and repair process. Among the ECM proteins, type I colla-

gen is mainly involved in the formation of the fibrillar and microfibrillar structure

of the ECM. Type I collagen molecules (@300 nm long and@1.5 nm in diameter)

are packed to form collagen fibrils. Each collagen fibril displays a characteristic

Fig. 1.12. Ultrastructure of ECM matrix.

Adjacent to an epithelial cell (E) is the

basement membrane with its amina lucida

(LL) and lamina densa (LD). The interstitial

matrix contains collagen fibrils and is close to

the basement membrane anchoring fibrils

(AF), composed of type VII collagen fibrils.

(Adapted from Ref. [48].)
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@67 nm D-repeat with uniform or multi-model diameter distribution varying from

@25 to 500 nm and several micrometers in length, depending on the nature of the

tissue. All of these molecules are arranged in a unique tissue specific 3D architec-

ture [50]. Figure 1.13 shows the different arrangement patterns of collagen fibrils

as observed in three different types of tissues (A: ligament; B: bone; and C: articu-

lar cartilage) [51–53]. Fibrils show varied orientation in different tissue types that

give the appropriate physical and mechanical properties to the tissue. Collagen fi-

Fig. 1.13. Structure and orientation of

collagen fibrils of various tissues. (A) Mature

rat ligament-collagen fibrils are primarily

aligned along the long axis of the ligament.

(Adapted from Ref. [51] with permission from

Elsevier.) (B) Mineralized fibrils in trabecular

bone without the non-fibrillar matrix. (Adapted

from Ref. [52] with permission from Elsevier.)

(C) Articular cartilage. (Adapted from Ref. [53]

with permission from Elsevier.)
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brils are further bundled together to form collagen fibers. The hierarchical struc-

ture of the ECM has length scales, varying from a few nanometer (nm) to mil-

limeter (mm) that control the cellular functions and corresponding tissue proper-

ties. The fact that cells are highly sensitive to the environmental structural features

has been demonstrated using in vitro cell culture studies on nanopatterned sur-

faces fabricated by electron beam lithographic techniques. These studies revealed

that the cells are sensitive to nanoscale dimensions and could react to objects as

small as 5 nm [54]. This can be attributed to the structural details ECM presents

to the cells in vivo. Thus, the 3D hierarchical structure of the ECM significantly af-

fects cellular behavior and hence tissue functions through topographical cues.

However, the function of the ECM is not just to provide an inert support for

cellular adhesion. Almost all of the molecules present in ECM have both structural

and functional roles. The ECM serves mainly to organize cells in space to give

them form, provide them with environmental signals, to direct site-specific cellular

regulation, and separate one tissue space from another. Thus the orientation and

position of cells with respect to each other is dictated by the ECM and the orienta-

tion varies with different tissues. This is achieved by providing chemical cues such

as insoluble signals or factors of the ECM which could interact with the soluble

signals of cells along with the structural features to promote adherence, migration,

division and differentiation of cells. In a natural tissue the ultimate decision of

cellular processes such as adhesion, proliferation, differentiation, migration and

matrix production takes place as a result of this continuous cross-talk between cells

and ECM effectors [55]. Figure 1.14 shows a schematic representation of various

interactions taking place between cells and ECM during tissue organization and

function [50].

At least three mechanisms have been identified though which the ECM can reg-

ulate cell behavior. The first mechanism is through the composition of the ECM

such as various proteins and glycosaminoglycans, which is highly tissue and cell

specific. The second mechanism is through synergistic interactions between

growth factors and matrix molecules. The growth factors are found to bind with

the ECM through the glycosaminoglycan side chains or protein cores and this

increases the stability of growth factors and creates the appropriate cellular envi-

ronment or niche to regulate cell proliferation and differentiation. The third mech-

anism is through the cell surface receptors or integrins that mediate cell adhesion

to extracellular matrix components [56]. The integrin–ECM ligand interactions

play a major role in anchoring cells to the ECM. An integrin is@280 Å long and

consists of one a (150–180 kDa) and one b (@90 kDa) subunit, both of which are

type I membrane proteins [57]. About 18a and 8b subunits that can form 24 differ-

ent heterodimers have been identified so far and the ligand specificity of the integ-

rin is determined by the specific ab subunit combination [58]. Integrin-mediated

cell adhesion to the ECM occurs through a cascade of processes. First cell attach-

ment occurs where cell attach to the surface with ligand binding through integrins

to withstand gentle shear forces followed by cell spreading. Next organization of

actin into microfilament bundles or stress fibers occurs. In the last stage the for-

mation of focal adhesion occurs, which links the ECM to molecules of the actin
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Fig. 1.14. Scheme showing the various

interactions between cells and the ECM during

tissue organization and repair. (a) Flattened

cells in the absence of ECM. Due to

incompatible cytoskeletal organization no

signals originating from integrin receptors can

be properly propagated. (b) In the presence of

ECM, binding of ECM components to integrin

receptors induces integrin clustering and

generates biochemical signals. Cytoskeleton

filaments intimately associated with the

cytoplasmic domains of the integrins are

modified and reorganized to facilitate

interaction of the incoming signals with

downstream mediators. This reorganized

cytoskeleton can evoke further architectural

changes via its association with the nuclear

matrix. The subsequent nuclear reorganization

brings together incoming signaling molecules,

transcriptional activators, histone deacetylases,

and the basal transcriptional machinery to

promote the assembly of a functional

transcriptional complex on the gene. (Adapted

from Ref. [50] with permission from Elsevier.)
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cytoskeleton. The focal adhesion is mainly composed of clustered integrins and

other transmembrane molecules. In this process, the integrins have two-fold activ-

ities, anchoring the cells to the ECM and signal transduction through the cell

membrane [59]. This allows for continuous cross-talk between ECM and cells

which is highly crucial for proper tissue functioning [60].

Several studies have been performed to characterize and analyze the largest and

most stable types of contacts between the ECM and cells. These include focal adhe-

sions, focal contacts or adhesion plaques, fibrillar adhesions and hemidesmosomes

(Table 1.1) [61]. Several morphological criteria have been used to characterize the

Tab. 1.1. Characterization of cell–matrix contact structures.

(Reprinted from Ref. [61] with permission from Birkha€user

Verlag, Basel.)

Contact type Dimensions IRM Image

separation from

substratum

Characteristic

associations

Close contact (Associated with

lamellipodium)

Grey in IRM

30–50 nm from

substratum

Submembranous

densities parallel to F-

actin meshwork at

plasma membrane

Filopodium 20–200 mm long

0.2–0.5 mm diameter

grey in IRM core bundle of F-actin,

integrins, syndecans

Focal contact/focal

adhesion/

0.25 mm wide

1.5 mm long

Black in IRM

10–15 nm from

substratum

At termini of

microfilaments, contain

integrins, syndecan-4,

low tensin content

Hemidesmosome Plaque ca. 0.15 mm

by 0.04 mm

– Connect to intermediate

filaments, contain a6b4

integrin, plectin, BP230

Matrix assembly

sites/fibronexus/

fibrillar adhesions

ca. 3–5 mm long White in IRM

100 nm from

substratum

ECM cables align

parallel with

microfilaments, contain

a5b1 and tensin

Podosomes 0.2–0.4 mm diameter Dark in IRM Core bundle of act in

perpendicular to

substratum, in

macrophages contain b2

integrins, fimbrin

Spike or microspike 2–10 mm long

0.2–0.5 mm diameter

Grey in IRM Core bundle of F-actin,

contain fascin

1.4 Structure and Functions of Natural Extracellular Matrix 17



contact type and size of the contact including evaluation of phase-dark structures

detected by phase contrast or interference reflexion microscopy (IRM), electron-

dense and organized structures detected by transmission electron microscopy and

cell surface topography detected by scanning electron microscopy (SEM) [61]. Table

1.1 shows that even though the size of a cell is@10 mm, the activities leading to cell

adhesion and the following processes take place mainly at the nanometer level.

Detailed studies on integrin-mediated cell adhesion to the ECM clearly point to

the importance of ECM ligands on cell behavior. In addition to the structure and

size of the ECM–cell contact points, several studies have been performed to eluci-

date the biological molecules involved in the interactions. The results of these

studies have significantly influenced tissue engineers and have become a great

tool in their attempts to recreate a natural cellular environment using synthetic

scaffolds. Many of the identified biological molecules have been utilized to decorate

synthetic scaffolds to form ligand-functionalized matrices to increase their bio-

activity. Various surface modifications or one-dimensional nanotechnological

modifications are used to develop ligand functionalized scaffolds [62].

Several cell recognition motifs such as fibronectin, vitronectin, collagen and lam-

inin present in the natural ECM have been used to modify the surface of biomate-

rial scaffolds to increase their bioactivity [63–65]. Even though preliminary studies

show significant promise in developing biomimetic scaffolds, the modification of

matrices using bioactive proteins has several limitations. Proteins are bioactive

molecules and can elicit an immunological response as they are mostly isolated

from different sources and also possess the risk of associated infections. Another

serious limitation associated with protein surface modification is that the surface

topography and chemistry of the synthetic matrix could influence the orientation

and conformation of the attached or adsorbed protein, thereby affecting its func-

tionality. Owing to the low stability of the proteins, the immobilization process as

well as subsequent storage could also affect its patency.

The breakthrough research that revolutionized the biomimetic surface modifica-

tion approach towards biomaterials development is the finding that low molecular

peptides from ECM proteins such as the tetrapeptide ‘‘arginine-glycine-aspartate-

serine’’ (GRGDS) sequence could significantly modulate cellular behavior [66, 67].

Following this, several RGD-containing sequences were found in other ECM pro-

teins and several other short linear adhesive sequence motifs have also been iden-

tified as active molecules to promote cell adhesion, proliferation and migration.

Several studies have been performed to elucidate the mechanisms by which these

sequences could interact with cells. The tetrapeptide and tripeptide sequences such

as arginine-glycine-aspartate can bind to members of the integrin family of the

transmembrane receptors, thereby activating a series of signaling events within

the bound cells favorably affecting their functions [67–72]. The RGD sequence

has been quickly identified as a potential candidate to develop biomimetic scaffolds

and extensive research has followed. Because the RGD sequence is present in mul-

tiple ECM proteins such as fibronectin, laminin, collagen and vitronectin, a broad

range of cell types could respond to this peptide sequence. Furthermore, small pep-

tide sequences are highly stable compared to the corresponding proteins [73], they
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are cost effective [74], can be packed densely on surfaces due to their small size,

and can selectively address one type of cell adhesion receptors for controlled cell

adhesion during multicellular tissue development [68].

Various techniques have been attempted to immobilize these biological motifs

on synthetic biomaterial surfaces to increase their bioactivity [75]. Stable immobili-

zation of these ligands to the surface is crucial for proper functioning, as the pep-

tide sequence should be able to withstand the cells contractile forces during initial

attachment and prevent internalization by cells [76, 77]. The most extensively in-

vestigated approach to covalently immobilize the RGD sequence on surfaces is by

using active functional groups such as hydroxyl, carboxyl or amino groups on the

RGD and polymer surfaces, involving carbodiimide chemistry [75]. For polymers

devoid of these functional groups, several approaches were attempted, such as coat-

ing the surface with a polymer having such active groups such as polylysine [75,

78] and coating with RGD modified pluronics via hydrophobic interactions [75,

79]. Another approach to incorporate active groups is by copolymerizing with a

monomer having active groups such as acrylic acid [75, 80] or lysine in the case

of poly(lactic acid-co-lysine) [75, 81]. Another extensively investigated approach is

chemical or physical surface modification of biomaterials such as alkaline hydroly-

sis [75, 82], oxidation [75, 83], reduction [75, 84], etching [75, 85] or plasma depo-

sition [75, 86].

Even though immobilization via carbodiimide chemistry is a versatile approach

to covalently immobilize RGDs on various surfaces, it is not a highly selective

process as RGD has two reactive groups (amino and carboxyl) and therefore can

lead to various un-wanted side reactions. A recent study has demonstrated the

feasibility of incorporating RGDs on the surface of polymers without the various

functionalization routes described above. The approach is called chemoselective

ligation. Under mild conditions, selected pairs of functional groups are used to

form stable bonds with RGD without interfering with other functional groups [87].

Thus thiol-functionalized surfaces can be modified using bromoacetyl containing

RGD cyclopeptides [88] or a thiol-containing RGD can be linked to maleinimide-

functionalized surfaces under mild conditions [89]. Benzophenone or aromatic

azide functionalized RGD has been developed as a versatile technique to immobi-

lize RGDs on the surface [90–92] by streptavidin–biotin capture [93].

In addition to direct linking, attachment of RGD to surfaces using spacers signif-

icantly increases the activity of immobilized RGDs. This increased activity has

been attributed to the ability of RGD peptide binding site to reach the hollow glob-

ular head of an integrin. Several studies have confirmed a spacer length of 35–40 Å

is optimal for maximum activity [75, 94]. However, recent studies on the crystal

structure of the ligand bound extracellular domain of the aVb3 integrin show the

RGD binding site on the surface region of the head of the aVb3 integrin, suggest-

ing that it is only a few angstroms deep [71]. This indicates that spacers may not be

needed for the ligand–integrin interaction. The experimental improvement in

activity of RGDs with spacers found in some studies has been attributed to the

spacer presumably contributing to the surface roughness of the substrates [75].

All of these approaches have shown the feasibility of covalent attachment of
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RGDs on the surface of polymeric biomaterials and several studies were also per-

formed to demonstrate the bioactivity of RGD immobilized surfaces. Numerous

polymers, various immobilization techniques, different RGD peptides and differ-

ent cell types were used to investigate the biological activity of biomimetic surfaces.

The cell behavior towards RGD modified surfaces has been found to depend on

various parameters such as the structure and conformation of RGD as well as

the density and arrangement of RGD on the surface. Some of the RGD pep-

tides investigated include RGD, RGDS, GRGD, YRGDS, YRGDG, YGRGD,

GRGDSP, GRGDSG, GRGDSY, GRGDSPK, CGRGDSY, GCGYGRGDSPG, and

RGDSPASSKP peptides [75]. One study systematically investigated the cell attach-

ment activity of different types of RGDs including RGD, RGDS (from fibronectin),

RGDV (from vitronectin) and RGDT (from collagen) immobilized on polymeric

surfaces. The study demonstrated that tetrapeptides show distinct increases in cell

attachment compared to tripeptides indicating that peptides with higher integrin

affinity bear higher cell attachment [80]. No significant differences in cell attach-

ment between the tetrapeptides were observed [80]. Another study showed that

cyclic RGD peptides on surfaces can show higher activity than linear molecules,

which has been attributed to their higher stability and increased avb3 binding of

cyclic peptide compared with linear molecules [95].

Another unique application of RGD modified biomaterials is the development of

materials that can promote selective adhesion of various cell types. Since it has

been found that each cell type has its own typical pattern of different integrins,

RGD peptides could be used to promote selective cell adhesion on a surface by

modifying the surface with an appropriate RGD [69]. Some in vitro studies have

demonstrated the feasibility of integrin specificity of RGD leading to selective cell

adhesion on RGD modified surfaces [69]. The study showed that fibroblasts rather

than endothelial cells preferably adhered to a RGDSPASSKP (which is selective

to a5b1) modified surface [96]. Similarly, enhanced fibroblast attachment was ob-

served to an a5b1 integrin selective GRGDSP peptide functionalized surface where

as a5b3 selective cyclic G*PenGRGDSPC*A supported higher smooth muscle cell

and endothelial cell densities [97]. However, no data is currently available to show

if such modification holds for more complex in vivo environments since cells could

express more than one type of integrin and also because the integrin expression

pattern of a cell is a highly dynamic phenomenon.

The surface density of RGD on the material also has a profound effect on the

number of cells attached as well as cell spreading, cell survival, focal contact forma-

tion and to some extent proliferation. Studies have shown a sigmoidal increase in

cell attachment with RGD concentration on the surface, indicating a critical mini-

mum density for cell response [94]. Thus Neff et al. demonstrated that maximum

proliferation of fibroblast occurred on surfaces with intermediate surface concen-

tration (@1.33 pmol cm�2) [79]. Another study by Massia and Hubbell using RGD

functionalized glycophase glass surface has shown that a minimal amount, as low

as 1 fmol RGD peptide cm�2, is sufficient for cell spreading on the surface and as

low as 10 fmol cm�2 sufficient for formation of focal contacts and stress fibers [98].
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However, a higher RGD peptide concentration requirement has been reported for

polymers and has been attributed to the entropic penalty that results from attach-

ment of a peptide to flexible polymer chain compared to a rigid glass surface as

well as the inefficient transmission of forces through polymer surfaces [75, 99].

Studies have shown that in addition to surface concentration, the mode of presen-

tation of ligands also could affect integrin behavior [100]. One study by Mahesh-

wari et al. evaluated surfaces with controlled overall peptide density and controlled

nanoscale spatial ligand distribution with an overall RGD distribution of 0.15–

20.50 nmol cm�2 [101]. The results demonstrated that a significantly higher frac-

tion of fibroblasts showed higher shear stress resistance and exhibited well-formed

stress fibers and focal contacts when the ligand was presented in a clustered versus

a random individual format. The use of a higher affinity peptide GRGDSPK af-

forded a lower RGD density of 0.06–0.88 nmol, showing that activity of the RGD

is also very important [102].

Nanoscale RGD clustering on the surface of biomaterials seems to be a promis-

ing approach to elicit favorable cell responses with minimal amounts of RGD pep-

tides. Studies are ongoing to determine the technique that could be used to create

nanoscale clustering on the surface as well as to determine which arrangement

elicits a particular cell response.

Thus the foremost challenge in developing a tissue engineered construct is the

development of a resorbable synthetic microenvironment that could closely mimic

the complex hierarchical micro-nano architecture of the ECM along with the mo-

lecular level spatial organization of biological cues found in native tissue in vivo.

1.5

Applications of Nanotechnology in Developing Scaffolds for Tissue Engineering

Nanotechnology has been defined as ‘‘research and technology development at the

atomic, molecular and macromolecular levels in the length scales of approximately

1–100 nm range, to provide a fundamental understanding of phenomena and ma-

terials at the nanoscale and to create and use structures, devices and systems that

have novel properties and functions because of their small and/or intermediate

size’’ [103]. Nanotechnology has emerged as an exciting field that deals with both

the design and fabrication of structures with molecular precision. Nanotechnology

enables the control and manipulation of individual constituent molecules/atoms to

have them arranged to form the bulk macroscopic substrate. The uniqueness of

the nanotechnological approach is that it considers spatial and temporal scales at

the same time, thereby forming an excellent technique to develop hierarchical

structures. The biological milieu that tissue engineers attempt to mimic using

synthetic materials and techniques is a highly complex system with spatial and

temporal levels of organization that span several orders of magnitude, with differ-

ent levels nested within higher order levels (nm to cm scale). To study and mimic

this complex system, highly sophisticated technology is required. For instance, the
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visualization and characterization of these biological structures, processes, and

their manipulation require sophisticated imaging and quantitative techniques

with spatial and temporal control at or below the molecular level.

Recent developments in nanotechnology have revolutionized the visualization

and characterization of biological processes in various ways. The capability of

imaging living cells after implantation is very crucial in studying cell behavior and

processes in vivo. The recent developments in nanotechnology assisted fluorescent

probes such as quantum dots (QD) have significantly improved our capability of

in vivo imaging. QDs are nanocrystals or nanoparticles with size ranging from 1

to 10 nm with unique photophysical and photochemical properties not available

with conventional organic fluorophores [104].

Similarly, the scanning probe microscopic techniques (SPM) provide a great tool

to investigate atomic and molecular level biological phenomena even though its po-

tential in biology is yet to be realized. One of the most extensively investigated

SPM techniques for tissue engineering application is atomic force microscopy

(AFM). AFM has provided various strategies to investigate the interactions of living

cells with the ECM [105]. AFM has also enabled the visualization of nano-scale

biomolecules and significantly contributed to the in-depth understanding of their

structure and role in biological process [106].

The developments in current nanoscale fabrication techniques have also sig-

nificantly increased our understanding of nanoscale features on cellular behavior

and tissue organization. Several nanoprinting/etching/electron beam lithographic

techniques have been developed to form substrates with large areas of controlled

nanoscale features. In vitro studies using these substrates confirmed the impor-

tance of nanoscale topography of scaffolds for developing tissue in vitro [107–

110]. One study examined the interaction of fibroblasts with nanoscale islands hav-

ing heights varying from 10 to 95 nm on polymer films. The fibroblasts underwent

rapid organization of cytoskeleton and improved adhesion during initial reaction

to the islands with concomitant cell spreading. The lamellae of the cells on the is-

lands also showed many filopodia showing better interaction with the islands. An-

other study by Dalby et al., using nano- and micro-patterned surfaces has demon-

strated the importance of nanoscale features in modulating human mesenchymal

bone marrow stromal cell (HBMSC) adhesion [111]. HBMSCs were found to be

well-spread and attained normal morphologies on polymer thin films similar to

the morphology cells attained on flat topographies. However, the cells on nanofea-

tured surfaces were found to respond to the nanofeatures. This included cells con-

forming to the shape of the nanosized pits (Fig. 1.15A – 310 nm deep and 30 mm

wide), filopodia production, contact guidance and production of endogenous ex-

tracellular matrix. On nanometer depth grooves, the cells were found to be highly

aligned along the groove direction showing pronounced contact guidance (Fig.

1.15B – 500 nm deep and 5 mm wide). The study demonstrated that the nanoscale

features of the substrates could elicit significant control over cell adhesion, cytoske-

letal organization, cell-growth, and production of the osteoblastic markers osteocal-

cin and osteopontin [111].

To recreate structures having features at the nanoscale level, novel nanotech-
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niques that enable the conversion of existing macromolecules into nanostructured

forms or development of novel structures from atomic or molecular constituents

with spatial organization of biofunctionality are needed. It is presumed that these

developed nanostructures, due to their ability to interact with cells and tissues at a

molecular (subcellular) level with a high degree of functional specificity, would al-

low a greater extent of integration than previously attainable. Thus, research in this

direction is ongoing to develop structures that could temporarily mimic the struc-

ture and functions of the ECM as ideal scaffolds for tissue engineering using vari-

ous nanofabrication processes.

Nanofabrication techniques have shown the feasibility to develop nanostructured

scaffolds that better mimic the structure of the ECM compared to the structures

developed by macro/micro fabrication techniques. Two different approaches are

currently under investigation to develop synthetic nanostructured scaffolds that

could resemble the structure of nanoscale collagen fibrils of the ECM as scaffolds

for tissue engineering. The first approach can be considered as a ‘‘top-down ap-

proach’’ which uses synthetic polymeric materials to develop nanostructures using

various nanofabrication processes. The second approach can be considered as a

‘‘bottom-up approach’’ and is based on short peptides or block polymers that can

assemble into nanofibers by a self-assembly process.

1.5.1

Polymeric Nanofiber Scaffolds

As discussed earlier, collagen fibrils are the major building blocks of the natural

ECM and they have diameters in the range 50–500 nm and orientation in different

directions depending on the tissues. A logical method to develop scaffolds for tis-

sue engineering is to mimic the structure of collagen fibrils, i.e., by using synthetic

polymeric nanofiber matrices. Developments in nanofabrication techniques have

Fig. 1.15. Scanning electron micrographs of HBMSCs cultured

on polymer surface with pits and grooves having nanometer

depth. (A) Cells conforming to a groove edge of a nanopit (arrow).

(B) Contact guidance of cells and their filopodia on the narrow

grooves. (Adapted from Ref. [111] with permission from Elsevier.)

1.5 Applications of Nanotechnology in Developing Scaffolds for Tissue Engineering 23



enabled the fabrication of synthetic nanofiber matrices from a wide range of poly-

mers. Polymeric nanofibers have been defined as fibers having diameters less than

1 mm and are developed from synthetic and natural polymers [112]. Fibers with di-

ameters ranging from 1–1000 nm and a very high surface area can be developed by

the nanofabrication processes. Thus a nanofiber with a diameter of 100 nm has a

specific surface area of 1000 m2 g�1 [113]. Porous matrices developed using poly-

meric nanofibers have excellent structural and mechanical properties, high axial

strength combined with extreme flexibility, high surface to volume ratio, high po-

rosity (>70%), and variable pore sizes – all of these properties are highly beneficial

for cell adhesion, migration and proliferation.

1.5.1.1 Top-down Approaches in Developing Scaffolds for Nano-based Tissue

Engineering

The top-down approach is considered as a classical approach used to size down

macrostructures to smaller sizes using various fabrication techniques. Several top-

down techniques have been developed to form polymeric nanofibers from pre-

formed macromolecules such as electrospinning, phase separation and templating

[112, 114, 115].

Polymeric Nanofibers by Electrospinning Electrospinning has developed into a

promising, versatile and economical technique to produce nanostructured scaffolds

for tissue engineering [112, 116]. Figure 1.16 shows the schematic of the electro-

spinning process. Briefly in an electrospinning process an electric field is applied

to a pendant droplet of polymer solution at the tip of a needle or capillary attached

to a syringe or pipette. The polymer solution feed to the needle/capillary is con-

trolled using a syringe pump or allowed to flow under gravity. The electrode can

be either inserted in the polymer solution or connected to the tip of the needle.

When an electric potential is applied to the droplet, the droplet will be subjected

to couple of mutually opposing forces. One set of forces (surface tension and visco-

elastic forces) tend to retain the hemispherical shape of the droplet and another set

Fig. 1.16. Scheme of the electrospinning process.
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of forces (due to the applied electric field) tend to deform the droplet to form a con-

ical shaped ‘‘Taylor cone’’. Beyond a threshold voltage, the electric forces in the

droplet predominate and at that point a narrow charged polymer jet will be ejected

from the tip of the Taylor cone. However, the viscosity of the polymer solution

plays a crucial role in maintaining the ejected jet. If the viscosity of the polymer

solution is low, the ejected jet break into droplets by a process called ‘‘electrospray-

ing’’. For solutions with higher viscosities, the ejected jet travels in a nearly straight

line towards the grounded collector for some time due to the stabilization imparted

by the longitudinal stress of the external electrical field on the charge carried by the

jet. However, at some point along the course, the jet reaches a point of instability

due to the repulsive forces arising from the opposite charges in the jet. The unsta-

ble jet then passes through a series of bending instabilities and it tends to bend

back and forth following a bending, winding, spiraling and looping path in three

dimensions. This bending instability of the jet has been demonstrated using high

speed videography. During this process the polymer jet is continuously stretched

resulting in significant reduction of the fiber diameter. This, along with the rapid

evaporation of the solvent from the ultrathin jets results in the formation of ultra-

thin fibers that are deposited on a grounded collector surface [117–122].

Extensive studies have been performed to investigate the fundamental aspects of

the process of electrospinning to determine the parameters that modulate the mor-

phology and diameter of the electrospun fibers and for determining appropriate

conditions for developing fibers from a wide range of polymers [112, 123–126].

These studies have clearly demonstrated the flexibility of the electrospinning pro-

cess. Electrospun nanofiber scaffolds can be developed from a wide range of poly-

mers with varying physical, chemical, and mechanical properties, thereby creating

scaffolds with varying strength, surface chemistry, degradation patterns (in the

case of matrix developed from bioresorbable polymers) and physical properties.

The electrospinning process also enables co-spinning two or three different poly-

mers, which further extends the ability to control the properties of the resulting

scaffolds/matrices. Another advantage of electrospinning process is the feasibility

of developing composite nanofiber scaffolds/matrices by incorporating small insol-

uble particles such as drugs or bioactive particles within polymeric nanofibers.

Since the shape of the nanofiber scaffold/matrix depends on the properties of the

collector, complex and seamless 3D structures can be developed using the appro-

priate collectors.

Parameters that Affect the Electrospinning Process Extensive studies have been

undertaken to determine the parameters/variables that affect the electrospinning

process. These include system parameters, solution properties and processing

variables. The system parameters include the nature (chemistry and structure) of

the polymer, molecular weight of the polymer and molecular weight distribution

of the polymer. Solution properties include viscosity, elasticity, conductivity and

surface tension of the polymer solution. The processing variables in the electro-

spinning process are electric potential, flow rate of the polymer solution, con-

centration of the polymer solution, the distance between the tip and the target,
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ambient parameters such as solution temperature, humidity, air velocity in the

electrospinning chamber, and motion of the target screen [112, 124, 126].

Most studies correlated the electrospinning parameters/variables to fiber diame-

ter and/morphology. The effect of molecular weight of polymer on the process

of electrospinning was evaluated using poly(ethylene oxide)s (PEO) of different

molecular weights electrospun under identical conditions and by following the

morphology of the fibers [127]. Figure 1.17(A–C) shows the effect of polymer mo-

lecular weight on the morphology of resultant nanofibers. In this study viscosity,

surface tension and conductivity of all the solutions were kept constant to correlate

the morphology of fibers to the molecular weight. Electrospinning of the low mo-

lecular weight polymer (20 000) resulted in the formation of mostly beads rather

than fibers (Fig. 1.17A). Increasing the molecular weight to 500 000 resulted in

the formation of fibers, however, with spindle shaped defect structures or beads

(Fig. 1.17B). A further increase in molecular weight to 4� 106 resulted in the for-

mation of bead-free fibers (Fig. 1.17C). The formation of bead-free structures with

high molecular weight PEO has been attributed to the increasing entanglement of

the polymer chains with high molecular weight polymer.

The effect of electric potential and polymer concentration on the morphology

and diameter of electrospun polymer fibers were demonstrated by Katti et al. using

a bioresorbable polymer poly(lactide-co-glycolide) (PLAGA) [128]. PLAGA dissolved

in a dimethyl formamide–tetrahydrofuran (1:3) mixture was used for electrospin-

ning. The study demonstrated that the concentration of the polymer solution has

a significant effect on the diameter and morphology of the electrospun fibers.

Figure 1.18(A–C) shows the morphologies of PLAGA fibers formed from polymer

solutions having different concentrations. A lower polymer concentration (0.15

g mL�1) resulted in the formation of beaded nanofibers (Fig. 1.18A). Increasing

the polymer concentration (0.2 g mL�1) significantly reduced the probability of

bead formation (Fig. 1.18B). The concentration also showed significant effects on

the diameter of the resulting fibers. At low concentration (0.15 g mL�1), fibers hav-

ing diameters@270 nm with beads were formed and increasing the concentration

to 0.2 g mL�1 increased the diameter of the fibers to @340 nm with minimal

amount of beads. A further increase in concentration to 0.25 g mL�1 resulted in

the formation of fibers having diameters@1000 nm with apparently no bead for-

mation (Fig. 1.18C). Increase in fiber diameter with increasing solution concentra-

tion followed a power law relationship. The same behavior has been observed for

different polymer systems by other investigators [123, 129]. Demir et al., using

polyurethane solution, have shown that fiber diameter can be correlated to polymer

concentration as proportional to the cube of the polymer concentration [130].

Similarly the electrospinning voltage has a profound effect on the morphology

and diameter of the fibers. An increase in electric voltage decreases the diameter

of electrospun fibers up to a certain voltage and above that tends to increase the

fiber diameter [126, 128]. Spinning voltage has been found to strongly correlate

with the formation of beads. Deitzel et al. have shown that an increase in electrical

potential increases the feasibility of formation of beads along the fibers [131].

In addition to varying the polymer concentration and the electric potential the
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Fig. 1.17. Morphology of fibers formed by the electrospinning

process using poly(ethylene oxide)s of different molecular

weights: (A) 20 000, (B) 500 000, and (C) 4� 106. (Adapted

from Ref. [127] with permission from Elsevier.)
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diameter and morphology of electrospun polymer nanofibers can be modulated by

the addition of various additives to the spinning solution. One study by Zong et al.

has shown that addition of ionic salts to the polymer solution can significantly

reduce the bead formation and could result in thinner fibers. This has been attrib-

uted to the higher charge density of the jet due to the presence of ionic salts. The

higher the charge carried by the jet, the greater will be the pull or elongation force

the jet will experience under the electrical field, resulting in fewer beads and thin-

ner fiber [132].

The electrospinning process can also result in the formation of fibers having

various cross-sectional features in addition to circular fibers, as demonstrated in

the case of various polymers. Fibers having varying shapes have been created

such as flat ribbon, bent ribbon, ribbons with other shapes, branched fibers and

fibers that were split longitudinally from larger fibers from different polymers and

polymer–solvent systems [133]. Figure 1.19 shows the SEM of fibers having vary-

ing cross-sectional shapes. The occurrence of skin on the polymer jet accounts for

a number of these observations. The phenomenon has been attributed to various

causes, including contribution of fluid mechanical effects, electrical charge carried

by the jet, and evaporation of solvent from the jet. In addition to varied cross-

sectional features, fibers have been found to form with surfaces having varying

nanotopographies such as nanopores or ridges. The formation of these structures

Fig. 1.18. Morphology of fibers formed by the electrospinning

of PLAGA solutions having varying polymer concentrations

(g mL�1): (A) 0.15, (B) 0.2, and (C) 0.25. (Adapted from Ref.

[128].)

28 1 Nanotechnology and Tissue Engineering: The Scaffold Based Approach



have been attributed to various parameters such as the nature of the solvent, glass

transition temperature of the polymer, solvent–polymer interactions, and environ-

mental parameters such as humidity and temperature [134–136].

Nanofibers deposited by electrospinning using a static target result in the forma-

tion of a non-woven matrix composed of randomly oriented fibers. However, prop-

erties of fiber matrices can evidently be improved, if the fibers could be aligned in

appropriate directions. This is particularly important for developing scaffolds for

tissue regeneration as this would enable the development of scaffolds with specific

orientation and architecture. Aligning the fibers formed by the process of electro-

spinning, however, is very difficult to achieve because during electrospinning pro-

cess the jet trajectory follows a complex 3D whipping and bending path towards

Fig. 1.19. SEM showing the fibers having varying cross-

sectional shapes. (A) Flat ribbon formed from 10% solution of

poly(ether imide). (B) Branched fibers from 16% HEMA. (C)

Round fibers with skin collapsed to form longitudinal wringles.

(Adapted from Ref. [133].)
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the target rather than a straight line. Several attempts have been performed to de-

velop aligned electrospun polymeric nanofibers. Earlier attempts were performed

using a high speed rotating cylinder collector [137]. However, fiber alignment

could be achieved only to a certain extent using this process, presumably due to

the low control that can be achieved over a polymer jet that undergoes chaotic

motion. In another attempt, an auxiliary electrical field was applied to align the fi-

bers which substantially improved the fiber alignment [138]. Another successful

approach to align electrospun nanofibers was developed by Theron et al. using a

thin wheel with sharp edge device. The thin edge of the wheel helped to concen-

trate the electrical field so that almost all of the spun nanofibers were attracted

and wound to the bobbin edge of the rotating wheel [139]. Figure 1.20(A and B)

shows the SEMs of aligned PEO nanofibers developed using the thin wheel with

sharp edge collector and randomly deposited fiber matrix using conventional static

collector. Another approach investigated is the use of a frame collector and has

been found to significantly improve the alignment of nanofibers [140]. In this pro-

cess, however, the extent of alignment depends significantly on the frame material.

Figure 1.21 shows the SEM of aligned PLLA-CL copolymer fibers formed by the

frame method.

In addition to the above techniques, several processing techniques were also at-

tempted to increase the versatility of the electrospinning process. These include

electrospinning the mixture of polymer with sol–gel solution [141], electrospin-

ning blend polymer solutions [142], electrospinning polymer solution containing

nanomaterials to form composite matrices [126], core–shell nanofiber spinning

[143] and side by side/multijet electrospinning of different polymers (to increase

the rate of fiber deposition and develop matrices having unique properties such as

biohybrid matrices) [144–146].

The electrospinning process is a very mild fabrication process. This makes it

very attractive for developing structures for biomedical applications. Studies have

shown the ability of electrospun fibers to preserve the biological activity of highly

sensitive biomolecules encapsulated within the fibers during the electrospinning

Fig. 1.20. SEM showing PEO nanofibers: (A) Aligned fibers

and (B) randomly deposited fibers. (Reprinted from Ref. [139]

with permission from Institute of Physics Publishing.)
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process. Hamdan et al. have encapsulated RNase and trypsin in poly(2-ethyl-2-

oxazoline) nanofibers by electrospinning [147]. The enzymes were found to pre-

serve their biological activity after being encapsulated within the nanofibers.

Another study by Jiang et al. demonstrated the feasibility of incorporating model

proteins such as bovine serum albumin and lysozyme within PCL nanofibers with

preservation of their biological activity [148]. A novel electrospinning fabrication

process called coaxial spinning was recently developed to encapsulate water-soluble

macromolecules within hydrophobic nanofibers [143]. The fibers developed are

called core–shell nanofibers where the aqueous phase containing the protein solu-

tion forms the core of the fiber surrounded by the hydrophobic polymer layer. The

thickness of the core and the shell can be adjusted by the feed rate of the inner

dope. Circular dichroism and SDS-PAGE studies on the released lysozyme and

BSA encapsulated in the core–shell fibers revealed that both the proteins main-

tained their structure and bioactivity after encapsulation. The core–shell struc-

tures could have several advantages, such as improved protection of the encap-

sulated molecules and feasibility of achieving their controlled delivery when used

as a macromolecular delivery vehicle for biomedical applications, including tissue

engineering.

The mechanical properties of non-woven nanofiber matrices developed from bio-

resorbable polymers have been investigated. Thus, nanofiber matrices developed

from PLAGA with LA:GA ratio of 85:15 showed a tensile strength similar to that

of natural skin [149]. Ding et al. have demonstrated that the mechanical properties

of non-woven nanofiber matrices could be further modulated by developing blend

nanofibrous matrices using multi-jet electrospinning [144]. Another study by He et

al. has demonstrated the low stiffness of non-woven polymeric nanofiber matrices

compared to large diameter dacron grafts using poly(l-lactic acid-co-caprolactone)
copolymer (PLLA-CL) nanofiber matrices. The low stiffness of the matrix makes it

a suitable candidate for vascular graft applications [150]. The nanofiber matrix de-

veloped from PLLA-CL showed an ultimate strain of 175G 49%. This high disten-

sion property has been attributed to the ability of the randomly oriented fibers to

rearrange themselves in the direction of the stress. Another study compared the

mechanical properties of nanofiber matrices with microfiber matrices developed

Fig. 1.21. Aligned PLLA-CL nanofibers formed by the frame

method. (Adapted from Ref. [140] with permission from

Elsevier.)
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from poly(l-lactide-co-caprolactone) [PLCL] by the electrospinning process [151].

Three matrices composed of fibers with diameters of@0.3,@1.2, and@7 mm were

investigated. The differences in fiber diameter could lead to differences in specific

density of the resultant matrices. The matrix composed of the smallest diameter

fibers (@0.3 mm) gave the densest matrix. Also, the Young’s modulus of the densest

matrix (@0.3 mm) was the highest followed by the matrix composed of fibers hav-

ing diameter 1.2 mm. The matrix composed of fibers with diameter@7 mm showed

the lowest Young’s modulus. This indicates that nanofiber matrices could show

better mechanical performance than microfibrous matrices of the same material

presumably due to the increase in fiber density. In terms of the mechanical proper-

ties of aligned nanofiber matrices developed by electrospinning, the nanofiber ma-

trices showed different properties along different directions [152]. The ultimate

strength of the aligned polyurethane fiber matrices (3520G 30 kPa) was signifi-

cantly higher than randomly deposited fiber matrices (1130G 21 kPa) [153].

In summary, these studies demonstrate the feasibility of developing polymeric

nanofibers with diameters ranging from 1 to 1000 mm from a wide range of poly-

mers using the process of electrospinning. The diameter and morphology of the

nanofibers can be controlled to a great extent by varying the process parameters/

variables that govern the electrospinning process. The properties of the matrices

fabricated using polymeric nanofibers can be modulated by varying the properties

of the polymer, co-spinning or multiple spinning polymer mixtures, incorporating

nanoparticles or fillers, varying the rate of deposition as well as varying the proper-

ties of the target. The feasibility of aligning the fibers significantly increases the

ability to modulate the properties of nanofiber matrices for biomedical applica-

tions. Another notable advantage of the electrospinning process is the cost effec-

tiveness compared to other nanofabrication techniques.

Polymeric Nanofibers by Phase Separation Phase separation is another type of top-

down approach used to develop polymeric nanofiber matrices from different poly-

mer solutions. This technique has been found to be effective in developing nano-

fibrous matrices having high porosities (up to 98.5%) from biodegradable polymers

and has been investigated for tissue engineering applications [154].

Liquid–liquid phase separation can be achieved by lowering the temperature of a

polymer solution having an upper critical solution temperature. The phase separa-

tion at low temperature could lead to the formation of a continuous polymer-rich

and polymer-lean solvent phases. The removal of solvent from the phase separated

system at low temperature affords a scaffold with an open porous structure [154,

155]. Thus the development of nanofibrous porous matrices using phase separa-

tion of polymer solution takes place in five steps. Polymer dissolution in a solvent

system, phase separation and gelation, solvent extraction from the gel with water,

freezing and freeze drying under vacuum [114]. Similar to the electrospinning pro-

cess, various processing variables can be controlled to modulate the properties of

the nanofibrous matrices formed by phase separation process. These include type

of solvent and polymer, polymer concentration, solvent exchange, thermal treat-

ment and order of procedures [114].
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Ma and Zhang have developed 3D continuous nanofibrous structures that could

mimic the structure of the ECM using biodegradable poly(l-lactic acid) [PLLA]. Fi-

bers of the nanofiber matrix exhibited diameters in the range 50–500 nm. Figure

1.22(A and B) shows the SEM of PLLA fibrous matrices prepared from 1% (w/v)

and 5% (w/v) PLLA/THF solution. The figures demonstrate the feasibility of vary-

ing the porosity of matrices by varying the concentration of the polymer solution.

The higher the concentration of the solution, the lower was the porosity of the

matrices formed.

Another advantage of fabricating nanofibrous matrices using the phase separa-

tion technique is that it allows for incorporation of macropores along with nano-

pores in the matrices by adding various porogens such as sugars, inorganic salts

or paraffin spheres to the mold with the polymer solution during phase separation

[156]. Figure 1.23(A and B) shows macro-nano porous matrices of PLLA fabricated

by the combined porogen leaching phase separation method. Thus the phase sep-

aration process is a mild processing technique that provides the flexibility to

control the properties of the nanofiber matrices such as fiber diameter, intercon-

nectivity, porosity and size of the pores.

1.5.1.2 Bottom-up Approaches in Developing Scaffolds for Nano-based Tissue

Engineering

Bottom-up approaches are based on self-assembly, a ubiquitous natural phenome-

non that harnesses the physical and chemical forces operating at the nanoscale to

assemble small building blocks into larger structures. Thus, the basic principle

of the bottom-up approach is molecular self-assembly, which is the spontaneous

organization of molecules under near thermodynamic equilibrium conditions into

structurally well-defined and stable arrangements through non-covalent interac-

tions [157]. These interactions include weak non-covalent bonds, such as hydrogen

bonds, ionic bonds, hydrophobic interactions, van der Waals interactions and

water-mediated hydrogen bonds [158]. The development of a self-assembling sys-

Fig. 1.22. SEM micrographs of PLLA fibrous matrices prepared

from PLLA/THF solution with different PLLA concentrations at

a gelation temperature of 8 �C: (A) 1% and (B) 5% (w/v).

(Adapted from Ref. [154].)
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tem requires the design and development of small building blocks that can sponta-

neously self-assemble and be stabilized to form functional nano/microstructures.

Recently, there has been significant interest in using self-assembly to develop

nanostructured scaffolds for tissue engineering.

The most extensively investigated self-assembled nanostructured scaffolds for tis-

sue engineering application are developed from peptide molecules. In 1993, Zhang

et al. demonstrated the feasibility of an aqueous solution of a 16-residue ionic self-

complementary peptide to spontaneously associate to form a macroscopic mem-

brane [159]. The ionic complementary oligopeptides used in the study have regular

repeating units of positively charged residues (lysine or arginine) and negatively

charged residues (aspartate or glutamate) separated by hydrophobic residues (ala-

nine or leucine). The membrane was highly stable to varying pHs and tempera-

tures [159]. SEM of the self-assembled membrane revealed that the structure is

composed of nanofibers with diameters ranging from 10 to 15 nm. The study

raised interest in self-assembling peptide motifs and led to the development of dif-

ferent self-assembling peptide structures capable of assembling into unique nano-

structures. Thus different types of self-assembling peptides have been identified to

form different self-assembled structures such as nanofibers, nanotubes, nanowires

and nanocoatings. Among these the Type I peptides also called molecular Legos

developed by Zhang et al. have been identified as a potential peptide motif for de-

veloping self-assembled scaffolds for tissue engineering. These peptide motifs are

called molecular Legos because at the nanometer scale they resemble the Lego

bricks that have pegs and legs in a precisely determined organization. These

peptides form b-sheet structures in aqueous solution resulting in distinct hydro-

philic and hydrophobic surfaces [158–160]. The hydrophobic surface shields the

peptide motif from water, thereby enabling them to self-assemble as in the case of

protein folding in vivo. Then complementary ionic bonds will be formed with reg-

ular repeats on the hydrophilic surface. The complementary ionic sides have been

Fig. 1.23. (A) SEM micrograph of PLLA nano-

fibrous matrix with particulate macropores

prepared from PLLA/THF solution and sugar

particles; particle size 250–500 mm. (B) SEM

micrograph of PLLA nano-fibrous matrix with

an orthogonal tubular macropore network

prepared from PLLA/THF solution and an

orthogonal sugar fiber assembly. (Adapted

from Ref. [156].)
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classified into different moduli based on the chemistry of the hydrophilic surface,

i.e., having alternating positive and negative charged amino acid residues with dif-

ferent intervals. Depending on the moduli, these molecules could under go or-

dered self-assembly to form nanofibers. These nanofibers, due to their high aspect

ratio, in turn associate to form nanofiber scaffolds that closely mimic the porosity

and gross structure of the ECM, making them potential candidates as tissue engi-

neering scaffolds [161]. Figure 1.24(A) illustrates the formation of nanofibrous

structures using molecular Lego. ‘‘PuraMatrix’’ a commercially developed ECM

mimic self-assembling molecular Lego system has been found to be suitable for

performing 3D tissue culture in vitro. The nanofiber scaffolds formed from these

peptide motifs are formed of interwoven nanofibers with diameter of@10 nm and

pores of@5–500 nm with very high water content (>99.5%) (Fig. 1.24B).

Naturally occurring amino acids were used in developing peptide motifs in these

studies. However, studies by Stupp et al. demonstrated the feasibility of using

building blocks other than natural amino acids to create amphiphilic peptides.

The peptide amphiphiles were developed from appropriate amino acids using solid

phase peptide chemistry and the NH terminus of the peptide sequence was then

alkylated to form the amphiphilic molecule. The amphiphilic peptides (PA) mole-

cules are composed of a peptide segment containing 6–12 amino acids coupled via

an amide bond to a fatty acid chain that varies in length from 10 to 22 carbon

atoms. Even at very low concentrations of 0.25% (w/v) these molecules can self-

assemble to form a gel structure composed of a network of cylindrical nano-

fibers with diameter ranging from 5 to 8 nm, depending on the length of the self-

assembling molecules. The matrices were highly hydrated (>99.5%) and the

mechanical integrity of such a highly hydrated matrix has been attributed to the

high aspect ratio of the nanofibers composing the matrix. These molecules are cus-

tom developed so that they can self-assemble to form nanostructured scaffolds that

could structurally and biologically mimic the structure of the ECM of specific tis-

sue type. Thus, a composite nanostructured matrix has been developed as potential

scaffolds for bone tissue engineering. The scaffold was designed to mimic the

ECM of natural bone by self-assembling peptide motifs with appropriate amino

acids and mineralizing the matrix in vitro [162]. In this study the peptide amphi-

phile was designed as follows. To make robust nanofibers four consecutive cysteine

amino acids were incorporated in the sequence. The cysteine residues were incor-

porated as they could form disulfide linkages between adjacent molecules upon ox-

idation to stabilize the supramolecular structure. The formation of the disulfide

linkage, however, is a reversible process. A phosphoserine residue was incorpo-

rated into the peptide sequence, so that after self-assembly the resulting fibers will

have highly phosphorylated surface. These groups are specifically incorporated in

the PA to increase the mineralizing capacity (nucleation and deposition of hydroxy-

apatite an essential inorganic component of natural bone) of the nanostructured

scaffold. Anionic groups are known to promote nucleation and deposition of hy-

droxyapatite on synthetic materials and phosphorylated groups are particularly im-

portant in the formation of calcium phosphate minerals. Thus, the phosphorylated

surface of self-assembled nanofibers could promote the nucleation and deposition
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of hydroxyapatite (HA). To improve the cell adhesivity of the self-assembled nano-

fiber matrix, an RGD sequence was also incorporated in the peptide. Figure 1.25

shows the structure of the PA molecule designed to self-assemble to form nano-

fiber scaffold for bone tissue engineering.

The nanofiber scaffold was developed from the PA as follows. The cysteine resi-

dues of the PA were first reduced to thiol groups at higher pH. The resulting PA

was found to be highly soluble in water. The pH of the aqueous solution was then

reduced to 4.0, at that point the material rapidly became insoluble due to the for-

mation of network structure. Cryo-transmission electron microscopy (Cryo-TEM)

showed that the gel is composed of a network of fibers that are 7:6G 1 nm in

diameter and up to several micrometers long. Figure 1.26(A and B) shows the

ultrastructure of the gels formed by self-assembly with and without covalent stabi-

lization. The ability of the nanofiber matrix formed from the PA to nucleate hy-

droxyapatite (HA) along the fiber axis was also demonstrated by incubating the

nanofiber matrix in appropriate salt solution (Fig. 1.26C). Another interesting

property of the self-assembled gel is its reversibility. The self-assembled matrix

could disassemble at higher pHs. Even though the study demonstrated for the first

time the feasibility of designing and developing bioactive self-assembled system

to mimic the properties of the ECM, it has certain disadvantages. The significant

Fig. 1.24. Fabrication of various peptide

materials. (A) Peptide Lego, also called ionic

self-complementary peptide, has 16 amino

acids,@5 nm in size, with an alternating polar

and nonpolar pattern. The peptide motifs

could form stable b-strand and b-sheet

structures. The peptide motifs undergo self-

assembly to form nanofibers with the nonpolar

residues inside (green) and positive (blue) and

negative (red) charged residues forming

complementary ionic interactions, like a

checkerboard. These nanofibers form

interwoven matrices that produce a scaffold

hydrogel with very high water content

(@99.5%). (Adapted from Ref. [161] with

permission from Elsevier.) (B) AFM image of

the nanofiber scaffold (PuraMatrix). (Adapted

from Ref. [161] with permission from Elsevier.)
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Fig. 1.25. (A) Chemical structure of the peptide

amphiphile. Region 1 is a long alkyl tail to make

the peptide motif amphiphilic. Region 2 is

composed of four consecutive cysteine resides

for disulfide linkages. Region 3, a flexible linker

region of three glycine residues, provides

hydrophilic head group flexibility from the rigid

crosslinked region. Region 4 is a single

phosphorylated serine residue. Region 5 is a

cell adhesion RGD ligand. (B) Molecular model

of PA. (C) Scheme showing the self-assembly.

(Reprinted with permission from Ref. [162].)
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disadvantage of this system is the low stability of the self-assembled structure at

physiological pH unless internally crosslinked by covalent bonds. Another study

was therefore performed to demonstrate the feasibility of developing self-assembled

structures that are stable at physiological pH using PAs with opposite charges

based on the electrostatic attraction of the opposite charge [163]. Mixed systems

having oppositely charged PAs were used to develop self-assembled systems capa-

ble of assembling at physiological pH due to electrostatic attraction. This ability of

these materials to undergo mild self-assembly and gelation at physiological condi-

tions and the ability to decorate them with bioactive motifs makes them potential

candidates for various biomedical applications.

In addition to peptide motifs, synthetic proteins were also investigated to develop

self-assembled matrices. Thus Petka et al. used a recombinant DNA method to cre-

Fig. 1.26. TEM of self-assembled nanofibers (A) before and

(B) after covalent stabilization. (C) TEM showing PA nanofibers

completely covered by mature hydroxyapatite crystals.

(Reprinted with permission from Ref. [162].)
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ate artificial proteins that can undergo reversible gelation in response to pH or

temperature. The developed proteins consist of terminal leucine zipper domains

flanking a central flexible water-soluble polyelectrolyte segment [164]. In near neu-

tral solution, a 3D network can be formed by coiled-coil aggregates of the terminal

domains and the polyelectrolyte segment prevent precipitation of the chain and

retain the solvent. An elevation of pH or temperature leads to dissolution of the

gel, resulting in the formation of viscous polymer solution. Similarly Nowak et al.

developed a diblock copolypeptide amphiphile containing charged and hydropho-

bic segments, which were found to form hydrogels with high temperature stability

[165]. The ability of this system to form gel under mild conditions makes them po-

tential candidates for biomedical applications.

Both top-down and bottom-up approaches have significantly contributed to the

development of nanostructured matrices as scaffolds for tissue engineering. The

top-down approaches currently used to develop nanofiber matrices such as electro-

spinning or phase separation are highly economical and easily scalable processes.

Furthermore, nanofiber scaffolds with finely controlled physical and mechanical

properties and complex structures can be developed due to the versatility of the fab-

rication processes. The bottom-up approach even though is a more involved pro-

cess that requires highly specific building blocks for spontaneous self-assembly

has several advantages from a biomaterials point of view. The matrix formation

via a mild self-assembling process makes it a very attractive process for in vivo ap-

plications. Another advantage is the ease of incorporating specific bioactive motifs

as the building blocks that when combined with the nanostructured topography of

the resulting matrix could better mimic the structure and functions of the extracel-

lular matrix. The major disadvantage of the self-assembly process, however, is its

relative inability to generate complex patterns for biological devices due to its ho-

mogeneous character.

1.6

Cell Behavior Towards Nano-based Matrices

Several studies have confirmed the fact that cells prefer to live in a complex nano-

structured environment composed of pores, ridges and fibers of the polymeric

nanofiber matrices that mimics the structure of the ECM compared to 2D matrices

or microfiber matrices. Kwon et al. have evaluated the adhesion and proliferation

potential of human umbilical vein endothelial cells (HUVEC) on three different

types of PLL-CL fiber matrices composed of fibers having diameters@0.3,@1.2,

and 7 mm [151]. Figure 1.27 shows the SEMs of HUVECs cultured for 1 and 7

days on electrospun matrices having fibers of different diameters (0.3, 1.2, and

7 mm). The matrix composed of the smallest diameter fibers (0.3 mm) and the me-

dium diameter fibers (1.2 mm) showed higher cell adhesion and proliferation than

matrix composed of fibers having diameter 7 mm. The morphology of the cells on

0.3 and 1.2 mm fiber matrices were comparable but differed significantly from that

on the matrix composed of 7 mm diameter nanofibers. Thus the matrices com-
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posed of 0.3 and 1.2 mm diameter fibers promoted the adhesion, spreading and

proliferation of cells and the cells were found to be anchored on many fibers on

the surface of the matrices. The quantitative determination of cell adhesion on

these two matrices did not show any statistically significant differences in cell pro-

liferation. However, the cells on the 7 mm fiber matrix were found to be rounded

and showed significant decrease in cell proliferation compared to the other two

matrices. This low cell adhesion and proliferation on microfiber matrix has been

attributed to the large interfiber distance or a very low surface density of fibers

that could not permit cell adhesion between the neighboring fibers.

Schindler et al. have investigated the ability of nanofibrillar matrix to promote

in vivo-like organization and morphogenesis of cells in culture [166]. The synthetic

nanofibrillar matrices were prepared by electrospinning a polymer solution of poly-

amide onto glass cover slips. The matrices were found to be composed of fibers of

diameters@180 nm and a pore diameter of@700 nm. The surface smoothness of

the matrix was found to be within 5 nm over a length of 1.5 mm, which is similar to

the 3D organization of fibers in the basement membranes. NIH 3T3 fibroblasts,

normal rat kidney (NRK) cells and breast epithelial cells were used for the in vitro
evaluation. The organizational and structural changes of the intracellular compo-

nents (actin and focal adhesion components) of the cells were measured as a func-

tion of adhesion when cultured on nanofibrous matrices and compared with the

responses to cells on glass substrate. Fibroblasts plated on the glass substrate

were well spread with an elaborate checkerboard pattern of stress fibers (Fig.

1.28A). Cells on the nanofiber matrix, however, showed significant changes in the

morphology and shape. Compared to cells on the glass substrates, the cells on the

nanofiber matrices were more elongated and bipolar with thinner actin fibers ar-

ranged parallel to the long axis of the cell. Notable increases in the formation of

actin-rich lamellipodia, membrane ruffles and cortical actin were also observed

Fig. 1.27. SEM showing the morphologies of HUVECs cultured

for 1 and 7 days on PLCL (50/50) electro-spun fibers having

different diameters (mm): (A) 0.3, (B) 1.2, and (C) 7. (Adapted

from Ref. [151] with permission from Elsevier.)
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(Fig. 1.28B). Staining of vinculin (a prominent component of focal complexes and

focal adhesions that links cytoskeleton, plasma membrane and the ECM) of fibro-

blasts cultured on glass substrate showed a parallel streaked structure (Fig. 1.28C).

However, the streaked staining for vinculin within cells on nanostructured matrix

was limited to the edge of the lamellipodia with a more diffuse staining through-

out the cell cytoplasm (Fig. 1.28D). Similar to actin distribution, such pattern

of vinculin labeling correlates with cellular differentiation and morphogenesis in
vivo. The cells were also stained for focal adhesion kinase (FAK) which functions

as a central mechano-sensing transducer in cells. Cells cultured on glass demon-

Fig. 1.28. Comparison of the F-actin network,

focal adhesion components, fibronectin

organization and integrin antibodies for NIH

3T3 fibroblasts cultured on glass substrates

and nanofiber matrices. (A, C, E, G, I) are cells

on glass substrates and (B, D, F, H and J) are

cells on nanofiber matrices (see text for

details). (Adapted from Ref. [166] with

permission from Elsevier.)
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strated a streaky pattern of FAK labeling similar to the pattern obtained for vincu-

lin (Fig. 1.28E). However, for cells on nanofiber matrix, the localization of FAK was

found to be more punctuated and less well defined (Fig. 1.28F). Previous studies

using breast epithelial cells have correlated this loss of FAK localization at focal ad-

hesions to morphogenesis and differentiation [167]. The distribution of fibronectin

on the cell surface cultured on glass substrate for 24 h revealed a classic linear pat-

tern of fibrils (Fig. 1.28G). The cells on the nanofiber matrix, however, showed a

thicker network of more randomly deposited apically localized fibrils indicating

that they are permissive for the assembly of a matrix that can promote the forma-

tion of 3D-matrix adhesions (Fig. 1.28H). Staining for b1 integrin for NPK cells

was punctuated when cultured on glass substrate for 24 h (Fig. 1.28I). However,

the cells on nanofibrous matrix showed an organized long slender aggregate stain-

ing pattern, indicating the localization of b1 integrin in focal adhesions (Fig. 1.28J).

The ability of nanofiber matrices to promote morphogenesis was demonstrated

by culturing T47D epithelial cells on glass and nanofiber coated glass matrices

[166]. The T47D cells were used in the present study as they have been demon-

strated to form duct like tubular structures and spheroids under conditions that

promote morphogenesis. After 5 days in culture, a mixed population of multicellu-

lar structures comprised of tubules and spheroids were found on nanofiber matrix.

At day 10, multicellular spheroids were dominant compared to tubules. Figure

1.29(A) shows a confocal series through a multicellular spheroid showing a lumen

formed on nanofiber matrix. The figure shows the ability of T47D cells to grow

into a complex multilayer structure on a nanofiber matrix. The cells cultured on

Fig. 1.28 (continued)
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glass surface, in contrast, formed a monolayer with groups of F-actin fibers (Fig.

1.29B). These studies demonstrated the advantages of using nanofiber matrices

compared to microfiber matrices or 2D surfaces in developing 3D tissues, demon-

strating their potential as ideal scaffolds for tissue engineering application.

1.7

Applications of Nano-based Matrices as Scaffolds for Tissue Engineering

Due to the unique properties and favorable cell behavior towards nanofiber

matrices, different nanofiber matrices developed by top-down and by bottom-up

approaches have been investigated as potential scaffolds for developing various

tissues. The following section overviews nanofiber-based matrices as scaffolds for

tissue regeneration.

1.7.1

Stem Cell Adhesion and Differentiation

As stem cells have been identified as one of the most appropriate cells for tissue

engineering, the interaction of nanofiber matrices with stem cells raise significant

Fig. 1.29. (a) A series of confocal sections of a multicellular

spheroid composed of T47D breast epithelial cells grown on

nanofibers and stained with phalloidin-Alexa Fluor (A–D). (b)

Cells after 10 days of culture on glass substrate. (Adapted from

Ref. [166] with permission from Elsevier.)
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interest. The unique ability of nanofiber matrices to support the growth and differ-

entiation of stem cells into appropriate lineages have been demonstrated using

self-assembled protein nanofiber matrices. Silva et al. have demonstrated the feasi-

bility of encapsulating neural progenitor cells (NPCs) in self-assembled bioactive

peptide amphiphiles and the ability of the cells to differentiate to appropriate lin-

eage [168]. NPCs were selected as they are extensively used to replace lost central

nervous system cells after degenerative or traumatic insults. Owing to the design

flexibility of peptide amphiphiles as described earlier, unique PA was developed

for form self-assembled scaffolds that could provide favorable environment for

NPCs. The peptide motif designed to develop the scaffold was composed of a pen-

tapeptide epitope isoleucine-lysine-valine-alanine-valine (IKVAV). The epitope has

been selected because it is present in laminin, a cell adhesive protein present in

the ECM and known to promote neurite sprouting and direct neurite growth. In

addition to the neurite sprouting epitope, a GLu residue was also incorporated

in the peptide that could give the peptide a net negative charge at pH 7.4. The

rest of the molecule is composed of four Ala and three Gly followed by an alkyl

tail of 16 carbon atoms.

The peptide was soluble in aqueous media and upon addition of cell suspension

the cations present in the cell culture media screened the electrostatic repulsion,

allowing the molecules to self-assemble due to hydrogen bond formation. Upon

self-assembly the bioactive motifs were found to be placed on the surface. Figure

1.30 shows the SEM of nanofiber matrix formed by the self-assembly of peptide

amphiphiles. A control amphiphile was also developed with a non-physiological se-

quence of glutamic acid-glutamine-serine (EQS) to compare the cell response to

the bioactive self-assembling PA. Even though the control matrices allowed the en-

capsulation of the progenitor cells by self-assembly, the encapsulated cells did not

sprout neuritis or differentiate morphologically or histologically.

The NPCs encapsulated within the peptide amphiphile self-assembled matrix

was found to be viable throughout the period of study of 22 days. No differences

in cell viability between the encapsulated cells and cells cultured on polylysine 2D

Fig. 1.30. SEM showing the morphology of

scaffold developed from an IKVAV nanofiber

network by adding cell culture media to the

peptide amphiphile. The sample is dehydrated

and critical point dried caged in a metal grid to

prevent network collapse during sample

preparation for SEM. (Reprinted with

permission from Ref. [168].)
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films were found demonstrating that sufficient diffusion of nutrients, bioactive

factors and oxygen is taking place through the highly hydrated nanofiber matrix.

Immunocytochemistry demonstrated the differentiation of NPCs encapsulated in

the bioactive self-assembled PA matrix to neurons. Furthermore, the results were

found to be statistically significant when compared to cells grown on laminin or

lysine coated surface. Differentiated neurons were labeled for b-tubulin III and

glial fibrillary acidic protein to detect neurons and astrocytes. After only 1 day in

culture, 35% of the cells encapsulated within the bioactive nanofiber scaffold stain

positive for b-tubulin (Fig. 1.31A). At the same time only less than 5% of the cells

in the bioactive scaffold showed astrocyte differentiation even after 7 days in cul-

ture (Fig. 1.31A). This is a positive observation since inhibition of astrocyte prolif-

eration is important in the prevention of the glial scar a known barrier to axon

elongation following CNS trauma. Cells cultured on 2D laminine coated substrate

did not show such differentiation and at the same time showed significant astro-

cyte proliferation (Fig. 1.31B). Encapsulation in the nanofiber scaffold led to the

formation of large neurites after only 1 day (57G 26 mm) where as cells grown on

laminin or lysine did not form neurites at that time. TEM evaluation of cells encap-

sulated within the gels after 7 day showed a healthy and normal ultrastructural

morphology. The high migrating ability of the cells encapsulated within the gels

was also demonstrated by tracking the distance between the center of each neuro-

sphere and cell bodies as a function of time. The study demonstrated the potential

of bioactive self-assembling nanofiber scaffolds as stem cell delivery vehicles.

The differentiation ability of progenitor cells into different lineages on polymeric

nanofiber matrices developed by electrospinning was demonstrated recently by Li

et al., using multipotent human mesenchymal stem cells (MSC). The study dem-

onstrated the feasibility of nanofiber matrices to support the adhesion and differen-

Fig. 1.31. Immunohistochemistry showing b-

tubulin III of neurons and astrocytes of cells

encapsulated in self-assembled bioactive gels

(A) (after 1 day in culture) and lamine-coated

cover slips (B) (after 7 days in culture). b-

Tubulin III is stained green, differentiated

astrocytes (glial cells) are labeled orange.

(Reprinted with permission from Ref. [168].)
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tiation of these cells into different lineages [169]. PCL nanofiber matrices were

used for the study. The matrix was found to be composed of randomly oriented

nanofibers having diameters@700 nm. The MSCs seeded on the nanofiber matri-

ces were found to attach and remained viable. For multi-lineage differentiation of

the cells the MSC seeded nanofiber matrices where placed under specific differen-

tiation promoting culture conditions (Fig. 1.32). Thus, under adipogenic condi-

tions (media with dexamethazone, 3-isobutyl-1-methylxanthine and insulin), the

cell–polymer constructs developed into an adipose like tissue with the cells ex-

pressing appropriate gene expression. The incubation of the cell seeded nanofiber

matrices in chondrogenic media resulted in the formation of a cartilaginous tissue

composed of cells showing characteristic chondrocyte phenotypes. The authors ob-

served that the chondrogenic differentiation of MSC on nanofiber matrices takes

place even at low cell population compared to 2D cultures or cells encapsulated

in hydrogels presumably due to the unique interactions of the cells with the

nanostructured topography of the matrix. Incubation of the cell seeded nanofiber

matrix in osteogenic media (b-glycerophosphate, ascorbic acid and dexamethasone)

resulted in the formation of a dense bone-like tissue with the cells showing charac-

teristic osteoblast phenotypes. The study thus demonstrated that electrospun nano-

fiber scaffolds can support chondrogenic, osteogenic and adipogenic differentia-

tion and, therefore, are candidate scaffolds for the fabrication of multi-component

tissue constructs.

1.7.2

Neural Tissue Engineering

Nerve tissue engineering can be considered as one of the most promising ap-

proaches to restore central nervous system function. Several studies have evaluated

the efficacy of nanofibrous matrices as scaffolds for neural tissue engineering. In

one study Yang et al. determined the efficacy of PLLA nanofiber matrices devel-

oped by phase separation process as scaffold for neutral tissue regeneration [170].

The fiber diameters were@196 nm with a matrix porosity of@85%. Neural stem

cells (NSC) were used in the study. Upon NSC seeding and culturing for a day, the

cells were found to randomly spread over the surface of the polymer scaffold with-

out much differentiation. By day 2 the cells had progressively grown throughout

the scaffold, with a neurite length twice that of the cell body, and migration of cells

Fig. 1.32. SEM showing nanofiber–MSC

constructs maintained with and without

differentiation media (A–F adipogenic; G–L

chondrogenic; and M–R osteogenic). (A, D, G,

J, M, P) Cross sections; (B, C, E, F, H, I, K, L,

N, O, Q, R) top views. In adipogenic cultures

(D–F), globular, round cells were evident, while

fibroblast-like cells were found in the control

cultures (A–C). In chondrogenic cultures (J–L),

round chondrocyte-like cells were embedded in

a thick layer of ECM that was not found in the

control group (G–I). In osteogenic cultures

(P–R), mineralized nodules were formed in the

constructs. In contrast, control cultures (M–O)

contained primarily fibroblast-like cells, and

mineralization was not seen [169] with

permission from Elsevier.

H_________________________________________________________________________________

1.7 Applications of Nano-based Matrices as Scaffolds for Tissue Engineering 47



into the porous matrix also occurred (Fig. 1.33). The study showed the feasibility of

nanofibrous scaffold to act as a positive guidance cue to guide neurite outgrowth.

Efficacy of aligned polymeric nanofiber matrices as a scaffold for the growth and

differentiation of neural NSCs was further evaluated by Yang et al. using PLLA

nano/microscaffold [171]. The cell adhesion and differentiation pattern on the

aligned nanofiber matrices were compared to aligned microfiber matrices formed

by electrospinning as well as random micro and nanofiber matrices. The aligned

nanofiber matrices were composed of fibers having diameter@300 nm and micro-

fiber matrices were composed of fibers having diameter @1.5 mm. The average

fiber diameters of the random nano and microfiber matrices were@250 nm and

1.25 mm respectively. NSC attached and formed an elongated spindle-like shape

on all the surfaces. The direction of NSC elongation and neurite outgrowth was

found to be aligned with the direction of aligned fibers and showed classical con-

tact guidance. The cells on random fiber matrices in contrast showed significantly

different phenotype. In terms of differentiation, more cells were found to be differ-

entiated on aligned nanofiber matrix (80%) than on aligned microfiber matrix

(40%) demonstrating that nanofiber alignment has profound effect on cell differ-

entiation. Since successful nerve regeneration rely on the extensive growth of axo-

nal process, the neurite length of cells on the matrices was evaluated. The neurite

length of NSCs on aligned nanofiber matrix was significantly higher than aligned

micromatrix or random matrices. Figure 1.34 shows the SEM micrograph of NSC

on aligned nanofiber matrix. The cells body shows an apparent bipolar elongated

morphology with the outgrowing neuritis. Both cell elongation and neurite out-

growth followed the same direction of PLLA nanofibers. The figure also shows

significant interaction between NSCs and the aligned fibers. Some filament-like

Fig. 1.33. SEM showing the magnified view of a differentiated

cell with long neurite cultured on a nanofiber matrix developed

by phase separation. (Adapted from Ref. [170] with permission

from Elsevier.)
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structures, presumably focal adhesions, extend out from the NSC cell body and

neurite and attach to the nanofiber. This study thus demonstrated that aligned

nanofiber matrix could improve NSC differentiation and support neurite out-

growth compared to other matrices evaluated.

1.7.3

Cardiac and Blood Vessel Tissue Engineering

One of the major reasons for the failure of synthetic small diameter vascular grafts

is adverse blood biomaterials interactions resulting in an acute occlusion followed

by a chronic intimal hyperplasia. The ability to engineer vascular grafts using bio-

degradable scaffolds could lead to the development of synthetic grafts with long-

term patency. One of the most extensively investigated approaches to prevent graft

occlusion is to improve the antithrombogenicity of graft materials by seeding them

with endothelial cells. But the development of a stable endothelial covering on the

surface of synthetic materials is difficult due to the high sensitivity of the endothe-

lial cells.

Mo et al. have evaluated the efficacy of polymeric nanofiber matrices as scaffolds

for growing endothelical and smooth muscle cells [172]. P(LLA-CL) nanofiber

Fig. 1.34. SEM showing the interaction of NSC on an aligned

PLLA nanofiber matrix. Bar ¼ 5 mm. (Adapted from Ref. [171]

with permission from Elsevier.)
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matrices developed by the process of electrospinning were used as the 3D scaffold

in the study. Endothelial cells and smooth muscle cells were cultured on the nano-

fiber matrices for 7 days. Both SMC and EC adhered and spread on nanofiber ma-

trices with the cell number, showing a significant increase from day 1 to day 7.

This indicates the ability of the cell to attach and proliferate on the nanofiber ma-

trix. Immunohistochemical evaluation of adhered ECs on the nanofiber matrix

showed appropriate EC phenotype expression, indicating favorable interaction of

the cells with the matrix.

Even though self-assembly of bioactive peptide motifs can be considered as the

direct method to develop bioactive nanofiber matrices, He et al. have recently dem-

onstrated the feasibility of improving the bioactivity of electrospun nanofibers by

surface modification. They modified the surface of a P(LLA-CL)nanofiber matrix

to improve the efficacy of the matrix towards endothelial cell attachment and pro-

liferation [150]. The surface of p(LLA-CL) nanofiber matrix was functionalized by

plasma modification and the nanofiber matrix surface was then coated with colla-

gen. Human coronary artery endothelial cells (HCAECs) were used to evaluate the

efficacy of the coated nanofiber scaffold compared to uncoated scaffold. The cells

on uncoated scaffold were rounded in shape without significant spreading (Fig.

1.35A). More cells were found to be attached on the collagen-coated p(LLA-CL)

nanofibers than uncoated nanofiber matrix since collagen is the main structural

and functional protein present in ECM (Fig. 1.35B). Immunohistochemical evalua-

tion of the cultured cells showed the preservation of endothelial phenotype by the

cells on the coated nanofiber matrix.

Similarly a collagen coated PCL nanofiber matrix was evaluated for improve

SMC adhesion and interaction [173]. Coating the nanofibers with collagen im-

proved the cell adhesion on the fibers, with cells preserving their characteristic

phenotype.

Fig. 1.35. SEM images of HCAECs cultured on (A) uncoated

P(LLA-CL) nanofiber matrix and (B) collagen-coated p(LLA-CL)

nanofiber matrix after 3 days in culture. (Adapted from Ref.

[150] with permission from Elsevier.)
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Another related study was performed by the same research group to evaluate the

effect of cell behavior towards scaffolds that combine nanostructure and bioactivity.

Poly(ethylene terephthalate) a non-degradable polymer extensively investigated for

developing vascular graft was fabricated into a nanofibrous structure using the pro-

cess of electrospinning [174]. The nanofibers were then surface modified to attach

a bioactive protein gelatin. The surface-modified fiber scaffolds were then seeded

with HCAECs and cultured for 7 days. The surface-modified nanofiber matrix

showed improved cell adhesion and maintenance of phenotypic activity. These re-

sults showed that combining the nanostructure of the scaffold with the bioactive

molecule could positively promote cell–matrix and cell–cell interactions, inducing

them to express the phenotypic shape.

The effect of fiber orientation on SMC attachment and proliferation of nano-

fiber matrices was evaluated using aligned nanofiber scaffolds of P(LLA-CL) [140].

Aligned fibers were developed by the process of electrospinning using the wheel

with a sharp edge collector. SMCs were found to adhere on aligned nanofiber scaf-

fold as early as within 1 h of seeding and the cells tend to elongate along the direc-

tion of the nanofibers. After 3 days in culture, SMCs proliferated approximately

along the longitudinal direction of the nanofiber length, which formed an oriented

pattern similar to those in native artery. The cell number significantly increased at

day 7 and the surface of the nanofibrous scaffold was covered with a continuous

SMC monolayer with a regular direction from left to right along the nanofiber

alignment. The cell adhesion and proliferation on aligned nanofiber matrix was

significantly higher than on 2D film of the same polymer. Figure 1.36 shows the

SEM of aligned SMC on aligned nanofiber matrix. Further, the distribution and or-

ganization of cytoskeleton proteins inside SMCs were parallel to the direction of the

nanofibers (Fig. 1.37). The study demonstrated for the first time the feasibility of

using an aligned nanostructured scaffold to mimic natural vessel architecture and

the ability of cells to orient along the fiber axis to mimic the natural orientation.

One elegant method to incorporate biofunctionality into nanofiber scaffolds is

the use of self-assembling peptides decorated with appropriate protein motifs. Gen-

Fig. 1.36. SEM showing the alignment of SMCs along the

aligned nanofiber matrix. (Adapted from Ref. [140] with

permission from Elsevier.)
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ove et al. recently developed biomimetic self-assembled peptide scaffolds and eval-

uated the function of human aortic endothelial cells seeded on the scaffolds [175].

The self-assembling protein motifs were developed based on the functionality of

basement membrane, which is composed mainly of laminin and collagen. Two

peptide sequences present in laminin (YIGSR and RYVVLPR) are known to pro-

mote cell adhesion, cell migration and endothelial cell tubular formation, and a

peptide sequence in collagen Type IV (TAGSCLRKFSTM) shown to promote the

adhesion and spreading of bovine aortic endothelial cells, were selected to develop

novel functionalized peptide motifs for self-assembly. The functionalized peptides

were developed by solid-phase synthesis and found to self-assemble to form hydro-

gel under physiological conditions (Fig. 1.38). Four different scaffolds were investi-

gated in the study, unmodified self-assembled peptide scaffolds, composed of RAD

16-1 (AcN-RADARADARADARADA-CONH2), YIG (10%) modified scaffold, RYV

(10%) modified scaffold and TAH (10%) modified scaffold. Cell numbers increased

about two-fold in modified peptide scaffolds compared to unmodified scaffolds, in-

dicating that cell could sense and respond to the functionalized material. In addi-

tion, the matrix could modulate endothelial cell growth only when the sequence

was physically attached to the nanofiber matrix, showing the importance of spatial

distribution of the bioactive molecules on the nanostructured scaffolds. The pep-

tide scaffolds in general also enhanced the endothelial cell phenotype, such as NO

synthesis and deposition of basement membrane components (laminin I and col-

lagen IV), suggesting the potential of these scaffolds in recreating the endothelial

microenvironment.

Another application for which biodegradable nanofiber matrices have been

evaluated is for developing scaffolds for engineering myocardium. Shin et al. have

evaluated the potential of PCL nanofiber matrix as a cardiac graft by assessing the

interaction of rat cardiomyocytes with the nanofiber scaffold [176]. The average di-

Fig. 1.37. LSCM micrograph of immunostained a-actin

filaments in SMC after 1 day of culture on aligned nanofiber

matrix. (Adapted from Ref. [140] with permission from

Elsevier.)
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ameter of the fibers used to develop the scaffold was@250 nm. The cardiomyocytes

attached well on the scaffold and after three days in culture the cardiomyocytes

started to contract (Fig. 1.39). The contractions were ubiquitous and synchronized.

The mechanical property (softness) of the scaffold was found to be highly appropri-

ate to allow the spontaneous contraction of the cardiomyocytes. The cardiomyo-

cytes were also found to form a tight arrangement and intercellular contacts

throughout the entire mesh and stained positive for cardiotypical proteins. How-

ever, the system has some limitations for in vivo application. The limited thickness

of the scaffold might not be able to provide sufficient function when used alone to

cover an infracted area. Therefore, a modified multilayered nanostructured nano-

fibrous graft was developed [177]. PCL nanofiber matrices composed of fibers hav-

ing diameters of@100 nm were developed and cardiomyocytes were cultured on

nanofiber matrices for 5–7 days. After that layering of the individual grafts (five

Fig. 1.38. (A) Model representing the peptide

RAD16-1 (unfunctionalized peptide) and

peptide YIG (functionalized). (B) Model

representing the double b-sheet tape of a self-

assembled peptide nanofiber of a mixture

composed of RAD16-1 and YIG (9:1). (Adapted

from Ref. [175] with permission from Elsevier.)

Fig. 1.39. SEM of the cross-section of a cardiac nanofibrous

mesh, showing complete coverage of the mesh with

cardiomyocytes. (Adapted from Ref. [176] with permission from

Elsevier.)
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layers) were performed by gently placing layers on top of each other. The layered

constructs were incubated for 2 h at 37 �C without media for interlayer attachment

and then cultured for 14 days in culture media. Multilayered scaffolds initially

showed weak and unsynchronized contractions but became stronger and synchron-

ized with time. H&E staining of the constructs demonstrated the interconnections

between the layers. The immunohistochemistry study showed the presence of con-

nexin43 in multilayered graft, indicating that the cells are rebuilding gap junctions,

and synchronized contractions in multilayered grafts. In vivo studies using these

grafts are under way.

1.7.4

Bone, Ligament and Cartilage Tissue Engineering

Nanofiber matrices were also investigated for developing scaffolds for bone, liga-

ment and cartilage tissue engineering. Li et al. used PLAGA nanofiber matrices to

culture MSCs and demonstrated that nanofibrous matrices could support the adhe-

sion and proliferation of these cells [149]. Yoshimoto et al. used PCL nanofiber ma-

trices to culture MSCs under dynamic conditions in osteogenic media to evaluate

the feasibility of developing bone in vitro [178]. The average fiber diameter of the

scaffold was@400 nm. The MSCs were seeded on the nanofiber matrix and cul-

tured for 4 weeks under dynamic conditions. MSCs were found to attach and pro-

liferate throughout the nanofiber matrix. Furthermore, the cells migrated inside

the scaffold and produced an extracellular matrix of collagen throughout the scaf-

fold (Fig. 1.40). After 4 weeks in culture the cell polymer construct was noticeably

harder and the extracellular matrix was calcified throughout the matrix, as evi-

denced from histology.

Polyurethane nanofiber scaffold was used to evaluate the effect of nanofiber

alignment on the cellular response of human ligament fibroblasts (HLF) and to

evaluate the influence of HLF alignment and strain direction on mechanotransduc-

tion [153]. A rotating collecting target was used to develop aligned nanofibers.

After 3 days in culture, the HLFs on the aligned nanofibers were spindle shaped

Fig. 1.40. SEM showing a cell nanofiber construct after 4

weeks in culture. Globular accretions, abundant calcification

and collagen bundles can be seen. (Adapted from Ref. [178]

with permission from Elsevier.)
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and oriented (similar to in vivo ligament fibroblast morphology) along the nano-

fiber direction and the aligned nanofiber formed tissue-like oriented bundles that

were confluent over the entire surface within 7 days. The HLFs on randomly ori-

ented nanofiber scaffold were not oriented, but when the scaffold was subjected to

uniaxial strain the cells reorganized their spindle shape and became organized.

There were significant differences in the ECM production by oriented and un-

oriented cells on the matrices, indicating that cell morphology plays a significant

role in ECM production. Furthermore, the aligned HLFs on the nanofiber structure

were more sensitive to strain in a longitudinal direction. The study demonstrated

that aligned nanofiber scaffold forms a promising structure for developing tissue

engineered ligament due to its biomimetic structure and the ability to provide a

mechanical environment ligament cells encounter in vivo.
Li et al. using PCL nanofiber scaffold demonstrated the efficacy of nanofiber

scaffold to support the differentiation of MSCs to chondrocytes as a viable method

to engineer cartilage in vitro [179]. The three-dimensional MSC seeded constructs

display a cartilage-like morphology containing chondrocyte like cells surrounded

by abundant cartilaginous matrix (Fig. 1.41). The level of MSC chondrogenesis us-

ing nanofiber scaffold was found be higher than in high density pellet cultures

commonly used for MSCs. This study this demonstrated that biodegradable nano-

fiber scaffold due to its microstructure resemblance to a native ECM effectively

supported MSC chondrogenesis.

A self-assembling peptide hydrogel scaffold has also been investigated as scaf-

folds for cartilage repair and regeneration [180]. A KLD12 peptide was developed,

the aqueous solution of which was found to form a hydrogel when exposed to salt

solution or cell culture media. The encapsulated chondrocytes showed a round

morphology with cell viability of 89% immediately after encapsulation. Cell divi-

sion of encapsulated chondrocytes in peptide hydrogel was found to be much

higher than agarose control cultures. Histological evaluation of the encapsulated

cell–hydrogel construct showed the formation of cartilage-like ECM rich in pro-

teoglycans and type II collagen. Time dependent accumulation of this ECM was

paralleled by increase in stiffness of the material showing the deposition of

mechanically functional neo-tissue. This study demonstrated the potential of self-

assembling peptide hydrogel as a scaffold for the synthesis and accumulation of a

true cartilage-like ECM within a 3D cell culture for cartilage tissue repair.

1.8

Conclusions

Nanotechnology assisted fabrication processes are changing the way bioresorbable

scaffolds are being developed for tissue engineering. Novel nanofabrication pro-

cesses have enabled the development of nanostructured scaffolds that could closely

resemble the structure of the ECM, and studies using bioactive nanostructured

scaffolds have demonstrated the importance of nanostructure in cell–matrix and

cell–cell interaction. Even though top-down and bottom-up approaches developed
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to fabricate nanostructured scaffolds have several advantages of their own, several

limitations still hinder the translation of many of these technologies for clinical ap-

plications. Future studies will rely on a combination of both approaches as neces-

sary as well as combining these with lithographic techniques to develop hierarchi-

cal nanostructures with spatially presented biological cues for developing optimal

scaffolds for tissue engineering.
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Polymeric Nanofibers in Tissue Engineering

Seow Hoon Saw, Karen Wang, Thomas Yong,

and Seeram Ramakrishna

2.1

Overview

Advances in tissue engineering in recent decades has sparked interest in fabricat-

ing polymeric fibers, in particular nanofibers, as scaffolds for biomedical applica-

tions. The unique properties of nanofibers, such as high surface area, remarkable

surface properties and superior mechanical properties, have great potential for a

wide variety of applications in medicine, biotechnology and engineering. Among

the many features of nanofibers, biocompatibility is the most crucial aspect of

tissue engineering. The materials that are mainly used are biopolymer and biode-

gradable synthetic polymers. Researchers have shown that polymeric nanofibers

can be fabricated using various processing techniques such as self-assembly, phase

separation and electrospinning.

This chapter reviews the applications of nanofibers in different aspects of tissue

engineering. Studies have been carried out to optimize the properties of nanofiber

scaffolds for applications in ophthalmology, hepatic biology, nerve, skin, bone and

cartilage regeneration, heart and vascular grafts, and stem cell research. Numerous

studies have shown that nanofibers that closely mimic the extracellular matrix in

natural tissues have potential as scaffolds for tissue regeneration. They provide in-

terconnected pores that facilitate transport of nutrients and growth factors to the

cells as well as providing a stable structural support, which are essential for effec-

tive tissue engineering.

In nerve regeneration, nanofibers have been shown to effectively control the neu-

rite outgrowth rate and orientation that are critical for the repair of the damaged

nervous system. Similarly, the ability to control the morphology, proliferation, ad-

hesion and alignment of smooth muscles cells and endothelial cells cultured on

nanofibrous scaffolds provides a possible avenue for successful tissue engineering

of blood vessels. Suitable bioactive nanofibers for proliferation of osteoblasts in

guided bone regeneration, and dermal fibroblasts for burns and chronic wound

treatment have also been reported. Studies on nanofibers for stem cell proliferation
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and differentiation are still in their infancy but the potential for biomedical appli-

cations is tremendous.

Although most of these studies are at the laboratory level, researchers fore-

see that polymeric nanofibers have good prospects in the near future. Advances

in material science, manufacturing technology and design aspects of polymer

nanofibers are necessary to realize their full potential in medicine, biology and

engineering.

2.2

Introduction

Nanotechnology is a rapidly expanding field and the products resulting from re-

search have increasingly entered into our daily lives. This chapter reviews potential

applications of nanofibers, fiber fabrication techniques, and illustrates some of the

current studies carried out to optimize the properties of nanofiber scaffolds for

applications in ophthalmology, hepatic biology, nerve, skin, bone and cartilage re-

generation, heart and vascular grafts, and stem cell research. The advantages and

disadvantages of the nanofiber scaffolds are discussed and compared with conven-

tional scaffolds in terms of their physical properties, performances and functional-

ities for tissue engineering applications. This chapter will contribute to the under-

standing of nano-scale polymeric fibers, which will facilitate the development of

nanofibers with defined properties for specific applications to accelerate advanced

research in tissue engineering.

2.2.1

History of Tissue Engineering and Nanofibers

Tissue engineering is a discipline that involves the application of the principles

and methods of engineering and life sciences towards a fundamental understand-

ing of structure–function relationships in normal and pathological tissues and the

development of biological substitutes to restore, maintain or improve functions [1].

It is a relatively novel and emerging field that involves knowledge of bioengineer-

ing, the life sciences, and the clinical sciences with the aim of solving the serious

medical problems of tissue loss and organ failure [2]. A new functional living tis-

sue is created with the help of the growth and interaction of cells with a matrix or

scaffolding to guide tissue development.

Previously, this area of science was called reconstructive surgery and, later, re-

named as tissue engineering when attention was focused on fabricating living re-

placement parts for the body in the laboratory. Tissue engineering has developed at

a logarithmic rate, and with researchers realizing the realistic potentials of this

new discipline, many concepts and techniques that can be applied to saving lives
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are becoming a reality. Figure 2.1 shows a comprehensive summary of the ad-

vances made in tissue engineering.

Scaffolds for tissue engineering are an important aspect as they provide the opti-

mized environment for cell survival, proliferation and differentiation, and also for

the formation of tissues for desired tissue engineering applications. Constructing

scaffolds for tissue engineering purposes is a challenging task as there are many

factors that need to be taken into consideration, e.g., the implants must not be

able to induce an immune response that can cause inflammation or rejection,

a proper substrate is needed for cell survival and differentiation, and an appropri-

ate environmental condition for tissue maintenance is required [3]. Research in

the last decade has aimed to design and develop optimized scaffolds for tissue

regeneration.

The field of nanotechnology was introduced by Drexler (1986) [4], and subse-

quently this has become a highly researched topic and promising area for applica-

tions in various industries, in particular biomedical applications. Fibers of nano-

scale diameter, called nanofibers, were developed and found to be good candidates

in the areas of molecular filters, tissue regeneration, drug delivery system, protec-

tive clothing, nanosensors and many more. Researchers have realized that poly-

meric nanofibers have unique properties such as high surface area, remarkable

surface properties and superior mechanical properties, making them good candi-

dates as tissue regeneration scaffolds. Thus, the potential of scaffolds in tissue

engineering is enormous and studies have been carried out to gain a better under-

standing of the interactions between cells and the polymeric nanofibers in order to

optimize scaffold designs for tissue engineering applications.

Fig. 2.1. Advances in tissue engineering.
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2.3

Classification of Nanofibers

Nanofibers are classified based on the materials of which they are fabricated: bio-

degradable synthetic polymers, biopolymers, copolymers and composite polymers,

which will impart unique properties to the nanofibers for specific applications.

2.3.1

Synthetic Polymers

A wide variety of synthetic polymers have been commonly used for fabricating

nanofibers. In the area of tissue engineering, using synthetic polymers to fabricate

nanofibers provides many advantages. Many studies have been performed to evalu-

ate the potential of using these polymers in different tissue engineering applica-

tions. Some synthetic polymers such as aliphatic polyesters, poly(l-lactic acid)

(PLLA), poly(glycolic acid) (PGA) and polycaprolactone (PCL) have biodegradable

properties that are important for the development of biodegradable implants, scaf-

folds for tissue engineering, and controlled drug delivery. On the other hand, non-

biodegradable synthetic polymers are frequently used for permanent or temporary

prostheses in the area of biomedical applications, and are not commonly used as

biological grafts. As they are not biodegradable, they satisfy the requirement of

being sufficiently strong, flexible and hard to withstand the fatigue due to constant

motion and friction. Some examples of commonly used non-biodegradable syn-

thetic polymers are poly(vinyl chloride) (PVC), poly(tetrafluoroethylene) (PTFE)

and poly(dimethyl siloxane) (PDMS).

Generally, synthetic polymer nanofibers have a major advantage of being me-

chanically stronger as well as greater flexibility, therefore making them highly du-

rable scaffolds for replacement of desired tissues. In addition, synthetic polymers

have another advantage, i.e., they can be produced relatively easily in large quantity

with reproducible properties. This allows a consistency in the quality of scaffolds or

devices fabricated for tissue engineering applications where obtaining reproducible

results is important for determining future applications of the polymer. The degra-

dation rate of the synthetic polymer would also be easier to determine and refine,

making them more specific for desired applications. However, the main disadvan-

tage is that synthetic polymers lack biocompatibility, which is a critical issue in

tissue engineering.

2.3.2

Biopolymers

In recent years, researches have started using natural biopolymers to fabricate

nanofibers. Some of these successfully electrospun biopolymers are silk [5, 6],

fibrinogen [7], collagen [8], gelatin [9], chitosan [10] and chitin [11]. Natural bio-

polymers used in tissue engineering are often components in the extracellular ma-
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trix (ECM) produced by cells, giving them a better biocompatibility and providing a

better environment for tissue regeneration. This in turn improves the cell attach-

ment and growth on these nanofibers. However, variation in the quality of natural

biopolymers is inevitable as they are extracted from different sources, and batch

variations are unavoidable even when the biopolymers are extracted from the

same source, thus affecting the reproducibility of studies. In addition, it is gener-

ally more difficult to obtain submicron or nano-sized fibers from natural bio-

polymers than from synthetic polymer nanofibers because of the relatively low

molecular weight of the polymer and the limited solvent availability to dissolve

biopolymers.

2.3.3

Copolymers

To overcome certain limitations of synthetic and natural biopolymer, researchers

have developed copolymers and blends to fabricate nanofibers. With their unique

and favorable properties combined, this enhances their usefulness as scaffolds in

tissue engineering, examples are collagen-blended poly(l-lactide-co-e-caprolactone)
(PLLA-CL) [12], collagen/PCL [13], and gelatin/PCL [9]. Besides copolymers and

blended nanofibers, surface modification is another means of improving the bio-

compatibility of nanofibers for specific tissue engineering applications, some ex-

amples are gelatin-grafted poly(ethylene terephthalate) (PET) nanofiber mats [14],

collagen type I or gelatin grafted PLLA films [15], collagen-coated PLLA-CL nano-

fibers [16], concentrated hydrochloric acid treated PGA nanofibers [17], and galac-

tosylated poly(e-caprolactone-co-ethyl ethylene phosphate) (PCLEEP) nanofiber scaf-
folds [18].

2.3.4

Composite Polymers

In general, most synthetic and natural biopolymers lack certain properties such as

material strength and biocompatibility. Researchers have included additives to the

nanofibers to confer beneficial properties, making them specific for tissue engi-

neering applications. Studies have revealed that composite nanofibers have better

material strength and performance than synthetic and natural biopolymers nano-

fibers, and this is mostly due to the high surface area to volume ratio, thus pro-

viding a greater interaction between the additives and the nanofibers. In tissue

engineering, examples of some composite polymers used to fabricate nanofibers

are poly(l-lactide-co-glycolide) (PLGA)/chitin [19], polycarbonate urethane (PCU)/

carbon [20], and gelatin/PCL [9].

2.4

Nanofiber Fabrication

Polymeric nanofibers can be fabricated by several techniques, including drawing,

template synthesis, phase separation, self-assembly and electrospinning.
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2.4.1

Drawing

Drawing is a process whereby nanofibers are produced when a micropipette with a

tip few micrometers in diameter is dipped into a droplet near the contact line us-

ing a micromanipulator and then withdrawn from the liquid at about 1� 10�4

m s�1 (Fig. 2.2). When the end of the micropipette touches the surface, the drawn

nanofiber is then deposited. To draw fibers, a viscoelastic material is required so

that it can endure the strong deformation and at the same time it has to be cohe-

sive enough to support the stress that build up in the pulling process. This method

can be considered as dry spinning at a molecular level [21]. Nanofibers have been

fabricated by the drawing method with citrate molecules [22]. The droplet of solu-

tion is deposited on a surface to allow evaporation to take place. After a few min-

utes of evaporation, due to the capillary flow, the edge of the droplet is more con-

centrated and the drawing process can begin.

2.4.2

Template Synthesis

Template synthesis involves utilizing a template to achieve nanofibers. Aligned

polyacrylonitrile nanofibers have been fabricated by this method, using aluminum

oxide membrane as the template [23]. In this particular process, when the pressure

of the water is increased, it forces the polymer solution through the cylindrical

nanopores of the membrane (Fig. 2.3). Once the extruded polymer comes into con-

tact with the solidification solution, it solidifies and forms nanofibers. The diame-

ter of the nanofibers depends on the diameter of the pores of the membrane. This

method has been used to obtain nanotubules and nanofibrils of polymers, metals,

semiconductors and carbons.

Fig. 2.2. Schematic diagram of the drawing technique.
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2.4.3

Phase Separation

Phase separation of a homogenous polymer–solvent solution can be induced in

several ways, e.g., thermal induced phase separation (TIPS). When the polymer so-

lution undergoes a decrease in temperature, two phases would form, a polymer-

rich phase and a polymer-lean phase. Gradually, gelation would occur causing the

polymer-rich phase to form a network structure when the solvent is removed via

extraction, sublimation or evaporation. The spaces that were occupied by the sol-

vent in the polymer-lean phase become pores [24] (Fig. 2.4). Generally, matrices

made by solid–liquid phase separation have a greater pore size than by liquid–

Fig. 2.3. Schematic diagram of template synthesis.

Fig. 2.4. Diagram showing nanofibrous matrix obtained by phase separation.
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liquid phase separation. Common materials used for this process are PLLA and

PLLA-CL. Fiber dimensions achievable by this process range from 50 to 500 nm

[25]. The mechanical properties of nanofibrous mats so-fabricated can be cus-

tomized by altering the polymer concentration. Various porous structures can be

achieved with this method by varying the thermodynamic and kinetic parameters

[26]. Although the phase separation method is an easy process, it can only be

applied to a few polymers.

2.4.4

Self-assembly

Self-assembly is a complex process that involves individual, pre-existing compo-

nents to organizing themselves into desired patterns and functions. Several factors

significantly affect this process, including the peptide sequence if the self-assembly

is based on protein–ligand interactions, concentration, pH, presence of salt, and

time (or kinetics) [27]. By varying these parameters, nano-scale or macro-scale

structures with great stability and functionality can be constructed. Polymeric

nanofibers have been constructed by self-assembly through multiple processes of

polymer chain annealing, crosslinking, dissolution and cleaving [25]. In the an-

nealing process, polymer chains are annealed end to end, and are crosslinked

chemically, thermally or by UV irradiation. The crosslinked polymers are im-

mersed in chemicals to dissolve the continuous non-crosslinked polymer phase to

disentangle the nanofibers. Further modifications involve cleaving and loading the

nanofibers with chemicals to yield desired nanofiber morphology and chemical

structures. By this method, nanofibers ranging from a few to 100 nm in diameter

have been fabricated.

2.4.5

Electrospinning

Electrospinning is a technique used to fabricate polymeric nanofibers by means of

an electrostatic force [21]. This cost effective and simple method was invented back

in 1934 by Formhals [28]. The principle involves applying a high voltage to the sur-

face of the polymer solution, and when the surface tension is overcome, an electri-

cally charged jet is ejected. The electrical forces cause the discharged jet to stretch,

forming a long and thin jet. At the same time, the solvent evaporates before the

nanofiber is collected on a grounded collector. Figure 2.5 illustrates schematically

the electrospinning process. To date, a great variety of polymer nanofibers have

been successfully prepared by electrospinning when compared with other methods

mentioned above that can fabricate nanofibers from only a limited number of poly-

mers. With further advancement in this technology, electrospinning has the great-

est potential for the mass production and industrial processing of nanofibers.

Electrospinning is influenced by many factors: the most significant is the proper-

ties of the polymer solution, e.g., viscosity, conductivity, and surface tension. Con-

trolled variables such as distance between the needle tip and the collector, voltage
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applied, type of collector and feed rate have to be considered, too. Ambient param-

eters such as humidity, pressure and the type of atmosphere in the electrospin-

ning environment also play a role [29]. With this knowledge, different morphol-

ogy, structures and arrangements of nanofibers can be achieved by varying the

parameters.

As most electrospun nanofibers are in the non-woven form, researchers have

spent tremendous time and effort in controlling the alignment of the nanofibers.

Several set-ups have been designed, such as the cylinder collector with high rotat-

ing speed [8, 30], auxiliary electrode/electrical field [31], parallel conducting collec-

tor [32], knife edge disk [33], frame collector [34] and many more. Currently, the

thinnest electrospun nanofibers achievable are 3 nm in diameter [25]. Huang et

al. (2003) have provided a more comprehensive review of electrospun nanofibers

[35].

Comparing all of the above techniques, only drawing, template synthesis, phase

separation and electrospinning are simple to perform. However, these processes

have a common limitation, i.e., most of the polymeric nanofiber production pro-

cess is currently only possible at the laboratory level, with the exception for elec-

trospinning, which may be the only technique that has the potential for mass

production.

2.5

Degradation and Absorption Kinetics of Nanofiber Scaffolds Compared with

Conventional Scaffolds

One of the factors required of a tissue regeneration scaffold is that it needs to be

biodegradable. As the tissue grows into the porous structure of the scaffold, it is

Fig. 2.5. Schematic diagram of the electrospinning technique.
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difficult to remove the scaffold after the tissue has regenerated. Therefore, the

scaffold is only required to maintain its volume, structure and mechanical stability

just long enough for adequate tissue formation. The rate of the biodegradation

needs to be adjusted so that it is able to match the rate of tissue formation. When

degradation occurs, the breakdown products released should not induce any

inflammation or cause toxicity to the body [36]. The biodegradation rate of the

scaffold is influenced by many factors. One common method used to determine

the rate is by placing the scaffold in phosphate-buffered saline (PBS) at 37 �C in

an incubator (in vitro) or implanted into animals (in vivo), and biodegradability

can be measured by the amount of mass loss, strength loss and the changes in

morphology.

Conventional scaffolds such as hydrogels, sheets, meshes, and foams have been

widely used in tissue engineering. Many studies were carried out to evaluate their

degradation, e.g., Lee et al. (2004) [37] have shown that poly(aldehyde guluro-

nate) (PAG) hydrogel crosslinked with poly(acrylamide-co-hydrazide) (PAH) had a

weight loss of about 8% at the end of 60 days in Dulbecco’s Modified Eagle Me-

dium (DMEM). Generally, nanofibers have a very high surface area to volume ratio,

and this will affect the degradation kinetics when compared to more conventional

fibers. Studies showed that PGA nanofibers exhibited a rapid degradation rate and

was left with a residual weight of approximately 40% at 20 days in PBS. Even after

only 1 day of degradation, some PGA nanofibers have already started to undergo

hydrolytic degradation and, after 4 days a significant amount of fibers was de-

graded. At the end of 12 days of degradation, the nanofiber matrix had become

chunks of shorter fiber fragments [38]. In contrast, PGA microfiber non-woven

matrix, which has been commercialized as a tissue engineering scaffold, only

started to degrade at day 3, as shown by surface defects or microcracks. After sev-

eral days, the surface defect degraded further to form a rupture in the microfiber

[39]. The difference in the degradation rate between the microfiber and the nano-

fiber is probably due to the fiber diameter, which relates to the surface area. This

property of rapid degradation is especially beneficial for temporary tissue regener-

ation scaffolds. However, studies have shown that the breakdown product from

PGA was able to cause dedifferentiation as well as reduce proliferation rate of

vascular smooth muscle cells. Therefore, PGA would not be the optimal scaffold

for vascular tissue engineering [40]. As PGA nanofibers have a faster degradation

rate, more breakdown product would be produced in a shorter period and this

would cause more dedifferentiation and reduction of the proliferation rate when

compared to conventional scaffolds.

Other degradation kinetic studies include that of Zong et al. (2005) [41], which

showed that non-woven PLLA scaffold of an average fiber diameter of 1 mm had

90% remaining weight after about 20 days of degradation. The thickness of the

scaffold also plays an important role in the degradation rate. With a reduction in

the thickness of PLGA films, the degradation rate significantly decreased as there

is faster diffusion of the degraded products, thus minimizing autocatalyzed hydro-

lysis [42].
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2.6

Advantages and Disadvantages of Nanofiber Scaffolds Compared with Other

Conventional Scaffolds

Textile technologies have been utilized to produce the earlier tissue engineering

scaffolds consisting of fibrous biodegradable polymer fabrics with an average diam-

eter of 15 mm. It has been used alone or in combination with other non-woven

biodegradable polymers, such as PGA (Fig. 2.6a), PGA/PDLLA and PGA/PLLA

for the engineering of cartilage [43, 44–46], tendon [47], ureter [48], intestine

[49], blood vessels [50, 51], heart valves [46, 52] and other tissues [46]. However,

the limitations of these scaffolds are a lack of structural stability to withstand bio-

mechanical loading, low mechanical strength, fast degradation rate, difficulty in

controlling pore shape and limited fiber diameter variations [53, 54].

Other conventional scaffolds developed using particulate leaching techniques

[55, 56] and phase separation techniques have diameters of the order of a few to

tens of microns. The fibers are not uniformly distributed and are not suitable for

tissue engineering applications [55]. In the particulate leaching method, a polymer

solution is cast into the salt-filled mold with the desired size. After the solvent is

allowed to evaporate, the salt crystals are leached away using water to form the

pores in the scaffold (Fig. 2.6b). It is relatively easy to prepare, the pore size can

be controlled by the size of the salt crystals, and the porosity by the salt/polymer

ratio. However, this method of scaffold preparation is not able to control the pore

shape and interpore opening of the scaffolds. To improve these aspects, the three-

dimensional (3D) printing (free-form fabrication) technique was adopted to fabri-

cate scaffolds. In this process, a binder is ink-jet printed onto sequentially laid poly-

mer powder layers [57] where computer-assisted design and manufacture (CAD/

CAM) is used to design complex-shaped objects. This method was initially ex-

plored at Massachusetts Institute of Technology, USA [58–60]. The precision of

this process is severely limited due to the smallest possible powder particle size

achievable and pixel size of the binder drops (usually a few hundred mm), and po-

Fig. 2.6. (a) Scanning electron micrograph of a PGA non-

woven scaffold with a fiber diameter of approximately 15 mm

[54]. (b) Scanning electron micrograph of a PLLA foam

fabricated using the salt-leaching technique [54].
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sitioning of the printer nozzle [61]. Membrane lamination is another technique

that can be used to fabricate scaffolds by laminating membranes and introducing

the peptides and proteins layer by layer during the fabrication process. This

method will produce porous 3D structures [62]. The limitations of this process

are less interconnected pore networks in the scaffold and the lack in mechanical

properties. Solvent cast polymer–salt composites have also been extruded into a

tubular geometry [63]. The disadvantages of producing the scaffold using this

method are extensive use of highly toxic solvents, long duration for solvent evap-

oration (days to weeks), labor intensive fabrication process, limitation to thin

structures, residual particles in the polymer matrix, irregularly shaped pores, and

insufficient interconnectivity.

All the above-mentioned methods do not allow tissue engineers to design and

fabricate scaffolds with a completely interconnected pore network, and a highly

regular and reproducible scaffold morphology. However, many researchers have

successfully developed high-performance polymer fibers with a high degree of

fiber orientation using conventional fiber spinning techniques such as wet spin-

ning, dry spinning, melt spinning, and gel spinning. Wet spinning is the oldest

of these processes and it involves submerging the polymer solvent into a chemical

bath, followed by precipitation and solidification of the polymer fiber. Dry spinning

is achieved by evaporating the polymer solution in a stream of air or inert gas to

solidify the fibers. In melt spinning, the molten polymer is forced through a spin-

neret and the fibers are directly solidified by cooling. Gel spinning is achieved by

binding the polymer chains at various points in the liquid crystal state and further

cooled in liquid bath after passing through air to produce the fibers [64–67]. With

these methods, many different high-performance and functional polymer fibers

have been produced and commercialized for many applications in the various

industries.

Several complex molecular processes are involved in conventional fiber fabrica-

tion processes such as the spinning and drawing techniques. The ultimate state

of molecular order in the polymer fibers depends on process variables such as

stress, strain, temperature, time, length and length-distribution of the molecules

[65]. Polymer fibers developed by these techniques have diameters in the range of

microns (10–100 mm) and are classified as microfibers. The advantages of polymer

microfiber are its flexibility which is easily controlled during structure formation,

and the superior mechanical properties [68]. These fibers have been used in mak-

ing ropes, satellite tethers, and high-performance sails. Polymer composite micro-

fibers have found applications in aircrafts, boats, automobiles, sporting goods and

biomedical implants. Several significant fiber properties such as ultraviolet resis-

tance, electrical conductivity and biodegradability have been brought to good use.

The specific features of microfiber are fully exploited in industry, which exceeded

previous performance level, and this led to the research, development and produc-

tion of nano-diameter fibers or nanofibers with remarkable properties. When a

fiber diameter is reduced to the nanometer scale, the surface area to volume ratio

is significantly increased and this property has been exploited by many researchers

for applications in various industries such as medicine, biotechnology and engi-
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neering [36]. There are more than 70 research groups worldwide investigating elec-

trospun polymer nanofibers [69] and this is due to the unique properties of

nanofibers when compared with the conventional macromaterials and polymer mi-

crofibers. Being as thin as less than 10 nm in diameter [35], nanofibers exhibit a

larger surface area per unit mass of the order of 103 m2 g�1 [70], permitting easier

addition of surface functionalities as well as providing better mechanical proper-

ties. As a result, mats of these nanofibers are being tested for use in filter media,

scaffolds for tissue engineering, protective clothing, reinforcement in composite

materials and sensors [71]. The increased surface area, micro-scale interstitial

space with high interconnectivity, good morphological stability, controlled fiber di-

ameter, and sheet thickness make polymeric nanofibers an ideal scaffold for tissue

engineering applications as it allows a significant amount of cell–surface interac-

tion [69]. Polymeric nanofibers as well as other nano-structured materials such

as nanotubes, nanowires, nanocrystals, nanorods and nanospheres are actively

studied to uncover the many potentially advanced technological applications [72].

Several fabrication techniques are currently being investigated to develop nano-

fiber matrices from polymers: template synthesis, phase separation, drawing, self-

assembly, and electrospinning (Section 2.4). Among these, electrospinning [33] is

an efficient method to develop polymeric fibers with diameters in the nanometer

range, and has attracted a great deal of attention recently. In addition to the small

fiber diameter and pore size, and lightweight scaffolds that can be fabricated, elec-

trospinning is an inexpensive and easy way to produce nanofibers from many types

of polymers.

One of most crucial features of nanofibers is the huge availability of surface area

per unit mass (Fig. 2.7). It provides a remarkable capacity for the attachment or

release of functional groups, absorbed molecules, ions, catalytic moieties and

Fig. 2.7. Effect of the fiber diameter on surface area [73].
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nanometer-scale particles of many kinds [73]. The high surface cohesion of nano-

fibers is capable of trapping tiny particles that are less than 0.5 mm in size. The

porosity and pore size of nanofiber membranes are important for application in

tissue engineering. Nano-scale fibrous scaffolds can provide an optimal template

for cells to attach, migrate, and grow. Mammalian cells can attach and organize

well around fibers with diameters smaller than the diameter of the cells [74] and

this is mainly due to the nano-scale interaction between the cells and the many bio-

logically functional molecules and extracellular matrix components [54]. In a study

of osteoblast bioactivity cultured on matrices consisting of 3D braided filaments,

microspheres, non-woven nanofibrils, and microfilaments (Fig. 2.8), nanofibrils

had the best support for cell growth and proliferation as determined by thymidine

uptake [75]. This study also showed that a small fiber diameter facilitates greater

available surfaces for the cell adhesion and migration. Non-woven mats formed

from nanofibers have additional advantages of controllable pore size, high porosity,

and permeability [76]. These remarkable properties motivate extensive interests in

using these materials for applications in industries, especially in the biomedical

fields. Composites nanofibers have been identified as potential candidates for

high technology applications [35] due to its unique physical and mechanical prop-

erties. Hence, nano-featured synthetic scaffold design is one of the exciting new

areas in tissue engineering.

Some recent studies showed that electrospun nanofibers can be collected in the

form of highly oriented arrays that are able to elicit favorable biological responses

due to their ability to mimic the biological microarchitecture and act to support

and guide cell growth [33, 35, 67, 77]. Converting biopolymers into fibers and net-

Fig. 2.8. Proliferation of fibroblast cells on

four types of scaffolds: (red) 3D braided

structure consisting of 20 bundles of 20 mm

filaments; (green) 150–300 mm PLGA sintered

spheres; (blue) non-woven, consisting of PLGA

nanofibrils; (yellow) unidirectional bundles of

20 mm filaments. Proliferation was determined

by the thymidine uptake of the cell as a

function of time. Clearly, the PLGA nanofiber

scaffold is the most favorable for cell growth

[73].
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works that mimic native structures will ultimately enhance the utility of these

materials, as large diameter fibers do not mimic the morphological characteristics

of the native fibrils [65]. The various properties of electrospun nanofibers such as

mechanical strength, fiber diameter, porosity, and biocompatibility are dependent

on the properties of the polymer type. Electrospun nanofibers fabricated from poly-

esters, polyurethanes, silicones, and poly(ethylene-co-vinyl acetate) (PEVA) have

been identified as potential candidates for medical applications and have been fab-

ricated as drug delivery devices, wound dressings and prosthetic devices such as

vascular grafts [78–80] (Section 2.8). In the area of wound healing, electrospun

nanofibrous membrane showed good and immediate adherence to wet wound sur-

face where it attained uniform adherence to the wound surface without any fluid

accumulation. The rate of epithelialization was increased and the dermis was well

organized in the nanofibrous membrane, providing a good support for wound

healing. The porosity of the nanofibrous membrane promotes evaporative water

loss, excellent oxygen permeability and fluid drainage from the wound [81, 82].

Nanomaterial scaffolds have also been observed to enhance the functions of osteo-

blasts, such as adhesion, synthesis of alkaline phosphatase, and deposition of

calcium-containing mineral compared with conventional scaffolds [83], and pro-

mote greater than 1.7� the osteoblastic cell attachment of conventional scaffolds.

Nanofibrous scaffolds have also shown to adsorb four times more serum proteins

than conventional scaffolds. More interestingly, the nanofibrous architecture selec-

tively enhanced protein adsorption including fibronectin and vitronectin, even

though both scaffolds were made from the same PLLA material. These results

demonstrate that the biomimetic nanofibrous architecture serves as superior scaf-

folding for tissue engineering [84]. However, as-spun nanofibrous matrix can

quickly lose its structural integrity or biological functionality in an aqueous envi-

ronment such as in the human body [85]. Bhattarai et al. (2005) [85] have investi-

gated the cellular compatibility of electrospun chitosan nanofibers incorporated

with 40 wt.% poly(ethylene oxide) (PEO) but the nanofibrous matrix swelled readily

in water and completely lost its fibrous structure in a few days. This would limit

its application where a prolonged material functionality in vivo is required. Thus,

processing conditions and mechanisms that would yield the desirable nanofibrous

structure and material properties need to be investigated in order to construct

nanofibrous matrix that exhibit good structural integrity to promote cell attach-

ment and potentially serve as scaffold materials for tissue engineering.

Nanomaterials are unique as they are stronger than bulk materials. As fiber

diameter decreases, the strength of the fiber (in this particular case glass fiber) in-

creases exponentially [86] and this is probably due to the reduction in structural

flaws of the glass fibers (Fig. 2.9a). Dresslhaus et al. (2000) [87] have described

that, in the case of nanotubes, as the radius of matter gets smaller the strain en-

ergy per atom increases exponentially (Fig. 2.9b), contributing to over 30 GPa of

increased strength. These unique characteristics in addition to their light weight,

high permeability and the ability to absorb toxic materials enable these materials

to be developed into high-performance filters, catalysis systems as well as for novel

military fabrics [35]. Nano-sized fibers that can conduct electrical current and re-

spond to electronic stimuli over metal contacts have also been developed. Norris
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and colleagues (2000) [88] found that polyaniline/PEO sub-micron fibrils have a re-

sponse time an order of magnitude faster than bulk polyaniline/PEO in a doping–

de-doping experiment. El-Aufy et al. (2003) [89] also demonstrated a significant

increase in conductivity using sub-micron polyethylene dioxythiophene (PEDT)

conductive fiber mat or when the fiber diameter decreases (Fig. 2.10). This effect

is probably attributed to the intrinsic fiber conductivity effect or the geometric sur-

face and packing density effect. However, nanofibers of smaller diameter have also

been reported to exhibit lower and less stable conductivities. Zhou et al. (2003) [90]

fabricated electrospun polyaniline/PEO nanofibers with diameters below 15 nm

and found that the nanofibers were in fact electrically insulating. Many factors

play important roles in polyaniline-based conductometric sensors, and one has to

balance these factors to fully realize the potential of nano-structured conducting

polymers. In some instances, ‘‘old-fashioned’’ materials may provide more desir-

able sensing characteristics [91]. Although the nanofiber films demonstrated faster

responses, they exhibited lower sensitivity than conventional thin films. Research-

ers have shown that high surface area nanofibril structures do not effectively en-

hance sensor sensitivity due to the relatively open structure inherent in the many

polymeric materials, and the adverse contribution from the interfibrillar contact re-

sistance associated with nanofiber films [92, 93].

Current research focuses on the exploitation of these unique properties of nano-

fibers to improve their performance and functionalities for various applications.

Improvement in the electrospinning technique has also been a focus of many re-

search groups to refine and improve the properties and features of nanofibers. This

Fig. 2.9. Effect of fiber size on strength. (a) Glass fiber

diameter versus the tensile strength [86]. (b) Strain energy as a

function of nanotube radius [87].
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is because electrospinning is a simple process to fabricate polymer nanofibrous

materials for high-performance applications. Nano-scale fibers have the potential

to revolutionize many industries. During the past decade, rapid technological ad-

vances in the areas of surface microscopy, silicon fabrication, biochemistry, molec-

ular biology, physical chemistry, and computational engineering have enhanced

and enabled research and implementation of nanotechnology in academia and in-

dustry. Figure 2.11 summarizes the advantages of nanofibrous scaffolds.

2.7

Biocompatibility of Nano-structured Tissue Engineered Implants

The objective of tissue engineering is to develop reproducible and biocompatible

3D scaffolds that act as bio-matrix composites to support cell in-growth in tissue

repair and replacement procedures [65]. Researchers have focused on making

such scaffolds with synthetic biopolymers and/or biodegradable polymer nano-

fibers [94–96]. Polymeric nanofibers have been widely studied as potential tissue

engineering materials for biomedical applications. As a matrix, nanofibers mimic

the structure and certain functions of the natural extracellular matrix to restore,

maintain or improve the function of human tissues. Being biocompatible, nano-

fibers have been used for the replacement of structurally or physiologically defi-

cient tissues and organs in human [35].

Biocompatibility is described as the ability of an implant (biomaterial, biotextile,

prosthesis, artificial organ, biomedical device) to be accepted by the cellular and

biological response from the host environment and does not have the potential to

Fig. 2.10. Log of fiber diameter (nm) versus conductivity

(S cm�1). As fiber diameter decreases from 260 to 140 nm, the

electrical conductivity of PEDT nanofibers showed almost two

orders of magnitude increase [89].
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elicit an immunological or clinically detectable primary or secondary foreign body

reaction [53, 97, 98]. It should be compatible with tissues in terms of mechanical,

chemical, surface and pharmacological properties. In vivo biocompatibility testing

of the biomaterials requires introduction of the implant into the biological environ-

ment to evaluate adverse reactions [99], such as alterations in homeostatic mecha-

nisms, magnitude and duration of these altered homeostatic mechanisms if any, to

determine the host biocompatibility response to the implant. If the implants are

not rejected by the body, the following phases of recovery will be initiated: resolu-

tion (response of the biological environment to the injury and the presence of the

implant), restitution (the return of the tissue environment to its normal structure

and with the implant) and reorganization (the result of the wound healing re-

sponse initiated by the injury and the presence of the implant). In addition, the

rate of polymer biodegradation will also affect the biocompatibility of the implant

in the biological system. Jayaraman and colleagues (2004) [71] have demonstrated

that mats made of nanofibers from biodegradable polymers may be helpful in ad-

justing the degradation rate of specified biomaterials in the in vivo environment.

Although no reports have been established on the influence of nanofiber diameter

on the degradation behavior of polymers in the in vivo environment, there is evi-

dence that the diameter of fibers do affect the degradation features and related

mechanical properties of the materials [100]. In an in vivo study carried out in our

laboratory on electrospun PLGA nanofibers tubes [101] that act as nerve guidance

conduits, we observed that there was no inflammatory response after a month’s

implantation of the nanofiber nerve guidance conduit to the right sciatic nerve of

the rat. Nerve growth factors or Schwann cells [102, 103] could be introduced into

the nanofiber conduits to increase the biocompatibility of the nanofibers and hence

improve the quality of the nerve regeneration and lead to clinical applications.

Fig. 2.11. The many advantages of nanofibers.
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Polymeric nanofibers have been fabricated from various natural and synthetic

biodegradable nanofibers [71] and most of the research on nanofibers for tissue

engineering applications has centered on in vitro cell culturing to evaluate cell

adhesion, proliferation, gene expression and extracellular matrix secretion [104].

Natural polymers are generally preferred over synthetic polymers in tissue engi-

neering due to their tissue compatibility and biodegradation products which are

readily resorbed into the body. In addition, nanofibers made from natural materials

usually have better cell interactions than synthetic polymer nanofibers. Thus, the

surface properties of the scaffold have been modified by adding surface coatings

of collagen, gelatin, heparin, albumin or pyrolytic carbon to enhance the biocom-

patibility of the scaffold [69].

The most commonly used naturally derived polymers as tissue engineering

scaffolds are collagen and chitosan [105]. Scientists are able to fabricate these

nanofibers with diameters in the range of 100 nm to a few microns [8]. Collagen

is a natural substrate for cell attachment, growth and differentiation. It provides

considerable strength in its natural polymeric state. Collagen is also important in

the design of tissue engineered devices [106] and it meets the requirements in

wound healing since it has higher gas permeation and is able to protect the wound

from infection and dehydration [81]. Venugopal et al. (2005) [107] fabricated nano-

fiber matrices from biodegradable PCL incorporated with collagen and showed that

human dermal fibroblasts were able to grow, proliferate and migrate inside the ma-

trices. These scaffolds support the attachment and proliferation of the cells and can

be used as dermal substitutes for skin regeneration. In another study, Matthews

et al. (2001) observed that smooth muscle cells cultured on electrospun collagen

(calfskin) nanofiber matrix were able to grow into the nanofiber network [8]. Other

studies showing infiltration of cells into the nanofiber networks include chondro-

cyte cultured on electrospun collagen type II scaffolds [108], human bone marrow

stromal cell (BMSC) cultured on electrospun silk fibroin based-nanofibers [6], and

human keratinocytes and fibroblasts proliferation on silk fibroin-based nanofibers

[5].

Chitosan, a biologically renewable, biodegradable, non-antigenic and biocompat-

ible natural polymer [105], is widely studied in wound dressing, wound healing

[109], drug delivery systems [110], bone tissue engineering [111–113] and in vari-

ous tissue engineering applications [114–117]. Electrospun chitosan nanofibers

incorporated with synthetic polymers such as chitosan/poly(vinyl alcohol) and

ultrathin hybrid nanofibers containing chitosan and PEO have been prepared by

Ohkawa et al. (2004) [118], Duan et al. (2004) [119] and Bhattarai et al. (2005)

[85]. Chitosan nanofibers with controllable size and alignment to form non-woven

mats or 3D porous structures will provide an unlimited source for the development

of natural scaffolds for tissue engineering [85]. Elastin, another structural protein

of the extracellular matrix, has been successfully electrospun into elastin-mimetic

peptide polymer nanofibers. The elastic property of elastin nanofibers has been

capitalized on for the engineering of arterial blood vessels [96, 120].

In bone tissue engineering, nano-structured composites consisting of nano-

hydroxyapatite and collagen (nHAC) have been developed by co-precipitation of hy-
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droxyapatite (HA) and collagen [121], and mineralizing type I collagen sheet with

hydroxyapatite [122, 123]. Preliminary in vitro and in vivo studies indicate that

nHAC is bioactive and biodegradable [124]. However, its mechanical properties

were too weak for practical application. To improve the mechanical strength, a

nano-HA/collagen/PLA (nHAC/PLA) scaffold has been developed [124] which has

high biocompatibility and strength, and serve as a promising scaffold in tradi-

tional bone-defect repair and in bone tissue engineering. Osteoblast cultured on

the nHAC/PLA nano-composites performed well in adhesion, proliferation and

maturation that accompanied the morphological change from spindle shaped to

predominantly polygonal morphology. To further enhance nHAC mechanical prop-

erties, Zhang et al. (2003) [125] integrated nHAC composite with a small fraction

of Ca-crosslinked to alginate to produce a porous structure that mimicked the

composition of natural bone as well as to increase the osteoconductive activity of

the scaffold. Polysaccharide alginate possesses good biocompatibility and provides

satisfying mechanical support. Fibroblasts and osteoblasts co-cultured with nHAC/

Ca-alginate composite exhibited good cell morphology, adhesion and proliferation,

inferring the composite as a good scaffold material for bone tissue engineering.

Although the efforts in fabricating natural polymer-based fibrous structures are

encouraging, much remains to be explored and improved, especially in in vivo
applications.

The uses of biocompatible synthetic polymer nanofibers have been widely inves-

tigated to evaluate their feasibility as scaffolds for applications in tissue engineer-

ing. Materials that have been used are polyesters, polycaprolactone, poly(amino

acids), polycarbonates, poly(ethylene glycol) and many more. Polyesters such as

PLA, PGA and copolymers of lactide/glycolide are among the most commonly

used biomaterials for drug delivery [126] and tissue engineering. They break

down to naturally occurring metabolites and degradation requires only water. Fine

fibers produced from PLA and PGA by electrospinning for tissue engineering ap-

plications have been intensively investigated [30, 127]. ECM-like scaffolds fabri-

cated from PLLA nanofibers by phase separation promote cell growth, proliferation

and migration into the interstices of the nanofiber network [128, 129]. A nano-3D

PLGA scaffold constructed by solvent casting and salt leaching processes had been

shown to be biocompatible and support human bladder smooth muscle cells adhe-

sion, growth and proliferation [130]. Cells cultured on nano-dimensional scaffolds

showed a corresponding increase in cellular protein production when compared to

cells cultured on conventional, micro-dimensional scaffolds. In addition, evidence

in pressure experiments showed that, in general, scaffolds and resident cells expe-

riencing a sustained pressure stimulus of 10 cm-H2O functioned similarly to those

experiencing atmospheric (control) pressures. These results suggest that the novel

porous, nano-dimensional PLGA scaffold is promising for in vivo replacements of

the urinary bladder wall. Webster et al. (2005) [83] observed that the functions of

osteoblasts such as adhesion, synthesis of alkaline phosphatase, and deposition of

calcium-containing mineral showed an increase on nanofibrous PLGA scaffolds

compared with conventional ceramics. Since both the nanofibrous PLGA and con-

ventional ceramics share the same chemistry, material phase, porosity, and pore
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size, the study implies that the surface features created by adding nanophase com-

pared with conventional titania was a key parameter that enhanced functions of os-

teoblasts. Such nanophase ceramics (or nanomaterials in general) require further

attention as orthopedic tissue engineering materials [83].

PCL is compatible with soft and hard tissue and is used as resorbable suture

material, in drug delivery systems, and as bone graft substitutes. It has been in-

corporated into other synthetic polymers to create an ideal scaffold for the cell

growth. Fetal bovine chondrocytes seeded on a nanofibrous PCL scaffold and cul-

tured in serum-free medium maintained their chondrocytic phenotype by express-

ing cartilage-specific extracellular matrix genes that were evaluated by reverse

transcription-polymerase chain reaction (RT-PCR). PCL nanofibers not only pro-

moted the phenotypic differentiation but also promoted chondrocyte proliferation

when cultures were maintained in serum-containing medium [131]. Adult bone

marrow-derived mesenchymal stem cells cultured in a PCL nanofiber scaffold

were induced to form chondrocytes in the presence of transforming growth factor-

b1 (TGF-b1), as evidenced by chondrocyte-specific gene expression and synthesis of

cartilage-associated extracellular matrix proteins. The chondrogenic ability of stem

cells cultured in a PCL nanofiber scaffold was comparable to that observed for stem

cells maintained as cell aggregates or pellets [132]. Yoshimoto et al. (2003) [133]

seeded mesenchymal stem cells (MSCs) derived from the bone marrow of neonatal

rats on electrospun PCL nanofibers as well and cultured the cells in osteogenic cul-

ture medium under dynamic culture conditions. At 4 weeks, the material was cov-

ered by multiple cell layers and mineralization occurs together with the existing

type I collagen on the PCL nanofiber. Besides supporting the chondrocytes and

stem cells, PCL nanofibers have also been observed to support the attachment of

cardiomyocytes. Shin et al. (2004) [134] developed a cardiac nanofibrous mesh by

culturing cardiomyocytes on electrospun nanofibrous PCL scaffold. The nano-

fibrous mesh acted as an extracellular matrix for cell growth and was supported by

a wire ring that played a role as a passive load for the contracting cardiomyocytes.

The cells on the scaffold were observed to start beating after 3 days of culture. In

addition, cells cultured in vitro for 14 days were found to attach well on the PCL

mesh and expressed cardiac-specific proteins such as a-myosin heavy chain, con-

nexin43 and cardiac troponin I. Block copolymers of PLLA and PCL (PLLA-CL)

electrospun into non-woven and aligned nanofiber scaffolds have been reported to

support the adhesion and proliferation of human coronary artery endothelial and

smooth muscle cells, with a future application in blood vessel tissue regeneration

[135–137]. In addition, PLGA and PCL nanofibers have been successfully utilized

by Li et al. [131, 132, 138] to culture fibroblasts, cartilage, and bone marrow-derived

mesenchymal stem cells. These reports showed that biocompatible synthetic

polymeric nanofiber scaffolds were capable of enhancing cell attachment and

proliferation.

Poly(p-dioxane) (PPDO) is a hydrophobic polyester that possesses good biocom-

patibility, flexibility and tensile strength. It degrades to non-toxic compounds and

can be used in the body safely [139]. It has been applied to different applications

in the medical field [140–142], such as surgical sutures [143] and drug delivery sys-
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tem [141]. Poly(ethylene glycol) (PEG) is another widely used biocompatible poly-

mer. PEG is a simple linear polyether that exhibits outstanding physiochemical

and biological properties, and possesses good hydrophilicity and solubility in water

and organic solvents. It lacks toxicity, and does not induce immunological effect,

allowing it to be used for many biomedical and biotechnological applications [144,

145]. When PEG is coupled to PPDO, the conjugated product possesses the bene-

ficial properties of both individual polymers. PLLA conjugated to PEG is another

block copolymer that possesses properties desirable for tissue engineering applica-

tions [146–148]. The synthesis of a novel biocompatible block copolymer consist-

ing of PPDO, PLLA and PEG (PPDO/PLLA-b-PEG) by Bhattarai et al. (2004) [82]

takes advantage of the combined properties of these polymers to further enhance

biocompatibility. NIH 3T3 fibroblast cells seeded on the PPDO/PLLA-b-PEG nano-

fibrous structure were shown to maintain their phenotypic shape and guided

growth according to the nanofiber orientation. PEO is another biocompatible poly-

mer that has been used in food, cosmetics, personal care products and pharmaceu-

tical. Electrospun poly(ethylene-co-vinyl alcohol) nanofiber mat can also support

the growth of smooth muscle cells and fibroblast [80].

2.8

Applications of Polymeric Nanofibers in Tissue Engineering

With the advancement in tissue engineering in the past decades, researchers real-

ized that nanofibers have potential as scaffolds in tissue regeneration. These nano-

fibers can be fabricated from either natural or synthetic polymers for various appli-

cations in tissue engineering (Table 2.1). The rational for using nanofibers is based

on the principle that cells organize and attach well around fibers with a diameter

smaller than that of the cells [74]. In addition, non-woven polymeric nanofibers

mimic the nano-scale fibers that are present in the natural extracellular matrix.

They provide interconnected pores that facilitate transport of nutrients and growth

factors to the cells as well as providing a stable structural support, which are essen-

tial for effective tissue engineering. A unique characteristic of the nanofibers is its

huge surface area-to-mass ratio, in the range of 10–103 m2 g�1 for a fiber diameter

of around 500 nm [98], and this makes them suitable to host various functional-

ities and be applied to a broad range of applications in life sciences and sensor ap-

plications. Therefore, studies have been performed to optimize the properties of

the nanofiber scaffolds in the areas of ophthalmology, hepatic biology, nerve, skin,

bone and cartilage regeneration, heart and vascular grafts, and stem cell research

as well as drug delivery application [149]. Tissues can be engineered at different

levels of complexity (Fig. 2.12) [150]. Using this knowledge of nanotechnology, tis-

sue engineered products with highly predictable biological and physical properties

can be obtained.

In nerve regeneration, nanofibers have been shown to effectively control the neu-

rite outgrowth rate and orientation that are critical for the repair of the damaged

nervous system. Similarly, the ability to control the morphology, proliferation, ad-
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Tab. 2.1. Different types of biomaterials in the various biomedical applications.

Applications Biomaterials

Ophthalmic

(Intraocular lenses, contact lenses)

PMMA, PHEMA, PEU, PEO, PGMA, PVA, PLGA,

collagen

Liver PLA, PGA, PGLA, polyorthoesters, polyanhydride,

PLGA, PCLEEP

Nerve

(Hydrocephalus shunts)

PEU, PLGA, PDLLA, PLLA-CL, PDMS, PTFE,

collagen, glycosaminoglycan, PGA

Skin

(Facial and hip prostheses,

artificial skin)

PEU, PCL, PTFE, PE, Collagen, PGA, PGLA

(Vicryl), nylon, collagen-glycosaminoglycan

Orthopedic and cartilage

(Bone cement for fracture

fixation, sutures, bone repair)

PMMA, polyamides, PP, hydroxyapatite, PGA,

PLLA, PGLAþhydroxyapatite fibers, PCL

Heart

(Heart valves, artificial heart,

ventricular assist devices,

pacemaker leads)

PDMS, PEU, PTFE, PE, PSu, PGA

Vascular graft

(Blood substitutes)

PTFE, PVP, Polyester (Dacron), polyurethane,

expanded PTFE, PGA, PLA, PGLA, PVC, collagen

Stem cells PCL, PLA

Drug delivery systems PDMS, PEVA, PLA, PGA, PLGA

PCL: polycaprolactone; PCLEEP: poly(e-caprolactone-co-ethyl ethylene
phosphate); PDLLA: poly(d,l-lactic acid); PDMS: polydimethylsiloxane,

silicone elastomers; PE: polyethylene; PEO: poly(ethylene oxide); PEU:

polyurethanes; PGA: poly(glycolic acid); PGLA, PLAGA, PLGA:

copolymers of poly(glycolic acid) and poly(lactic acid); PGMA:

poly(glyceryl monomethacrylate); PHEMA: poly(2-hydroxyethyl

methacrylate); PLA: poly(l-lactic acid); PLLA-CL: copolymer of PLA and

PCL; PMMA: poly(methyl methacrylate); PP: polypropylene; PS:

polystyrene; PSu: polysulfone; PTFE: poly(tetrafluoroethylene); PVA:

poly(vinyl alcohol); PVC: poly(vinyl chloride); PVP: poly(vinyl

pyrrolidone); PEVA: poly(ethylene-co-vinyl acetate).

Fig. 2.12. Tissue engineering at different levels.
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hesion and alignment of smooth muscles cells and endothelial cells cultured on

nanofibrous scaffolds provides a possible avenue for successful tissue engineering

of blood vessels. Suitable bioactive nanofibers for proliferation of osteoblasts in

guided bone regeneration, and dermal fibroblasts for burns and chronic wound

treatment have also been reported. Studies on nanofibers for stem cell proliferation

and differentiation are still in their infancy but the potential for biomedical appli-

cations is tremendous.

2.8.1

Ophthalmology

Every part of the human eye plays an important role in providing clear vision. The

cornea is the primary component of the ocular optical system that refracts light

onto the retina for vision and act as a tough protective barrier for the delicate inter-

nal eye tissues [151]. It is an avascular and transparent tissue that consists of three

main layers: outer stratified epithelium, stroma of cell network within a hydrated

collagen–proteoglycan matrix, and inner endothelial layer. Nerve activity is crucial

for the maintenance of overall corneal health. Innervation loss can cause ‘‘dry eye’’

[152], a pathological condition that will decrease the sensitivity of the cornea and/

or caused the erosion of the cornea epithelial. When the sensitivity is lost, the

cornea can be affected by a wide variety of disorders [153–156] and becomes vul-

nerable to irreparable injury, ulceration, eventual loss of vision or blindness [157,

158].

Cornea disease is a major cause of vision loss [159] and it affects more than 10

million individuals worldwide [160]. Transplantation of human donor corneal graft

is the widely accepted treatment in the hope of visual recovery [151]. However,

transplant donors are limited and worldwide demand exceeds supply. This situa-

tion will worsen with an aging population and increased used of corrective laser

surgery [161]. Patients with conditions such as autoimmune disorders, alkali

burns, graft rejection or recurrent graft failures will have a lower success rate in

corneal transplantation [162]. Furthermore, there is a risk in the transmission of

infectious agent [163]. Therefore, an alternative for these patients is the replace-

ment of the damaged cornea with an artificial substitute. The structural and im-

munological simplicity of the human cornea, and the importance of nerve innerva-

tions for optimal function, make it an ideal tissue for tissue engineering studies.

The ideal artificial cornea (keratoprothesis) should consist of materials and struc-

tures that support adhesion and proliferation of cornea epithelial cells in order to

form an intact continuous epithelial layer [163]. It should be permeable to provide

appropriate exchange of nutrient and fluid, light transparent and non-toxicity to

cells.

In the early 1950s until the 1990s, a few synthetic polymers were used extensively

for the manufacture of keratoprostheses. Poly(methyl methacrylate) (PMMA) [164–

168] was used as intraocular lenses into human patients. Poly(2-hydroxyethyl

methacrylate) (PHEMA) hydrogels have a long history of proven biocompatibility

in the cornea [169–182]. Polyurethanes [183–185], poly(glyceryl monomethacry-
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late) (PGMA) [186–188], PEO, and poly(vinyl alcohol) (PVA) hydrogels [189] were

proposed and/or used episodically as keratoprosthetic materials. Corneal epithelial

cells have been preseeded onto PVA and transplanted into rabbit corneas, where

they remained adherent and proliferated for 1 to 2 weeks [190–193].

Research in synthetic cornea replacement is essential since most artificial cornea

is still plagued with poor adhesion to the host tissues and does not promote rein-

nervation [194]. Scientists from Argus Biomedical, Australia, have claimed to suc-

cessfully develop an artificial cornea, named Alphacor. It is made of a biocompat-

ible, flexible, hydrogel material similar to a soft contact lens. It contains a central

clear zone, consisting of a transparent gel PHEMA that provides refractive power

and a peripheral skirt or rim made of an opaque, porous, high-water PHEMA that

encourages the eye to heal over the device. Alphacor has been under clinical study

since 1998 and was FDA-approved in August 2002. The replacement cornea is de-

signed to minimize the risk of complications, and to replace the scarred or dis-

eased cornea of the eye that has a history of multiple graft failures [195]. Using

collagen-copolymer implants, Li et al. (2003) [160] reported successful growth of

stratified epithelium and stromal fibroblast, and nerve innervations into the im-

plant. In two other studies, collagen-copolymer scaffolds designed to mimic the

natural ECM matrix and crosslinked to TERP5 copolymer synthesized from N-

isopropylacrylamide were shown to allow cell growth on the surface [196] and as

well as cell ingrowths [197]. Cell adhesion factors may be incorporated into the

biosynthetic matrices to promote cell growth and nerve innervations.

The retina is the other part of the eye that has received extensive research in tis-

sue engineering. It has a complex, multilayered architecture that consists of polar-

ized photoreceptor cells that are closely related to the retinal pigment epithelium

(RPE), nerve innervations, and rich supply of blood capillaries [198]. The integrity

of the RPE layer is critical to the survival and functions of photoreceptors and

hence patterns the vision. Retinal degeneration such as retinitis pigmentosa (RP)

and age-related macular degeneration (AMD) affect over a million people in USA

alone, where they suffer from irreversible visual disability. Photoreceptor cells will

lose their functions when the degeneration happens at the outer retina and this

will affect the cells that connect and support the photoreceptors of the inner nu-

clear layer. Conventional treatment of the disease such as retinal progenitor cell

(RPC) grafts is not sufficient to create the complex cytoarchitecture on a large

scale, especially when multiple retinal layers have been lost or disrupted [199,

200]. Studies have shown that delivery of RPCs using typical bolus injection of

RPCs leads to a large degree of cell death [201]. In addition, the widespread intra-

retinal migration frequently observed with these cells may not be desirable in all

settings. A tissue engineering approach using a biodegradable polymer scaffold

with the appropriate architecture may improve the survival and promote the orga-

nized differentiation of grafted RPCs in retinal degeneration and injury.

Recently, RPCs have been isolated from the mature eye [202, 203] to develop ret-

ina [204, 205] and these cells may be able to replace photoreceptors [206]. Lavik

et al. (2005) [198] (Fig. 2.13) seeded RPCs onto porous degradable PLGA scaffolds

fabricated by anisotropic phase inversion [207] and by liquid–liquid phase separa-
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tion [208]. The results of this work indicate that degradable polymer scaffolds im-

prove the survival of RPCs in retinal degeneration model, promote differentiation

of RPCs, and provide physical guidance to the RPCs resulting in a more normal

anatomical organization (Fig. 2.14).

There are very few comprehensive and systematic reports on the functional rela-

tionship between nanofibers and applications in ophthalmology. One of the most

recent studies is by Zhong et al. (2005) [209] who seeded rabbit conjunctiva fibro-

blasts (RCF) on electrospun random collagen-glycosaminoglycan (GAG) blended

nanofibrous scaffolds with a fiber diameter range 100–600 nm. The results showed

that the nano-sized scaffold increased the proliferation of rabbit conjunctiva fibro-

blast on the scaffolds (Fig. 2.15). Since collagen and GAG are components of the

natural ECM, their incorporation into scaffolds has been used extensively for in
vitro cell-ECM interactions studies and as platform for tissue biosynthesis [210–

217]. Traditional collagen gels can self-assemble into a nano-scale fiber-like super-

structure [218], but their application is limited due to the poor physical strength.

However, aligned nanofibers possess higher mechanical strength than random

Fig. 2.13. PLGA scaffold prepared using the solid–liquid phase separation technique [198].
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nanofibers [16], and this fiber alignment feature can be used to increase the phys-

ical strength of collagen nanofibers. In a study conducted in our laboratory in col-

laboration with the Singapore Eye Research Institute [219], it was shown that

aligned nanofiber scaffold seeded with RCF exhibited lower cell adhesion but

higher cell proliferation than the random scaffold. This is likely due to the aligned

Fig. 2.14. Seeding of RPCs that are stained

green on the solid–liquid phase separated

scaffolds for (a) 1 and (b) 3 days. (c) Cross

section of the scaffold at 3 days post seeding.

The green fluorescence RPCs were

counterstained blue with 4 0,6-diamidino-2-

phenylindole (DAPI). (d) Cross section of the

same sample stained with hematoxylin and

eosin (H&E) [198].

Fig. 2.15. Scanning electron microscope (SEM) micrographs

of (a) electrospun collagen-GAG scaffolds, and (b) RCFs on the

collagen-GAG scaffolds after 7 days culture [209].
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orientation of the fibers, which may control cell orientation and at the same time

strengthen the interaction between cells and fibers. This may indirectly increase

the overall physical strength of the biological scaffolds. From these results, applica-

tion of nano-scale collagen or collagen-GAG scaffolds in ophthalmology is sig-

nificant as the nano-scale dimension of these electrospun nanofibers mimic

that of native ECM found in our body and at the same time promote tissue bio-

synthesis, guide cell growth, and maximize the rate of tissue regeneration [136,

210–221].

2.8.2

Liver

The cells in the liver are highly organized into structural units called liver lobules.

These cells or hepatocytes are radially disposed in the lobules, piling up to form

one cell thick layers, alike to the bricks of the wall. These cell plates are directed

from the periphery of the lobule to its center. In human, these lobules are in close

contact with one another, forming sponge-like structures. A unique feature of the

liver is its ability to regenerate following injury or resection and tissue engineering

methodologies have been applied to assist in liver regeneration. Nano-structured

biomaterials have been used to enhance the development of liver replacement de-

vices [222]. In a study by Chua et al. (2005) [18], growth of primary rat hepatocytes

on PCLEEP nanofiber scaffolds conjugated with galactose ligands to achieve a bio-

functional construct was evaluated. PCLEEP was shown in earlier reports to have

good tissue compatibility and low cytotoxicity to the cells [223–225]. Galactose-

conjugated substrates have been reported to mediate hepatocyte adhesion, mini-

mize involvement of integrin-mediated signaling pathways, and reduce the loss of

hepatocyte phenotype [226]. In this study, hepatocytes cultured on the galactosy-

lated PCLEEP nanofibrous scaffold exhibited comparable functional profiles in

terms of cell attachment, ammonia metabolism, albumin secretion, and cyto-

chrome P450 enzymatic activity, when compared with hepatocytes cultured on

functional 2D matrix. In addition, hepatocytes cultured on galactosylated nanofiber

scaffold formed smaller aggregates of 20–100 mm that engulfed the functional

nanofibers and created an integrated spheroid-nanofiber construct, resulting in re-

duced cell detachment from the nanofibrous scaffold, and form stable immobilized

hepatocyte spheroids throughout the period of culture (Figs. 2.16 and 2.17). Such

functional nanofiber scaffolds can be incorporated into a bioartificial liver assist de-

vice design, and with their textured and porous nature may promote hepatocyte

scaffold interaction, improve the stability of the attached cells, maintain their dif-

ferentiation functions, and, finally, remain stable against the perfusion and shear

forces in the bioreactor.

2.8.3

Nerve

Neural tissue engineering (NTE) is a promising and challenging field that involves

various disciplines, such as grafting processes, polymer bioprocess and surface
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chemistry modifications, as well as involving cell–cell and cell–matrix interactions

that occur during development, remodeling and restoration of neural cells [227].

Nerve tissue repair is an important treatment concept in human health care as it

directly impacts on the quality of life. However, restoring the nerve function after

traumas or diseases has been a great challenge for neurobiologists and neurolo-

gists, as the central nervous system (CNS), such as brain and axons, do not regen-

erate on its own in their native environment. In the peripheral nervous system

(PNS), healing of severed peripheral nerves may be impaired by the growth of

fibroblastic connective tissues that will disrupt and prevent the proximal neuron

from growing towards and reattaching to the distal stump [69]. Attempts to replace

lost or dysfunctional neurons using tissue transplantation or peripheral nerve

grafting method have been intensely sought for over a century [228]. The purpose

is to restore the function in damaged or diseased regions. However, these methods

always encountered problems such as donor shortage and immunological prob-

lems associated with infectious diseases [229]. To overcome some of these prob-

lems, alternative approaches are being investigated that use biomaterials to influ-

ence the function and differentiation of cultured or transplanted cells to enhance

nerve regeneration [230–233].

The ultimate goal of neural tissue engineering is to achieve suitable biointerac-

tions for a desired cell response that is required to compensate for the loss of tissue

function [234] through in vivo induction of a neural circuit or in vitro fabrication

Fig. 2.16. SEM images of hepatocytes after 8

days of culture. Hepatocytes cultured on

galactosylated film (Gal-film) formed rounded

spheroids that did not integrate with the

scaffold (a, b). In contrast, hepatocytes

cultured on galactosylated-nanomesh (Gal-

nanomesh) showed aggregates that engulfed

the functional nanofibers (c, d) [18].
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of a tissue structure. Engineered polymer scaffolds that can serve as extracellular

matrix are crucial to support the fundamental cell processes. Recent advances in

the NTE provide optimism by creating a permissive environment for nerve regen-

eration [163, 235–237]. The ECM of the nervous system is crucial in guiding neu-

ral outgrowth and may be relevant to the process of regeneration. It consists of the

collagen types I, II, III, IV and V, the noncollagenous glycoproteins and the GAGs

[238, 239]. A great variety of natural ECM components exist in fibrous form and

structure, some examples include collagen, fibronectin and laminin. All of them

are characterized by well-organized hierarchical fibrous structures, ranging from

nanometer to millimeter scale [240]. Hence, a nano-structured porous scaffold

with interconnective pores and large surface area is needed as an alternative to nat-

ural ECM for better cell ingrowths in a three-dimensional fashion.

Polymers can be used as scaffold to promote cell adhesion, maintenance of dif-

ferentiated cell function without interfering proliferation, template to organize and

direct the growth of cells and help in the function of extracellular matrix [241]. Sev-

eral methods have been reported to fabricate polymeric nanofibers or submicron

fibers: phase separation [242], electrospinning [243] and self-assembly [244]. Yang

et al. (2004) [245] have shown the potential of the PLLA nanofibrous porous scaf-

fold, prepared by phase separation in nerve tissue engineering. The scaffold mim-

Fig. 2.17. SEM images of freeze-fractured

hepatocytes on Gal-nanomesh after 8 days of

culture. PCLEEP nanofibers can be found

within the hepatocyte aggregates (a, b).

However, no fibers were observed in some

hepatocyte aggregates, which may be

attributed to degradation of the biodegradable

PCLEEP nanofibers (c, d) [18].
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icked the structure of the natural ECM and was shown to support neural stem cells

differentiation and outgrowth of the neurites. In another study, Spilker et al. (2001)

[246] demonstrated that cells obtained from nerve explants were able to construct

and restructure the walls of porous collagen-GAG matrices in vitro, suggesting that

contractile cells may be capable of restructuring the extracellular component of the

nerve wound environment in vivo. Electrospinning is able to fabricate fibrous scaf-

folds with desired properties [136, 247] to create biocompatible thin structures with

useful coating design and surface properties that can be deposited on implantable

devices to facilitate the integration of these devices into the body. This is exempli-

fied in electrospun silk-like polymer with fibronectin functionality for making bio-

compatible films, which were used on prosthetic devices aimed to be implanted in

the central nervous system [94].

Advanced techniques to produce a complex, degradable guidance channels that

precisely mimic a natural repairing process in the human body have been investi-

gated [248–251]. Various biomaterials or polymers have also been investigated for

their suitability in nerve tissue engineering applications [101]. These synthetic con-

duits have been fabricated from materials such as polyurethane, polyorthoester,

glycolide trimethylene carbonate, PLGA, PGA, poly(d,l-lactic acid) (PDLLA) and

PLLA-CL [63] (Table 2.1). Early nerve regeneration studies used biotextile incorpo-

rated with appropriate growth factors to join the two neural stumps. The proximal

neuron regenerates and can bridge gaps as wide as 8 mm, so as to re-establish dis-

tal neural activity [69]. In another study, the bioresorbable implant (trimethylene

carbonate-co-e-caprolactone) seeded with Schwann cells showed a significant in-

crease in growth, ensheathment and peripheral nerve myelination [252]. In a re-

cent study by Bini and colleagues (2004) [101], nerve guidance channel was fabri-

cated by electrospinning PLGA biodegradable polymer nanofibers onto a Teflon

mandrel. The biological performance of the conduits was examined in the rat right

sciatic nerve model with a 10 mm gap length. There was no inflammatory re-

sponse after the implantation of the nanofibrous nerve guidance conduit. Five out

of eleven rats showed nerve innervation into the conduits after a month of implan-

tation (Fig. 2.18). None of the implanted conduits showed tube breakage. This

showed that the nanofibrous nerve guidance conduits have the necessary flexibility

to adapt well inside a living system, a porous structure that make it permeable for

gaseous and nutrient exchange in the conduit lumen to promote the nerve regen-

eration, are biocompatible, and showed no inflammatory response, which is clini-

cally desirable in minimizing adhesions of an implanted conduit to surrounding

tissues.

Nerve regeneration in the CNS is much more difficult than in the PNS and this

is probably due to the glial cells in the CNS, which act as a barrier to the regen-

erating axons and create an unfavorable environment for axon regeneration after

trauma or injury [237, 239]. Another reason would be the dissimilarities in the

ECM components between PNS and CNS to assist and promote nervous regenera-

tion [239]. In the PNS, the linear orientation of ECM components at the peripheral

stump of a damaged nerve provide terrain well suited for axonal regrowth, whereas

such framework is not available in the ECM of the CNS to assist axonal growth
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[238, 253]. The nanofibrous scaffolds are well suited for CNS tissue engineering

due to two unique properties. Firstly, the morphology and architecture are similar

to the natural ECM, which is the foundation of creating reproducible and biocom-

patible 3D scaffolds for cell attachment, differentiation and proliferation. Secondly,

the nanofibrous scaffolds are highly porous structures with a wide variety of pore

diameters, allowing fluid transportation while inhibiting glial scars. Moreover, with

the electrospinning technique, aligned nanofibrous scaffolds can be fabricated to

Fig. 2.18. The regenerated nerve cable after a month of implantation [101].

Fig. 2.19. C17.2 cells cultured on aligned (a,

c) and random (b, d) PLLA nanofiber scaffolds

for 1 day (a, b) and 2 days (c, d). Parts (a) and

(b) are phase contrast light microscope images

of cells attached on aligned nanofibers and

random nanofibers, respectively. Parts (c) and

(d) are laser scanning confocal micrographs of

cells immunostained for neurofilament 200

kDa when cultured on aligned and random

nanofibers, respectively [254].
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guide neuronal regeneration in both the central and peripheral nervous systems

[254].

Yang and colleagues (2005) [254] designed an electrospun aligned PLLA nano-

fibrous scaffold to evaluate the efficacy in promoting neuron differentiation and

guiding neurite outgrowth of C17.2 cells in vitro. The aligned nanofiber scaffold is

anticipated to provide better contact guidance effects on the neurite outgrowth.

C17.2 is a primordial, multipotent self-renewing cell that can be used as neuron

precursors, and is involved in the normal development of cerebellum, embryonic

neocortex and other structures upon implantation [251, 255, 256]. The cells are

capable of differentiating without interaction with adhesion molecules such as

laminin, fibronectin, collagen, poly-l-lysine or MatrigelTM, which are generally re-

quired as permissive substrates in neurite outgrowth. This offers the convenience

of investigating the physical effects of PLLA fibrous scaffolds because the coating

of adhesive molecules will affect the surface topography of the scaffold. The in vitro
results of this study showed that the fiber alignment had a strong effect on the cell

phenotype: neural cells on aligned fibers grew parallel to the fiber orientation, and

the aligned nanofibers improved neurite outgrowth when compared with random

or microfibrous scaffolds (Figs. 2.19 and 2.20). The results suggest that the aligned

nanofibrous scaffold may be a suitable nerve guidance channel for both CNS and

PNS regeneration.

Researchers have not only explored the use of biomaterials for neural tissue

engineering. A silicon-based electronic device for neural network applications has

been developed by Fan et al. (2002) [257]. They investigated the adhesion of neural

cells from substantia of prenatal rat on silicon wafer with different nanotopo-

graphic features of between 20 and 70 nm in dimension produced by etching.

The cell adhesion and viability were significantly improved on the nano-featured

surface. The results strongly suggested that nanotopography could improve the

Fig. 2.20. SEM micrographs of neural stem cells seeded on (a)

aligned and (b) random nanofiber for 2 days, showing the cell–

matrix adhesion between the neural stem cells and PLLA fibers.

Bar ¼ 5 mm [254].
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response of neural cells and be used in designing neurochips as proposed by re-

searchers such as Weis and Fromherz at the Max-Plank Institute for Biochemistry,

Germany, and Pine and colleagues at the California Institute of Technology, Pasa-

dena, California [222].

2.8.4

Skin

Extensive burns or skin damaged by ambustion and injury require comprehensive

therapy to repair the conditions, to prevent dehydration and infection. Dressing of

wound is aimed to protect, remove exudates, inhibit exogenous microorganism in-

vasion, and improve appearance [81]. Many studies have been done in the past 30

years to develop and enhance the skin regeneration by tissue engineering. In 1962,

Winter [258] showed that covering the wound with a polyethylene film signifi-

cantly improves the epithelialization of the wound in a shorter time. Protection

was further accomplished by covering the wound with a dressing such as artificial

skin constructed from either natural or synthetic polymers [259]. Wound areas that

are kept just damp may heal faster, but accumulation of exudates under the dress-

ing can cause infection [260]. Currently, autograft is a standard treatment in

wound dressing. It is done by removing a section of the skin from another part of

the body and grafting onto the wound. However, the removal of the dermis and

epidermis is a serious operation and the availability of healthy skin can be limited

if the burnt areas are widespread [261]. Recent developments in the regeneration

of skin by tissue engineering have overcome these difficulties, especially in the

use of polymer nanofibers for wound healing.

The objective of tissue engineered wound dressing is to produce an ideal struc-

ture, which gives higher porosity and good barrier. The materials must be selected

carefully to produce high quality barrier properties and oxygen permeability. Elec-

trospun nanofibrous membranes have potentials as wound dressing. This is be-

cause the membrane attained uniform adherence on wet wound surface without

any fluid accumulation [82]. It can meet the essential requirements of wound heal-

ing such as high gas permeation and protection of wound from infection and de-

hydration. Khil and colleagues (2003) [81] have shown that the rate of epithelializa-

tion was increased and the dermis was well organized in wound covered with

electrospun nanofibrous polyurethane membrane, which provided a good support

for wound healing. The wound dressing showed controlled evaporative water loss,

excellent oxygen permeability and promoted fluid drainage ability due to the po-

rous nature of the nanofibers and the inherent properties of polyurethane. Polyur-

ethane is frequently used in wound dressing because of its good barrier properties

and oxygen permeability. Woodley and colleagues (1993) [262] reported that semi-

permeable dressings, many of which are constructed from polyurethane, enhanced

wound healing. The permeability of the wound dressing is crucial to prevent accu-

mulation of fluid between the wound and the dressing. The fluid absorbed in the

wound dressing will keep the wound moist and this will inhibit wound desiccation.

Researchers have also tried to determine the effect of occlusive dressings on the
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healing of wound prepared by polyurethane [263–266]. The disadvantage of the

semiocclusive dressings is that fluid will accumulate under the dressings after

a few days [267] and aspiration of the wound is required to prevent leakage and

infection.

Another polymer that is frequently used for wound dressing is PCL, a bio-

degradable polymer characterized by a resorption time in excess of one year [268]

but is known to be susceptible to enzymatic degradation [269]. Various degrada-

tive enzymes such as collagenases, matrix metalloproteinases, gelatinase A and

stromelysin-1, which are secreted by macrophages, epidermal cells and fibroblasts

for cell migration and repair during wound healing have been established to de-

grade PCL [270]. PCL and collagen nanofiber membranes have been used as

wound dressings [107]. This structured membrane improves the mechanical integ-

rity of the matrix, and provides a high level of surface area for cells to attach due to

its 3D features and high surface area to volume ratio when compared to polymer

film (Fig. 2.21). This PCL/collagen membrane will possess both the mechanical

properties and cell binding affinity derived from the unique properties of PCL

and collagen, respectively. In this study, fibroblasts were shown to migrate inside

the collagen nanofibrous matrices mimicking the structure of the dermal substi-

tute. Collagen synthesized by fibroblasts is a good surface active agent and will en-

Fig. 2.21. Fibroblast cell attachment and growth on PCL and collagen nanofibers [107].
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hance the attachment of keratinocytes to the surface of artificial dermis in serum

free medium. It is assumed that the fibroblasts on the artificial dermis can release

biologically active substances, such as cytokines, which induce invasion of the

wound site by fibroblasts and other immunological cells during the early synthesis

of the new skin tissue. The dynamic architecture of the fibers such as pore size and

fiber alignment allows the cells to grow into the nanofiber matrices to form a der-

mal substitute for many types of wound healing. This nanofiber-based fibroblast-

cultured dermal substitute maintains the moist environment on the wound surface

and thereby promotes wound healing.

The incorporation of collagen in polymer scaffolds has been demonstrated in

many studies to promote cell growth and proliferation. Using human osteoblasts,

Coombes et al. (2002) [271] demonstrated that PCL composite films consisting of

non-crosslinked collagen mats support higher cell growth than unmodified PCL

films. In another study, Dai et al. (2004) [272] found that composite films of colla-

gen and PCL are favorable substrates for growth of fibroblasts and keratinocytes

and may find utility for skin repair. To improve on this further, Huang and col-

leagues (2001) [273] developed a convenient, non-toxic, and non-denaturing pro-

cess to fabricate collagen-containing nanofibers with diameters ranging from 100

to 150 nm, and non-woven fabrics, which they proposed based on the materials

excellent properties to have potential applications in wound healing, tissue engi-

neering and as haemostatic agents. Fine fibers of biodegradable polymers have

also been developed to be directly sprayed or spun onto the injured location of the

skin, forming a nanofibrous mat dressing, which encourages wound healing by the

formation of normal skin and elimination of scar tissue that would occur in a con-

ventional treatment [274–277]. Two patents have been filed [278, 279] where re-

searchers produced a skin mask by directly electrospinning fibers that contain

pH-adjusting compound onto the skin surface to protect and eventually heal the

wound.

The main advantages of non-woven nanofibrous membrane mats for wound

dressing are their pore size, usually from 500 nm to 1 mm, which is small enough

to protect the wound from bacterial penetration, and the high total nanofiber sur-

face area of 5 to 100 m2 g�1, which is extremely efficient for fluid absorption and

dermal delivery. A commonly used wound dressing in hospitals is TegadermTM

developed by 3M (USA), which is a thin polyurethane membrane that is permeable

to both water vapor and oxygen but impermeable to microorganisms. In one study,

electrospun nanofibrous membrane showed excellent and immediate adherence to

wet wound surface compared with the dermis of wound covered with TegadermTM

(3M, USA), which was also reported to be inflamed [81]. The rate of epithelializa-

tion was increased, the dermis was well organized, and fluid accumulation was not

observed in electrospun nanofibrous membrane group [81, 82]. These result indi-

cate that the electrospun nanofibrous membrane provided a good means for

wound healing. In addition, histological examination confirmed that epithelializa-

tion rate was increased, and the exudates in the dermis were well controlled by cov-

ering the wound with the electrospun membrane. Thus, nanofibrous membrane

prepared by electrospinning could be properly employed as wound dressings.
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2.8.5

Bone and Cartilage

Only in recent years have researchers gained a better understanding of stem cell

biology and their potential for bone and cartilage repairs and regeneration, and

this has accelerated the development of biomaterial scaffolds for tissue engineering

research in this discipline. The surface properties of biomaterial regulate the cell

phenotype through their capacity to support and spatially display the crucial adhe-

sion contacts [280, 281]. Nano-scale features have also been used to design the scaf-

folds for culture of osteoblasts and mesenchymal stem cells [221]. Recent advances

in stem cell biology have shown that MSCs can differentiate into cells of mesen-

chymal tissues such as bone, cartilage, muscle, tendon, ligament and fat, and are

expected to play important roles in the repair of skeletal defects [282, 283]. Osteo-

blasts derived from MSCs of neonatal rats cultured on poly(d,l-lactide-co-glycolide)
foam were observed to deposit minerals and form 3D bone-like structures in the

foam [284]. In another report, a non-woven PCL nanofibrous scaffold was fabri-

cated and its potential evaluated in bone tissue engineering with rat mesenchymal

stem cells [133, 285]. It was observed that the polymer constructs were covered

with multiple cell layers, mineralized, and impregnated with type I collagen. Be-

sides synthetic polymer, researchers have used natural polymers such as silk to

produce nanofibrous scaffolds [6]. Human bone marrow stromal cells were cul-

tured on electrospun silk fibroin fibers with an average diameter of 700 nm. These

silk matrices supported bone marrow stromal cell attachment and proliferation

with higher cell density than for native silk fibroin matrices.

The 3D structure of these nanofibrous scaffolds are characterized by a wide

range of pore diameter, high porosity, high surface area to volume ratio, and mor-

phological architectures similar to the natural structural fibrillar proteins in the na-

tive ECM. These physical characteristics promote favorable biological responses of

cells by enhancing cell attachment and proliferation as demonstrated by Li and col-

leagues (2002) [138] when they developed an electrospun PLGA nanofibrous scaf-

fold that has potential as a possible alternative replacement for bone, cartilage and

skin tissue engineering. Fibroblast and bone marrow-derived mesenchymal stem

cells seeded on this structure tend to maintain phenotypic shape and guided

growth according to the nanofiber orientation. Li et al. (2003) [131] further eval-

uated a novel, 3D non-fibrous PCL scaffold composed of electrospun nanofiber for

its ability to maintain chondrocytes in a mature functional state. Nanofibrous cul-

tures maintained in the supplemented serum-free medium produced more sul-

fated proteoglycan-rich cartilaginous matrix, and supported cellular proliferation

than monolayer cultures. In another study, Li et al. (2005) [132] evaluated the ef-

fects of growth factors incorporated in the scaffolds on cell growth. When the adult

human bone marrow-derived MSCs were cultured on a PCL nanofibrous scaffold

in the presence of transforming growth factor-b (TGF-b), the MSCs differentiated

to chondrocytic phenotypes, expressing chondrocyte-specific genes such as colla-

gen type II, IX, and XI, aggrecan, and produced cartilage-associated extracellular

matrix proteins. The level of chondrogenesis in the nanofibrous scaffold was com-
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parable to cell aggregates or pellet cultures, which are the established procedures

in inducing chondrogenesis. In addition, the mechanical properties of the cell–

nanofibrous construct were superior to those developed from pellet cultures. These

studies suggested that nanofibrous structure may be a suitable candidate scaffold

biomaterial for bone and cartilage tissue engineering applications.

Nanotexturing has also been reported to provide the necessary attachment sur-

faces on the scaffolds for cell to grow. This was demonstrated by Oliveira et al.

(2004) [286] who reported that nanotexturing of titanium-based surfaces upregu-

lates the early expression of bone sialoprotein and osteopontin in osteogenic cell

cultures (Fig. 2.22). Badami et al. (2005) [287] determined how chemical and topo-

graphical features affect adhesion, morphology, orientation, proliferation, and os-

teoblastic differentiation of MC3T3-E1 model osteoprogenitor cells, and found

that osteoprogenitor cells were able to adhere and proliferate on a random fused

fiber topographies and mean fiber diameters ranging from 0.14 nm to 2.1 mm. In

the presence of osteogenic factors such as b-glycerophosphate, and l-ascorbate-2-

phosphate, cell density on fibers was equal or greater than on smooth surfaces.

Cells attached to electrospun substrates exhibited a higher cell aspect ratio than

cells on smooth surfaces. This study demonstrated that surface topography intro-

duced by electrospun fibers with an average fiber diameter of 0.14–2.1 mm affects

cell morphology and cell proliferation. Carbon nanotubes and nanofibers have sev-

eral potential properties that make these materials beneficial in the development of

Fig. 2.22. SEM images of osteogenic cells

grown on diverse titanium surfaces. Control

samples, (A) Ti alloy and (E) cpTi, exhibit a

smooth surface, while etched ones, (C) Ti alloy

and (G) cpTi, are characterized by a unique

nanotopography. At 6 h, no significant

differences were detected in cell shape

between control (B and F) and nanotextured

(D and H) surfaces. The predominant cell

shape was polygonal, with cells showing either

thin cytoplasmic extensions or large veil-like

ones. cp: commercially pure, Ti: titanium [286].

2.8 Applications of Polymeric Nanofibers in Tissue Engineering 103



novel devices for bone reconstruction [20]. The dimensions of carbon nanofibers or

nanotubes mimic that of collagen fibrils (0.1–8 mm in diameter) in the bone. In

one study, Elias et al. (2002) [288] investigated the functions of human osteoblasts

cultured on carbon nanofibers with diameters of <100 nm. Osteoblasts were ob-

served to increase in proliferation, synthesis of alkaline phosphatase and deposited

more extracellular calcium on carbon nanofiber with diameters < 100 nm. The

enhanced mineral deposition in this study demonstrated the potential of carbon

nanofibers as a material for orthopedic implants. The enhanced function of the os-

teoblasts is suggested to be due to similarity of the dimension of carbon fibers to

that of hydroxyapatite crystals found in physiologic bone. Smaller diameter carbon

nanofibers (60–100 nm) have been suggested as suitable for use in orthopedic/

dental implant material designs and this may be due to the increase in osteoblast

and decrease in osteoblast competitive cells such as fibroblasts, chondrocytes, and

smooth muscle cells adhering to the carbon nanofibers [20]. These studies demon-

strated that nano-scale carbon fibers could promote osteoblast adhesion, and the

application of nanotopography could create an environment favorable for bone

cells.

Studies have determined that nanofibrous structure could enhance protein ad-

sorption, including fibronectin and vitronectin, and hence enhance the osteoblast

attachment [84, 289]. Woo et al. (2003) [84] hypothesized that nanofibrous PLLA

scaffolds, which they developed to mimic the bone extracellular matrix microenvir-

onment, have potential to adsorb serum proteins to enhance cell growth. The 3D

porous PLLA scaffolds they developed had interconnected spheroid pores of be-

tween 50 and 500 nm with nanofibrous architecture walls. This nanofibrous scaf-

fold adsorbed 4� more serum protein than the non-fibrous scaffold. In another

study, Wei and Ma (2004) constructed a nHAP/polymer composite with high poros-

ity from a dioxane–water mixture solvent system using thermally induced phase

separation techniques for bone tissue engineering and observed that the protein

adsorption was three-fold higher in the fibrous scaffold compared with non-fibrous

scaffold [289]. The adsorbed serum proteins may have a role in enhancing cell

attachment and proliferation on nano-structured surfaces compared with micro-

structured surfaces [290–295]. Incorporation of chemical additives to the nano-

fibers has also been reported to enhance cell growth. Recently, Fujihara and col-

leagues (2005) [296] fabricated a new type of guided bone regeneration membrane

from electrospun PCL/CaCO3 composite nanofibers (Fig. 2.23). SEM images

showed the presence of CaCO3 nanoparticles on the surface of the PCL nanofibers.

In vitro studies showed that osteoblast attachment was encouraged on the compos-

ite nanofibrous membrane, and good cell proliferation was observed.

In its native environment, self-healing of articular cartilage is rarely possible

[297]. Hence, various clinical procedures have been evaluated in articular cartilage

repairs, in particular tissue engineering approaches [298, 299]. Successful cartilage

tissue engineering depends on the ability of chondrocytes to accumulate into a 3D

architecture. Chondrocytes for articular cartilage therapy are isolated from the car-

tilage of the patients. However, low numbers of chondrocytes can be harvested

from each isolation procedure and expansion of the cells is inevitable [131]. This
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procedure will also result in the cellular dedifferentiation of the cells [300]. To over-

come the dedifferentiation issue, the cells can be redifferentiated upon seeding low

passage cells in 3D matrix environments such as alginate, agarose [301, 302] or

other scaffolds [303]. Hydrogel formatted biopolymers have limited applications

for cartilage tissue engineering and this is due to the lack of long-term mechanical

stability and controlled degradation time [303], while synthetic polymers with de-

fined chemical composition provide tailored properties to fit the requirements of

engineered tissue scaffolds. The unique architecture of the electrospun 3D syn-

thetic polymer scaffold may provide an ideal environment for both the induction

of redifferentiation and the maintenance of differentiated chondrocytes [131]. In

cartilage, this synthetic ECM-like structure is crucial to provide mechanical support

for the tissue and interacts with the chondrocytes [304, 305].

The above studies implicate the advantages of electrospun nanofibers as scaf-

folds for bone and cartilage tissue engineering as evidenced by growth of osteo-

blasts, chondrocytes and mesenchymal stem cells on these fibers. Nanofibrous

meshes could provide a better mechanical structure and spatially control cell–

scaffold interaction compared with conventional systems. This is based on the ob-

servation of osteogenesis and chondrogenesis of the bone marrow-derived stem

cells on the nanofibers media.

2.8.6

Heart and Vascular Grafts

Blood vessels play important roles in distributing blood to the body for gaseous

and nutrient exchange. One of the major causes of mortality in the world is car-

diovascular or vascular disease that results when the heart, arteries or veins are

dysfunctional. Due to the high statistics of this disease, much effort in tissue engi-

neering has been geared towards developing a viable vascular substitute as an alter-

native treatment.

Fig. 2.23. (a) PCL/CaCO3 composite nanofibers, and (b)

osteoblast on guided bone regeneration membranes [296].

2.8 Applications of Polymeric Nanofibers in Tissue Engineering 105



Tissue-engineered blood vessels have a long history, beginning with PMMA

tubes as vascular grafts back in the late 1940s [306]. In the early 1950s, textile

grafts were first introduced with the development of the first fabric graft by Voo-

rhees (1952) [307]. This subsequently led to the use of PET (Dacron) as a vascular

graft substitute by Julian and DeBakey in 1958 [308] who believed that a woven

material would be less thrombogenic than a smooth material. However, numerous

studies have shown that absorbable vascular grafts would allow the regeneration of

new functional arteries [309, 310]. In 1979, Bowald reported a fully bioresorbable

graft made of a rolled sheet of Vicryl as vascular substitutes [311, 312]. Bioresorb-

able woven PGA grafts were also evaluated as vascular substitutes in rabbit models

by Greisler (1982) [313] and Greisler et al. (1985) [314]. All these grafts performed

only modestly in terms of patency, immunological tolerance, and thrombogenic

response.

Currently, a more practical approach for tissue engineering implantation is to

use polymer based vascular conduits. However, vascular grafts constructed from

synthetic polymers have only been used successfully for large diameter, but not

for small diameter, vessels (<6 mm). To date, there are no acceptable synthetic

grafts for small diameter blood vessels and autologous grafts have to be harvested

from the patients for transplantation. However, this process is time consuming

and complications may arise, increasing the time of recovery for patients. In addi-

tion, there is a limit on the number of autologous grafts that can be harvested from

the patient for transplantation and, at times, the autologous grafts may be diseased

and are not suitable for transplantation.

Understanding the basic structure of the blood vessel is important in order to

construct a blood vessel scaffold. It consists of three main layers: tunica intima
(innermost lining), tunica media (middle lining) and tunica adventitia (outermost

lining). The tunica intima includes an endothelial lining and an underlying layer

of connective tissue of elastic fibers. The tunica media contains concentric sheets

of smooth muscle tissue in a structure of loose connective tissue, and the tunica
adventitia contains collagen and elastic fibers [315]. Constructing a blood vessel

scaffold is a complex task, and the chances that thrombosis or hyperplasia may

arise are high, resulting in vascular graft failure. Rejections can also be another

problem when the cellular and humoral immune system detects the graft as a for-

eign body.

Endothelization is a promising approach to prevent thrombogenesis and inti-

mal hyperplasia. These endothelial cells secrete bioactive substances such as hepa-

rin sulfate and nitric oxide, which prevent the smooth muscle cells from over-

proliferating, as well as cover the scaffold to minimize attachment of platelets to

the scaffold to initiate thrombogenesis. Obtaining an endothelized surface on a

biodegradable polymer scaffold has become an attractive model for replacing the

small diameter blood vessel. Studying the interaction of endothelial cells and poly-

meric nanofiber scaffold helps researchers optimize the cell growth conditions on

the vascular grafts. Surface roughness is one of the parameters that even subtle

differences in can affect endothelization. Studies comparing the adhesion of the

human vascular artery endothelial cells on a smooth solvent-cast PLLA surface

106 2 Polymeric Nanofibers in Tissue Engineering



and a rough electrospun PLLA surface showed an inverse relationship between

surface roughness and endothelial cells adhesion and proliferation rates [316].

Endothelization is limited when endothelial cells are exposed to blood circulation

resulting in cell detachment from the surface. Introduction of biomolecular cell

recognition sites on the surface of the vascular graft such as extracellular matrix

proteins will enhance cell attachment through receptor–ligand binding with the

endothelial cells. In He et al. (2005) [16], human coronary artery endothelial cells

(HCAECs) were cultured on collagen-coated PLLA-CL nanofiber mesh (NFM) and

its growth compared with cells cultured on PLLA-CL NFM and the tissue culture

polystyrene surface (TCPS). The endothelial cells cultured on the collagen-coated

NFM had the same typical spreading morphology as the TCPS, in contrast to

the rounded morphology of cells cultured on the PLLA-CL NFM (Fig. 2.24). This

study clearly demonstrated that the cytocompatibility of PLLA-CL nanofibers

was increased when coated with collagen. This is important in achieving an anti-

thrombogenic layer for a successful vascular graft. Endothelial cells were cultured

on collagen-blended PLLA-CL nanofibers with various PLLA-CL:collagen weight

ratios of 4:1, 2:1, 1:1 and 1:2. The cell viability increased with increased collagen

content in the blended nanofibers (Fig. 2.25). In addition, there was an enhance-

ment of cell adhesion and spreading on the blended nanofibers when they were

grown in culture medium without serum and growth factors [12]. In another

Fig. 2.24. (a)–(c) Laser scanning confocal

images of endothelial cells, stained with

CMFDA (5-chloromethylfluorescein diacetate),

that are cultured on TCPS, PLLA-CL nanofiber

mats and collagen-coated PLLA-CL nanofiber

mats, respectively. (d)–(f ) Scanning electron

micrographs of endothelial cells cultured on

TCPS, PLLA-CL nanofiber mats and collagen-

coated PLLA-CL nanofiber mats, respectively

[16].
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study, gelatin grafted PET nanofiber mats were shown to improve endothelial cell

proliferation and preserved the cell phenotype. On the gelatin grafted PET nano-

fiber mats, the cells were observed to exhibit polygonal spread out morphology, in

contrast to rounded morphology of cells cultured on the PET nanofiber mats [14].

Alternatively, modifying the physical properties of scaffold surface, such as enhanc-

ing hydrophilic property, changing the pore size, and altering the surface rough-

ness, have been reported to increase endothelization on the scaffolds [316].

Another important population of cells in the blood vessels is the smooth mus-

cle cells. Studies have shown that human coronary artery smooth muscle cells

(HCASMCs) were able to attach and grow in the direction of the axis of the nano-

fibers, expressing a spindle-like contractile phenotype when cultured on electro-

spun aligned PLLA-CL nanofibers (Fig. 2.26), which closely mimics the behavior

of cells in native vessels. The adhesion and proliferation of the HCASMCs on the

aligned nanofibers was significantly increased compared to that on the solvent-cast

polymer film. PLLA-CL aligned nanofiber is seen as a potential scaffold for blood

vessel engineering applications.

In the native blood vessel, the most abundant proteins are collagen and elastin.

Collagen provides the resistance against rupture and elastin confers elasticity.

There are studies showing that pretreatment of nanofibers would enhance cell

growth. Buttafoco et al. (2005) [317] have reported that collagen-elastin nano-

fibrous mesh crosslinked with N-(3-dimethylaminopropyl)-N 0-ethylcarbodiimide

hydrochloride and N-hydroxysuccinimide enabled smooth muscle cells to grow

Fig. 2.25. Viability of HCAECs grown on TCPS, collagen

nanofibers, collagen-blended PLLA-CL nanofibers (BNF) with

different weight ratios of PLLA-CL to collagen (BNF 1:1, BNF

2:1, BNF 4:1), PLLA-CL nanofibers, and collagen-blended

PLLA-CL film [12].
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well as a confluent layer. Studies by Boland et al. (2004) [17] showed that pretreat-

ment of small diameter electrospun PGA fibers with concentrated hydrochloric

acid significantly increased rat cardiac fibroblast proliferation. To date, construct-

ing a viable blood vessel substitute is a challenging task as many criteria need to

be fulfilled. One of the criteria may be the use of nanofiber scaffolds for blood

vessel tissue engineering.

2.8.7

Stem Cells

Stem cells are undifferentiated cells that have the capacity for both self-renewal,

proliferate and differentiate to one or more types of specialized cells [318]. These

unique characteristics of stem cells are crucial in the applications of in vivo thera-

pies such as treating leukemia and repairing injured myocardium by the injection

of stem cells that will differentiate and proliferate into the desired cell type. How-

ever, this approach relies on the pre-existence of extracellular matrix proteins [319].

The two major types of stem cells are embryonic stem cells, derived from the inner

Fig. 2.26. Confocal images of HCASMCs immunostained for

a-actin filaments cultured (a) on aligned nanofibrous scaffold,

(b) on aligned nanofibrous scaffold, overlay image on the

aligned fiber, and (c) on TCPS.
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cell mass of early aborted fetuses and capable of differentiating into almost any cell

type, and adult stem cells of hematopoietic or mesenchymal origin, which are less

versatile for tissue engineering applications. However, the use of adult stem cells

in therapy incurs less ethical and medical issues since the cells are harvested

from the patient, incorporated into a tissue engineered construct and then re-

turned to the individual without the need for immunosuppression [318].

The majority of mammalian cells are anchorage dependent and are mostly de-

rived from mesenchymal stem cells [320]. MSCs are multi-potential cells that can

differentiate into bone, cartilage, fat, muscle, marrow stroma, and other cell types

when induced by the appropriate biological cues in vitro [282, 321]. Their poten-

tial for expansion, lineage-specific differentiation, and derivation from autologous

sources suggest that human mesenchymal stem cells (hMSCs) can be a possible

candidate cells for tissue engineering and regenerative therapies [132]. Research

has shown that when MSCs are cultured in the presence of suitable media contain-

ing differentiation-promoting agents and growth factors the cells differentiated

into osteoblasts [322], adipocytes, and chondrocytes [323]. Human MSCs have

been isolated from many adult human tissues [324–331], especially from the

bone marrow, which is also a major source and reservoir for hematopoietic stem

cells [332]. The capture, expansion, and differentiation of these stem cells are re-

quired before incorporation into a tissue engineered construct for successful tissue

regeneration.

An ideal biomaterial scaffold for stem cell tissue engineering application should

be able to support multi-lineage cell types since most tissues and organs are multi-

phasic in nature [333]. There are a few successful examples of engineered multi-

phasic tissues such as the osteochondral construct which consists of bone and

cartilage tissues [334–338]. The approach involves the integration of the chondral

construct and the osteo-construct after they are separately fabricated from stem

cells [336] or differentiated cells [337]. Another approach would be using the cell

pellet culture system, which has been widely used to investigate the MSC chon-

drogenesis [323, 324, 339–341]. In two of those studies, human MSCs exhibited

chondrogenic properties when cultured in a cell pellet system [323, 324]. However,

constructs derived from the cell pellet culture system are small and uniformly

weak in mechanical properties, making them unsuitable for repair of larger carti-

lage defects.

Alternatively, nanofibrous scaffold is a potential candidate scaffold for a cell-

based tissue engineering approach as well as a potential carrier for MSC transplan-

tation. In a study, Li et al. (2005) [132] compared the chondrogenic activities of

bone marrow-derived MSCs seeded on PCL nanofibrous scaffolds to cell pellet cul-

ture system in the presence of TGF-b1 as chondrogenic growth factor. The results

showed that the level of MSC chondrogenesis on nanofibrous scaffolds is en-

hanced compared to the cell pellet culture system (Fig. 2.27). From this observa-

tion, it was proposed that the 3D PCL-based nanofibrous scaffold is able to serve

as a bioactive carrier for MSC transplantation for cartilage repair. In a later study,

Li et al. (2005) [333] tested a 3D PCL nanofibrous scaffold for its ability to support

and maintain multi-lineage differentiation of bone marrow-derived human MSCs.
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In this in vitro study, the cells seeded onto the scaffold were induced to differenti-

ate along adipogenic, chondrogenic or osteogenic lineages by culturing in specific

differentiation media. It was reported that multi-lineage differentiation of MSCs

is fully supported within the nanofibrous scaffolds. These two studies suggested

that the PCL-based nanofibrous scaffold is a promising candidate scaffold for cell-

based, multi-phasic tissue engineering. This is further supported by Boudriot and

colleagues (2005) [320] who studied the differentiation of human MSCs when cul-

tured onto 3D electrospun PLLA nanofibers for 21 days. The mesenchymal stem

cells clearly preferred a guided growth along the nanofibers and revealed no signs

of cell death (Fig. 2.28). In addition, osteogenic differentiation of the mesenchymal

stem cells was also observed. The results showed that the use of electrospun nano-

fibers as scaffolds for stem cells is promising in tissue engineering.

2.9

Innovations in Nanofiber Scaffolds

Even though nanofibrous scaffolds are widely used for tissue engineering applica-

tions, they are increasingly being used as vectors for controlled delivery systems

such as for drugs, and this is due to their high surface area and nano-scale dimen-

Fig. 2.27. Morphology of day 21 cell pellet and

nanofibrous scaffold MSC cultures examined

by SEM. (A)–(D) cultures maintained without

TGF-b1; (E)–(H) cultures treated with TGF-b1.

(A) Top view of cell pellet, revealing a

roughened surface; (B) cross-sectional view of

cell pellet, showing the presence of native

collagen-like fibers; (C) top view of nanofibrous

scaffold, showing fibroblast-like cells covering

the surface; (D) cross-sectional view of

nanofibrous scaffold, showing cells covered

with ECM, and integrated with PCL nanofibers;

(E) top view of cell pellet, with round

chondrocyte-like cells on the surface; (F) cross-

sectional view of cell pellet, showing thick

ECM; (G) top view of nanofibrous scaffold,

showing the presence of round, ECM-

embedded chondrocyte-like cells; and (H)

cross-sectional view of nanofibrous scaffold,

showing a thick, dense ECM-rich layer.

Bar ¼ 10 mm [132].
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sions. Annually, millions of people [342] have been administered with various

drugs and proteins such as human growth factors and hormones encapsulated or

incorporated with polymers to assist delivery in the treatment of diseases or to im-

prove health [343]. In drug delivery systems, the ideal drug dosage is the mini-

mum amount delivered to the diseased site and effectively absorbed. Uptake of

drugs by the body is influenced by the solubility of the compound in aqueous

environment, modifications to the compound to assist solubility, and the ease of

releasing the drug into the system is facilitated by the degradation of the coating

or encapsulating materials of the drugs [35]. Hence, polymeric materials in the

form of nano or micro particles, hydrogels and micelle [344] have been developed

as vectors for drug delivery. The principle of drug delivery with polymer nanofibers

is based on the dissolution rate of a particulate drug which increases with a corre-

sponding increase in the carrier surface area. The nano-dimensions of these poly-

meric delivery materials will allow the drugs to be more effectively delivered to the

target sites and this will improve the therapeutic effects of the drugs and at

the same time reduce undesirable side effects associated with the drugs. As such,

the usage of polymer nanofiber membranes has become the main focus of re-

search for drug delivery applications [21].

Nanofiber mats prepared from PLA, PEVA and their blend have been incorpo-

rated with the drug tetracycline hydrochloride [345, 346]. The PLA nanofibers

showed an instantaneous release of the drug while the drug release profiles of

PEVA and PLA/PEVA blend gradually increased over 120 h. Zong et al. (2002)

[347] have prepared bioabsorbable nanofiber membranes from PDLLA incorpo-

rated with the antibiotic Mefoxin and a burst drug release profile was observed

within the first 3 h, and a 90% release rate was achieved after 50 h. Even though

the release profile of the drug is important, it is essential that the drug remains

active upon release. Kim et al. (2004) [344] have evaluated the bioactivity of re-

leased Mefoxin incorporated in PLGA nanofibrous membrane to inhibit Staphylo-
coccus aureus growth. Incorporation of Mefoxin in the polymer did not diminish

the antibiotic activity and the released Mefoxin effectively inhibited bacterial

growth.

Fig. 2.28. (a) hMSC morphology on nanofiber scaffold; (b) seeded hMSC [320].
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Drugs incorporated into the nanofibers have a tendency to release in a burst pro-

file when administered directly into the biological system, as shown by the earlier

studies [344–347]. This release profile may not be suitable for some drugs that

have to be released gradually, such as hypertension drugs. In an effort to better

control drug release, Verreck et al. (2003) [348] placed the electrospun hydroxylpro-

pylmethyl cellulose (HPMC) nanofibrous membranes that contained the drug itra-

conazole into a hard gelatin capsule that is traditionally used to encapsulate drugs.

Nanofibers in the capsule gradually released the drug over 20 h compared with

the nanofiber membranes without the capsule, which released 100% of the drug

within 4 h. This unique approach using pharmaceutical hard gelatin capsule for

drug release from nanofiber is able to control the drug release rate by changing

the amount of drug incorporated, minimizing the distribution of fiber diameter,

and drug distribution in a nanofiber. The diffusion of drugs through the inter-fiber

pores in an aqueous environment is another important issue in order to under-

stand the drug release manner from nanofibers. Verrick et al. (2003) [349] used

poorly water-soluble drugs, itraconazole and ketanserin, as model compounds

while segmented polyurethane was selected as the non-biodegradable polymer.

At low drug loading, itraconazole was released from the nanofibers in a linear

function. Initial burst release of the drug was not observed. As for ketanserin, a

bi-phasic release pattern was observed where two sequential linear release phases

were noted. These release phases may be temporally correlated with drug diffusion

through the polymer and through formed aqueous pores, where the latter require

some time to materialize in the aqueous environment.

Modification to the polymeric nanofibers is an alternative to control drug release.

Zeng et al. (2003) [350] have fabricated PLLA nanofibers with cationic, anionic and

nonionic surfactants as additives, to evaluate the release profiles of typical drugs

such as rifampin (a drug for tuberculosis) and paclitaxel (an anticancer drug).

They found that the surfactants can reduce the diameter of electrospun fibers as

well as control the size distribution of the nanofiber diameter. The constant rate

of drug release is in-line with the degradation rate of the nanofibers. Therefore,

the distribution of fiber diameter may play an important role in controlling the

drug release rate. Such nanofibers may find clinical applications. Table 2.2 summa-

rizes studies conducted using nanofibers for the drug delivery system. Electrostatic

spinning is an efficient and simple technique to prepare the drug-laden nanofiber

for potential use in oral, topical, and even in vivo delivery of drugs despite its recent
application in the pharmaceutical industry. Several recent publications suggest that

it may be of high value in the formulation of poorly water-soluble drugs by com-

bining nanotechnology and solid solution/dispersion methodologies [351].

Current therapies to regenerate or replace various tissues (e.g., bone, blood ves-

sels, skin, liver, eye, and nerve) in the body depend on the delivery of growth fac-

tors [352]. Growth factors are crucial to achieve successful tissue regeneration as

substitutes for biological functions of damaged and injured organs. These growth

factors help to create a more favorable environment to enhance tissue regenera-

tion. In addition to the growth factors, this environment can be achieved by provid-

ing various biomaterials as cell scaffolds to promote cell proliferation and differen-
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tiation. Growth factors such as fibroblast growth factor (FGF), vascular endothelial

growth factor (VEGF), TGF-b, platelet derived growth factor (PDGF), and angio-

poietins are often required to promote tissue regeneration. This is because they

can induce angiogenesis, promoting a sufficient supply of oxygen and nutrients to

effectively maintain the biological functions of cells transplanted for organ substi-

tution. Biodegradable polymers have been developed to provide localized and sus-

tained growth factor release [343, 353–358], as well as to introduce plasmid DNA

that encodes the growth factors [359, 360], to desirable targets in human body.

However, the success rate of current efforts is limited due to the poor in vivo stabil-
ity of the growth factors, the mode of delivery, and the necessity for numerous sig-

nals to complete the regeneration process. Ma (2004) [54] has designed a concep-

tual model using a bioactive scaffold integrating nanofibrous architecture with 3D

biomimetic surface modification to control growth factor release (Fig. 2.29). The

design uses the architectural features of collagen to provide a high surface area

for cell attachment and new matrix deposition, as well as an open structure that

will allow an interactive environment for cell–cell, cell–nutrient, cell–matrix, and

Tab. 2.2. Electrospun polymer nanofibers incorporated with different drugs.

Polymer nanofiber Drug Function of drug Ref.

� PLLA
� PEVA
� PLA/PEVA

Tetracycline

hydrochloride

Lyme disease, pneumonia,

acne, venereal (sexually

transmitted) disease, bladder

infections, and ulcers

346

� PDLLA
� PLGA
� PLGA/PEG-b-PLA [poly(ethylene

glycol)-b-poly(lactide)]

Mefoxin A wide ranging drug against

Gram-positive and Gram-

negative bacteria

344, 347

� Polyurethane
� HPMC (Hydroxylpropylmethyl

cellulose)

Ketanserin

Itraconazole

Treatment for wound healing

Treatment of fungal

infections, such as

aspergillosis, blastomycosis,

histoplasmosis, and fungal

infection localized to the

toenails and fingernails

(onychomycosis)

348

� PLLA Rifampin

Paclitaxel

Treats tuberculosis (TB)

Treats head and neck cancer,

non-small cell lung cancer,

small cell lung cancer, and

bladder cancer

350
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cell–signal molecule interactions. The challenge of finding an appropriate delivery

mechanism for these signaling proteins, and to determine the time and dosage of

delivery, could possibly be achieved by capitalizing on the unique characteristics of

nano-scale polymeric fibers.

2.10

Conclusion

Nanotechnology is a diverse and interdisciplinary area of research. This research

discipline promotes the innovation of new nano-scale materials and devices with

improved properties and functionalities. Nanotechnology has the capacity to revo-

lutionize in many areas of applications such as surface microscopy, silicon fabrica-

tion, biochemistry, molecular biology, physical chemistry and computational engi-

neering. However, safety concerns of nanomaterials in everyday life and its social,

political and regulatory implications have been discussed extensively despite com-

mercialization of some products made of nano-based materials. Nanofiber technol-

ogy is an important research area in nanotechnology and the understanding of

nanofiber processing methodologies is essential for the overall advancement of

Fig. 2.29. Schematic of a ‘‘biomimetic nano-scaffold’’. The

scaffold combines the novel nanofibrous architecture of an

interconnected pore network with microspheres for controlled

release of putative regenerative factors. (Adapted from Figure

10 of Ma [54].)
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nanotechnology. Current research in nanomaterials may not only lead to the devel-

opment of superior functions but also provide a means to deliver these special

functions to higher order structures. Nanofibrous scaffolds designed to elicit spe-

cific cellular responses through the incorporation of signaling ligands (e.g., growth

factors and adhesion peptides) or DNA fragments are particularly promising for

advanced tissue repairs and regeneration, while nanoparticles and nanospheres

are able to control the release of therapeutic agents, antibiotics, genes and vaccines

to the target cells.

The electrospinning technique provides an inexpensive and convenient method

to produce nanofibers from various types of polymers with controlled variations

in polymer characteristics such as fiber diameter, pore size, high surface area, and

lightweight scaffolds. This technology has made it possible to manufacture prod-

ucts such as permeable nanofiber mats and nanofiber tubes for biomedical applica-

tions, which have proven difficult to fabricate before and most probably would not

have been in existence using fabrication technologies presently available. The avail-

ability of new materials will play a critical role in developing advanced applications

in disease diagnosis and treatment. Further research and development is required

to improve the biocompatibility and potential applications of nanofiber scaffolds.

The incorporation of nanofibers into useful devices requires in-depth understand-

ing of the parameters influencing nanofiber processing and the resulting fiber

characteristics, cell–nanofiber interactions in the biological system, and the inte-

grative process to existing technologies or applications. These are some of the

many challenges that need to be taken into account when using nanofibers for tis-

sue engineering and biomedical applications.
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3.1

Introduction

Annually, millions of Americans suffer tissue loss or end-stage organ failure at a

health care cost exceeding $400 billion, representing nearly one-half of all medical

related costs in the United States [1]. Approximately 80 000 of these patients will

await solid organ transplantation, and based on the figures from the United Net-

work for Organ Sharing (UNOS) only 27 037 solid organs were transplanted in

the United States in 2004. Also, according to the American Association of Tissue

Banks (AATB), 1.3 million bone grafts and 94 000 soft tissue (e.g., tendon, menis-

cus) grafts were performed in the United States in 2003. The current standard-of-

care for the replacement of lost or damaged organs and tissues includes transplan-

tation of whole organs from one individual to another (allografts), transplantation

of a patient’s own tissues from one region of the body to another (autografts), or by

the utilization of synthetic materials (alloplasts). Although these therapeutic mo-

dalities have had much success in clinical practice, each is associated with signifi-

cant complications. For instance, allografts are restricted due to limited supply of

donor organs and tissues, potential sequelae of chronic immunosuppression, and

risk of host immunorejection. Alloplasts or synthetic materials, also have the po-

tential of eliciting an adverse body response, and often fail over time due to wear

and fatigue. Therefore, tissue engineering has emerged as a promising alternative

for the reconstitution of lost or damaged organs and tissues, circumventing the

secondary complications associated with autografts, allografts, and alloplasts.

Three general strategies were devised in the early 1990s for the engineering of

new tissue: (1) delivery of cells or cell substitutes, (2) local or systemic delivery of

tissue inducing substances, (3) and delivery of scaffolds containing both cells and

inductive agents [1]. These approaches typically require some sort of carrier in the

form of a biomaterial scaffold to guide the delivery of cells, inductive agents, or a

combination of the two to the area of interest. In the same capacity, this biomate-

rial scaffold can also facilitate the growth and regeneration of new tissue. Figure

3.1 illustrates the general concept of tissue engineering based strategy for thera-

peutic applications. Briefly, target cells (differentiated/undifferentiated) expanded
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in vitro cultures, usually in cell culture flasks, are cultured in three-dimensional

(3D), highly porous biomaterial scaffolds (natural/synthetic) under biologically fa-

vored conditions. After a period of culture time, the cellular scaffold receiving

chemical and physical growth-needed stimuli turns into a natural tissue-like cellu-

lar implant. Furthermore, these biologically functional scaffolds play a critical role

in the tissue engineering process, for they provide a 3D structure for cellular func-

tions such as attachment, migration, proliferation, and differentiation and/or serve

as vehicles for the delivery of cells to the implant site. The success of this process is

determined by the biological and functional similarity of the engineered tissue

with native tissue. In summary, whether the biomaterial scaffold serves as a 3D

matrix for in vitro culture or functions as a template to recruit surrounding host

cells to conduct the repair process, a principal objective of scaffold design for tissue

engineering is to create a structure that can simulate the native extracellular matrix

(ECM) until cells seeded within the scaffold and/or derived from the host tissue

can synthesize a new, natural matrix.

To achieve this goal, a scaffold material must be carefully selected and the

scaffold architecture should be properly designed to ensure biocompatibility with

the seeded cells. Ideal characteristics for a scaffold include (a) biocompatibility (no

cell toxicity before and after degradation of the scaffold material); (b) promotion

of cellular activities such as cell adhesion; (c) biodegradability with a controlled rate

of degradation that corresponds with tissue growth within the scaffold; (d) a 3D

highly porous structure with an interconnected network of microscopic spaces to

allow tissue growth and permeation of nutrient medium; (e) favorable mechanical

properties; and (f ) a highly reproducible and adaptable fabrication process for dif-

ferent shapes or sizes. These characteristics are determined by the material selec-

tion and the method of scaffold fabrication [2].

Fig. 3.1. The general concept of tissue

engineering. (A) Human tissue or cell donors

and recipients. (B) Harvested and isolated

cells. (C) Cells expanded in tissue cultures. (D)

Cells cultured in tissue engineered scaffolds

and induced by biochemical and mechanical

signals. (E) Cellular constructs maintained in

bioreactors.
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Both chemical [3] and physical properties [4] of a scaffold affect cell behavior, ul-

timately determining the fate of a tissue-engineered scaffold. Progress has been

made in the improvement of the chemical biocompatibility of scaffolds through

the use of natural polymers [5] or synthetic polymers that incorporate bioactive

peptides, such as those containing the arginine-glycine-aspartate (RGD) sequence

[6]. Conversely, there has been relatively limited work on the effect of physical

properties, such as the 3D architecture of a scaffold, on cell behavior. Cells respond

differently to geometrically distinct biomaterial substrates [7]. Specifically, previous

studies have demonstrated that cells behave differently when cultured on either

two-dimensional (2D) or 3D substrates [8, 9]. For instance, chondrocytes dediffer-

entiate when cultured on a 2D surface [10], but maintain a stable phenotype when

cultured in a 3D agarose hydrogel [11]. Fibroblasts cultured in a 3D environment

developed a 3D profile of matrix adhesion, leading to a distinct cytoskeletal organi-

zation and induction of specific cell signaling pathways, compared with those cul-

tured on 2D substrates, implying the in vivo relevance of 3D matrix adhesion. Sim-

ilarly, the advantage of using 3D structures for cell culture has also been shown to

have an effect on the maintenance and differentiation of embryonic stem cells [12].

For instance, biomimetic 3D cultures significantly increase hematopoietic differen-

tiation efficacy of embryonic stem cells over their 2D counterparts. The biological

relevance of 3D cultures is most likely a consequence of cell–matrix interactions

that proceed in a complicated, bidirectional (outside-in and inside-out) manner

[13], and are likely to be critical for effective tissue engineering or regeneration.

While much is known about the biology of cell–matrix interactions in 2D cultures,

relatively little is known about this process in 3D matrices. To date, two models of

3D environments have been proposed to elucidate the details of this interaction:

substrates with a 3D topography, and 3D scaffolds. The former is useful for

studying the effects of geometrical variables on cellular activities, but not directly

applicable to tissue engineering. Since 3D scaffolds can be fabricated into desired

shapes and form interconnected pores to allow tissue ingrowth, they are readily ap-

plicable for tissue engineering.

Recent studies have also shown that cells on substrates with varying topography,

fabricated using precisely controllable techniques, behave quite differently, sug-

gesting that cells are able to recognize and distinguish geometric properties of sub-

strates, such as shape and/or roughness. For example, Tuan’s and Curtis’s groups

have reported that surface roughness had an effect on osteoblast, endothelial cell,

and fibroblast morphology, cytoskeletal properties, and proliferation [14–16]. Other

studies have reported that adhesion, proliferation, synthesis of alkaline phospha-

tase, and deposition of a calcium-containing mineral were all enhanced when os-

teoblasts were cultured in a nanophase ceramic, compared with micro-grain size

ceramics [17, 18]. Increased functions of osteoblasts have also been correlated

with a decrease in the diameter of carbon nanofibers [19]. These observations sug-

gest that a scaffold composed of nanometer-scale components is biologically pre-

ferred, which is consistent with previous studies reporting that cells favor nanoto-

pographic biomaterial surfaces [18]. As a result, nanometer structural components

should be preferred for the fabrication of functional tissue-engineered scaffolds.
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This chapter differs from previously published review articles [20–24] that focus

on the electrospinning process and the characterization of electrospun nanofibrous

scaffolds by covering in much greater detail the breadth of electrospinning technol-

ogy and its applications in tissue engineering. Notably, by taking advantage of our

research expertise in cell and tissue engineering, we particularly focus on the bio-

logical mechanisms and activities enhanced by nanofibers while also reviewing the

most up-to-date findings for the development of electrospun nanofibrous scaffolds

and the engineering of nanofiber-based tissues. In this chapter, we first emphasize

the importance of tissue engineering for clinical applications, introduce electro-

spun nanofibrous scaffolds by discussing the mechanisms and parameters influ-

encing the properties of electrospun nanofibrous scaffolds, and, finally, review the

current development of electrospun nanofibrous scaffolds in tissue engineering

applications.

3.2

Nanofibrous Scaffolds

Among nanostructures, nanofibers are more suitable for use as the basic compo-

nent of a scaffold compared with nanoparticles, due to their continuous structure.

The advantage of a scaffold composed of ultrafine, continuous fibers are high po-

rosity, variable pore-size distribution, high surface-to-volume ratio, and, most im-

portantly, morphological similarity to natural ECM [25]. The combination of these

features makes nanofibrous structures a favorable scaffold for tissue engineering,

as shown by several studies described below.

3.2.1

Fabrication Methods for Nanofibrous Scaffolds

Several techniques based on different physical principles have been used to fabri-

cate nanofibrous scaffolds with unique properties.

3.2.1.1 Phase Separation

Phase separation is often utilized as an alternative technique for scaffold fabri-

cation. In most cases, the polymer is dissolved in a solvent at a low temperature,

and then the resulting polymer and solvent phases are quenched to create a two-

phase solid. The solidified solvent is then removed by sublimation, leaving a po-

rous polymeric scaffold behind. In brief, the polymer is dissolved, gelated, and ex-

tracted using various solvents. The advantage of using phase separation to fabricate

nanofibrous scaffolds is that the shape and size of the pores can be controlled by the

addition of porogens [26]. Conversely, a limitation of the foam-like structures pro-

duced by phase separation is their compliance and lack of pore interconnectivity.

3.2.1.2 Self-assembly

By definition, self-assembly is the spontaneous organization of molecules into

well-defined and macroscopic aggregates [5, 27]. The principle of molecular self-
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assembly is ubiquitous in biological systems, e.g., the aggregation of lipid mole-

cules into micelles in an aqueous environment. In contrast to processes such as

electrospinning (see below), which are based on a top-down approach (i.e., materi-

als are broken down into their respective components), self-assembly is based on a

bottom-up approach (i.e., materials are assembled molecule by molecule).

On a molecular level, self-assembly is mediated by weak, non-covalent bonds,

i.e., ionic bonds, hydrophobic interactions, van der Waals interactions, and water-

mediated hydrogen bonds [5]. Aside from the balance of these forces, an additional

crucial factor of the self-assembly process is complementary shape among the

components [27]. To date, much of the work on self-assembly in tissue engineering

has focused on the fabrication of 3D nanofibrous structures from amphiphilic pep-

tides. In brief, when placed within an aqueous solution, the hydrophobic and hy-

drophilic domains within these peptides interact via the aforementioned forces to

form distinct strong and fast-recovering hydrogels, with hydrophobic interactions

being the principle force that drives the molecules together [28].

Self-assembled 3D nanofibrous scaffolds also closely mimic the porosity and

gross structural scale of the natural ECM. Matrices composed of interwoven nano-

fibers with a diameter of 5–8 nm, and pores of 50–200 nm diameter [28, 29] have

been observed by scanning electron microscopy and atomic force microscopy. The

biocompatibility of these scaffolds is demonstrated by their ability to support cell

proliferation and differentiation [29, 30]. In extended in vitro cultures of bovine

chondrocytes within a peptide hydrogel, the chondrocytes encapsulated within the

3D scaffold retained their morphology and developed a cartilaginous extracellular

matrix rich in proteoglycans and collagen type II, biochemical markers of a stable

chondrocyte phenotype [30].

An advantage of using self-assembly to fabricate nanofibers is that the amino

acid residues present may be chemically modified for the addition of bioactive moi-

eties. Furthermore, self-assembly is carried out in aqueous salt solution or physio-

logical media, thus avoiding the use of organic solvents and reducing cytotoxicity.

3.2.1.3 Electrospinning

Electrospinning technology has become popular for the fabrication of tissue engi-

neering scaffolds in recent years (Fig. 3.2). This is a result of the growing interest

in nanotechnology and the unique properties and relative ease of fabricating scaf-

folds using this process. Scaffolds fabricated by electrospinning have a totally

different appearance and structure to those made by self-assembly and phase sepa-

ration. Furthermore, electrospinning technology is exceptionally useful for the fab-

rication of tissue engineered scaffolds, for not only is the electrospinning equip-

ment economical, but the preparation and fabrication phases are relatively quick

compared with phase separation and self-assembly. In addition, the electrospin-

ning system is easy to set up and can be modified to fabricate nanofibrous scaf-

folds that meet specific requirements for structural or mechanical needs. The ad-

vantages of electrospinning technology make it suitable for both small quantity

production for laboratory research use and mass production for industrial use. In

terms of the properties of scaffolds produced by the different methods, electrospun
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nanofibrous scaffolds contain interconnected pores, and possess mechanical and

structural stability, that provide superiority over scaffolds fabricated by phase sepa-

ration and self-assembly. The following sections detail the fabrication technique,

properties, and clinical applications of electrospun nanofibrous scaffolds.

3.2.2

The Electrospinning Process

3.2.2.1 History

Electrospinning was developed based on observations of the ‘‘electrospray’’ phe-

nomenon first described by Lord Rayleigh in 1882 [31]. He discovered that a highly

charged droplet was unstable and would break down into smaller droplets when

passed through a voltage gradient, a property known as the ‘‘Rayleigh instability’’.

Rayleigh proposed that disruption of the droplet surface tension was the result of

forces generated through Coulombic repulsion. After this initial study, Zeleny fur-

ther investigated the electrospraying of aqueous solutions [32, 33], and Dole et al.

experimented with electrosprays of dilute polymer solutions [34]. In addition, Von-

negut and Neubauer electrosprayed water and other liquids [35], and Drozin found

that electrosprayed droplets resembled a highly dispersed aerosol [36]. These

seminal studies laid the foundation for what was to become the electrospinning

phenomenon.

Electrospinning is a direct extension of the electrospraying phenomenon, as both

processes are based on the same physical and electrical mechanisms. The main dif-

ference between the two is that electrospraying produces small droplets, whereas

electrospinning produces continuous fibers. In 1934, Formhals electrospun fine fi-

bers from a cellulose acetate solution and was granted a series of U.S. patents on

this technology [37]. In 1966, Simons found that more viscous solutions favored

the formation of longer fibers [38]. Baumgarten designed an apparatus with an in-

fusion pump to electrospin acrylic fibers, and discovered that the diameter of fibers

Fig. 3.2. Growth of research using electrospinning technology.

The increasing number of scientific publications containing the

keyword ‘‘electrospinning’’ indicates the upward trend of

electrospinning applications.
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could be controlled by the polymer feed rate from the infusion pump [39]. Finally,

Larrondo and Manley electrospun polypropylene and produced polyethylene nano-

fibers in 1981 [40–42]. The recent, surging interest in nanotechnology has engen-

dered renewed attention to this convenient, economical technology that enables

engineers to produce nanofibers for various applications.

3.2.2.2 Setup

The electrospinning apparatus is quite simple, with only three major components:

a high voltage power supply, a polymer solution reservoir (e.g., a syringe, with a

small diameter needle) with or without a flow control pump, and a metal collecting

screen (Fig. 3.3). A high voltage power supply with adjustable control should be

able to provide up to 50-kV DC output and, depending on the number of electro-

spinning jets, multiple outputs that function independently are needed. A reservoir

is used to store the polymeric solution and is connected to a power supply to form

a charged polymer jet. Either a syringe with a metal needle or a capillary with a

metal tip in the polymer solution may be used to charge the polymer solution.

Polymer flow can be driven by gravity if the syringe is not horizontally placed.

However, to eliminate the experimental variables, a syringe pump is usually used

to control the precise flow rate. The fiber collecting screen should be conductive

and can be either a stationary plate or a rotary platform or substrate. The plate

can produce non-woven fibers, while a rotary platform can produce both non-

woven and aligned fibers.

Currently, there are two standard electrospinning setups, vertical and horizontal.

With increasing interest in this technology, several research groups have developed

more sophisticated systems that can fabricate more complex nanofibrous struc-

tures in a more controlled and efficient manner [43, 44]. For example, motor-

controlled multiple jets and fiber-collecting targets provide a means for fabricating

a single nanofibrous scaffold composed of multiple layers, with each layer derived

from a different polymer type. Additionally, this technology can be used to fabri-

cate polymer composite scaffolds where the fibers of each layer represent the amal-

Fig. 3.3. Schema of the electrospinning apparatus (see text for details).
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gamation of different polymer types. The multiple jet setup is not only useful for

making multi-layer nanofibrous scaffolds, but is also efficient for the production of

a large quantity of scaffolding material. Notably, the electrospinning apparatus is

usually set up in a chemical fume hood to remove organic vapor. In addition, a

closed, non-conductive environment with temperature and humidity control is re-

quired to avoid interference from environmental factors, such as air turbulence.

3.2.2.3 Mechanism and Working Parameters

To initiate the electrospinning process, a selected polymer material is dissolved in

the appropriate solvent and this solution is loaded into a syringe. A high-voltage

electric field is created between the needle and the collecting screen by the use of

a power supply and electrodes. When the polymer solution is extruded slowly by a

syringe pump and/or gravity, a semispherical polymer solution droplet is formed at

the tip of the needle. With increasing voltage, the polymer droplet elongates to

form a conical shape known as the Taylor cone [45], causing the surface charge

on the polymer droplet to increase with time. Once the surface charge overcomes

the surface tension of the polymer droplet, a polymer jet is initiated [46]. The sol-

vent in the polymer jet evaporates during travel to the collecting screen, increasing

the surface charge on the jet. This increase in surface charge induces instability in

the polymer jet as it passes through the electric field [45]. To compensate for this

instability, the polymer jet divides geometrically, first into two jets, and then into

many more as the process repeats itself. The formation of nanofibers results from

the action of the spinning force provided by the electrostatic force on the contin-

uously splitting polymer droplets. Nanofibers are deposited layer-by-layer on the

metal target plate, forming a non-woven nanofibrous mat.

Although the electrospraying/electrospinning technology has been utilized for

more than a hundred years, the mechanisms by which nanofibers are formed,

much less controlled, have yet to be completely elucidated. Although several

studies have been carried out to investigate the mechanism of fiber formation to

reproducibly control scaffold design, little theoretical clarity has been achieved.

During the electrospinning process, a uniform fibrous structure is created only

under optimized operating conditions. Both extrinsic and intrinsic parameters are

known to affect the structural morphology of the nanofibers [47]. Specifically, ex-

trinsic parameters, such as environmental humidity and temperature, in addition

to intrinsic parameters, including applied voltage, working distance, and conduc-

tivity and viscosity of the polymer solution, need to be optimized to produce uni-

form nanofibers. Generally speaking, the intrinsic parameters are more critical in

determining the nanofiber structure. Two major structures are usually found in the

nanofibrous mat fabricated by the electrospinning process – a uniform, continuous

fibrous structure or a bead-containing fibrous structure. Variation in the relative

abundance of these two structures is determined by the relative contributions of

the four intrinsic parameters during the electrospinning process.

Polymer Solution Viscosity Polymer solution viscosity, a parameter directly propor-

tional to the concentration of the polymer solution, is the most critical factor in
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controlling the structural morphology of the nanofibrous structure. For fiber for-

mation, polymer viscosity should be in a specific range, depending on the type of

polymer and solvent used. Fong et al. used polyethylene oxide (PEO) to study nano-

fiber formation in different PEO viscosities, and found that a range of viscosity

between 1 and 20 poise is suitable for electrospinning uniform nanofibers [48]. Be-

low this range, a bead-containing nanofibrous structure was created. With increas-

ing viscosity, spherical beads became elongated into spindle-shaped ones, and the

number of beads in the structure was reduced. Similarly, Liu et al. also reported

that a different specific range of viscosity was appropriate for the formation of uni-

form nanofibers composed of cellulose [49]. In addition, recent studies conducted

by Deitzel et al. [50] and Demir et al. [51] have shown that a more viscous polymer

solution resulted in larger fibers. Taken together, these studies indicate that there

exist polymer-specific, optimal viscosity values for electrospinning.

Applied Charge Density Charge density, as the amount of charge per unit surface

area of the polymer droplet, is determined by the applied voltage, the working dis-

tance, and the conductivity of the polymer solution. Applied voltage is used to pro-

vide the driving force to spin fibers by imparting charge to the polymer droplet.

The working distance is defined as the distance between the tip of syringe and the

collecting plate and, together with the applied voltage, can influence the structural

morphology of nanofibers. Demir et al. suggested that when higher voltages are

applied more polymer is ejected to form a larger diameter fiber [51]. Similarly,

high voltage conditions also created a rougher fiber structure. Zong et al. proposed

an approach to increase charge density on the surface of the droplet by adding salt

particles to reduce bead formation [52]. However, their conclusion was that a high

charge density produced thinner fibers, a finding not corroborated by Demir et al.

[51].

Polymer Solution Conductivity The conductivity of a polymer solution is mainly

determined by the polymer type, solvent used, and the availability of ionizable

salts. A more conductive polymer solution carries more electric charge during the

electrospinning process, with the as-spun fibers generating a stronger repulsive

force, which facilitates the formation of bead-free, uniform fibers. Therefore, the

general rule for the production of uniform electrospun nanofibers is to electrospin

a highly conductive polymeric solution. Since most synthetic biodegradable poly-

mers such as the commonly used poly(a-hydroxy esters) do not carry a charge, it

is preferred to increase the solvent conductivity. As a result, a dipolar aprotic sol-

vent, N,N-dimethylformamide (DMF), which has a high dielectric constant and

dipole moment, is added to enhance the solution conductivity [53]. An additional

approach entails the use of salts to increase chargeable functional groups in poly-

meric solutions. The addition of benzyl triethylammonium chloride (BTEAC) [54]

or sodium chloride [55], for instance, enhances polymer solution conductivity,

in turn reducing fiber size, while producing bead-free fibrous structures. Natural

polymers, though, such as collagens, which contain functional groups, usually

carry charges when dissolved in solution; however, the polyelectrolyte characteristic
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and hydrogen bonding potential of natural polymers limit the choice of solvents.

The use of highly polar fluorinated or acid-based solvents can prevent complicated

polymer–polymer and polymer–solvent interactions to smooth the electrospinning

process.

3.2.3

Properties of Electrospun Nanofibrous Scaffolds

3.2.3.1 Architecture

An electrospun nanofibrous scaffold has a macro-architecture that is defined by the

gross structure of the entire scaffold. The macro-architecture can be machined into

a desired dimension and shape, depending on the type of tissue being engineered.

However, the micro-architecture is defined by the porous, fibrous structure com-

posed of nanofibers, with the more commonly seen micro-architecture being either

a non-woven or an aligned fibrous structure.

Non-woven Nanofibrous Scaffolds Upon ejection from the nozzle of a needle, a

polymer jet travels spirally at a high speed in the space between the tip of a needle

and the fiber-collecting plate. The jet path is a complicated 3D curve and thus

nanofibers are deposited on the target platform in a random manner, resulting in

a non-woven structure [56]. Nevertheless, under optimal electrospinning condi-

tions, a homogeneous nanofibrous mat will be formed, with fiber direction in the

structure being equally oriented in every direction and polygonal, interconnected

pores of various sizes formed between nanofibers. Although deposited fibers lay

on and barely contact each other, the interlocking between fibers helps to maintain

the micro-architecture of the nanofibrous scaffold. Shape and size of pores are al-

tered only when the structure is subjected to loading.

Aligned Nanofibrous Scaffolds While such randomly oriented scaffolds are useful,

a significant number of natural tissues exhibit a preferred fiber alignment. This

fiber alignment endows tissues with unique functional material properties that de-

pend on the testing direction and location. For example, in tendon and ligaments,

tensile properties are 200–500� higher along the fiber direction (the direction over

which the force is transmitted) than those perpendicular to the fiber direction [3].

In articular cartilage, tensile properties are greatest in the superficial zone of the

tissue and highest along the prevailing collagen (split line) direction [4, 5]. As the

goal of tissue engineering is to recapitulate the functional properties of the native

tissue, new techniques have been developed for engineering tissue anisotropy.

The strategies in controlling nanofiber alignment generally focus on the as-spun

fiber-assembly methods, using either an electrostatic field and/or specially de-

signed collectors such as a rotary target [57] and patterned electrodes [58]. Theron

et al. have utilized a rotary disc as a fiber collector to electrically and mechanically

align nanofibers [57]. The sharp edge of the disc provides a physically sharp point

that serves as an electrode to attract positive-charged nanofibers. The sharp point

accumulates charge and generates a strong electrostatic filed. The rotary sharp

edge acts like a continuously moving, charged band that forces nanofibers to align
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on a limited strip that winds around the circumference of the disc. In addition, the

rotary movement of the disc provides a tangential force, further aligning and

stretching nanofibers at the same time. Fiber alignment in this initial study is

relatively satisfactory, but the amount of collected aligned nanofiber is limited due

to the narrow sharp edge. To increase aligned nanofiber production for tissue engi-

neering applications, it is suggested that a disc is replaced by a drum or a shaft

with a large surface area [59]. Doing so will efficiently produce a larger and thicker

nanofibrous mat, but without any precise control of fiber alignment. One of the

solutions is to increase the rotational speed. Several studies have shown that the

nanofiber alignment in a mat is highly dependent on the rotational speed of

the drum or shaft [59]. Nanofiber alignment increases with the rotational speed of

the collecting surface, and plateaus after reaching an optimal value.

Another practical approach to align nanofibers utilizes a fiber collector consist-

ing of two rectangular conductive electrodes placed on a highly insulating sub-

strate and separated by an air gap [58]. Nanofibers, due to a preferential electro-

static field, are deposited on the electrodes uniaxially across the air gap. The air

humidity, in which the electrospinning is carried out, is the major factor affecting

the fiber alignment using this approach. Nanofiber alignment increases with the

carried charge of as-spun nanofibers and is also enhanced by the reduction of air

humidity, since the higher humidity discharges the nanofibers. In addition, fiber

orientation is partially determined by the amount of charge left on the deposited

nanofibers. The retained charge on deposited nanofibers improves the orientation

through electrostatic repulsions between the fibers. Altering the pattern of the elec-

trode array can change the orientation of uniaxial nanofibers and may be useful to

fabricate a scaffold with a complicated aligned nanofibrous pattern.

3.2.3.2 Porosity

The internal porous structure of void spaces, or porosity, is a physical component

of a biomaterial scaffold that is also dependent on the architectural scale. These

pores serve as pathways for mass transport (convection and diffusion), while also

providing void space for cells to form new tissues [60]. One technique for measur-

ing the pore diameter distribution, total pore volume, and total pore area of a struc-

ture is mercury porosimetry. Utilizing this technology, a 91.63% porosity was re-

ported for electrospun nanofibrous scaffolds, indicating a highly porous structure

[25]. This study also reported a total pore volume of 9.69 mL g�1, a total pore area

of 23.54 m2 g�1, and a pore diameter ranging broadly from 2 to 465 mm [25]. While

some of these pores are too small to influence the migration of cells and facilitate

invasion of blood vessels within the scaffold, nutrients and metabolic wastes are

still able to pass through these nano-sized pores, thus enhancing engineering of

the tissues. In addition, the high porosity of these scaffolds should present a wider

path for mass transport, improving cell survival within the scaffold [60].

Although precise control of the pore size in nanofibrous scaffolds is challenging,

efforts have been made to fabricate large-pore nanofibrous scaffolds in a more con-

trollable manner. Lee et al. have combined electrospinning technology and salt

leaching/gas foaming methods for the fabrication of an electrospun fibrous scaf-

fold with dual-sized pores [61]. In addition to intrinsic pores formed between
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nanofibers, micro-sized pores created by salt particles are distributed in the scaf-

folds using this modified approach. As porous scaffolds fabricated by the conven-

tional salt-leaching method, pore sizes in electrospun nanofibrous scaffolds are

determined by the dimension of the salt particles. The dual-pore, electrospun

nanofibrous scaffolds represent an enhanced porous structure for more efficient

cell migration and nutrition/waste exchange.

3.2.3.3 Mechanical Properties

As previously discussed, tissue engineering aims to utilize natural and syn-

thetic biomaterials to simulate the 3D environment of the natural ECM. Tissue-

engineered scaffolds thus also need to match the mechanical properties of the nat-

ural environment. The mechanical properties (strength, toughness, modulus, and

ductility) of a scaffold are determined by both its structure (macrostructure, micro-

structure, and nanostructure) and its material properties [60]. Matching the me-

chanical properties of a scaffold to that of the natural ECM is critically important

so that once grafted the progression of tissue healing is not limited by mechanical

failure of the scaffold [60]. Furthermore, the mechanical properties of the scaffold

can affect cell morphology, proliferation, and differentiation [62].

The process of electrospinning provides ultrafine nanoscale structures that not

only geometrically and topologically simulate the natural ECM, but may also

mimic the mechanical properties of the natural tissue microenvironment. To accu-

rately investigate the mechanical behavior of nanofibrous scaffolds, it is essential to

measure the mechanical properties of individual fibers that make up the scaffold

[63]. Such tensile testers must possess the capability of measuring the small load

and elongation required for the deformation of these ultrafine fibers, including in-

dividual fibers [63, 64]. In a previous study of the mechanical properties of individ-

ual electrospun poly(e-caprolactone) (PCL) nanofibers, it was shown that mechani-

cal properties varied with fiber diameter, i.e., both tensile strength and yield stress

decreased with increased fiber diameter, while an increase in fiber diameter re-

sulted in an increase in strain at break [63]. While in this study it was shown that

the strain of break increases with an increase in fiber diameter, yield strain was

found to decrease with an increase in fiber diameter, and there was also no appar-

ent correlation between Young’s modulus (E) and fiber diameter [63]. In summary,

the high ductility, and low strength and stiffness of the PCL nanofibers observed in

this study depend on the physical properties of the polymer (i.e., low Tg) and fiber

diameter.

3.3

Current Development of Electrospun Nanofibrous Scaffolds in Tissue Engineering

3.3.1

Evidence Supporting the Use of Nanofibrous Scaffolds in Tissue Engineering

3.3.1.1 Nanofibrous Scaffolds Enhance Adsorption of Cell Adhesion Molecules

Cell adhesion is one of the most important aspects of cell interaction with a bioma-

terial. It is the first cellular event to take place after cells are seeded onto a bioma-
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terial surface; cell migration, proliferation, and/or differentiation take place only

after cells are securely adhered [65]. In native tissues, cells bind via integrins to

specific binding sites in the tissue ECM, consisting of specific peptide sequences

recognized by the integrins [66]. However, synthetic polymers do not have natural

cell binding sites, and cell adhesion to a polymeric scaffold is therefore necessarily

mediated by plasma/serum proteins adsorbed onto the polymer surface. Protein

adsorption to the polymer surface is affected by the hydrophilicity [67] and the

surface energy of the polymer [68]. Cells attach to many ECM proteins, including

fibronectin, vitronectin, collagens, and other matrix proteins [69]. Nikolovski et al.

showed that vitronectin, compared with fibronectin, was the predominant matrix

protein adsorbed from serum-containing medium onto poly(glycolic acid) (PGA)

and poly(lactic acid) (PLA) [70]. Woo et al. recently reported that nanofibrous

scaffolds for tissue engineering show enhanced adsorption of cell adhesion ECM

molecules, which may therefore enhance cell adhesion [71]. The high surface-

area-to-volume ratio of electrospun nanofibrous scaffolds should result in higher

adsorption of vitronectin and fibronectin molecules than other scaffolds. In fact,

approximately four times as much serum proteins adsorbed to nanofibrous scaf-

folds compared with scaffolds with solid pore walls. Moreover, fibronectin and

vitronectin preferentially adsorbed to the nanofibrous scaffold at a level that was

2–4� higher than those adsorbed to the solid-walled scaffold [71]. Although the

mechanisms by which a nanofibrous scaffold acts as a selective substrate are not

yet known, it is clear that the enhanced adsorption of cell adhesion matrix mole-

cules enhances cell adhesion.

3.3.1.2 Nanofibrous Scaffolds Induce Favorable Cell–ECM Interaction

In a native environment, cells are in contact with the ECM and neighboring cells,

and cell–matrix interaction act as key regulators of cellular activities [72]. Cells syn-

thesize, assemble, organize, and maintain ECM macromolecules, while the ECM

functions to provide structural protection to the resident cells and acts as a messen-

ger regulating cellular activities such as proliferation or differentiation [73]. In

postnatal life, the ECM continuously undergoes dynamic turnover to respond to

environmental changes caused by biochemical stimulation or mechanical loading.

In particular, mechanical signals are transmitted from the environment via the

ECM network to cells, which respond to these signals by remodeling the ECM to

adapt to the environmental change [74]. Extrapolating from these native interac-

tions, a scaffold that serves as a functional, temporary ECM must involve optimal

cell–matrix interactions, as well as cell–cell interactions.

Several reports have demonstrated that nanofibers as scaffolds are more favor-

able than microfibers, suggesting cell activities can be regulated by the size of the

fiber [75, 76]. One such study evaluated the influence of the structural properties

of biomaterial scaffolds on the biological activities of chondrocytes cultured in

microfiber- and nanofiber-based scaffolds [75]. The results show that chondro-

cytes seeded into microfibrous scaffolds display dedifferentiated, fibroblast-like

morphology, whereas chondrocytes seeded onto nanofibrous scaffolds maintain a

chondrocyte-like morphology (Fig. 3.4). Large, organized stress fibers, commonly

found in cells in monolayer culture also appear in cells seeded onto microfibrous
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scaffolds. However, cells seeded in nanofibrous scaffolds do not display a similar

cytoskeletal structure. Cell activities such as proliferation and the production of

a cartilaginous ECM are enhanced in nanofibrous cultures compared with mi-

crofibrous cultures. Overall, these results demonstrate the biological effects of

different-sized fibrous biomaterial scaffolds, and suggest that a nanofibrous scaf-

fold is a more effective scaffold for cartilage tissue engineering.

Another study also reported a similar conclusion of nanofibers outperforming

microfibers [76], in terms of the biological response of neural stem cells cultured

on nanofibrous and microfibrous scaffolds. Unlike the comparison of fibers with a

two-order difference in Li’s study [75], 300 nm nanofibers were compared with 1.5

mm microfibers. The results of this study show that a greater percentage of neural

stem cells cultured on nanofibrous scaffolds exhibit a neuron-like morphology

when compared with microfibrous scaffolds. In addition, the average neurite length

of neural stem cells on a nanofibrous scaffold is significantly longer than that of

cells on a microfibrous scaffold, suggesting that nanofibers enhance the neurite

outgrowth.

One possible explanation for the enhanced performance of nanofibrous scaffolds

is that nano-scale fibers, smaller than a cell by two-orders resembling native ECM,

create the 3D environment that has spatial advantage in promoting cell–matrix in-

teraction, whereas a scaffold composed of micro-scale fibers with the same order

size as a cell does not have such an advantage.

3.3.1.3 Nanofibrous Scaffolds Maintain Cell Phenotype

Chondrocytes isolated from cartilage and cultured in vitro readily undergo dediffer-

entiation when plated as monolayers, but will redifferentiate and re-express their

phenotype maintained in a 3D environment such as collagen gels. Nanofibrous

scaffolds have been shown to support the potential of dedifferentiated chondro-

cytes to redifferentiate in vitro [77]. In this study, fetal bovine chondrocytes were

Fig. 3.4. Ultrastructural morphology of

acellular and cellular PLLA microfibrous and

nanofibrous scaffolds examined by SEM. (A) A

PLLA microfibrous scaffold showing random

orientation of microfibers with a diameter

ranging from 15 to 20 mm. (B) A PLLA

nanofibrous produced by the electrospinning

process, showing random orientation of

ultrafine fibers with diameters ranging from

500 to 900 nm, defining a matrix with

interconnecting pores. (C) Spread cellular

sheets composed of fibroblast-like cells

spanned between microfibers in the

microfibrous culture after 28 days. (D) Cellular

aggregates composed of globular, chondrocyte-

like cells grew on nanofibers in the nanofibrous

culture after 28 days. Bar ¼ 10 mm.
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seeded onto nanofibrous scaffolds, or as monolayers on standard tissue culture

polystyrene (TCPS) as a control substrate. Gene expression analysis shows that

chondrocytes seeded on the nanofibrous scaffold and maintained in a serum-free,

ITSþ supplemented medium continuously maintain their chondrocytic phenotype

by expressing cartilage specific ECM genes, including collagen types II and IX,

aggrecan, and cartilage oligomeric matrix protein (COMP). Specifically, expression

of the collagen type IIB splice variant transcript, which is indicative of the mature

chondrocyte phenotype, is up-regulated. Chondrocytes exhibit either a spindle or

round shape on the nanofibrous scaffold, in contrast to the flat, well-spread mor-

phology seen in monolayer TCPS cultures. Organized cytoskeletal actin stress fi-

bers are only observed in the cytoplasm of cells cultured on TCPS. Histologically,

nanofibrous cultures maintained in supplemented serum-free medium produce

more sulfated proteoglycan-rich, cartilaginous matrix than monolayer cultures.

In addition to promoting phenotypic differentiation, the nanofibrous scaffold

also supports cellular proliferation when the cultures are maintained in serum-

containing medium. These results indicate that the biological activities of chondro-

cytes are crucially dependent on the architecture of the extracellular scaffolds as

well as the composition of the culture medium, and that the nanofibrous scaffold

acts as a biologically preferred scaffold/substrate for proliferation and maintenance

of the chondrocytic phenotype.

3.3.1.4 Nanofibrous Scaffolds Support Differentiation of Stem Cells

Stem cells, including embryonic and adult stem cells, are promising cell sources

for tissue engineering because of their extensive expansion and differentiation ca-

pability. Therefore, the biomaterial scaffold used to culture stem cells should be

able to support basic stem cell processes, such as proliferation, self-renewal, and

differentiation.

Embryonic stem cells (ESCs), different from mesenchymal stem cells (MSCs)

isolated from adult tissues, are derived from the inner cell mass of a blastocyst

[78]. ESCs have been considered as having the potential of unlimited differentia-

tion, whereas MSCs are more restricted in their differentiation potential. The tech-

nique of controlling the fate of ESCs in vitro is complicated and far from mature.

One of the requirements for the growth of ESCs is the presence of basement

membrane matrix or feeder layers of embryonic fibroblasts. Basement membrane

matrix or feeder cell layers provide chemical and physical cues to the ESCs, and

maintain their ability to self-renew and differentiate [79]. A nanofibrous structure

resembling a basement membrane matrix has been used to culture ESCs to main-

tain their aforementioned ‘‘stemness’’ properties [80]. The results show that ESC-

nanofibrous cultures have significantly larger colonies of undifferentiated cells and

enhanced proliferation compared with controls cultured on glass coverslips and

same-polymer-films, suggesting that the physical cues from the unique geometry

of nanofibrous surfaces regulate cellular activities.

Compared with the uncertain future of ESCs in the clinic, owing to ethical and

legal issues, adult stem cells provide a promising cell source for stem cell based-

tissue engineering. MSCs are undifferentiated, multipotential cells that are capable
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of giving rise to cells characteristic of several tissues, including the connective

tissue lineage [81]. Advantages of using MSCs include the fact that MSCs can be

isolated from many different adult tissues, such as bone marrow [81], fat [82], um-

bilical cord blood [83], muscle [84], and synovial membrane [85]. In addition,

nanofibrous scaffolds support multi-differentiation of MSCs [86]. In this study,

MSCs from bone marrow maintained in nanofibrous scaffolds differentiated along

adipogenic, chondrogenic, or osteogenic lineages when induced with specific dif-

ferentiation media. Gene expression analysis and immunohistochemical detection

of lineage-specific marker molecules confirmed the formation of nanofibrous con-

structs containing cells differentiated into the specified cell types. These results

demonstrate the full support of multi-lineage differentiation of MSCs within nano-

fibrous scaffolds and the feasibility of tissue-engineering multiphasic constructs

using a single cell source, which is of particular relevance to the development of

multiphasic tissue constructs.

3.3.1.5 Nanofibrous Scaffolds Promote in vivo-like 3D Matrix Adhesion and Activate

Cell Signaling Pathway

The observations presented above strongly suggest that nanofibrous scaffolds serve

as synthetic ECM networks to provide both chemical and physical stimuli to cells

via direct interaction with the cells surface. Unique geometric features of the ex-

tracellular matrix, especially ultrafine structure, are generally believed to play a di-

rect and/or indirect role in the regulation of cellular activities. However, studies

about cell–nanofiber interactions are new, and the specific mechanisms of how

the unique properties of nanofibers enhance cellular activities are largely unknown.

From the recently published studies, integrin receptors, cytoskeleton, and signal

pathways involving focal adhesion kinase (FAK), Rho, Rac, and Cdc42 GTPases

are likely to play a significant role in regulating cells cultured on nanofibrous cul-

tures [87, 88]. Schindler et al. have demonstrated that nanofibrous cultures pro-

mote in vivo-like cell morphology of both fibroblasts and kidney cells [87]. They

also showed that both cells cultured on nanofiber surface have less defined, punc-

tate patterns of vinculin and FAK, molecules mediating cell adhesion, at the edge

of lamellipodia. In response to the accumulation of cell adhesion molecules at the

edge of cells, a notable increase is observed in the formation of actin cytoskeleton-

rich lamellipodia, membrane ruffles, and cortical actin. Such cellular response is

also found in 3D cultures on basement membrane matrix, but not on 2D cultures.

Instead, in a flat culture on glass, more vinculin and FAK are accumulated in a

streaky pattern, promoting the formation of well-defined actin filaments. The de-

crease of FAK at the adhesion site, characteristic for cells in tissue, is called ‘‘3D-

matrix adhesion’’. Different from focal adhesion and fibrillar adhesion commonly

formed in vitro on flat surfaces, 3D-matrix adhesion takes place in a 3D culture,

suggesting that such in vitro cultures may bring the cells closer to in vivo condi-

tions [13]. Thus, nanofibrous cultures should promote the formation of 3D-matrix

adhesion and simulate the in vivo microenvironment.

In addition to the formation of 3D-matrix adhesion, nanofibrous cultures also

demonstrate different expression profiles of components of cell signaling pathways
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that mediate cell morphology and cytoskeletal organization. These components in-

clude members of the family of Rho GTPases, Rho, Rac, and Cdc42, each control-

ling distinct downstream signal pathways [88]. Cells cultured on a nanofibrous sur-

face extensively activate Rac, which consequently enhances cell proliferation rate

and increases the deposition of fibrillar fibronectin. The activated Rac is also found

to accumulate at the lamellopodial edge, intracellular vesicles, and dorsal mem-

brane ruffles, often formed in migrating cells and cells cultured in other 3D envi-

ronment. The activation of Rho and Cdc42 is not as significant as that of Rac. Both

GTPases were mildly elevated in the nanofibrous culture than on glass at the early

phase of cell attachment. However, the extent of Cdc42 mediating cell polarity de-

creases along the culture. The nanofibrous scaffolds can dramatically induce the

preferential activation of Rac GTPase, suggesting that nanofibrous scaffolds can

provide physical as well as spatial cues to activate intracellular signaling pathways

that are essential to mimic in vivo-like tissue growth.

3.3.2

Biomaterials Electrospun into Nanofibrous Scaffolds

Many polymeric biomaterials have been used for tissue engineering applications,

including non-biodegradable and biodegradable polymers, with the latter consist-

ing of both natural and synthetic polymers. Non-biodegradable polymers can be

utilized to engineer tissues requiring substantial mechanical stability, such as liga-

ment or muscle. However, their long-lasting nature interferes with tissue turnover

and remodeling. Therefore, more attention has been devoted to biodegradable

polymers in tissue engineering. Polymer biodegradation, by the combined effect

of enzymatic and hydrolytic activities, generates space within the scaffold that facil-

itates cellular processes, such as proliferation and the deposition of newly synthe-

sized ECM. To date, more than one hundred different biodegradable polymers

have been successfully electrospun and over thirty of them have been used for

various tissue-engineered applications. Table 3.1 summarizes the polymers used in

electrospinning, their potential applications, and the evaluation criteria employed

in each study.

3.3.2.1 Natural Polymeric Nanofibrous Scaffolds

Because of their more biologically favorable polymeric chemistry towards cell and

tissue growth, natural polymers have recently been fabricated into various 3D, tis-

sue engineering scaffolds. Two groups of biocompatible natural polymers electro-

spun into nanofibers have been used for tissue engineering applications: protein-

based and carbohydrate-based polymers. Protein-based polymers include collagen,

gelatin, elastin, silk fibroin, and fibrinogen, and carbohydrate-based polymers in-

clude chitin, chitosan, and hyaluronan. Recently, natural polymers have been elec-

trospun into nano-/micro-fibers that are structurally similar to ECM protein fibers.

Collagen Collagen, the most abundant protein family in the body, has been exten-

sively used for in vitro and in vivo tissue engineering. Among the at least 19 differ-
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Tab. 3.1. Polymers used in electrospinning, their potential applications, and the evaluation criteria employed.

Study Biomaterial Applications Characterization Ref.

1 PGA Nonwoven TE scaffold SEM, TEM, in vitro rat
cardiac fibroblast culture, in
vivo rat model

168

2 PGA Nonwoven, aligned TE

scaffold

SEM, mechanical

evaluation

129

3 PLGA Nonwoven TE scaffold SEM, porosimetry,

mechanical evaluation, in
vitro human mesenchymal

stem cell and mouse

fibroblast cultures

25

4 PLGA, PLLA,

PDLLA

Biomedical

applications

SEM, degradation analysis,

DSC, WAXD, SAXS

132

5 PLGA Biomedical

applications

SEM, WAXD, SAXS,

degradation analysis

147

6 PLGA Wound healing, drug

delivery

SEM 134

7 PLGA Biomaterials SEM 135

8 PLGA Nonwoven TE

scaffold, peripheral

nerve

SEM, in vivo rat model 169

9 PLGA/PEG-PLA Prevention of

postsurgical

abdominal

adhesions

SEM, in vivo rat model 154

10 PCL Nonwoven TE scaffold SEM, WAXD, mechanical

evaluation

53

11 PCL Nonwoven TE scaffold

bone

SEM, in vitro rat
mesenchymal stem cell

culture

137

12 PCL Nonwoven TE scaffold

bone

SEM, in vivo rat model 138

13 PCL Nonwoven TE scaffold

cardiac tissue

SEM, in vitro rat
cardiomyocyte culture

139

14 PCL Nonwoven TE scaffold

cartilage

SEM, in vitro human

mesenchymal stem cell

culture

140

15 PCL Nonwoven TE scaffold

cartilage

SEM, in vitro bovine
chondrocyte culture

77
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Tab. 3.1 (continued)

Study Biomaterial Applications Characterization Ref.

16 PCL Nonwoven TE scaffold SEM, WAXD, mechanical

evaluation, in vitro MCF-7

mammary carcinoma cell

culture

141

17 PCL Nonwoven TE scaffold SEM, in vitro human

coronary smooth muscle

cell culture

142

18 PCL Nonwoven, aligned TE

scaffold

SEM, surface contact angle

test, in vitro human

endothelial cell culture

99

19 PCL Nonwoven TE scaffold SEM, TEM, in vitro human

dermal fibroblast culture

143

20 PCL Nonwoven TE scaffold

skin

SEM, in vitro human

dermal fibroblast culture

144

21 PCL, PLA Nonwoven TE scaffold

blood vessel

SEM, mechanical

evaluation, in vitro mouse

fibroblast and human

venous saphenous

myofibroblast cultures

145

22 PCL, PCL/

CaCO3

Nonwoven TE scaffold

bone

SEM, surface contact angle

test, mechanical evaluation,

in vitro human osteoblast

culture

146

23 PCL, PCL/

gelatin, gelatin

Nonwoven TE scaffold SEM, surface contact angle

test, mechanical evaluation,

in vitro bone marrow

stromal cell culture

170

24 PLLA 3D cell substrate SEM, in vitro human

chondrocyte culture

171

25 PLLA Nonwoven TE scaffold SEM, in vitro mouse

cerebellum stem cell

culture

172

26 PLLA Surface coating SEM, AFM, in vitro
endothelial cell culture

173

27 PLLA Nonwoven, aligned TE

scaffold nerve

SEM, in vitro mouse

cerebellum stem cell

culture

76
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Tab. 3.1 (continued)

Study Biomaterial Applications Characterization Ref.

28 PLGA/PEG-

PDLLA, PLLA/

PLGA, PLLA

Nonwoven, aligned TE

scaffold heart

SEM, surface contact angle

test, degradation analysis,

in vitro rat cardiomyocyte

culture

174

29 PDLLA-PEG-

PDLLA, PDLLA,

PLGA

Biomedical

applications

SEM, degradation analysis,

surface contact angle test,

in vitro mouse calvaria

osteoblast culture

175

30 PLLA, PDLLA,

PEG-PLLA,

PEG-PDLLA

Nonwoven TE scaffold SEM, surface contact angle

test, in vitro mouse calvaria-

derived osteoprogenitor

culture

176

31 PLLA/MMT Nonwoven TE scaffold SEM 177

32 P(LLA-CL) Aligned TE scaffold

blood vessel

SEM, in vitro human

coronary artery smooth

muscle cell culture

160

33 P(LLA-CL) Nonwoven TE scaffold SEM, DSC, XRD, in vitro
human coronary artery

endothelial and smooth

muscle cell cultures

178

34 P(LLA-CL) Nonwoven TE scaffold SEM, mechanical

evaluation, in vitro human

coronary muscle and

endothelial cell cultures

179

35 P(LLA-CL) Nonwoven TE scaffold

blood vessel

SEM, flow press analysis,

mechanical evaluation

180

36 P(LLA-CL) Nonwoven TE scaffold

blood vessel

SEM, 1H NMR,

porosimetry, mechanical

evaluation, in vitro human

umbilical vein endothelial

cell culture

181

37 P(LLA-CL) Nonwoven TE scaffold

blood vessel

SEM, porosimetry,

mechanical evaluation, in
vitro human coronary artery

endothelial cell culture

157

38 P(CL-EEP) Nonwoven TE scaffold

liver

SEM, in vitro rat hepatocyte
culture

182

39 PNmPh Biomedical

applications

SEM, NMR, viscosity

analysis, DSC, in vitro
mouse calvarial cell culture

183
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Tab. 3.1 (continued)

Study Biomaterial Applications Characterization Ref.

40 PHBV Nonwoven TE scaffold SEM, in vitro chondrocyte
culture

184

41 PHBV Nonwoven TE scaffold SEM, viscosity analysis,

degradation analysis

54

42 PHBV Nonwoven TE scaffold SEM, surface contact angle

test, in vitro monkey kidney

cell culture

185

43 PEU Nonwoven TE scaffold

skeletal muscle

SEM, degradation analysis,

mechanical evaluation, in
vitro murine myoblast, rat

myoblast, and human

satellite cell cultures

161

44 PEUU Nonwoven TE scaffold

cardiovascular tissues

SEM, mechanical

evaluation, in vitro rat
vascular smooth muscle

cell culture

44

45 PEUU/Col I Nonwoven TE scaffold

soft tissue

SEM, circular dichroism

spectroscopy, mechanical

evaluation, in vitro vascular
smooth muscle cell culture

186

46 PPDO-PLLA-b-

PEG

Nonwoven TE scaffold SEM, porosimetry,

mechanical evaluation,

degradation analysis, in
vitro fibroblast cell culture

187

47 PU Nonwoven, aligned TE

scaffold ligament

SEM, mechanical

evaluation, in vitro human

ligament fibroblast culture

164

48 PU Nonwoven tissue

template wound

healing

SEM, in vivo guinea pig

model

188

49 PU Nonwoven TE scaffold

blood vessel

SEM, flow pressure

analysis, mechanical

evaluation

189

50 PU Biomaterial SEM, porosimetry,

mechanical evaluation

190

51 PET Nonwoven TE scaffold

blood vessel

SEM, XPS, surface contact

angle test, in vitro human

coronary artery endothelial

cell culture

191
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Tab. 3.1 (continued)

Study Biomaterial Applications Characterization Ref.

52 PEVA Nonwoven TE scaffold SEM, in vitro human aortic

smooth muscle cell and

dermal fibroblast cultures

148

53 PS Nonwoven TE scaffold

skin

SEM, in vitro human

fibroblast, keratinocyte, and

endothelial single or co-

cultures

192

54 PDS Nonwoven, aligned TE

scaffold biomedical

applications

SEM, viscosity analysis,

mechanical evaluation

193

55 PEG-LMWH/

PLGA, PEG-

LMWH/PEO

Biomaterial SEM, EDX, multiphoton

microscopy

194

56 PVA/CA Biomaterials SEM, FTIR, WAXD,

mechanical evaluation

156

57 Fibrinogen Nonwoven TE scaffold

wound healing

SEM, TEM, mechanical

evaluation

115

58 Col I/PEO Nonwoven TE scaffold

wound healing

SEM, TEM, 1H NMR

spectroscopy, mechanical

evaluation

152

59 Col I, Col III Nonwoven TE scaffold SEM, TEM, mechanical

evaluation, in vitro aortic
smooth muscle cell culture

91

60 Col I Nonwoven TE scaffold

wound healing

SEM, degradation,

porosimetry, mechanical

evaluation, in vitro human

oral and epithermal

keratinocyte cultures, in
vivo rat model

92

61 Col I/elastin/

PLGA

Nonwoven TE scaffold

blood vessel

SEM, mechanical

evaluation, in vitro bovine
endothelial and smooth

muscle cell cultures

102

62 Col I/elastin/

PEO, Col I/PEO,

elastin/PEO

Nonwoven TE scaffold SEM, surface tension

analysis, viscosity analysis,

DSC, amino group

detection

103

63 Col I, gelatin,

PGA, PGA/PLA,

PLA

Nonwoven TE scaffold SEM, in vivo rat model 93
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Tab. 3.1 (continued)

Study Biomaterial Applications Characterization Ref.

64 Col I, Col III,

elastin

Nonwoven TE scaffold

blood vessel

SEM, in vitro human

umbilical vein endothelial

cell, aortic smooth muscle

cell, and dermal fibroblast

cultures

94

65 Col I, gelatin,

PU, PEO

Nonwoven TE scaffold SEM, laser scanning

confocal microscopy,

mechanical evaluation

43

66 Col I, gelatin,

elastin,

tropoelastin

Nonwoven TE scaffold SEM, AFM, mechanical

evaluation, in vitro human

embryonic palatal

mesenchymal cell culture

95

67 Col II Nonwoven TE scaffold SEM 96

68 Col II Nonwoven TE scaffold

cartilage

SEM, mechanical

evaluation, in vitro adult
human articular

chondrocyte culture

97

69 Elastin-mimetic Nonwoven TE scaffold SEM 104

70 Silk fibroin,

silk/PEO

Nonwoven TE scaffold SEM, FTIR, XPS 105

71 Silk, silk/PEO Nonwoven TE scaffold SEM, XPS, DSC,

mechanical evaluation, in
vitro human bone marrow

stromal cell culture

106

72 Silk Biomedical

applications

SEM, 13C CP/MAS NMR,

mechanical evaluation

107

73 Silk Biomedical

applications

SEM, TEM, WAXD 108

74 Silk fibroin Nonwoven TE scaffold

wound healing

SEM, porosimetry, in vitro
human keratinocyte and

fibroblast cultures

109

75 Silk fibroin Nonwoven, woven TE

scaffold wound

healing

SEM, ATR-IR, 13C CP/MAS

NMR, WAXD, NMR, in
vitro human keratinocyte

culture

110

76 Silk/chitosan Nonwoven TE scaffold

wound dressings

SEM, viscosity analysis,

conductivity

111

77 Chitin, chitosan Wound dressings SEM, 1H NMR, FTIR,

WAXD, DSC, TGA

120
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Tab. 3.1 (continued)

Study Biomaterial Applications Characterization Ref.

78 Chitosan Nonwoven, aligned TE

scaffold cartilage

SEM, mechanical

evaluation, degradation, in
vitro canine chondrocyte

culture

121

79 Chitosan Nonwoven biomaterial SEM 122

80 Chitosan/PEO Nonwoven TE

scaffold, drug delivery,

wound healing

SEM, XPS, FTIR, DSC 153

81 Chitosan/PEO Nonwoven, aligned TE

scaffold

SEM, viscosity analysis, in
vitro human chondrocyte

and osteoblast cultures

195

82 Chitin/PLGA Nonwoven TE scaffold SEM, in vitro human oral

keratinocyte and epidermal

keratinocyte cultures

158

83 Gelatin Nonwoven TE scaffold

wound healing

SEM, mechanical

evaluation

101

84 Oxidized

cellulose

Adhesion barriers SEM, FTIR, WAXD, TGA 196

85 HA Medical implant SEM 127

PGA ¼ poly(glycolide), PLGA ¼ poly(lactide-co-glycolide), PLLA ¼ poly(l-lactide),

PDLLA ¼ poly(d,l-lactide), PEG ¼ poly(ethylene glycol), PCL ¼ poly(e-caprolactone),

MMT ¼montmorillonite, P(LLA-CL) ¼ poly(l-lactide-co-e-caprolactone), P(CL-
EEP) ¼ poly(e-caprolactone-co-ethyl ethylene phosphate), PNmPh ¼ poly[bis(p-
methylphenoxy)phosphazene], PHBV ¼ poly(3-hydroxybutyrate-co-3-
hydroxyvalerate), PEU ¼ polyetherurethane, PEUU ¼ poly(ester urethane)urea,

PPDO ¼ poly(p-dioxanone), PU ¼ polyurethane, PET ¼ polyethylene terephthalate,

PEVA ¼ poly(ethylene-co-vinyl alcohol), PS ¼ polystyrene, PDS ¼ polydioxanone,

LMWH ¼ low molecular weight heparin, PVA ¼ poly(vinyl alcohol), CA ¼ cellulose

acetate, PEO ¼ poly(ethylene oxide), Col I ¼ collagen type I, Col II ¼ collagen type

II, Col III ¼ collagen type III, HA ¼ hyaluronic acid, TE ¼ tissue engineering,

SEM ¼ scanning electron microscopy, TEM ¼ transmission electron microscopy,

DSC ¼ differential scanning calorimetry, WAXD ¼ wide-angle X-ray diffraction,

SAXS ¼ small angle X-ray scattering, AFM ¼ atomic force microscopy, XRD ¼
X-ray diffractometry, NMR ¼ nuclear magnetic resonance, XPS ¼ X-ray

photoelectron spectroscopy, EDX ¼ energy dispersive X-ray, ATR-IR ¼ attenuated

total reflectance infrared spectroscopy, FTIR ¼ Fourier-transform infrared

spectroscopy, TGA ¼ thermogravimetric analysis.
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ent collagen types, collagen type I is the major collagen in connective tissues and

collagen type II is exclusively abundant in hyaline cartilage. Both collagen types I

and II have been fabricated into different scaffolds, mostly in a gel-format, to repair

tissue defects in vivo [89, 90]. Collagen electrospinning provides an in vitro method

to create a preformed, nanofibrous collagen scaffold that closely mimics the native

collagen network [43, 91–97]. For instance, Matthews et al. have demonstrated

that, under optimal working parameters, electrospinning can be adapted to fabri-

cate collagen types I and III nanofibers [91]. Electrospun fibers of skin-derived col-

lagen type I and placenta-derived collagen type III were shown to be more uniform

than fibers of placenta-derived collagen type I, suggesting that the diameter of elec-

trospun collagen fibers varies with tissue origin and collagen type. Interestingly,

electrospun collagen type I nanofibers exhibit the periodic banding pattern typical

of native collagen, further demonstrating the potential of electrospinning in the

fabrication of natural collagen fibers. Collagen type II has also been successfully

electrospun. Being a major fibrous component of the ECM in hyaline cartilage, col-

lagen type II networks are extremely important in cartilage regeneration. Electro-

spinning collagen type II is a promising approach to reconstruct collagen networks

in vitro. However, one of drawbacks on using electrospun collagen scaffolds is their

rapid degradation in culture. A study by Shields et al., comparing the properties of

crosslinked and non-crosslinked scaffolds using glutaraldehyde as the crosslinking

agent, found crosslinking to increase the diameter of collagen fibers as well as the

thickness of the scaffold [97]. This study also demonstrated that electrospun colla-

gen type II fibers are relatively larger but mechanically weaker than native collagen

fibers. Although not fully recapitulating the properties of the native collagen type II

network formed in cartilage, electrospun collagen type II scaffolds still hold promise

in cartilage tissue engineering due to their ability to closely mimic the natural

ECM.

Gelatin Gelatin is the denatured form of collagen type I, a natural protein-based

polymer that is extensively used in the biomedical and food industries. Unlike the

triple-helical collagen from which is derived, the denatured protein chain of gelatin

is readily soluble in water at room temperature. Tissue engineered scaffolds made

of gelatin usually require treatment with a crosslinking agent to maintain their

structural integrity in a physiological environment, due to their ready dissociation

in physiological solution. It is also common for gelatin to be grafted or blended

with other polymers in the preparation of tissue engineering scaffolds [98, 99].

Like most protein polymers, gelatin contains amine and carboxylic groups, which

are easily ionized in water to carry charge. This polyelectrolyte property of gelatin,

coupled with its strong hydrogen bonding makes electrospinning of a gelatin aque-

ous solution quite challenging [43, 93, 95, 100]. In a study by Huang et al., highly

polar fluorinated solvents were used to prepare a gelatin solution with an optimal

concentration for electrospinning [101]. This study also showed that the mechani-

cal performance of a gelatin mat is determined by fiber morphology, which is de-

pendent on polymer concentration. For instance, an increase the average diameter

of gelatin fibers from 100 nm to 1.9 mm was achieved by increasing polymer con-
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centration, with smaller uniform fibers being mechanically stronger than larger

uniform fibers.

Elastin Elastin is a highly water-insoluble protein that functions as a ‘‘perfect coil’’

to provide elasticity to tissues that need to be stretched and recoiled. However, it is

rare for elastin to be used alone as a material to fabricate tissue engineering scaf-

folds [94, 95]. Elastin-containing tissues generally also contain collagen fibers [102,

103]. For instance, tissues such as skin, lung, and blood vessels are composed of

collagen fibers for tensile properties and elastin fibers for elastic properties. Naga-

pudi et al. used a genetic engineering approach to synthesize recombinant elastin-

mimetic proteins, and which were electrospun into nanofibers with different prop-

erties [104]. Elastin-mimetic proteins dissolved in a highly polar fluorinated solvent

were electrospun into smaller fibers, compared with those dissolved in aqueous so-

lution, suggesting that different fibrous morphologies of natural polymers could

result from the use of different solvents, such as highly polar fluorinated solvent

and water.

Silk Fibroin Besides collagen, silk fibroin is another protein-based, natural poly-

mer most commonly used for electrospinning. With a long history of textile use,

beginning with the ancient Chinese, silk has recently been applied for the fabrica-

tion of tissue engineering scaffolds [105–111]. One of the most significant proper-

ties of silk is its excellent mechanical properties. Natural silk is produced by

spiders or silkworms, with different composition and properties among species. A

study by Ohgo et al. comparing three electrospun silk fibroin nanofibers suggested

that silk fibroins from two different silkworms and genetically engineered silk-like

protein each required individual optimal polymer concentration for electrospin-

ning [107]. In addition, the engineered silk-like protein nanofibers were reported

to be smaller than the natural silk fibroin nanofibers, and the mechanical strength

of silk fibroin nanofibrous mats was also dependent on silk fibroin type.

Fibrinogen Purified from blood plasma, fibrinogen is a globular protein that plays

a critical role in wound healing. In the presence of thrombin, fibrinogen gives rise

to fibrin which forms fibrous clots that have found use as a clinical fixative, due to

its natural role in wound healing. Fibrin has recently attracted scientific attention

for use as a scaffold to deliver cells [112, 113] or growth factors [114] for tissue en-

gineering. Due to the high surface area to volume ratio available for clot formation,

electrospun nanofibrous fibrinogen mats are highly suitable for wound dressing

and hemostatic products. Wnek et al. have fabricated and characterized electrospun

fibrinogen scaffolds [115], and found the fibrinogen mats to be composed of uni-

form, randomly orientated fibrinogen nanofibers. Notably, the electrospun fibrino-

gen fiber typically exhibited a granular appearance with 22.5 nm banding, charac-

teristic of native fibrinogen. Consistent with the finding of studies using other

polymers, the fiber diameter was shown to increase from 80 to 700 nm with in-

creasing in polymer concentration. The electrospun fibrinogen mats were also

shown to have substantial structural integrity and good handling, with an elastic
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modulus comparable to that of PGA. The most important characteristic of electro-

spun fibrinogen mats was their high surface area-to-weight ratio of 41 000 cm2 g�1,

making electrospun fibrinogen mats ideal for wound dressing products. However,

the risk of immune cross-reactivity may limit the use of fibrinogen for scaffold

applications.

Chitin and Chitosan Chitin and chitosan are biocompatible and biodegradable

natural polymers, used in biomedical applications and cosmetics. Chitosan (poly-

d-glucosamine) is derived from chitin (poly-N-acetyl-d-glucosamine), a polysacchar-

ide formed in shellfish exoskeleton, which has received more attention in biomate-

rial development than chitin due to its solubility. Therefore, chitosan has been

critically considered as a candidate biomaterial for tissue engineering scaffolds

[116–118]. Chitosan carries a high cationic charge density and can interact with

various anionic polymers, such as chondroitin sulfate, to form a hydrogel scaffold

[119]. Different from a hydrated scaffold, an electrospun scaffold is a preformed,

nanofiber-based scaffold with a definite structure [120–122]. Min et al. used radia-

tion to depolymerize chitin to increase its solubility for electrospinning [120]. In

this study, the electrospun chitin nanofibers started to form at a viscosity at which

the required polymer chain entanglement occurs. Fiber diameters vary from 40 to

600 nm, but most fibers are less than 100 nm. The authors also demonstrated that

chitosan nanofibrous scaffolds electrospun using deacetylated chitin showed no

significant changes in terms of scaffold size and fiber diameter after this transfor-

mation. Significantly different from Min’s approach, Geng et al. directly electro-

spun a chitosan solution [122], prepared by dissolving chitosan in concentrated

acetic acid, into chitosan nanofibers with an average diameter of 130 nm. The

authors suggested that the use of concentrated acetic acid to decrease surface ten-

sion of chitosan solution and increase the charge density of the jet, facilitated the

formation of uniform chitosan nanofibers. Other factors affecting fiber morphol-

ogy include chitosan molecular weight, solution concentration, and charge density

of electric field. For each parameter, there is a narrow window of optimal working

conditions for defect-free nanofiber formation to occur. Generally, a viscous chito-

san polymer solution prepared from a higher molecular weight chitosan is pre-

ferred, with electrospinning done in a moderate charge density electric field.

Hyaluronan The most commonly used carbohydrate-based natural polymer in tis-

sue engineering is hyaluronan (hyaluronic acid), a polysaccharide composed of

repeating glucuronic acid and N-acetylglucosamine. Like chitosan, unmodified

hyaluronan is hydrophilic and is commonly produced in a gel-format scaffold. A

hyaluronan-based scaffold is inherently unstable and thus has limited application

in tissue engineering. Thus, approaches have been developed to increase the resis-

tance of hyaluronan to degradation, including esterification [123] and crosslinking

[124]. Modified hyaluronan can be fabricated into scaffolds with pre-formed struc-

tures, and several in vitro and in vivo studies have reported cell proliferation and

synthesis of ECM using these modified hyaluronan scaffolds [125, 126]. It is diffi-

cult to form uniform size fibers from hyaluronan using electrospinning because of
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the high viscosity and surface tension of the hyaluronan solution. Um et al. re-

ported on several approaches to prepare a hyaluronan solution that has sufficient

molecular entanglement in a rapidly evaporated solvent, while still maintaining

low viscosity and surface tension [127]. One of the approaches blended two hyalur-

onan polymers of low and high molecular weight, resulting in increased molecular

entanglement but not viscosity. Another approach consisted of adding ethanol in

the polymer solution, which facilitated solvent evaporation as well as reduction in

surface tension. However, although the approaches seemed rational, these results,

while satisfactory, were limited. Therefore, further approaches entailed adding an

air-blow system close to the spinneret, providing both electrical and air-blowing

shear forces as well as heat, to facilitate hyaluronan nanofiber formation, and the

new setup is named an ‘‘electro-blowing’’ system. In the electro-blowing apparatus,

the hyaluronan solution was heated to reduce viscosity and surface tension, and

was electrospun by both electrical (voltage) and mechanical (air blow) force. Lastly,

air-blowing significantly improved solvent evaporation and fiber stretch, and the

electro-blowing system produced hyaluronan nanofibers with a fiber diameter

ranging from 49 to 74 nm.

3.3.2.2 Synthetic Polymeric Nanofibrous Scaffolds

Poly(a-hydroxy esters) The most commonly used biopolymers for nanofiber

production are of the biodegradable poly(a-hydroxy ester) based polymer family.

PLA, PGA, their co-polymers, poly(lactic-co-glycolic acid) (PLGA), and poly(e-

caprolactone) (PCL) are biodegradable polymers approved by the U.S. Food and

Drug Administration, with a long history in medical applications. In vivo, complete

degradation of poly(a-hydroxy esters) results in the production of natural metabo-

lites, such as lactic acid, which are subsequently converted into CO2 and water, and

eventually removed by the respiratory and urinary systems, respectively [128].

Thus, poly(a-hydroxy esters) are metabolized into non-toxic end-products that are

not accumulated in the body.

PGA is a polymer of glycolic acid and has been extensively used in various bio-

material applications. Due to its high crystallinity, it is insoluble in general organic

solvents, with highly fluorinated solvents being the only exception. Consistent with

the trend found in other polymers, the PGA fiber diameter, ranging from 110 nm

to 1.19 mm, increases with polymer concentrations from 0.05 to 14.3 wt.%. PGA

polymer in a higher concentration solution encounters stronger molecular entan-

glement, resulting in thicker fibers during the electrospinning [129, 130].

PLA, with the addition of a methyl group, is more hydrophobic and more soluble

in organic solvents, and degrades more slowly than PGA [131]. The three stereo-

isomers of PLA [d, l, and d,l] differ in the position of a methyl group in the lactic

acid monomer, and exhibit distinct properties. For example, PLLA has a higher

melting temperature than PDLLA because of its higher order crystal structure.

However, PDLLA, composed of l and d stereoisomers, degrades faster than PLLA.

The properties of various PLA polymers are determined by the stereochemistry

of the PLA isomers. PLLA is a semicrystalline polymer, whereas PDLLA is an
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amorphous polymer. During the preparation process, both PLLA and PDLLA are

soluble in most organic solvents, such as chloroform. Commonly, DMF is added

to increase the polymer conductivity, enhancing the fiber formation. Electrospun

PDLLA and PLLA fibers share similar morphology, fiber density (0.27–0.31

g cm�3), and porosity (75–78%) [132]. However, the average diameter of semicrys-

talline PLLA fibers is larger than that of amorphous PDLLA fibers when both poly-

mers are used at the same concentration, suggesting that a stronger polymer mo-

lecular entanglement exists in PLLA fibers.

PLGA is a widely used biodegradable polymer because of its flexibility of copoly-

merizing different ratios of PLA and PGA. Depending on the ratio of copolymer-

ization, PLGA has different subtypes with each exhibiting different properties.

PLGA has been extensively used in medical products and was one of the first bio-

degradable polymers electrospun for tissue engineering applications [133]. The

PLGA copolymer has an amorphous structure, because the constituent PGA and

PLA molecules are unable to pack tightly to one another. Katti et al. and Berkland

et al. have both used PLGA for electrospinning to investigate the parameters affect-

ing fiber morphology [134, 135]. Their results showed that, in addition to polymer

concentration and charge density, orifice diameter also has an effect on the mor-

phology and diameter of electrospun fibers. Smaller nanofibers tend to be pro-

duced from smaller orifices. The area density of electrospun fiber mats increases

linearly with electrospinning time. Among the working parameters, polymer con-

centration is the major parameter affecting fiber morphology. Li et al. have shown

that nanofibrous PLGA scaffolds have an interconnected-porous structure with

more than 90% porosity and sound mechanical properties, ideal properties for tis-

sue engineered scaffolds [25].

Another member of the poly(a-hydroxy ester) family is poly(e-caprolactone)

(PCL), also a semicrystalline biodegradable polymer. Compared to other polyester

family members such as PLA, PGA, and PLGA, PCL has been used less frequently

as a material for fabricating biomaterial scaffolds, mainly because of concern over

its slower degradation kinetics [136]. However, the improved resistance to hydro-

lytic attack and lower cost than other biodegradable polymers also make PCL an

attractive polymer for the fabrication of electrospun nanofibers [53, 77, 99, 100,

137–146]. The rationale for using a biodegradable polymer with a longer half-life

is to provide a structurally stable environment that is able to initiate and promote

cell growth for a sufficient period of time. Lee at al. characterized the morphology,

crystallinity, and mechanical properties of electrospun PCL meshes produced by

electrospinning PCL solutions prepared in different solvents; they found that sur-

face tension, viscosity, and electric conductivity of PCL solutions depended on the

addition of DMF [53]. DMF can efficiently enhance the electrospinning process by

decreasing fiber diameter by decreasing the surface tension and viscosity of the

polymeric solution, and also by increasing polymer conductivity and the dielectric

constant. It is also known that the electrospinning process reorganizes PCL poly-

mer chains and, compared with unprocessed PCL, electrospun nanofibers have a

reduced crystallinity.

Although poly(a-hydroxy ester) members are classified in the same polymer fam-

3.3 Current Development of Electrospun Nanofibrous Scaffolds in Tissue Engineering 163



ily, electrospun scaffolds derived from these polymers exhibit distinct degradation

and mechanical properties [25, 129, 132, 147]. Studies comparing the degradation

of electrospun nanofibers of various poly(a-hydroxy esters) have shown that PLLA

and PCL fibers were able to resist hydrolytic attack for the duration of the study.

However, all of the remaining polymers underwent severe degradation, including

both structural collapse and gross shrinkage. A similar study conducted by Zong

et al. demonstrated that PLGA 75:25 and PDLLA degrades at a much faster rate

than PLGA 10:90 and PLLA [132]. One of the reasons for this more rapid degrada-

tion could be the high surface area of nanofibrous scaffolds, thereby allowing more

water contact at the polymer surface, accounting for the vulnerability of small fi-

bers, like nanofibers, to hydrolytic attack. Zong et al. also proposed that the electro-

spinning process lowers the glass transition temperature of PLGA copolymers to a

value very close to their incubation temperature (37 �C); the relaxation of extended

amorphous chains near the glass transition temperature thus causes shrinkage

under incubation condition. Given the rapid degradation of some nanofiber formu-

lations, many research groups have focused their efforts on electrospinning PLLA

or PCL alone, or copolymerized with other biodegradable polymers, to fabricate

polymer scaffolds with more desirable, long term stability.

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) PHBV is a member of the

polyester family, and represents a new class of biodegradable polymers, recently at-

tracting attention for tissue engineering applications. The co-polymerization with

hydroxyvalerate renders PHBV with enhanced mechanical and degradation proper-

ties, thus extending the application to scaffold fabrication. Choi et al. investigated

the feasibility of PHBV electrospinning and attempt to reduce fiber diameter by in-

creasing the conductivity of the polymeric solution [54]. PHBV fibers electrospun

from various concentrations of polymeric solutions range from 1 to 4 mm. How-

ever, efforts to manipulate electrospinning parameters such as voltage and concen-

tration were not effective in bringing the fiber diameter below 1 mm. To increase

the conductivity of the polymeric solution, favorable for smaller fiber formation,

benzyl triethylammonium chloride (BTEAC) was added to the PHBV solution.

The addition of BTEAC resulted in a reduction of the size of the electrospun fibers

and the needed polymer concentration for producing uniform fibers, suggesting

the conductivity of the PHBV solution plays a major role affecting the fiber diame-

ter and morphology of PHBV fibers. In addition, the degradation of the electro-

spun fibrous mat is relatively slow in the first 12 days, but the disintegration of

the structure accelerates after that, and results in a dramatic weight loss.

Poly(ethylene-co-vinyl alcohol) (PEVA) PEVA is a semi-crystalline, biocompatible

but not biodegradable polymer. Recently, it has been electrospun and evaluated

for its potential in tissue engineering scaffolds. PEVA is a hydrophilic polymer

that is insoluble in aqueous solution due to the presence of both vinyl alcohol and

ethylene groups. Most hydrophobic polymers have the property of slow degrada-

tion, whereas most hydrophilic polymers exhibit a rapid degradation rate. The de-
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sired property makes PEVA a potential material ideal for tissue engineering scaf-

folds. PEVA needs to be dissolved in dimethyl sulfoxide or lower alcohols. Kenawy

et al. have prepared the PEVA solution by dissolving PEVA in a 70% alcohol solu-

tion (rubbing alcohol) at 65 �C for electrospinning [148]. Interestingly, the polymer

tends to precipitate when sitting in room temperature for several hours. Therefore,

electrospun PEVA needs to be processed before precipitation occurs, and is carried

out in a setup designed to maintain the solution temperature. This study also dem-

onstrated a consistent finding of fiber diameter increasing with increase in solu-

tion viscosity. The diameter of fibers electrospun from higher concentrations of

polymer solutions is higher than the mm level. In these structures, fibers are fused

at their contact points, instead of being individually stacked, suggesting that strong

molecular entanglement exists in the highly concentrated PEVA polymer solution.

Another remarkable observation is that PEVA electrospinning is extremely effi-

cient. The usage of PEVA, disinfected by dissolving in rubbing alcohol, combined

with the efficiency of the PEVA electrospinning, could be ideal for wound dressing

application.

Poly(ethylene terephthalate) (PET) PET, referred to also by the trade name ‘‘Da-

cron’’, has largely been used in biomaterial applications, especially in blood vessel

prostheses, since PET is inert and does not interact with blood cells. Ma et al. in-

vestigated how electrospinning time affects the thickness and porosity of electro-

spun PET scaffolds [98]. The electrospun PET nanofibers fabricated using optimal

parameters ranged from 200 to 600 nm. The thickness, mass per area, and porosity

of the PET fiber mats all increase with increasing electrospinning time. However,

there is no linear relation between these factors. A likely explanation is that not all

the as-spun nanofibers were collected onto the sampling area, because, in their

setup, there was uneven fiber deposition onto the fiber-collecting surface.

Polyurethane (PU) PU is a non-biodegradable biomaterial with good blood and tis-

sue compatibility, which is primarily used in vascular implants or wound dressing.

PU is ideal for applications for tissue engineering products that require stable

mechanical properties or structural integrity. Unlike most studies in which the

polymer concentration was manipulated to control fiber morphology, Khil et al.

have optimized fiber morphology by controlling solvent composition [149]. They

electrospun a PU solution, prepared from pure DMF or tetrahydrofuran (THF) or

mixed solvents with different DMF/THF ratios, and found that the mixed solvent

produced more uniform, small fibers. Electrospun fibers prepared from pure

DMF were smaller and irregular, whereas those from pure THF were relatively

larger and uniform. Solvents could loosen the polymer coil, thereby affecting the

viscosity of a polymer solution. In this study, the different solvent compositions

loosened the polymer coil to various extents, resulting in different viscosities. The

mixed solvent reduced the surface tension and viscosity of PU solution, and the

addition of DMF increased the conductivity of the solution, which together contrib-

uted to the formation of uniform fibers.
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Poly(ethylene oxide) (PEO) PEO is a commonly used biomaterial for tissue engi-

neering because of its capability to gel in situ. A PEO gel can be directly injected

into an irregularly shaped defect site and photopolymerized to help tissue repair

[150, 151]. However, the inherent, soft mechanical properties of the PEO hydrogel

and the depth limit of the injection site that permits sufficient energy present a

major challenge for using PEO hydrogel. Preformed PEO scaffolds with a defined

porous structure is another scaffold option. PEO is one of the earliest polymers

processed for electrospinning because it is easy to prepare and can be dissolved in

both organic and aqueous solvents. Much of the current knowledge on the electro-

spinning process is in fact based on results using PEO. Because of the ease of

forming uniform nanofibers, PEO, is often blended with another polymer in the

electrospinning of tissue engineering scaffolds [106, 152, 153].

3.3.2.3 Composite Polymeric Nanofibrous Scaffolds

Current scaffold development aims to incorporate many polymer types for the fab-

rication of biomaterial scaffolds that are able to respond to the biological activities

of cells while meeting specific host tissue site requirements. Regardless of whether

a double, triple, even quadruple polymer blend/mix is used, a tissue engineering

scaffold made of a polymer blend should still retain the properties of each polymer

type. Therefore, it is expected that electrospinning of a polymer blend/mix will cre-

ate novel composite scaffolds with enhanced performance for tissue engineering.

Another practical reason for electrospinning a blend of polymers is that often the

polymer of interest cannot be electrospun into uniform fibers without the addition

of the ‘‘electrospinning-driving’’ polymer. Regardless of the goal, the challenge of

electrospinning a polymer blend is to optimize the standard electrospinning pa-

rameters, which are further complicated by the interplay of the properties of mul-

tiple polymers. Hence, a sound understanding of polymer and solvent chemistry is

important in identifying favorable electrospinning parameters. Three general com-

posite nanofibrous scaffolds, natural–natural, synthetic–synthetic, and natural–

synthetic, have been developed and characterized for their properties and potential

applications.

Natural–Natural Composites Electrospinning of multiple natural polymer blends

can yield a mixture of natural nanofibers that closely mimic the native ECM. A

large percentage of native tissues contains both collagen and elastin fibers that are

frequently subjected to tensile and elastic loading, respectively. Electrospun fibrous

scaffolds composed of collagen types I and III, and elastin have been fabricated to

replicate the native ECM of blood vessels [94]. The fiber diameter found within the

native ECM of blood vessels ranges from 270 to 710 nm, which is slightly larger

than the 100 to 680 nm diameter range of nanofibers electrospun from blends of

collagen types I and III. Aside from protein–protein mixtures, the protein-based

silk and carbohydrate-based chitosan blend has been electrospun into nanofibers

as well. In the silk fibroin/chitosan blend for electrospinning, the addition of chito-

san increases the viscosity and conductivity of the blend solution, thus enhancing

the formation of smaller, uniform nanofibers [111]. One possible explanation for
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this phenomenon is that chitosan carries ionizable, amino groups, and increases

the conductivity of the silk fibroin, which is ideal for electrospinning. Nevertheless,

the formation of uniform nanofibers discontinues after excessive chitosan is added.

Silk fibroin and chitosan in the blend solution may form hydrogen bonds, suggest-

ing that optimizing the electrospinning of a blend natural polymer is more compli-

cated than for pure natural polymers. It is reasonable to expect that the nanofiber

mat is composed of individual, blended nanofibers rather than a mixture of differ-

ent mono-polymer nanofibers.

Synthetic–Synthetic Composites The synthetic–synthetic blend is commonly used

to fabricate scaffolds with the combined properties of composite polymers. Poly-

mers, such as PLA and PCL, are biodegradable, biocompatible, and hydrophobic

whereas poly(ethylene glycol) (PEG) is hydrophilic, non-immunogenic, and non-

biodegradable. In mixing PLA and PEG, the resultant PLA/PEG blend is more

hydrophilic than PLA and also more biodegradable than PEG. In addition, the co-

existing properties of hydrophilicity and biodegradability can be programmed by

manipulating the ratio and the type of composed polymers. For instance, PLGA

nanofibrous scaffolds shrink during degradation; thus, by blending of PLGA and

PEG-PLA one can effectively resist scaffold shrinkage [154]. In addition to im-

provements in biodegradation, the polymer blend has been shown to exhibit flexi-

ble mechanical properties that can be altered by the ratio of composed polymers.

For example, the elastic PEVA nanofibrous mat becomes stiffer after PLA is added

for blend electrospinning [155].

Natural–Synthetic Composites The mixing of natural and synthetic polymers can

be a major challenge for electrospinning since solvents workable for both polymers

are limited. Therefore, the choice of solvent becomes a primary consideration after

determining the blend components. Many natural polymers are difficult to electro-

spin into nanofibers, especially when dissolved in water, since their polyelectrolyte

characteristic interferes with fiber formation. One alternative is to add synthetic

polymers such as PEO to facilitate nanofiber formation. The natural polymer/

PEO blend in aqueous solution can be electrospun, and the use of organic solvents

may be avoided. Duan et al. have systematically characterized the properties of

chitosan/PEO blend solutions and their electrospun fibers [153]. They concluded

that the chitosan/PEO blend retains conductivity, surface tension, and viscosity,

and favors the formation of smaller, uniform nanofibers, compared with pure chi-

tosan or PEO solutions.

Another completely different blending approach is to physically, rather than

chemically, mix two polymer nanofibers together using multiple jet electrospin-

ning. In this approach, natural and synthetic polymers are placed in two separate

containers and electrospun simultaneously to form a natural/synthetic nanofibrous

composite. For example, poly(vinyl alcohol) (PVA) and cellulose acetate (CA) are

electrospun onto the same target area [156]. With this method, PVA and CA nano-

fibers disperse into each other as a direct result of physical blending. When the

PVA/CA ratio of the blend is reduced, mechanical properties, such as tensile
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strength and fiber elongation, are decreased, but the average fiber diameter in-

creases. Further investigations are needed to assess whether the mechanical prop-

erty changes are due to polymer composition, fiber size, or a combination of the two.

3.3.2.4 Nanofibrous Scaffolds Coated with Bioactive Molecules

A natural ECM scaffold contains bioactive peptides, such as RGD sequences, but is

often mechanically too weak or rapidly degraded for tissue engineering applica-

tions. Conversely, a synthetic polymeric scaffold has tailorable properties to meet

the physical requirements, but lacks the native biocompatibility. There is, there-

fore, a need to develop methodologies to incorporate and optimize bioactive motifs,

such as the RGD peptide, for the synthesis of biocompatible polymeric scaffolds

that possess the advantages of both natural and synthetic polymers. Unlike

natural–synthetic composite nanofibrous scaffolds fabricated from electrospinning

a blend polymer, nanofibrous scaffolds coated with bioactive molecules are pro-

duced by coating natural polymers to the surface of synthetic nanofibrous scaf-

folds. This after-work addition can avoid alteration of the properties of the natural

polymer during the electrospinning. The most commonly used approaches for the

incorporation of bioactive agents on a polymeric surface include simple coating

and covalent linking. The simple coating process is easy and fast but the coated

agents detach shortly, depending on the coating surface properties, whereas the

covalent linking process is more laborious but the coating should be more stable.

Collagen coated electrospun scaffolds have been developed by simply placing

nanofibrous scaffolds in a collagen solution. The simple coating works for most

synthetic polymers, but the efficiency and effectiveness of the coating are depen-

dent on polymer surface properties such as charge, chemistry and geometry. Colla-

gen type I has been coated on PCL [142] and P(LLA-CL) [157] electrospun nanofi-

brous scaffolds, which are used for culturing different cells for various tissue

engineering applications. Although there is no direct measurement to evaluate

the efficiency of the collagen coating on the scaffolds, cell response, i.e., the promo-

tion of specific biological activities, indirectly demonstrates the presence of colla-

gen coating on electrospun fibrous scaffolds.

Electrospun nanofibrous scaffolds made of either hydrophobic or hydrophilic

synthetic polymers are usually inert and lack functional groups for direct covalent

linkage of bioactive peptides or domains. To create functional groups for the cova-

lent bonding, surface processing techniques, such as acid/base treatment, chem-

ical activation, and oxidization, are used. For instance, studies have reported on the

modification of PET nanofiber surfaces by gelatin grafting [98]. The process starts

with the creation of hydroxyl groups on PET nanofibers using formaldehyde, grafts

with methacrylic acid, and covalent linkage of gelatin using carbodiimide. The re-

sults show that more gelatin is grafted to PET nanofibers than to the film counter-

part, and the grafting occurs throughout the entire scaffold surface. In addition,

gelatin grafting significantly increases the hydrophilicity of the PET surface, sug-

gesting that covalently grafting bioactive proteins or peptides to a nanofibrous scaf-

fold is an effective approach for the modification of the hydrophobic properties of

the scaffold.
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3.3.3

Engineered Tissues using Electrospun Nanofibrous Scaffolds

3.3.3.1 Skin

Skin is the largest tissue covering the body and provides physical and chemical

protection of the body from harmful sources such as heat and microbial organ-

isms. The top layer is the epidermis containing melanocytes and the dermis lies

directly underneath the epidermis.

In the body, cells and tissue matrices interact via complex chemical and physical

processes. Due to the sophisticated architecture of the skin with its various layers,

it is difficult for current synthetic 3D matrices to simulate such processes. There-

fore, electrospinning has been used to spin natural and synthetic polymers to fab-

ricate biomaterial scaffolds that more closely mimic the tissue matrix of skin. In a

study by Venugopal et al., PCL, collagen type I, and collage type I-coated PCL nano-

fibers were electrospun to fabricate a substitute for skin regeneration [144]. In this

study, fibroblasts from normal human skin attached and spread on all three nano-

fiber matrices; however, the interaction between cells and nanofiber matrices

varied with the scaffold material. For instance, collagen nanofiber matrices

showed a significantly higher level of fibroblast proliferation than control mono-

layer culture. Conversely, PCL fibers showed a significantly lower level of cellular

proliferation than control monolayer culture. The results of this study also showed

normal morphology and confluence of cells on control monolayer culture and col-

lagen nanofibers. However, while PCL nanofibers were able to support cell growth,

they showed no confluence compared with collagen coated PCL nanofibers. As a

result, this study proved that PCL fibers are able to partially support the growth of

skin fibroblasts, while the presence of collagen on the scaffolds greatly enhances

the interactions between cells and nanofibers. The advantage of using a collagen

coated PCL composite nanofibrous scaffold is to incorporate the biological and me-

chanical properties of each polymer, with collagen type I providing a favorable mi-

lieu for skin fibroblasts and biodegradable PCL improving the mechanical integrity

of the matrix. Therefore, electrospun 3D nanometer sized fibers provide a potential

scaffold for skin regeneration. Min et al. electrospun silk fibroin into nanofibers

and then coated the fibers with collagen type I, fibronectin, and laminin to evaluate

cell response to different ECM coatings on silk fibroin nanofibers [109]. In addi-

tion, they also used different cell types, human oral and epithelial keratinocytes

and gingival fibroblasts, to measure cell attachment and spreading on the nano-

fibers. In terms of the effect of various ECM coatings, collagen type I coated nano-

fibers were shown to more actively promote attachment of keratinocytes, com-

pared with laminin or fibronectin coated nanofibers, and, interestingly, even to a

polystyrene surface. Cells adhered to and spread on the surface of silk fibroin

nanofibers, and then started to migrate along the fibers, forming a 3D cellular net-

work well integrating with nanofibers. The similar cellular response in a nanofiber

scaffold is also demonstrated in the previous study using fibroblasts in PLGA

nanofibers [25]. Beside the attempt of using silk fibroin nanofibers as scaffolds for

skin regeneration, chitin/PLGA nanofibrous scaffolds cultured with keratinocytes
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and fibroblasts have also shown great promise in skin tissue engineering since

chitin has proved to have good wound healing properties [158]. The chitin/PLGA

nanofibrous scaffolds, taking advantages of the desired properties of chitin and

PLGA for tissue engineered scaffolds, exhibit improved hydrophilicity and sound

mechanical properties. Cells attach better in the chitin/PLGA than the PLGA-only

nanofibrous scaffolds. In the preliminary cell study, the same cell types used in the

silk fibroin scaffolds show a similar trend of cell attachment and spreading in var-

ious ECM coated chitin/PLGA nanofibrous scaffolds. Collagen type I coated chitin/

PLGA nanofibrous scaffolds enhances cell attachment and spreading in the scaf-

folds, which is critical for cellular activities in skin regeneration using the tissue

engineering approach.

3.3.3.2 Blood Vessel

Blood vessels are a part of the circulation system, and function as a channel to

transport oxygen and nutrient to the body tissues or remove metabolic waste for

replenishment. There are three types of blood vessels found in the body: arteries,

veins, and capillaries. Each of them has a different structure and various functions.

Vascular related disorders are one of the leading fatal diseases around the world,

and one of the current treatments is the use of vascular grafts in bypass surgeries.

In terms of material types, grafts are either biological (autograft, allograft, and xeno-

graft) or synthetic. Although there is fair success with these conventional grafts,

challenges such as the availability of small vascular grafts still remain. Vascular

tissue engineering is promising for creating cellular vascular grafts with desired

dimensions.

The tissue engineered artery fabricated using electrospun scaffolds has been ex-

tensively investigated recently. Boland et al. have fabricated a vascular scaffold by

assembling two electrospun nanofibrous tubes composed of different collagen/

elastin ratios with cultured dermal fibroblasts, aortic smooth muscle cells, and um-

bilical vein endothelial cells in the outer, middle, and inner layers of the scaffold,

respectively, to simulate the anatomical three layers of an artery [94]. After cultur-

ing in a bioreactor, the engineered artery exhibits a tri-cellular layer architecture

in cross section. One of the critical requirements for tissue engineered arteries is

to have satisfactory mechanical properties to bear compliance strength and burst

pressure. Therefore, Stitzel et al. blended PLGA with collagen and elastin to pro-

duce an electrospun tri-polymeric fibrous scaffold, thus increasing the strength

of the original collagen/elastin scaffold and rendering it mechanically comparable

to a native artery [102]. Both endothelial and smooth muscle cells cultured in the

scaffolds exhibit favorable cell attachment and growth. Further in vivo testing

found no signs of toxicity. In addition to studies that focus on the design of a tissue

engineered vascular graft, several studies have reported the effects of surface

roughness and fiber orientation on the cellular activities of vascular cells [159,

160]. Xu et al. have demonstrated that endothelial cells cultured on electrospun

fibrous scaffolds exhibit less-spread cell morphology, compared with those on

smooth surfaces [159]. An increase in cell attachment and proliferation was also

observed on the smooth surface culture. Another study has shown that smooth
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muscle cells exhibit a spindle-like contractile phenotype, while cytoskeletal pro-

teins, such as a-actin and myosin filaments, are oriented along the direction of

aligned nanofibers [160]. Fiber alignment using electrospinning supports the con-

struction of a tissue engineered vascular graft that contains a middle, smooth mus-

cle layer that mimics the circumferentially oriented nature.

3.3.3.3 Cartilage

Adult cartilage is formed mainly at the articular joint and is a specialized tissue

that consists of chondrocytes, ECM macromolecules, and water. Chondrocytes syn-

thesize and maintain the ECM in cartilage while the ECM functions to provide

structural protection to residing cells and to act as a regulatory messenger for cell

activities. Cartilage tissue engineering aims to replace damaged cartilage and re-

store biological function. A main research focus in our laboratory is the develop-

ment of cartilage tissue engineering using the electrospinning technique.

We have recently compared the biological response of chondrocytes seeded onto

3D PCL nanofibrous scaffolds to that of cells seeded as monolayers on standard tis-

sue culture polystyrene (TCPS) [77]. Gene expression analysis (Fig. 3.5) showed

that chondrocytes seeded on the nanofibrous scaffold maintained their chondro-

cytic phenotype by expressing cartilage-specific ECM genes, including collagen

types II and IX, aggrecan, and COMP. Specifically, expression of the collagen type

IIB spliced variant transcript, indicative of the mature chondrocyte phenotype, was

significantly up-regulated. Chondrocytes exhibited a round shape on the nanofi-

brous scaffolds, in contrast to a flat, well-spread morphology seen in monolayer

Fig. 3.5. Reverse transcription-polymerase

chain reaction (RT-PCR) analysis of expression

of cartilage associated genes in fetal bovine

chondrocytes seeded onto tissue culture

polystyrene (TCPS) or PCL nanofibrous

scaffolds. On culture days 0, 7, 14, and 21 total

RNA was extracted and RT-PCR performed with

gene-specific primer pairs, including collagen

type II (Col II), collagen IX (Col IX), aggrecan

(AGN), cartilage oligomeric matrix protein

(COMP), and glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) as a house keeping

gene. Cells cultured on nanofibrous scaffolds

showed strong induction of mRNA expression

of collagen types II and IX, aggrecan, and

COMP after 21 days. More importantly, the

alternatively spliced mRNA variant of collagen

type II, the IIB(*), was expressed only in the

nanofibrous scaffold cultures.
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cultures on TCPS. Histologically, nanofibrous cultures produced more sulfated

proteoglycan-rich, cartilaginous matrix than monolayer cultures. These results in-

dicate that the biological activities of chondrocytes are crucially dependent on the

dimensionality of the extracellular scaffolds, and that nanofibrous PCL may be a

biologically preferred scaffold/substrate for proliferation and phenotype mainte-

nance of chondrocytes.

In another study [140], we specifically compare the chondrogenic activities of

MSC–nanofiber cultures to those of high-density cell pellet cultures, a commonly

used culture system for studying chondrogenesis of MSCs in vitro. MSCs cultured

in nanofibrous scaffolds in the presence of TGF-b1 differentiate into a chondro-

cytic phenotype, as evidenced by chondrocyte-specific gene expression and the syn-

thesis of cartilage-associated ECM proteins. The level of chondrogenesis observed

in MSCs seeded within nanofibrous scaffolds is comparable to that observed for

MSCs maintained as cell aggregates or pellets. The 3D MSC-seeded constructs dis-

play a cartilage-like morphology, containing chondrocyte-like cells surrounded by

abundant cartilaginous matrix (Fig. 3.6). Due to the physical nature and improved

mechanical properties of nanofibrous scaffolds, particularly in comparison to cell

pellets, these findings suggest that the nanofibrous scaffold is a practical carrier

for MSC transplantation, and represents a candidate scaffold for cell-based tissue

engineering approaches to cartilage repair.

3.3.3.4 Bone

Bone is a hard, solid connective tissue that provides structure and protection to the

body. To support external loading and absorb shocks, bone has a unique structure

Fig. 3.6. Histological analysis of MSC cultures

seeded into a PCL nanofibrous scaffold and

maintained in a chondrogenic medium

supplemented with TGF-b1 for 21 days.

Sections from the upper and lower portions

of the 3D constructs were stained with

hematoxylin and eosin (H&E) (A, B) and

Alcian blue (C, D). H&E staining showed flat

fibroblast-like cells on the top zone (*), round

chondrocyte-like cells embedded in lacunae

(arrows) in the middle zone (**), and small,

flat cells at the bottom zone (***). Alcian blue

staining showed the presence of sulfated

proteoglycan-rich ECM in the construct.

Bar ¼ 10 mm.
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and chemical composition. The bone structure is composed of two layers of differ-

ent density of bones. The outer layer is compact bone and the inner layer being

spongy bone. Bone is always undergoing dynamic remodeling carried out by two

different cell types, the osteoblast for building bone and the osteoclast for digesting

bone. In addition, the bone marrow contains numerous MSCs that are capable of

differentiating into various connective tissue cells to replenish them.

Cells used in bone tissue engineering include osteoblasts, osteoprogenitor cells,

and MSCs. Each of these cell types, depending on their nature, requires a different

culture environment. MSCs are a highly promising cell source for tissue engineer-

ing applications because of their multi-differentiation capabilities and their ex-

pandability [81]. Applications of MSCs for bone tissue engineering requires that

the cells are seeded within electrospun nanofibrous scaffolds that will permit and/

or promote osteogenic differentiation. Yoshimoto et al. and Shin et al. have re-

ported on the osteogenic differentiation of MSCs in PCL nanofibrous scaffolds cul-

tured in vitro and in vivo [137, 138]. In their study, MSCs from rat bone marrow

seeded in PCL nanofibrous scaffolds are cultured in a rotatory oxygen-permeable

bioreactor with the osteogenic medium. This environment promotes MSCs to dif-

ferentiate into osteoblast-like cells producing collagen type I and minerals in the

scaffold. In addition, the bioreactor improves oxygen and nutrients diffusion, en-

hancing cell growth in the nanofibrous scaffold. Initial osteogenic differentiation

of MSCs is carried out in the in vitro model. Further assessment of bone forma-

tion included implanting the MSC loaded nanofibrous scaffold pre-induced and

-cultured in a bioreactor in a rat model. The new osteo-matrix is deposited through-

out the entire harvested cellular constructs, resulting in a white, smooth appear-

ance and stiffer properties. The preliminary results of new bone formation using

MSC–nanofiber constructs are encouraging. To actively induce bone formation, os-

teoconductive calcium carbonate has been coelectrospun with PCL nanofiber to

fabricate a nanofibrous composite scaffold. The addition of calcium carbonate in-

creases the mineralization in the cellular constructs, an early sign of bone forma-

tion. The composite scaffold combining the osteogenic promotion of nanofibers

and the osteoconductivity of calcium carbonate is also suggested for guided bone

regeneration therapy to repair jaw and alveolar bone defects.

3.3.3.5 Muscle

Muscles make up most of the body and account for almost half of body weight.

Skeletal muscle covering the skeleton functions to move the body, cardiac muscle

making up the heart contracts in a rhythmic movement, and smooth muscle form-

ing internal organs perform the unconscious actions. The three types of muscles

are composed of different kinds of cells and ECM protein compositions.

Skeletal muscle tissue is composed of bundles of highly oriented and dense

muscle fibers, each representing a multinucleated cell derived from myoblasts.

Therefore, the engineering of skeletal muscle tissue necessitates the use of a bio-

material scaffold that will allow cells to align parallel to one another. Electrospin-

ning, as previously illustrated, provides a technique that not only can generate

nanoscale non-woven fibers, but this technique also offers the versatility of align-
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ing fibers to yield an ideal scaffold architecture for skeletal muscle tissue engineer-

ing. In a study by Riboldi et al., DegraPol2, a degradable block polyesterurethane,

was electrospun to fabricate a biomaterial scaffold to engineer skeletal muscle

tissue using mouse C2C12 muscle progenitor cells [161]. Preliminary experiments

in this study found C2C12 line cells to be compatible with the electrospun scaffold

by adhering, proliferating, and differentiation into myotubes on the electrospun

scaffolds [161]. More specifically, the authors showed that after 3 days of culture

of C2C12 cells in differentiation medium there was formed elongated, multi-

nucleated, myosin heavy chain expressing myotubes that preferentially aligned

with the direction of the scaffold fibers. C2C12 cells were also viable on the electro-

spun scaffold up to 7 days of culture. By aligning myofibers to one another, scaf-

folds may be engineered with the ability to generate sufficient force for contraction

of differentiated C2C12 cells. While the tendency of utilizing microfibrous poly-

meric scaffolds has yielded promising results in driving myofibers development

and orientation along the scaffold, the high tensile modulus and low-yield elonga-

tion of these microfibrous polymeric scaffolds is inadequate to withstand the me-

chanical stimulation needed for dynamic culturing methods needed for skeletal

muscle tissue engineering [161–163].

A critical factor for successful regeneration of myocardium in a tissue engi-

neered scaffold is that the scaffold structure should be flexible for cardiomyocyte

contraction, sustain a reasonable tension for cell morphology maintenance, and

have a good integrity for handling. To fulfill this purpose, Shin et al. have cultured

primary cardiomyocytes from rat ventricles on PCL nanofiber suspended wire

rings [139]. Interestingly, unlike a rigid scaffold, the flexibility of the nanofibrous

network applies limited restriction on cell contraction. The cardiomyocytes on the

nanofibers start the ubiquitous and synchronized contraction after 3 days of cul-

ture. In addition, cells within the scaffold exhibit spindle, multi-angular muscle-

cell-like morphology, and also express cardiac-specific markers such as tropo-

myosin and connexin43. The wire ring applies a tensile force on the suspended

nanofibers, which may be transferred to stretch cells, which is critical for the mat-

uration of the cardiomyocyte. In another study, rat cardiac fibroblasts are cultured

in acid-treated PGA scaffolds to evaluate the proliferation of cells cultured in PGA

scaffolds with different fiber sizes and surface chemistry [130]. Cells proliferate sig-

nificantly more rapidly in acid treated, smaller nanofibers, suggesting that the acid

treated surface exposes more carboxylic and hydroxylic groups that favorably attract

cell attachment molecules, such as fibronectins and vitronectins, to enhance cell

attachment; thus more cells can grow on a bigger surface area in a scaffold with

smaller fibers.

Functional tissue engineered smooth muscle is essential for the development of

complex tissue engineered organs. Flexible, anisotropic properties of smooth mus-

cle provide internal organs the capability of constant movement and the expansion

for additional content storage. Electrospinning has been applied to microintegrate

smooth muscle cells into nanofibrous scaffolds to fabricate a cell–nanofiber com-

posite [44]. The mechanical properties of the composite are in an adequate range

to meet the requirements for soft tissue application. After culturing in a perfusion
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bioreactor, the cellular composite exhibits a high density of smooth muscle cells

in a uniform distribution. The smooth muscle is successfully engineered by the

microintegration process based on the electrospinning, which can be adopted to

tissue engineer other tissues as well.

3.3.3.6 Ligament

The ability of electrospun nanofibrous scaffolds to mimic the architectural scale of

the native ECM provides them with great potential for the engineering of liga-

ments. The ligament is a tough fibrous band of slightly elastic connective tissue

that provides stability to skeletal joints. The specialized cells that make up liga-

ments are called fibroblasts. The matrix of ligaments is made up of collagen fibrils

with a diameter of @60 nm; therefore, nanofibrous scaffolds should provide liga-

ment fibroblasts with a structure that closely mimics the native matrix [164]. A

study investigating the effects of fiber alignment on the ECM generation of human

ligament fibroblasts (HLF) on PU electrospun nanofibers showed that cells cul-

tured on aligned nanofibers were spindle-shaped and oriented in the nanofiber

direction, while cells on non-aligned nanofibers had no directionality [164]. After

7 days of culture, HLF cells on aligned nanofibers showed a significant change in

their ECM with increase collagen synthesis compared with non-aligned fibers, al-

though cell proliferation was not affected by fiber directionality [164]. A significant

increase in cell attachment and proliferation on nanofiber scaffolds was also ob-

served, as compared with cast PU membranes. Therefore, this study demonstrates

that the biomimetic nature of aligned electrospun nanofibers provides an architec-

tural environment similar to that which ligament fibroblasts normally encounter

in vivo.

3.3.3.7 Nerve

Unlike other parts of the body, the central nervous system (CNS) cannot generate

new neurons or regenerate damaged nerves itself. Cell-based tissue engineering

strategies using multipotential cells have been investigated as a therapy for specific

neurologic disorders (i.e., paralysis of extremities). Due to the complexity of the ar-

chitectural organization of the CNS, polymeric scaffolds should provide a suitable

3D carrier for cell delivery. Electrospinning presents a sophisticated technique to

fabricate an ECM-like matrix. Recent studies have investigated the potential of elec-

trospun 3D scaffolds, both aligned and non-aligned, in neural tissue engineering

using a multipotent neural stem cell (NSC) line, C17-2, derived from a neonatal

mouse cerebellum [76, 165]. Yang et al. have investigated the morphology and cell

adhesion response of NSC to PLLA non-aligned nanofibrous scaffolds [165]. Phase-

contrast microscopy revealed that C17-2 cells seeded on the scaffolds adhered to

the scaffolds and started to differentiate on the fibrous scaffold 10 h after seeding,

and by 24 h around 70% of cells exhibited a spindle-like shape with extended pro-

cesses. An additional study by Yang et al. compared the response of C17-2 cells to

aligned versus non-aligned electrospun PLLA nanofibers [76], and reported that

after 2 days of culture significant changes in the phenotype of cells based on direc-

tionality had occurred.

3.3 Current Development of Electrospun Nanofibrous Scaffolds in Tissue Engineering 175



Successful nerve regeneration is dependent upon extensive growth of axonal pro-

cesses. The study by Yang et al. found no significant effect of fiber alignment when

comparing aligned (1.5 mm) and non-aligned (1.25 mm) microfibrous scaffolds.

However, the directionality did have an effect when comparing aligned (300 nm)

and non-aligned (250 nm) nanofibrous scaffolds. The results indicate that the pres-

ence or absence of a directionality effect is dependent on architectural scale. The

average neurite length of C17-2 cells on aligned nanofibrous scaffolds was calcu-

lated as 100 mm and 75–80 mm on aligned and non-aligned microfibrous scaffolds,

respectively. These results show a significant relationship of a decrease in fiber di-

ameter increasing neurite outgrowth.

3.4

Current Challenges and Future Directions

To date, many different polymers have been successfully electrospun and charac-

terized for numerous intended applications. However, limited progress has been

made on fabricating tissues using nanofibrous scaffolds. Unlike nanofiber applica-

tions in composites and electronics, tissue engineering applications of nanofibrous

polymeric scaffolds still require further extensive biological analyses in addition to

physical characterization to determine if they are suitable for the promotion of tis-

sue growth. Recent studies have focused on the introduction of different new poly-

mers for electrospinning, as well as testing and characterizing the physical proper-

ties of electrospun nanofibrous polymeric scaffolds, with less emphasis on

biological evaluation. To move to the next developmental phase of nanofibrous

scaffold-based tissue engineering, cellular and molecular analyses are necessary to

understand the interaction between nanofibers and cells. A better understanding of

cell–nanofiber interactions, based on the structural and functional similarity be-

tween nanofibers and native ECM, is critical to successful tissue engineering.

Functional nanofibrous scaffolds providing structural and mechanical support

for tissue growth as well as actively inducing favorable biological activities should

be the future aim of research on electrospun nanofibrous scaffolds. Peptide do-

mains, such as RGD on ECM molecules, bind to cell surface receptors, activating

cellular signaling pathways to elicit cellular response. Therefore, to promote cellu-

lar activities, efforts should be devoted to developing methodologies to incorporate

and optimize bioactive motifs or peptides into the electrospun nanofibrous scaf-

fold, ultimately creating biologically active scaffolds. In addition to matrix-bound

signal proteins on ECM, soluble bioactive molecules such as growth factors are

important for the regulation of cellular events, including proliferation and differen-

tiation [166]. Biodegradable polymers have long been used as drug delivery sys-

tems to deliver therapeutic agents because they can be designed to undergo pro-

grammed degradation in a controlled fashion [167]. Incorporation of growth

factors, such as transforming growth factor-beta (TGF-b) or insulin-like growth fac-

tor (IGF), into a nanofibrous scaffold may be used as an additional strategy for the

control of tissue growth. Ideally, it is desirable to fabricate nanofibrous scaffolds
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that are capable of releasing, in a controlled manner, one or more growth factors to

act on specific cellular functions at different times. A nanofibrous scaffold housing

multiple growth factors may be produced using a selected combination of

biodegradable polymers, each releasing one or more specifically adsorbed growth

factors as a function of its own degradation profile. These characteristics, once op-

timized and taken together with the ‘‘tissue-engineering’’-friendly nature of the

nanofibrous scaffold, should make this a highly promising candidate scaffold sys-

tem for tissue regeneration applications.

3.5

Conclusion

Electrospinning technology is a useful, economical, and easily set-up means of

fabricating of 3D, highly porous, nanofibrous scaffolds that have been shown to

support cellular activities and tissue formation. Conversely, tissue engineering is a

revolutionary, cell-based therapy with a higher promise for clinical applications. To-

gether, tissue engineering and regeneration with the application of electrospun

polymeric nanofibers is an exciting example of the power of the rapidly emerging

field of nanotechnology.

References

1 Langer R, Vacanti JP. Tissue

engineering. Science 1993, 260, 920–
926.

2 Hutmacher DW. Scaffold design and

fabrication technologies for

engineering tissues – state of the

art and future perspectives. J.
Biomater. Sci. Polym. Ed. 2001, 12,
107–124.

3 Lee JH, Jung HW, Kang IK, Lee HB.

Cell behaviour on polymer surfaces

with different functional groups.

Biomaterials 1994, 15, 705–711.
4 Bhardwaj T, Pilliar RM, Grynpas

MD, Kandel RA. Effect of material

geometry on cartilagenous tissue

formation in vitro. J. Biomed. Mater.
Res. 2001, 57, 190–199.

5 Zhang S. Fabrication of novel

biomaterials through molecular self-

assembly. Nat. Biotechnol. 2003, 21,
1171–1178.

6 Hersel U, Dahmen C, Kessler H.

RGD modified polymers: biomaterials

for stimulated cell adhesion and

beyond. Biomaterials 2003, 24, 4385–
4415.

7 Flemming RG, Murphy CJ, Abrams

GA, Goodman SL, Nealey PF. Effects

of synthetic micro- and nano-

structured surfaces on cell behavior.

Biomaterials 1999, 20, 573–588.
8 Elsdale T, Bard J. Collagen substrata

for studies on cell behavior. J. Cell
Biol. 1972, 54, 626–637.

9 Cukierman E, Pankov R, Stevens

DR, Yamada KM. Taking cell-matrix

adhesions to the third dimension.

Science 2001, 294, 1708–1712.
10 Abbott J, Holtzer H. The loss of

phenotypic traits by differentiated

cells. 3. The reversible behavior of

chondrocytes in primary cultures.

J. Cell Biol. 1966, 28, 473–487.
11 Benya PD, Shaffer JD.

Dedifferentiated chondrocytes

reexpress the differentiated collagen

phenotype when cultured in agarose

gels. Cell 1982, 30, 215–224.
12 Levenberg S, Huang NF, Lavik E,

References 177



Rogers AB, Itskovitz-Eldor J,

Langer R. Differentiation of human

embryonic stem cells on three-

dimensional polymer scaffolds. Proc.
Natl. Acad. Sci. U.S.A. 2003, 100,
12 741–12 746.

13 Cukierman E, Pankov R, Yamada

KM. Cell interactions with three-

dimensional matrices. Curr. Opin. Cell
Biol. 2002, 14, 633–639.

14 Sinha RK, Morris F, Shah SA,

Tuan RS. Surface composition of

orthopaedic implant metals regulates

cell attachment, spreading, and

cytoskeletal organization of primary

human osteoblasts in vitro. Clin.
Orthop. 1994, 258–272.

15 Dalby MJ, Riehle MO, Johnstone

H, Affrossman S, Curtis AS. In vitro

reaction of endothelial cells to polymer

demixed nanotopography. Biomaterials
2002, 23, 2945–2954.

16 Dalby MJ, Riehle MO, Johnstone

HJ, Affrossman S, Curtis AS.

Polymer-demixed nanotopography:

control of fibroblast spreading and

proliferation. Tissue Eng. 2002, 8,
1099–1108.

17 Webster TJ, Siegel RW, Bizios R.

Osteoblast adhesion on nanophase

ceramics. Biomaterials 1999, 20, 1221–
1227.

18 Webster TJ, Ergun C, Doremus RH,

Siegel RW, Bizios R. Enhanced

functions of osteoblasts on nanophase

ceramics. Biomaterials 2000, 21, 1803–
1810.

19 Elias KL, Price RL, Webster TJ.

Enhanced functions of osteoblasts on

nanometer diameter carbon fibers.

Biomaterials 2002, 23, 3279–3287.
20 Huang ZM, Zhang YZ, Kotaki M,

Ramakrishna S. A review on polymer

nanofibers by electrospinning and

their applications in nanocomposites.

Composites Sci. Technol. 2003, 63,
2223–2253.

21 Nair LS, Bhattacharyya S,

Laurencin CT. Development of novel

tissue engineering scaffolds via

electrospinning. Expert Opin. Biol.
Ther. 2004, 4, 659–668.

22 Li WJ, Mauck RL, Tuan RS.

Electrospun nanofibrous scaffolds:

Production, characterization, and

applications for tissue engineering

and drug delivery. J. Biomed.
Nanotechnol. 2005, 1, 259–275.

23 Ma Z, Kotaki M, Inai R, Ramak-

rishna S. Potential of nanofiber

matrix as tissue-engineering scaffolds.

Tissue Eng. 2005, 11, 101–109.
24 Venugopal J, Ramakrishna S.

Applications of polymer nanofibers in

biomedicine and biotechnology. Appl.
Biochem. Biotechnol. 2005, 125, 147–
158.

25 Li WJ, Laurencin CT, Caterson EJ,

Tuan RS, Ko FK. Electrospun

nanofibrous structure: A novel scaffold

for tissue engineering. J. Biomed.
Mater. Res. 2002, 60, 613–621.

26 Smith LA, Ma PX. Nano-fibrous

scaffolds for tissue engineering.

Colloids Surf. B Biointerfaces 2004, 39,
125–131.

27 Whitesides GM, Boncheva M.

Beyond molecules: self-assembly of

mesoscopic and macroscopic

components. Proc. Natl. Acad. Sci.
U.S.A. 2002, 99, 4769–4774.

28 Zhang S, Marini DM, Hwang W,

Santoso S. Design of nanostructured

biological materials through self-

assembly of peptides and proteins.

Curr. Opin. Chem. Biol. 2002, 6, 865–
871.

29 Silva GA, Czeisler C, Niece KL,

Beniash E, Harrington DA, Kessler

JA, Stupp SI. Selective differentiation

of neural progenitor cells by high-

epitope density nanofibers. Science
2004, 303, 1352–1355.

30 Kisiday J, Jin M, Kurz B, Hung H,

Semino C, Zhang S, Grodzinsky AJ.

Self-assembling peptide hydrogel

fosters chondrocyte extracellular

matrix production and cell division:

Implications for cartilage tissue repair.

Proc. Natl. Acad. Sci. U.S.A. 2002, 99,
9996–10 001.

31 Rayleigh JWG. Lond. Edinburgh
Dublin Phil. Mag. 1882, 14, 184.

32 Zeleny J. The electrical discharge

from liquid points, and a hydrostatic

method of measuring the electric

intensity at their surface. Phys. Rev.
1914, 3, 69–91.

178 3 Electrospinning Technology for Nanofibrous Scaffolds in Tissue Engineering



33 Zeleny J. Instability of electrified

liquid surface. Phys. Rev. 1917, 10,
1–6.

34 Dole M, Mack LL, Hines RL.

Molecular beams of macroions.

J. Chem. Phys. 1968, 49, 2240–2249.
35 Vonnegut B, Neubauer RL. J. Colloid

Sci. 1952, 7, 616.
36 Drozin VG. The electrical dispersion

of liquids as aerosols. J. Colloid Sci.
1955, 7, 616.

37 Patent 1,975,504. 1934.
38 Patent 3,280,229. 1966.
39 Baumgarten PK. Electrostatic

spinning of acrylic microfibers.

J. Colloid Interface Sci. 1971, 36,
71–79.

40 Larrondo L, Manley RSJ.

Electrostatic fiber spinning from

polymer melts. 1. Experimental-

observations on fiber formation and

properties. J. Polym. Sci. Part B –
Polym. Phys. 1981, 19, 909–920.

41 Larrondo L, Manley RSJ.

Electrostatic fiber spinning from

polymer melts. 2. Examination of the

flow field in an electrically driven jet.

J. Polym. Sci. Part B – Polym. Phys.
1981, 19, 921–932.

42 Larrondo L, Manley RSJ.

Electrostatic fiber spinning from

polymer melts. 3. Electrostatic

deformation of a pendant drop of

polymer melt. J. Polym. Sci. Part
B – Polym. Phys. 1981, 19, 933–
940.

43 Kidoaki S, Kwon IK, Matsuda T.

Mesoscopic spatial designs of nano-

and microfiber meshes for tissue-

engineering matrix and scaffold based

on newly devised multilayering and

mixing electrospinning techniques.

Biomaterials 2005, 26, 37–46.
44 Stankus JJ, Guan J, Fujimoto K,

Wagner WR. Microintegrating

smooth muscle cells into a biodegrad-

able, elastomeric fiber matrix.

Biomaterials 2006, 27, 735–744.
45 Taylor GI. Electrically driven jets.

Proc. R. Soc. (London) 1969, 453–
475.

46 Taylor GI. Disintegration of water

drops in an electric field. Proc. R. Soc.
(London) 1964, 383–397.

47 Doshi J, Reneker DH. Electro-

spinning process and applications of

electrospun fibers. J. Electrostatics
1995, 35, 151–160.

48 Fong H, Chun I, Reneker DH.

Beaded nanofibers formed during

electrospinning. Polymer 1999, 40,
4585–4592.

49 Liu HQ, Hsieh YL. Ultrafine fibrous

cellulose membranes from

electrospinning of cellulose acetate.

J. Polym. Sci. Part B – Polym. Phys.
2002, 40, 2119–2129.

50 Deitzel JM, Kleinmeyer J, Harris D,

Tan NCB. The effect of processing

variables on the morphology of

electrospun nanofibers and textiles.

Polymer 2001, 42, 261–272.
51 Demir MM, Yilgor I, Yilgor E,

Erman B. Electrospinning of

polyurethane fibers. Polymer 2002, 43,
3303–3309.

52 Zong XH, Kim K, Fang DF, Ran SF,

Hsiao BS, Chu B. Structure and

process relationship of electrospun

bioabsorbable nanofiber membranes.

Polymer 2002, 43, 4403–4412.
53 Lee KH, Kim HY, Khil MS, Ra YM,

Lee DR. Characterization of nano-

structured poly(e-caprolactone)

nonwoven mats via electrospinning.

Polymer 2003, 44, 1287–1294.
54 Choi JS, Lee SW, Jeong L, Bae SH,

Min BC, Youk JH, Park WH. Effect

of organosoluble salts on the

nanofibrous structure of electrospun

poly(3-hydroxybutyrate-co-3-

hydroxyvalerate). Int. J. Biol. Macromol.
2004, 34, 249–256.

55 Zong X, Kim K, Fang D, Ran S,

Hsiao BS, Chu B. Structure and

process relationship of electrospun

bioabsorbable nanofiber membranes.

Polymer 2002, 43, 4403–4412.
56 Shin YM, Hohman MM, Brenner

MP, Rutledge GC. Experimental

characterization of electrospinning:

The electrically forced jet and

instabilities. Polymer 2001, 42, 9955–
9967.

57 Theron A, Zussman E, Yarin AL.

Electrostatic field-assisted alignment

of electrospun nanofibres.

Nanotechnology 2001, 12, 384–390.

References 179



58 Li D, Ouyang G, McCann JT, Xia Y.

Collecting electrospun nanofibers with

patterned electrodes. Nano Lett. 2005,
5, 913–916.

59 Li WJ, Mauck R, Cooper JA, Tuan

RS. Engineering anisotropy in

electrospun biodegradable nano-

fibrous scaffolds for musculo-

skeletal tissue engineering. In: 5th

Combined Meeting of the Orthopaedic

Research Societies of Canada, USA,

Japan, and Europe, Banff, Alberta,

Canada, 2004.

60 Muschler GF, Nakamoto C,

Griffith LG. Engineering princi-

ples of clinical cell-based tissue

engineering. J. Bone Joint Surg. Am.
2004, 86-A, 1541–1558.

61 Lee YH, Lee JH, An IG, Kim C, Lee

DS, Lee YK, Nam JD. Electrospun

dual-porosity structure and

biodegradation morphology of

montmorillonite reinforced PLLA

nanocomposite scaffolds. Biomaterials
2005, 26, 3165–3172.

62 Hubbell JA. Biomaterials in tissue

engineering. Biotechnology (N Y) 1995,
13, 565–576.

63 Tan EP, Ng SY, Lim CT. Tensile

testing of a single ultrafine polymeric

fiber. Biomaterials 2005, 26, 1453–
1456.

64 Sanders JE, Nicholson BS,

Mitchell SB, Ledger RE. Polymer

microfiber mechanical properties:

A system for assessment and

investigation of the link with fibrous

capsule formation. J. Biomed. Mater.
Res. A 2003, 67, 1412–1416.

65 Grinnell F. Cellular adhesiveness

and extracellular substrata. Int. Rev.
Cytol. 1978, 53, 65–144.

66 Giancotti FG, Ruoslahti E. Integrin

signaling. Science 1999, 285, 1028–
1032.

67 Smetana K, Jr. Cell biology of

hydrogels. Biomaterials 1993, 14,
1046–1050.

68 Boyan BD, Hummert TW, Dean DD,

Schwartz Z. Role of material surfaces

in regulating bone and cartilage cell

response. Biomaterials 1996, 17, 137–
146.

69 Loeser RF. Chondrocyte integrin

expression and function. Biorheology
2000, 37, 109–116.

70 Nikolovski J, Mooney DJ. Smooth

muscle cell adhesion to tissue

engineering scaffolds. Biomaterials
2000, 21, 2025–2032.

71 Woo KM, Chen VJ, Ma PX. Nano-

fibrous scaffolding architecture

selectively enhances protein

adsorption contributing to cell

attachment. J. Biomed. Mater. Res.
2003, 67A, 531–537.

72 Buckwalter JA, Mankin HJ.

Articular cartilage: Tissue design and

chondrocyte-matrix interactions. Instr.
Course Lect. 1998, 47, 477–486.

73 Scully SP, Lee JW, Ghert PMA, Qi

W. The role of the extracellular matrix

in articular chondrocyte regulation.

Clin. Orthop. 2001, S72–89.
74 Gray ML, Pizzanelli AM,

Grodzinsky AJ, Lee RC. Mechanical

and physiochemical determinants of

the chondrocyte biosynthetic response.

J. Orthop. Res. 1988, 6, 777–792.
75 Li WJ, Jiang YJ, Tuan RS. Chon-

drocyte phenotype in engineered

fibrous matrix is regulated by fiber

size. Tissue Eng. in the press.

76 Yang F, Murugan R, Wang S,

Ramakrishna S. Electrospinning of

nano/micro scale poly(L-lactic acid)

aligned fibers and their potential in

neural tissue engineering. Biomaterials
2005, 26, 2603–2610.

77 Li WJ, Danielson KG, Alexander

PG, Tuan RS. Biological response of

chondrocytes cultured in three-

dimensional nanofibrous poly(epsilon-

caprolactone) scaffolds. J. Biomed.
Mater. Res. A 2003, 67, 1105–1114.

78 Burdon T, Smith A, Savatier P.

Signalling, cell cycle and pluripotency

in embryonic stem cells. Trends Cell
Biol. 2002, 12, 432–438.

79 Li S, Edgar D, Fassler R,

Wadsworth W, Yurchenco PD. The

role of laminin in embryonic cell

polarization and tissue organization.

Dev. Cell 2003, 4, 613–624.
80 Nur-E-Kamal A, Ahmed I, Kamal J,

Schindler M, Meiners S. Three-

dimensional nanofibrillar surfaces

promote self-renewal in mouse

180 3 Electrospinning Technology for Nanofibrous Scaffolds in Tissue Engineering



embryonic stem cells. Stem Cells 2005,
24, 426–433.

81 Pittenger MF, Mackay AM, Beck

SC, Jaiswal RK, Douglas R, Mosca

JD, Moorman MA, Simonetti DW,

Craig S, Marshak DR. Multi-

lineage potential of adult human

mesenchymal stem cells. Science 1999,
284, 143–147.

82 Zuk PA, Zhu M, Mizuno H, Huang

J, Futrell JW, Katz AJ, Benhaim P,

Lorenz HP, Hedrick MH.

Multilineage cells from human

adipose tissue: Implications for cell-

based therapies. Tissue Eng. 2001, 7,
211–228.

83 Goodwin HS, Bicknese AR, Chien

SN, Bogucki BD, Quinn CO, Wall

DA. Multilineage differentiation

activity by cells isolated from umbilical

cord blood: Expression of bone, fat,

and neural markers. Biol. Blood
Marrow Transplant 2001, 7, 581–588.

84 Young HE, Steele TA, Bray RA,

Hudson J, Floyd JA, Hawkins K,

Thomas K, Austin T, Edwards C,

Cuzzourt J, Duenzl M, Lucas PA,

Black AC, Jr. Human reserve

pluripotent mesenchymal stem cells

are present in the connective tissues

of skeletal muscle and dermis derived

from fetal, adult, and geriatric donors.

Anat. Rec. 2001, 264, 51–62.
85 De Bari C, Dell’Accio F,

Tylzanowski P, Luyten FP.

Multipotent mesenchymal stem cells

from adult human synovial

membrane. Arthritis Rheum. 2001, 44,

1928–1942.

86 Li WJ, Tuli R, Huang X, Laquer-

riere P, Tuan RS. Multilineage

differentiation of human mesenchymal

stem cells in a three-dimensional

nanofibrous scaffold. Biomaterials
2005, 26, 5158–5166.

87 Schindler M, Ahmed I, Kamal J,

Nur EKA, Grafe TH, Young Chung

H, Meiners S. A synthetic

nanofibrillar matrix promotes in vivo-

like organization and morphogenesis

for cells in culture. Biomaterials 2005,
26, 5624–5631.

88 Nur EKA, Ahmed I, Kamal J,

Schindler M, Meiners S. Three

dimensional nanofibrillar surfaces

induce activation of Rac. Biochem.
Biophys. Res. Commun. 2005, 331,
428–434.

89 Frenkel SR, Toolan B, Menche D,

Pitman MI, Pachence JM.

Chondrocyte transplantation using a

collagen bilayer matrix for cartilage

repair. J. Bone Joint Surg. Br. 1997, 79,
831–836.

90 Lee CR, Grodzinsky AJ, Hsu HP,

Spector M. Effects of a cultured

autologous chondrocyte-seeded type II

collagen scaffold on the healing of a

chondral defect in a canine model.

J. Orthop. Res. 2003, 21, 272–281.
91 Matthews JA, Wnek GE, Simpson

DG, Bowlin GL. Electrospinning of

collagen nanofibers. Biomacromolecules
2002, 3, 232–238.

92 Rho KS, Jeong L, Lee G, Seo BM,

Park YJ, Hong SD, Roh S, Cho JJ,

Park WH, Min BM. Electrospinning

of collagen nanofibers: Effects on

the behavior of normal human

keratinocytes and early-stage wound

healing. Biomaterials 2006, 27, 1452–
1461.

93 Telemeco TA, Ayres C, Bowlin GL,

Wnek GE, Boland ED, Cohen N,

Baumgarten CM, Mathews J,

Simpson DG. Regulation of cellular

infiltration into tissue engineering

scaffolds composed of sumicron

diameter fibrils produced by

electrospinning. Acta Biomater. 2005,
1, 377–385.

94 Boland ED, Matthews JA,

Pawlowski KJ, Simpson DG, Wnek

GE, Bowlin GL. Electrospinning

collagen and elastin: Preliminary

vascular tissue engineering. Front
Biosci. 2004, 9, 1422–1432.

95 Li M, Mondrinos MJ, Gandhi MR,

Ko FK, Weiss AS, Lelkes PI.

Electrospun protein fibers as matrices

for tissue engineering. Biomaterials
2005, 26, 5999–6008.

96 Matthews JA, Boland ED, Wnek GE,

Simpson DG, Bowlin GL. Electro-

spinning of collagen type II: A

feasibility study. J. Bioactive Compatible
Polymers 2003, 18, 125–134.

97 Shields KJ, Beckman MJ, Bowlin

References 181



GL, Wayne JS. Mechanical proper-

ties and cellular proliferation of

electrospun collagen type II. Tissue
Eng. 2004, 10, 1510–1517.

98 Ma Z, Kotaki M, Yong T, He W,

Ramakrishna S. Surface engineering

of electrospun polyethylene

terephthalate (PET) nanofibers

towards development of a new

material for blood vessel engineering.

Biomaterials 2005, 26, 2527–2536.
99 Ma Z, He W, Yong T, Ramakrishna

S. Grafting of gelatin on electrospun

poly(caprolactone) nanofibers to

improve endothelial cell spreading and

proliferation and to control cell

Orientation. Tissue Eng. 2005, 11,
1149–1158.

100 Zhang Y, Ouyang H, Lim CT,

Ramakrishna S, Huang ZM.

Electrospinning of gelatin fibers and

gelatin/PCL composite fibrous

scaffolds. J. Biomed. Mater. Res. B Appl.
Biomater. 2005, 72, 156–165.

101 Huang ZM, Zhang YZ, Ramak-

rishna S, Lim CT. Electrospinning

and mechanical characterization of

gelatin nanofibers. Polymer 2004, 45,
5361–5368.

102 Stitzel J, Liu J, Lee SJ, Komura M,

Berry J, Soker S, Lim G, Van Dyke

M, Czerw R, Yoo JJ, Atala A.

Controlled fabrication of a biological

vascular substitute. Biomaterials 2006,
27, 1088–1094.

103 Buttafoco L, Kolkman NG,

Engbers-Buijtenhuijs P, Poot AA,

Dijkstra PJ, Vermes I, Feijen J.

Electrospinning of collagen and elastin

for tissue engineering applications.

Biomaterials 2006, 27, 724–734.
104 Nagapudi K, Brinkman WT, Thomas

BS, Park JO, Srinivasarao M,

Wright E, Conticello VP, Chaikof

EL. Viscoelastic and mechanical

behavior of recombinant protein

elastomers. Biomaterials 2005, 26,
4695–4706.

105 Jin HJ, Fridrikh SV, Rutledge GC,

Kaplan DL. Electrospinning Bombyx

mori silk with poly(ethylene oxide).

Biomacromolecules 2002, 3, 1233–1239.
106 Jin HJ, Chen J, Karageorgiou V,

Altman GH, Kaplan DL. Human

bone marrow stromal cell responses

on electrospun silk fibroin mats.

Biomaterials 2004, 25, 1039–1047.
107 Ohgo K, Zhao C, Kobayashi M,

Asakura T. Preparation of non-woven

nanofibers of Bombyx mori silk,

Samia cynthia ricini silk and

recombinant hybrid silk with

electrospinning method. Polymer 2003,
44, 841–846.

108 Zarkoob S, Eby RK, Reneker DH,

Hudson SD, Ertley D, Adams WW.

Structure and morphology of

electrospun silk nanofibers. Polymer
2004, 45, 3973–3977.

109 Min BM, Lee G, Kim SH, Nam YS,

Lee TS, Park WH. Electrospinning of

silk fibroin nanofibers and its effect

on the adhesion and spreading of

normal human keratinocytes and

fibroblasts in vitro. Biomaterials 2004,
25, 1289–1297.

110 Min BM, Jeong L, Nam YS, Kim JM,

Kim JY, Park WH. Formation of silk

fibroin matrices with different texture

and its cellular response to normal

human keratinocytes. Int. J. Biol.
Macromol. 2004, 34, 281–288.

111 Park WH, Jeong L, Yoo DI, Hudson

S. Effect of chitosan on morphology

and conformation of electrospun silk

fibroin nanofibers. Polymer 2004, 45,
7151–7157.

112 Silverman RP, Passaretti D, Huang

W, Randolph MA, Yaremchuk MJ.

Injectable tissue-engineered cartilage

using a fibrin glue polymer. Plast.
Reconstr. Surg. 1999, 103, 1809–1818.

113 Worster AA, Brower-Toland BD,

Fortier LA, Bent SJ, Williams J,

Nixon AJ. Chondrocytic differentia-

tion of mesenchymal stem cells

sequentially exposed to transforming

growth factor-beta1 in monolayer and

insulin-like growth factor-I in a three-

dimensional matrix. J. Orthop. Res.
2001, 19, 738–749.

114 Fortier LA, Mohammed HO, Lust G,

Nixon AJ. Insulin-like growth factor-I

enhances cell-based repair of articular

cartilage. J. Bone Joint Surg. Br. 2002,
84, 276–288.

115 Wnek GE, Carr ME, Simpson DG,

Bowlin GL. Electrospinning of

182 3 Electrospinning Technology for Nanofibrous Scaffolds in Tissue Engineering



nanofiber fibrinogen structures. Nano
Lett. 2003, 3, 213–216.

116 Sechriest VF, Miao YJ, Niyibizi C,

Westerhausen-Larson A, Matthew

HW, Evans CH, Fu FH, Suh JK.

GAG-augmented polysaccharide

hydrogel: A novel biocompatible and

biodegradable material to support

chondrogenesis. J. Biomed. Mater. Res.
2000, 49, 534–541.

117 Lahiji A, Sohrabi A, Hungerford

DS, Frondoza CG. Chitosan supports

the expression of extracellular matrix

proteins in human osteoblasts and

chondrocytes. J. Biomed. Mater. Res.
2000, 51, 586–595.

118 Lu JX, Prudhommeaux F, Meunier

A, Sedel L, Guillemin G. Effects of

chitosan on rat knee cartilages.

Biomaterials 1999, 20, 1937–1944.
119 Denuziere A, Ferrier D, Damour O,

Domard A. Chitosan-chondroitin

sulfate and chitosan-hyaluronate

polyelectrolyte complexes: Biological

properties. Biomaterials 1998, 19,
1275–1285.

120 Min BM, Lee SW, Lim JN, You Y, Lee

TS, Kang PH, Park WH. Chitin and

chitosan nanofibers: Electrospinning

of chitin and deacetylation of chitin

nanofibers. Polymer 2004, 45, 7137–
7142.

121 Subramanian A, Lin HY, Vu D,

Larsen G. Synthesis and evaluation of

scaffolds prepared from chitosan

fibers for potential use in cartilage

tissue engineering. Biomed. Sci.
Instrum. 2004, 40, 117–122.

122 Geng X, Kwon OH, Jang J.

Electrospinning of chitosan dissolved

in concentrated acetic acid solution.

Biomaterials 2005, 26, 5427–5432.
123 Campoccia D, Doherty P, Radice M,

Brun P, Abatangelo G, Williams

DF. Semisynthetic resorbable mate-

rials from hyaluronan esterification.

Biomaterials 1998, 19, 2101–2127.
124 Vercruysse KP, Marecak DM,

Marecek JF, Prestwich GD.

Synthesis and in vitro degradation

of new polyvalent hydrazide cross-

linked hydrogels of hyaluronic acid.

Bioconjug. Chem. 1997, 8, 686–694.
125 Aigner J, Tegeler J, Hutzler P,

Campoccia D, Pavesio A, Hammer C,

Kastenbauer E, Naumann A.

Cartilage tissue engineering with

novel nonwoven structured

biomaterial based on hyaluronic acid

benzyl ester. J. Biomed. Mater. Res.
1998, 42, 172–181.

126 Grigolo B, Roseti L, Fiorini M,

Fini M, Giavaresi G, Aldini NN,

Giardino R, Facchini A. Trans-

plantation of chondrocytes seeded on

a hyaluronan derivative (hyaff-11) into

cartilage defects in rabbits.

Biomaterials 2001, 22, 2417–2424.
127 Um IC, Fang D, Hsiao BS, Okamoto

A, Chu B. Electro-spinning and

electro-blowing of hyaluronic acid.

Biomacromolecules 2004, 5, 1428–1436.
128 Hollinger JO. Preliminary report on

the osteogenic potential of a

biodegradable copolymer of polyactide

(PLA) and polyglycolide (PGA).

J. Biomed. Mater. Res. 1983, 17, 71–82.
129 Boland ED, Wnek GE, Simpson DG,

Pawlowski KJ, Bowlin GL. Tailoring

tissue engineering scaffolds using

electrostatic processing techniques:

A study of poly(glycolic acid)

electrospinning. J. Macromol. Sci. –
Pure Appl. Chem. 2001, A38, 1231–
1243.

130 Boland ED, Telemeco TA, Simpson

DG, Wnek GE, Bowlin GL. Utilizing

acid pretreatment and electrospinning

to improve biocompatibility of

poly(glycolic acid) for tissue engi-

neering. J. Biomed. Mater. Res. B Appl.
Biomater. 2004, 71, 144–152.

131 Middleton JC, Tipton AJ. Synthetic

biodegradable polymers as orthopedic

devices. Biomaterials 2000, 21, 2335–
2346.

132 Zong X, Ran S, Kim KS, Fang D,

Hsiao BS, Chu B. Structure and

morphology changes during in vitro

degradation of electrospun poly-

(glycolide-co-lactide) nanofiber

membrane. Biomacromolecules 2003, 4,
416–423.

133 Ko FK, Li WJ, Laurencin CT.

Electrospun nanofibrous structure for

tissue engineering. In: Sixth World

Biomaterials Congress, Kamuela,

Hawaii, USA, 2000.

References 183



134 Katti DS, Robinson KW, Ko FK,

Laurencin CT. Bioresorbable

nanofiber-based systems for wound

healing and drug delivery:

Optimization of fabrication

parameters. J. Biomed. Mater. Res. B
2004, 70, 286–296.

135 Berkland C, Pack DW, Kim KK.

Controlling surface nano-structure

using flow-limited field-injection

electrostatic spraying (FFESS) of

poly(D,L-lactide-co-glycolide).

Biomaterials 2004, 25, 5649–5658.
136 Pitt CG. Poly-epsilon-caprolactone

and its copolymers. In: Biodegradable
Polymers as Drug Delivery Systems.
Chasin M, Langer R (Eds.), Marcel

Dekker, New York, 1990, pp. 71–120.

137 Yoshimoto H, Shin YM, Terai H,

Vacanti JP. A biodegradable

nanofiber scaffold by electrospinning

and its potential for bone tissue

engineering. Biomaterials 2003, 24,
2077–2082.

138 Shin M, Yoshimoto H, Vacanti JP.

In vivo bone tissue engineering using

mesenchymal stem cells on a novel

electrospun nanofibrous scaffold.

Tissue Eng. 2004, 10, 33–41.
139 Shin M, Ishii O, Sueda T, Vacanti

JP. Contractile cardiac grafts using a

novel nanofibrous mesh. Biomaterials
2004, 25, 3717–3723.

140 Li WJ, Tuli R, Okafor C, Derfoul A,

Danielson KG, Hall DJ, Tuan RS. A

three-dimensional nanofibrous scaf-

fold for cartilage tissue engineering

using human mesenchymal stem

cells. Biomaterials 2005, 26, 599–609.
141 Khil MS, Bhattarai SR, Kim HY,

Kim SZ, Lee KH. Novel fabricated

matrix via electrospinning for tissue

engineering. J. Biomed. Mater. Res. B
Appl. Biomater. 2004, 72, 117–124.

142 Venugopal J, Ma LL, Yong T,

Ramakrishna S. In vitro study of

smooth muscle cells on polycaprolac-

tone and collagen nanofibrous

matrices. Cell Biol. Int. 2005, 29, 861–
867.

143 Zhang YZ, Venugopal J, Huang

ZM, Lim CT, Ramakrishna S.

Characterization of the surface

biocompatibility of the electrospun

PCL-collagen nanofibers using

fibroblasts. Biomacromolecules 2005, 6,
2583–2589.

144 Venugopal J, Ramakrishna S.

Biocompatible nanofiber matrices for

the engineering of a dermal substitute

for skin regeneration. Tissue Eng.
2005, 11, 847–854.

145 Vaz CM, Tuijl SV, Bouten CVC,

Baaijens FPT. Design of scaffolds for

blood vessel tissue engineering using

a multi-layering electrospinning

technique. Acta Biomater. 2005, 1,
575–582.

146 Fujihara K, Kotaki M, Ramakrishna

S. Guided bone regeneration mem-

brane made of polycaprolactone/

calcium carbonate composite nano-

fibers. Biomaterials 2005, 26, 4139–
4147.

147 Zong X, Ran S, Fang D, Hsiao BS,

Chu B. Control of structure,

morphology and property in

electrospun poly(glycolide-co-lactide)

non-woven membranes via post-draw

treatments. Polymer 2003, 44, 4959–
4967.

148 Kenawy el R, Layman JM, Watkins

JR, Bowlin GL, Matthews JA,

Simpson DG, Wnek GE.

Electrospinning of poly(ethylene-co-

vinyl alcohol) fibers. Biomaterials 2003,
24, 907–913.

149 Khil MS, Cha DI, Kim HY, Kim IS,

Bhattarai N. Electrospun nano-

fibrous polyurethane membrane as

wound dressing. J. Biomed. Mater. Res.
B Appl. Biomater. 2003, 67, 675–679.

150 Elisseeff J, Anseth K, Sims D,

McIntosh W, Randolph M, Langer

R. Transdermal photopolymerization

for minimally invasive implantation.

Proc. Natl. Acad. Sci. U.S.A. 1999, 96,
3104–3107.

151 Elisseeff J, Anseth K, Sims D,

McIntosh W, Randolph M,

Yaremchuk M, Langer R.

Transdermal photopolymerization of

poly(ethylene oxide)-based injectable

hydrogels for tissue-engineered

cartilage. Plast. Reconstr. Surg. 1999,
104, 1014–1022.

152 Huang L, Nagapudi K, Apkarian

RP, Chaikof EL. Engineered collagen-

184 3 Electrospinning Technology for Nanofibrous Scaffolds in Tissue Engineering



PEO nanofibers and fabrics. J.
Biomater. Sci. Polym. Ed. 2001, 12,
979–993.

153 Duan B, Dong C, Yuan X, Yao K.

Electrospinning of chitosan solutions

in acetic acid with poly(ethylene

oxide). J. Biomater. Sci. Polym. Ed.
2004, 15, 797–811.

154 Zong X, Li S, Chen E, Garlick B,

Kim KS, Fang D, Chiu J,

Zimmerman T, Brathwaite C, Hsiao

BS, Chu B. Prevention of postsurgery-

induced abdominal adhesions by

electrospun bioabsorbable nanofibrous

poly(lactide-co-glycolide)-based mem-

branes. Ann. Surg. 2004, 240, 910–915.
155 Kenawy el R, Bowlin GL, Mansfield

K, Layman J, Simpson DG, Sanders

EH, Wnek GE. Release of tetracycline

hydrochloride from electrospun

poly(ethylene-co-vinylacetate),

poly(lactic acid), and a blend.

J. Controlled Release 2002, 81, 57–64.
156 Ding B, Kimura E, Sato T, Fujita S,

Shiratori S. Fabrication of blend

biodegradable nanofibrous nonwoven

mats via multi-jet electrospinning.

Polymer 2004, 45, 1895–1902.
157 He W, Ma Z, Yong T, Teo WE,

Ramakrishna S. Fabrication of

collagen-coated biodegradable polymer

nanofiber mesh and its potential for

endothelial cells growth. Biomaterials
2005, 26, 7606–7615.

158 Min BM, You Y, Kim JM, Lee SJ,

Park WH. Formation of nanostruc-

tured poly(lactic-co-glycolic acid)/

chitin matrix and its cellular response

to normal human keratinocytes and

fibroblasts. Carbohydr. Polymers 2004,
57, 285–292.

159 Xu C, Yang F, Wang S, Ramakrishna

S. In vitro study of human vascular

endothelial cell function on materials

with various surface roughness. J.
Biomed. Mater. Res. A 2004, 71, 154–

161.

160 Xu CY, Inai R, Kotaki M, Ramak-

rishna S. Aligned biodegradable

nanofibrous structure: A potential

scaffold for blood vessel engineering.

Biomaterials 2004, 25, 877–886.
161 Riboldi SA, Sampaolesi M,

Neuenschwander P, Cossu G,

Mantero S. Electrospun degradable

polyesterurethane membranes:

Potential scaffolds for skeletal muscle

tissue engineering. Biomaterials 2005,
26, 4606–4615.

162 Neumann T, Hauschka SD, Sanders

JE. Tissue engineering of skeletal

muscle using polymer fiber arrays.

Tissue Eng. 2003, 9, 995–1003.
163 Cronin EM, Thurmond FA, Bassel-

Duby R, Williams RS, Wright WE,

Nelson KD, Garner HR. Protein-

coated poly(L-lactic acid) fibers provide

a substrate for differentiation of

human skeletal muscle cells. J.
Biomed. Mater. Res. A 2004, 69, 373–

381.

164 Lee CH, Shin HJ, Cho IH, Kang

YM, Kim IA, Park KD, Shin JW.

Nanofiber alignment and direction of

mechanical strain affect the ECM

production of human ACL fibroblast.

Biomaterials 2005, 26, 1261–1270.
165 Yang F, Xu CY, Kotaki M, Wang S,

Ramakrishna S. Characterization of

neural stem cells on electrospun

poly(L-lactic acid) nanofibrous scaffold.

J. Biomater. Sci. Polym. Ed. 2004, 15,
1483–1497.

166 Tatsuyama K, Maezawa Y, Baba H,

Imamura Y, Fukuda M. Expression

of various growth factors for cell

proliferation and cytodifferentiation

during fracture repair of bone. Eur. J.
Histochem. 2000, 44, 269–278.

167 Kost J, Langer R. Responsive

polymeric delivery systems. Adv. Drug
Deliv. Rev. 2001, 46, 125–148.

168 Boland ED, Telemeco TA, Simpson

DG, Wnek GE, Bowlin GL. Utilizing

acid pretreatment and electrospinning

to improve biocompatibility of

poly(glycolic acid) for tissue

engineering. J. Biomed. Mater. Res. B
2004, 71, 144–152.

169 Bini TB, Gao S, Xu X, Wang S,

Ramakrishna S, Leong KW.

Peripheral nerve regeneration by

microbraided poly(L-lactide-co-

glycolide) biodegradable polymer

fibers. J. Biomed. Mater. Res. A 2004,

68, 286–295.

170 Zhang Y, Ouyang H, Lim CT,

Ramakrishna S, Huang ZM.

References 185



Electrospinning of gelatin fibers and

gelatin/PCL composite fibrous

scaffolds. J. Biomed. Mater. Res. B
2005, 72, 156–165.

171 Fertala A, Han WB, Ko FK. Mapping

critical sites in collagen II for rational

design of gene-engineered proteins for

cell-supporting materials. J. Biomed.
Mater. Res. 2001, 57, 48–58.

172 Yang F, Murugan R, Wang S,

Ramakrishna S. Electrospinning of

nano/micro scale poly(L-lactic acid)

aligned fibers and their potential in

neural tissue engineering. Biomaterials
2005, 26, 2603–2610.

173 Xu C, Yang F, Wang S, Ramak-

rishna S. In vitro study of human

vascular endothelial cell function on

materials with various surface

roughness. J. Biomed. Mater. Res. A
2004, 71, 154–161.

174 Zong X, Bien H, Chung CY, Yin L,

Fang D, Hsiao BS, Chu B, Entcheva

E. Electrospun fine-textured scaffolds

for heart tissue constructs. Biomate-
rials 2005, 26, 5330–5338.

175 Kim K, Yu M, Zong X, Chiu J,

Fang D, Seo YS, Hsiao BS, Chu B,

Hadjiargyrou M. Control of

degradation rate and hydrophilicity in

electrospun non-woven poly(D,L-

lactide) nanofiber scaffolds for

biomedical applications. Biomaterials
2003, 24, 4977–4985.

176 Badami AS, Kreke MR, Thompson

MS, Riffle JS, Goldstein AS. Effect

of fiber diameter on spreading,

proliferation, and differentiation of

osteoblastic cells on electrospun

poly(lactic acid) substrates.

Biomaterials 2006, 27, 596–606.
177 Lee YH, Lee JH, An IG, Kim C, Lee

DS, Lee YK, Nam JD. Electrospun

dual-porosity structure and biodegrada-

tion morphology of Montmorillonite

reinforced PLLA nanocomposite

scaffolds. Biomaterials 2005, 26, 3165–
3172.

178 Mo XM, Xu CY, Kotaki M,

Ramakrishna S. Electrospun P

(LLA-CL) nanofiber: A biomimetic

extracellular matrix for smooth muscle

cell and endothelial cell proliferation.

Biomaterials 2004, 25, 1883–1890.

179 Xu C, Inai R, Kotaki M,

Ramakrishna S. Electrospun

nanofiber fabrication as synthetic

extracellular matrix and its potential

for vascular tissue engineering. Tissue
Eng. 2004, 10, 1160–1168.

180 Inoguchi H, Kwon IK, Inoue E,

Takamizawa K, Maehara Y, Matsuda

T. Mechanical responses of a

compliant electrospun poly(l-lactide-

co-epsilon-caprolactone) small-

diameter vascular graft. Biomaterials
2006, 27, 1470–1478.

181 Kwon IK, Kidoaki S, Matsuda T.

Electrospun nano- to microfiber

fabrics made of biodegradable

copolyesters: Structural characteristics,

mechanical properties and cell

adhesion potential. Biomaterials 2005,
26, 3929–3939.

182 Chua KN, Lim WS, Zhang P, Lu H,

Wen J, Ramakrishna S, Leong KW,

Mao HQ. Stable immobilization of rat

hepatocyte spheroids on galactosylated

nanofiber scaffold. Biomaterials 2005,
26, 2537–2547.

183 Nair LS, Bhattacharyya S, Bender

JD, Greish YE, Brown PW, Allcock

HR, Laurencin CT. Fabrication and

optimization of methylphenoxy

substituted polyphosphazene nano-

fibers for biomedical applications.

Biomacromolecules 2004, 5, 2212–
2220.

184 Lee IS, Kwon OH, Meng W, Kang

IK. Nanofabrication of microbial

polyester by electrospinning promotes

cell attachment. Macromol. Res. 2004,
12, 374–378.

185 Ito Y, Hasuda H, Kamitakahara M,

Ohtsuki C, Tanihara M, Kang IK,

Kwon OH. A composite of

hydroxyapatite with electrospun

biodegradable nanofibers as a tissue

engineering material. J. Biosci. Bioeng.
2005, 100, 43–49.

186 Stankus JJ, Guan J, Wagner WR.

Fabrication of biodegradable

elastomeric scaffolds with sub-micron

morphologies. J. Biomed. Mater. Res. A
2004, 70, 603–614.

187 Bhattarai SR, Bhattarai N, Yi HK,

Hwang PH, Cha DI, Kim HY. Novel

biodegradable electrospun membrane:

186 3 Electrospinning Technology for Nanofibrous Scaffolds in Tissue Engineering



Scaffold for tissue engineering.

Biomaterials 2004, 25, 2595–2602.
188 Khil MS, Cha DI, Kim HY, Kim IS,

Bhattarai N. Electrospun

nanofibrous polyurethane membrane

as wound dressing. J. Biomed. Mater.
Res. B 2003, 67, 675–679.

189 Matsuda T, Ihara M, Inoguchi H,

Kwon IK, Takamizawa K, Kidoaki S.

Mechano-active scaffold design of

small-diameter artificial graft made of

electrospun segmented polyurethane

fabrics. J. Biomed. Mater. Res. A 2005,

73, 125–131.

190 Kidoaki S, Kwon IK, Matsuda T.

Structural features and mechanical

properties of in situ-bonded meshes of

segmented polyurethane electrospun

from mixed solvents. J. Biomed. Mater.
Res. B Appl. Biomater. 2006, 76, 219–
229.

191 Ma Z, Kotaki M, Yong T, He W,

Ramakrishna S. Surface engineering

of electrospun polyethylene

terephthalate (PET) nanofibers

towards development of a new

material for blood vessel engineer-

ing. Biomaterials 2005, 26, 2527–
2536.

192 Sun T, Mai S, Norton D, Haycock

JW, Ryan AJ, MacNeil S. Self-

organization of skin cells in three-

dimensional electrospun polystyrene

scaffolds. Tissue Eng. 2005, 11, 1023–
1033.

193 Boland ED, Coleman BD, Barnes

CP, Simpson DG, Wnek GE, Bowlin

GL. Electrospinning polydioxanone for

biomedical applications. Acta Biomater.
2005, 1, 115–123.

194 Casper CL, Yamaguchi N, Kiick KL,

Rabolt JF. Functionalizing

electrospun fibers with biologically

relevant macromolecules.

Biomacromolecules 2005, 6, 1998–2007.
195 Bhattarai N, Edmondson D,

Veiseh O, Matsen FA, Zhang M.

Electrospun chitosan-based nano-

fibers and their cellular compatibil-

ity. Biomaterials 2005, 26, 6176–6184.
196 Son WK, Youk JH, Park WH.

Preparation of ultrafine oxidized

cellulose mats via electrospinning.

Biomacromolecules 2004, 5, 197–201.

References 187



Nanotechnologies for the Life Sciences Vol. 9
Tissue, Cell and Organ Engineering. Edited by Challa S. S. R. Kumar
Copyright 8 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31389-3

4

Nanofibrous Scaffolds

and their Biological Effects

Laura A. Smith, Jonathan A. Beck, and Peter X. Ma

4.1

Overview

Natural extracellular matrix (ECM) contains nanofibrous structures. To develop op-

timal scaffolds (synthetic temporary ECMs) for tissue engineering/regeneration,

researchers mimic the natural ECM to recreate fibrous structures at this size scale.

These nanofibrous scaffolds may eventually provide a better environment for tissue

formation. Three different approaches toward the formation of nanofibrous scaf-

folds have emerged: self-assembly, electrospinning and phase separation. Each of

these approaches is different and has a unique set of characteristics, which lends

to its development as a scaffolding system. For instance, self-assembly can gener-

ate small diameter nanofibers in the lowest end of the range of natural extracellu-

lar matrix collagen, while electrospinning has generated large diameter nanofibers,

often on the upper end of the range of natural ECM collagen. Phase separation,

however, has generated nanofibers in the same range as natural collagen and al-

lows for the design of macropore structures. Utilizing these three techniques, com-

posite scaffolds have also been formed that contain minerals and biological factors

to enable the scaffolds to more effectively mimic the natural ECM’s bioactivities.

These nanofibrous scaffolds have been shown to promote cellular attachment, pro-

liferation and differentiation when compared to more traditional scaffolds that do

not have nanofibrous structures. Nanofibrous scaffolds have been used to engineer

various tissues such as cartilage, bone, vascular, cardiac, and neural tissues. This

chapter briefly reviews the three fabrication techniques for nanofibrous scaffolds

and their applications in tissue engineering.

4.2

Introduction

Tissue engineering is an interdisciplinary field that applies the principles of engi-

neering and the life sciences to the development of biological substitutes that re-

store, maintain, or improve tissue function [1]. Essentially, there are three possible
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approaches to tissue engineering [1, 2]: use of isolated cells or cell substitutes to

replace the cells that supply a needed function; delivery of tissue-inducing sub-

stances such as growth factors to a targeted location; and growing cells in a three-

dimensional (3D) scaffold. The first two approaches may be suitable for small,

well-contained defects. However, only the third, using a scaffold to direct cell

growth, is suitable to engineer larger tissue blocks with predesigned shapes. As

such, more tissue engineers are utilizing scaffolds in their studies of neo-tissue

formation.

With this approach, biomaterials play a pivotal role [3, 4]. To properly direct cell

growth and tissue formation, scaffolds should have certain vital characteristics. The

scaffold should provide a suitable surface for the attachment, proliferation, and dif-

ferentiation of cells and provide an appropriate 3D template to guide the tissue

growth to its final shape [5, 6]. To enhance cell adhesion and subsequent tissue for-

mation, a high surface-to-volume ratio is desirable [7, 8]. An open porous network

with a suitable pore size should be contained in the scaffold to allow for uniform

cell seeding and for mass transport of signaling molecules, nutrients, and removal

of metabolic waste. The scaffold should also degrade at the rate of tissue formation,

yet have enough mechanical strength to provide temporary support while the tis-

sue is forming. Biocompatibility is important. Neither the scaffold nor its degrada-

tion products should be toxic to cells. Finally, because of its importance in cellular

behavior with respect to morphology, cytoskeletal structure and functionality, the

scaffold should allow cellular interactions similar to those in the natural extracel-

lular matrix (ECM) [9–11]. To meet all these criteria, tissue engineering scaffolds

are often designed to mimic the natural ECM until the host cells repopulate and

synthesize a new matrix [12, 13].

The most abundant protein in the ECM is collagen. Over 25 distinct collagen

chains have been identified, the most abundant of which is type I [14]. Type I col-

lagen molecules are composed of three collagen polypeptide chains wound around

each other to form a ropelike superhelix. Collagen molecules assemble further into

higher-order polymers called collagen fibrils, which in turn are assembled into col-

lagen fibers. The diameter of collagen fibers typically ranges from 50 to 500 nm.

Type I collagen, as a result of being the primary component of the ECM, has

been used in many medical materials, particularly in soft tissue repair [15]. Type

I collagen is relatively bioinert because of its helical structure and because the

primary sequence of type I collagen is well-conserved across species lines [16]. De-

spite these advantages, the use of collagen in tissue engineering scaffolds remains

questionable for the following reasons: concern of pathogen transmission, difficul-

ties in handling, and limited control of mechanical properties, biodegradability,

and batch-to-batch consistency [17]. To combat this, several synthetic tissue engi-

neering scaffolds with nano-scale structures are being developed to mimic the

ECM. The success of these scaffolds hinges on their ability to replicate the dimen-

sional scale of living tissue in both the micro- and nanometer scale, which will aid

in the maintenance of cell phenotype and provide a structurally, mechanically and

biologically compatible cell–material interface [18].

As you progress through this chapter, the methods of forming nanofibrous scaf-
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folds are first addressed along with modification methods to further tailor the

scaffolds for biological applications. This is followed by the biological effects of

nanofibrous architecture on cultured cells and the neo-tissue formation. The chap-

ter follows the linear development of tissue engineering from scaffold to tissue for-

mation, and provides the most up-to-date comprehensive review of the field.

4.3

Methods of Formation

Three principle methods have been employed in the fabrication of nanofibrous

scaffolds for use in tissue engineering. They are self-assembly, electrospinning,

and phase separation. Although very different from each other, these approaches

are at the cutting edge of technology. Each method is detailed in this section.

4.3.1

Electrospinning

Since it was first patented in the 1930s, electrospinning has been used in polymer-

processing [19]. It is a relatively simple process in which an electric field is used to

draw a polymer solution (melt) from an orifice to a collector. Application of a high

voltage (typically 5–30 kV) to the tip of a needle causing the polymer to form a

Taylor cone is required for electrospinning. When the electrical field strength ex-

ceeds the surface tension (surpassing a critical voltage), a fiber jet is ejected from

the Taylor cone to the collector (Fig. 4.1). The solvent evaporates from the polymer

solution as the jet travels through the air. This process leaves behind a randomly

oriented fiber matrix on the electrically grounded target [20–23].

Electrospinning typically is used to produce thin two-dimensional (2D) non-

woven sheets; however, thicker 3D meshes are possible [24]. To maintain nano-

Fig. 4.1. Schematic diagram of a typical electrospinning

apparatus: (A) Polymer solution loaded into a syringe; (B)

syringe needle; (C) polymer nanofiber jet; (D) grounded target,

which can be either stationary or rotating; (E) power supply.
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scale diameters throughout these meshes, a low extrusion rate must be used, lead-

ing to long fabrication times. It has been proposed that 3D meshes could more

quickly be produced using multiple orifices simultaneously [24]. In this type of

arrangement, the rate of mesh formation will be proportional to the number of

orifices. Figure 4.2(a) shows SEM micrograms of a typical electrospun nanofibrous

mesh [25]. However, electrospinning has yet to produce designed pore structures.

Despite such shortcomings, electrospinning has been widely explored due to its

capacity of generating nanofibers and the fabrication simplicity.

Electrospinning has been used to form scaffolds from many different bioma-

terials, including poly(lactic-co-glycolic acid) (PLGA), poly(caprolactone) (PCL),

poly(ethylene oxide) (PEO) and poly(vinyl alcohol) (PVA) in water or organic sol-

vent [26]. Nanofibrous mats of collagen, silk protein, elastin-mimetic peptide, fibri-

Fig. 4.2. (a) Randomly oriented nanofibers are

created when a static collector is used. (b)

Aligned nanofibers can be manufactured using

a rotating collector. (Reprinted with permission

from Ref. [25] 8 2005, Elsevier.) (c) Diagram of

a rotating collector. (Reprinted with permission

from Ref. [27] 8 2004, Elsevier.)
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nogen, casein and lipase enzyme, and even DNA have been formed using electro-

spinning [20–23]. The use of electrospinning with regard to naturally occurring bi-

omaterials has been limited in comparison to synthetic polymers because of the

difficulty in finding appropriate solvents.

Typically, electrospun fibers produced are randomly oriented on the collection

plate. However, random fiber orientation is not always ideal. Many tissues are ani-

sotropic and have a clearly defined directionality. Examples of anisotropic tissues

include muscle, bone, blood vessels, and nerves. Several methods have been devel-

oped to create mats with oriented fibers for use in these types of tissue engineering

projects. The first method involves the use of a rotating drum as the grounded

target rather than a static plate. As the drum spins, the fibers naturally align them-

selves (Fig. 4.2) [27]. A modification on the rotating drum concept that offers more

versatility utilizes modified polymer solution system pushed through a microflui-

dic chamber in close proximity to a rotating collection grid. This system achieves

variable fiber alignment from linear to S shaped curves dependent on the rate of

collection grid rotation [28].

Besides dynamic collection grids, post-drawing can also be used to create ori-

ented nanofibers [29]. In this method, the fibers are prepared using a static collec-

tion grid. Following electrospinning, the mat is drawn by stretching and then

annealed under constant strain. Mats created in this manner not only contain uni-

axial oriented fibers but also crystal orientation. Uniaxial oriented fibers can also be

created with a special collector composed of two pieces of electrically conductive

substrates separated by a gap [30]. The electrostatic fields created by the separated

conductors cause the fibers to bridge the gap perpendicularly. This method is lim-

ited by the electrostatic interactions between the conducting collectors, meaning

that only narrow meshes are possible.

The dimensions of electrospun fibers vary, depending on the material used.

However, in general, the diameters of electrospun fibers are at least one order of

magnitude smaller than those produced by conventional extrusion techniques

[24]. Yet, this is still generally at the upper end of the diameters present in the

native ECM. Ko and coworkers created nanofibrous PLGA matrices with fibers

having diameters between 500 and 800 nm [26], while Vacanti and coworkers fab-

ricated PCL matrices with an average fiber diameter of 400 nm (G200 nm) [31].

Chaikof and coworkers have also created electrospun nanofibers, with diameters

in the 100–150 nm range, by combining collagen and PEO [32]. Pure collagen

solutions have also been fabricated using electrospinning techniques [33–35].

Bowlin and coworkers have demonstrated electrospun collagen, with an average di-

ameter of 250 nm, that exhibits the 67-nm banding typical of native collagen fibrils

[34].

Although electrospinning is a relatively simple and quick method that can be

applied to many different types of biomaterials, there is inherent difficulty in creat-

ing scaffolds with well-organized pore architectures with complex geometries. The

diameter of most electrospun fibers is near the upper limit for the natural size of

collagen fibers (50–500 nm) with some even reaching into the micro-scale. These

are the two primary shortcomings of electrospinning.
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4.3.2

Self-assembly

Although molecular self-assembly is a rather new laboratory technique for the for-

mation of nano-scale scaffolds, it is prevalent in the natural world. Molecular self-

assembly is a ‘‘bottom up’’, rather than a ‘‘top down’’ approach. Self-assembly is

described as the reversible process by which preexisting parts are organized into

an ordered system. By definition, molecular self-assembly is the spontaneous asso-

ciation of molecules under equilibrium conditions into stable, structurally well-

defined aggregates joined by non-covalent bonds [36]. Although non-covalent

bonds such as hydrogen bonds, ionic bonds, van der Waals interactions, and hydro-

phobic interactions are rather weak in isolation, taken in concert they govern the

self-assembly of biological macromolecules [37].

As mentioned, self-assembled molecules are ubiquitous in nature. One example

of molecules that readily self-assemble into higher order structures is phospholi-

pids. Phospholipids are the principal component of the plasma membrane in cells.

In aqueous solutions, phospholipids readily self-assemble to form several struc-

tures, including vesicles, micelles, and tubules. One advantage of molecular self-

assembly is that fiber diameters can be produced that are much smaller than those

produced using electrospinning.

Schnur et al. [38] pioneered the work of molecular self-assembly using lipid

tubules. Several molecule types have been utilized in molecular self-assembly.

Zhang, Rich, Holmes, et al. [39] have created self-assembled structures using ionic

self-complementary oligopeptides. These oligopeptides contain alternating regions

of hydrophobic and hydrophilic amino acids, and, in water, they freely organize

themselves into stable b-sheet structures. Exposure to monovalent alkaline cations

or physiological conditions, the oligopeptides can assemble into hydrogels with in-

terwoven 10–20 nm diameter nanofibers and 50–200 nm diameter pores [39–41].

Peptide-amphiphiles (PA) have also been fabricated and will self-assemble to

form nano-structured fibers [42, 43]. Stupp and coworkers [42] demonstrated that

a molecule composed of a carbon alkyl tail and several peptide regions will self-

assemble to form nanofibers with a diameter of 7.6G 1 nm. The nanofibrous

scaffolds formed by this method are evident in Fig. 4.3. More recently, Stupp and

coworkers [44] have reported preliminary results that indicate that PA self-

assembled molecules can be used to encourage angiogenesis.

The PA is synthesized using solid-phase chemistry that ends with the alkylation

of the N-terminus of the peptide and contains the following features: a long alkyl

tail that conveys hydrophobic characteristics to the molecule; four consecutive cys-

teine residues that form disulfide bonds to polymerize the structure; a linker re-

gion containing three glycine residues to provide the hydrophilic head group the

flexibility from the rigid crosslinked regions; a phosphorylated serine residue that

interacts strongly with calcium ions and helps to direct mineralization; and Arg-

Gly-Asp (RGD), a cell adhesion ligand. The cysteine, phosphorylated serine and

RGD sequence are specific characteristics of the peptide portion of the PA [42].

Similar to PAs, diblock copolypeptides containing charged and hydrophobic seg-

4.3 Methods of Formation 193



ment have also been utilized to form rigid hydrogels in water for tissue engineer-

ing applications [45–47]. These hydrogels contain 1–30 mm water-containing pores

surrounded by a nanofibrous gel matrix [46]. The diblock copolypeptides hydrogels

are thermally stable under physiological conditions [45] and reorganize quickly

after mechanical deformation due to the low molecular mass of the diblock copoly-

peptides [47]. However, the pore size is on the lower side and may not be ideal for

tissue regeneration.

Molecular self-assembly has also been proven using molecules other than

peptides or PAs. For example, Liu et al. reported the self-assembly of polypheny-

lene dendrimers into mm-long nanofibers [48, 49]. Perutz [50–52] demonstrated

the formation of nanotubes from polyglutamines.

As mentioned, tissue engineering scaffolds should ideally have large pore spaces

to allow for cell accommodation and mass transport. One of the restrictions of self-

assembled scaffolds is the limited ability to form macro size pores. Degradation of

self-assembled scaffolds is also an issue that will need to be addressed. In addition,

the mechanical properties of these scaffolds will need to be increased before self-

assembly can be used in tissue engineering applications that require load bearing.

Nevertheless, self-assembled materials are often hydrogels, which are convenient

for injection.

4.3.3

Phase Separation

Phase separation processes have been used for some years to create porous poly-

mer membranes for filtration and other applications [53]. However, the use of ther-

Fig. 4.3. TEM images of PA molecule (a) self-

assembled by drying directly onto a TEM grid

without adjusted pH, and (b) another PA

molecule self-assembled by mixing with

CaCl2. Image (a) is negatively stained with

phosphotungstic acid whereas (b) is positively

stained with uranyl acetate. In both cases the

same fibrous morphology is observed, as is

seen by pH-induced self-assembly. (Ref. [43]

8 2002 by National Academy of Science, USA.)
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mally induced phase separation (TIPS) in the preparation of tissue engineering

scaffolds is fairly new [54]. In this process, a temperature change results in the

separation of the polymer solution into two phases; one having a low polymer

concentration (polymer-lean phase) and one having a high polymer concentration

(polymer-rich phase). Conversely, the polymer-lean phase is sometimes referred to

as the solvent-rich phase and the polymer-rich phase, in this naming methodology,

is referred to as the solvent-lean phase. Once the phase separation has occurred,

the solvent is removed by extraction, evaporation, or sublimation. As the polymer-

rich phase solidifies, this process leaves behind a network of pores referred to as

the polymer foam. The properties of the foam can be tailored to meet specific

needs. Thermally induced phase separation does not automatically lead to materi-

als with nanometer scale architecture. For example, our laboratory has used TIPS

to develop polymer and polymer/bioceramic composite scaffolds that do not have

the nanofibrous structure for tissue engineering [55, 56].

Ma and colleagues have recently developed a novel phase separation process to

fabricate nanofibrous materials from polymers [13]. A distinct advantage of the

phase separation process is that it can be combined with other manufacturing

techniques (such as particulate leaching or three-dimensional printing) to design

complex 3D structures with well-controlled pore morphologies [6, 12, 57, 58]. The

rest of this section will discuss how such phase separation is used for nanofibrous

scaffold fabrication for tissue engineering applications.

An appropriate liquid–liquid phase separation seems critical for nanofibrous

structure formation, but does not occur in all solvent systems. The selection of sol-

vent system and phase separation temperature are vital to nanofiber formation.

When the system and conditions are right, liquid–liquid phase separation can re-

sult in a 3D continuous fibrous network with nano-scaled architecture similar to

natural type I collagen [59, 60]. The fibers formed in this manner have diameters

ranging from 50 to 500 nm and the scaffolds can have a porosity in excess of 98%

[13]. Figure 4.4 is an image of a nanofibrous PLLA scaffold, and as can be seen,

this scaffold closely resembles collagen in the ECM.

Fig. 4.4. SEM micrograph of a nanofibrous PLLA matrix

prepared from 5.0% (wt/v) PLLA/THF solution at a gelation

temperature of �18 �C. (Ref. [13] 8 1999, John Wiley & Sons.)
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The TIPS process for nanofibrous structure formation typically occurs in five

steps [13]: polymer dissolution, phase separation and gelation, solvent exchange

from the gel with water, freezing, and finally freeze-drying (sublimation) under

vacuum. Although each step is necessary, gelation is the step that determines the

type of structure that will be formed. At high temperatures, the solution is homo-

geneous. When the polymer solution is cooled, phase separation into a polymer-

rich and polymer-lean phase can occur. Liquid–liquid phase separation usually oc-

curs via one of two routes: nucleation and growth or spinodal decomposition [61].

When a polymer that crystallizes, such as PLLA, is used the phase separation

process becomes much more complicated. In addition to phase separation, poly-

mer crystallization can also occur. In these cases, kinetics become important be-

cause the solution will experience driving forces for both liquid–liquid phase sepa-

ration and polymer crystallization. When the liquid–liquid phase separation is

faster than the polymer crystallization that leads to the nucleation of crystalline

domains in the polymer-rich phase, the morphology of the porous network is

largely dependent on the initial liquid–liquid phase separation. The selection of

phase-separation temperature should accordingly promote the desired liquid–

liquid phase separation [62].

As mentioned earlier, proper selection of solvents is critical in liquid–liquid

phase separation. The solvent must have a freezing point (crystallization tempera-

ture) lower than the liquid–liquid phase separation temperature of the polymer

solution. Otherwise, the solvent may crystallize before the liquid–liquid phase sep-

aration occurs. In addition to phase separation temperature and solvent selection,

the final morphology of the polymer matrix is dependent on the concentration of

polymer solution and the molecular weight of the polymer [59]. For example, a

very low concentration of polymer will typically result in a powder-like structure,

whereas a higher concentration will result in a foam.

Tissue engineers desire scaffolds not only with fibrous networks that mimic the

ECM, but also with designed 3D architecture of interconnected pores. In scaffolds,

macroscopic pores (>100 mm) are vital for proper cell seeding, distribution, migra-

tion, and neovascularization.

Here we present a few examples to illustrate how to combine liquid–liquid phase

separation with other technologies to create scaffolds with the proper 3D shape,

pore architecture, and nano-scale fibers. To form a nanofibrous matrix with a mac-

roscopic pore network, TIPS can be combined with particulate leaching techniques

[12]. For example, a polymer solution can be dripped over salt or sugar crystals.

The system is then cooled, inducing liquid–liquid phase separation. Next the scaf-

fold is immersed in water to simultaneously extract the solvent and leach out the

salt/sugar crystals. The scaffold is then frozen and, finally, freeze dried. The result-

ing scaffolds (Fig. 4.5) have a nano-scale fibrous architecture with macroscopic

pores. Although sugar/salt leaching creates well-formed pores, it is difficult to con-

trol the amount of interconnectivity. Interconnectivity of pores is important for cell

migration, cell signaling, and for mass transport (transport of nutrients to the cells

and removal of metabolites from the cells).

To better control the interconnectivity of the macroscopic pores in a scaffold, our
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laboratory has developed a dispersion technique to create paraffin microspheres to

be used as porogens. The interconnectivity of the pores can be controlled through

thermal bonding of the paraffin microspheres. Paraffin dissolves in THF, and for

this reason, THF cannot be used as the polymer solvent, and alternate solvents

must be implemented [6]. Following phase separation, hexane is used to leach out

the paraffin. The matrix is then frozen and lyophilized. This process results in a

scaffold with well-controlled interconnected spherical macropores and nanofibrous

pore walls (Fig. 4.6) [6].

Phase separation can also be combined with rapid prototyping techniques or

solid free-form (SFF) fabrication. In SFF fabrication a computer-aided design pro-

gram is used to design a 3D scaffold. To create a nanofibrous scaffold, a negative

mold is first generated using SFF fabrication techniques. The polymer solution is

then dripped over this mold. Following phase separation, the mold is leached out

Fig. 4.5. SEM micrograph of a PLLA nanofibrous matrix with

particulate macropores prepared from PLLA/THF solution

and sugar particles. Particle size 250–500 mm, original

magnification �50. (Ref. [12] 8 2000, John Wiley & Sons.)

Fig. 4.6. SEM micrographs of a PLLA

nanofibrous matrix with interconnected

spherical macropores prepared from a 7.5%

(wt/v) PLLA/dioxane/pyridine (dioxane/

pyridine ¼ 1:1) solution and paraffin spheres

heat treated for 40 min. Sphere size range

d ¼ 250–420 mm. Original magnification

(A) �50 and (B) �8000. (Reprinted with

permission from Ref. 8 [6] 2004, Elsevier.)
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and the matrix is processed as described previously. SFF fabrication makes possible

the construction of scaffolds with complex 3D structures. Figure 4.7 shows an ex-

ample of a scaffold formed by combining this reverse SFF fabrication and phase

separation [58].

In addition to being combinable with other processing techniques to design

macropores, phase separation is also a desirable method for forming tissue engi-

neering scaffolds because it can produce nanofibers in the size range similar to

that of natural collagen. Furthermore, phase separation does not require expensive

equipment or complicated synthesis schemes and can be easily adapted to a small

laboratory setting or large-scale industrial production.

Each technique, molecular self-assembly, electrospinning, and phase separation,

provides unique strengths in the area of nano-scale tissue engineering scaffolds.

As each area develops further, it is likely that niches will be created where a partic-

ular method better suits the needs of certain tissue engineers. As scientists better

understand and mimic the ECM, scaffolds will undoubtedly be created that provide

the characteristics necessary to move tissue engineering off the laboratory bench

and into widespread clinical applications.

4.4

Nanofibrous Composite Scaffolds

Utilizing the above three techniques, composite scaffolds have been formed that

contain minerals and biological materials to enable the scaffolds to better mimic

the natural ECM’s surface chemistry. Although nanofibrous scaffolds provide an

improved base architecture, the surface characteristics affect cellular response to a

material by influencing the rate and quality of new tissue formation. Specifically,

the surface chemistry and topography determine whether protein molecules can

adsorb, and the conformation of adsorbed proteins on the surface. This in turn

Fig. 4.7. SEM micrograph of the internal pore structure of a

scaffold fabricated using the reverse SFF fabrication technique.

(Ref. [58] 8 2003, John Wiley & Sons.)
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affects cellular attachment, alignment, proliferation and differentiation. Most ma-

terials used to fabricate nanofibrous scaffolds lack the biological recognitions of

the ECM on their surface. These scaffolds can be altered through the inclusion

of molecules and biological recognition sites to more closely mimic natural ECM

of the tissues they are trying to emulate.

4.4.1

Inorganic Composites

Most mineralized tissues, like bone, contain both organic and inorganic molecules.

In natural mineralized tissues, hydroxyapatite (HAP), a plate or spindle-shaped

crystal, is found between collagen fibrils in the ECM [63]. HAP is the main compo-

nent of the inorganic bone matrix, and the major site of mineral storage in bone

and the body. Bone contains 99% of the calcium and 88% of the phosphate in the

body. The HAP crystals within the matrix measure up to 200 nm in length and

offer a large surface area available for mineral exchange, about 10 m2 per 1 g of

bone [64].

By incorporating HAP into scaffolding, one attempts to increase mineralized

tissue formation through mimicking natural mineral content and ECM base archi-

tecture. HAP-containing polymer scaffolds possess good mechanical and osteocon-

ductive properties [5]. Nano- and micro-size HAP particles have been incorporated

with nanofibrous PLLA scaffolds created by phase separation to yield highly porous

scaffolds with improved mechanical strength and increased protein adsorption

[65]. Particularly interesting is that the nano-sized HAP provides improved charac-

teristics relative to micro-sized HAP in scaffolds [65].

HAP can also be deposited onto the surface of nanofibrous scaffolds using

simulated body fluid. This allows the HAP to have nano-features within the larger

deposited masses. This technique has been utilized to deposit HAP on phase sepa-

rated PLLA scaffolds (Fig. 4.8) [57] and electrospun poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) nanofibers [66]. Similarly, electrospun PCL and PLGA nanofibers

Fig. 4.8. SEM micrographs of nanofibrous PLLA/nHAP (90:10)

composite scaffolds incubated in 1.5X SBF for varying (a) 4

days and (b) 30 days. (Ref. [57] 8 2006, John Wiley & Sons.)
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have been combined with calcium carbonate [67], yielding similar advantages for

mineralized tissue formation.

4.4.2

Surface Modification

When mineralized tissue is not the goal, yet the base polymer used to create the

scaffold does not possess the most desirable surface characteristics, the scaffold

surface can be modified to obtain more desirable characteristics to promote cell–

scaffold interaction. These modifications can be as simple as plasma treatment or

allowing ECM proteins to adsorb to the scaffold [68]. For instance, PCL nanofibers

have been air-plasma treated to introduce aCOOH groups and then gelatin was al-

lowed to adsorb to the surface [69]. There is a concern over the penetration depth

and uniformity of the plasma treatment. More advanced and controlled modifica-

tions are desired.

Using electrospinning, a molecule such as gelatin can be blended with polymer

and then drawn through the electrospinning process to form nanofibrous scaf-

folds, as was done by Zhang et al. using PCL and gelatin mixtures [70]. Furthering

this concept of multiple species electrospinning, coaxial electrospinning tech-

niques have been develop, which allow for nanofibers to be produced with different

core and shell materials. This means that the core and shell material do not neces-

sarily need to be compatible. For instance, Zhang et al. have produced nanofibers

with a PCL core and a collagen shell for tissue engineering purposes [71].

Another strategy in surface modification is to use a completely synthetic system.

In this approach a biologically active peptide is grafted onto the surface. For

instance, a galactose ligand has been covalently conjugated to poly(acrylic acid)

spacers, which were UV-grafted onto poly(e-caprolactone-co-ethyl ethylene phos-

phate) nanofibers [72]. As such, peptide scaffolds have been made containing the

biologically active motifs of laminin I and collagen IV, two important proteins in

the basement membrane [73].

Alternatively, peptide amphiphiles containing either biologically active sequences

or structures potentially could be assembled on the surface of nanofibrous scaf-

folds. Fields, Tirrell and coworkers have illustrated the validity of such a coating

using PA molecules that consist of a a1 (IV) 1263-1277 collagen sequence Gly-

Val-Lys-Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro ([IV-H1]) connected to a

long-chain mono-or di-alkyl ester lipid [74–78], which assembles into stable triple

helices under physiological conditions [78], and have been shown to favorably sup-

port cell adhesion when coated on surfaces [76]. This work illustrates that surface

chemistry can be mimicked with this type of PAs. However, it has yet to be devel-

oped for scaffold modifications.

In our laboratory, a few easier implementing and effective techniques have been

developed for 3D surface modification of complex shaped scaffolds. For example,

physical entrapment of gelatin along with chemical crosslinking has been used to

modify nanofibrous PLLA scaffolds [79]. This is an advancement beyond adsorp-
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tion because it immobilizes the gelatin on the surface of the nanofibrous scaffold,

ensuring that the gelatin does not wash away in a tissue culture environment.

After 4 weeks of culture, osteoblasts on nanofibrous scaffolds modified with this

method showed increased proliferation and collagen fiber bundle formation over

the unmodified control scaffolds [79]. This indicates that this surface modification

does not have the depth penetration problems that more simplistic modification

like plasma-treated surfaces encounter in 3D applications.

An electrostatic layer-by-layer self-assembly technique has also been used to im-

prove the surface characteristics of nanofibrous PLLA scaffolds with gelatin [80].

Similar to physical entrapment with chemical crosslinking, self-assembly has

led to increased osteoblast proliferation over unmodified control scaffolds [80]. His-

tological sections of nanofibrous scaffolds with the self-assembly modification

showed a more even distribution of cells throughout the scaffolds after 2 weeks of

culture than unmodified control scaffolds [80].

4.4.3

Factor Delivery Scaffolds

As the drive to mimic the ECM continues, more nanofibrous scaffolds will likely

contain biological modifications to more appropriately tailor their characteristics

to the desired application. Similarly, investigators are moving beyond simply

mimicking the ECM to incorporating the release of factors to promote healing

and tissue formation from the scaffolds. To date, the antibiotic Cefoxitin has been

released from nanofibrous PLGA scaffolds by several groups [81, 82]. PDLA nano-

fibers have been used to release Mefoxin, a similar antibiotic to Cefoxitin, by others

[83]. Beyond antibiotics, the lipophilic anti-tumor drugs, doxorubicin and pacli-

taxel, have been released from PLLA nanofibers studied [84]. Ibuprofen, an anti-

inflammatory drug, has had its release from PLGA/PEG-g-chitosan nanofibers

[85]. Polyurethane nanofibers have been used to study the release of Ketanserin, a

selective S2-setotonin antagonist, and Itraconazole, an anti-fungal drug [86].

The release of plasmid DNA from PLGA and PLA-PEG nanofibrous scaffolds

has also be studied [2, 87]. Besides DNA, a few biological growth and differentia-

tion factors have been delivered from nanofibers. Human b-nerve growth factor

has been released from electrospun PCL/ethyl ethylene phosphate nanofibers

[88]. Systems for the delivery of biologically active proteins are often far more diffi-

cult to engineer than those for drug or nucleotide release because of the sensitivity

of proteins to conformational changes that render them biologically inactive, thus

limiting the available methods and necessitating their protection from harsh con-

ditions. Wei et al. have developed a system for release of platelet derived growth

factor (PDGF) and/or other biologically active factors from micro-spheres evenly

distributed within nanofibrous PLLA scaffolds [89]. Incorporation of the micro-

spheres into the nanofibrous scaffolds decreased the initial burst release of the

PDGF and extended the release of biologically active PDGF in a controlled fashion

[89].
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4.5

Biological Effects of Nanofibers

The ultimate goal of tissue engineering is to develop biological substitutes that

restore, maintain or improve tissue function within the body. Developing nano-

fibrous scaffolds that better mimic the ECM is one step further down the road to

achieving functional neo-tissue formation.

Regardless of the method used to form the nanofibrous scaffolds or further pro-

cess the scaffolds, these scaffolds seem to possess certain advantages over more

conventional scaffolds. They seem advantageous when it comes to cellular adhe-

sion, proliferation, migration and differentiation. Increased cellular adhesion and

proliferation, along with more rapid differentiation into mature cell types, have

been observed with several cell types [17, 27, 90–93]. However, engineering tissues

using nanofibrous scaffolds is still at the early stages. Notably, there is limited data

and a systematic study of the biological effects of nanofibers on cell function and

tissue development has yet to be completed.

4.5.1

Attachment

Suitable attachment is the first step to successful neo-tissue formation, since most

cell types require anchorage to proliferate, migrate and differentiate [94]. Woo et al.

[17] found that the cell adhesion proteins fibronectin, vitronectin, and laminin ad-

sorbed to the nanofibrous scaffolds much more than solid-walled control scaffolds.

They also found that this effect is not simply due to increased surface area since

different proteins adsorbed at different levels, which suggests the selective interac-

tion of the proteins with the nanofibrous matrix [17].

Cells seem to react to this increased adhesion protein presence on the nanofibers

by up-regulating integrins, a family of transmembrane proteins involved in adhe-

sion of cells to the ECM and each other. Specifically, normal rat kidney cells upre-

gulate expression of b1 integrin [91], while chondrocytes upregulate expression of

integrin a2 on nanofibrous surfaces [92]. Beside up-regulation of b1 integrin, nor-

mal rat kidney cells organize their b1 integrin in long, slender aggregates on the

nanofibers while on glass expression was concentrated in the cell body [91], as

seen in Fig. 4.9, on nanofibrous surfaces. Similarly, NIH 3T3 fibroblasts have

been shown to express vinculin, a prominent component of focal adhesions that

connect the cytoskeleton and plasma membrane with the ECM, strongly in the

edge of lamellipodia with more diffuse staining throughout the cell cytoplasm on

nanofibrous surfaces [91]. The expression and distribution of these important ad-

hesion molecules are thought to correlate with cellular morphogenesis in vivo [91]

and the change in cellular interactions between nanofibrous scaffolds and tradi-

tional scaffolds, which contain flat walls.

Three days after seeding calvarial cells on both nanofibrous and traditional scaf-

folds, Woo et al. found that the cells on nanofibrous scaffolds had many long

processes that intermingled with the nanofibrous scaffold and connected to neigh-
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boring cells, while cells on traditional scaffolds had only a few processes [95]. Fur-

thermore, cells on the nanofibrous scaffolds were actively synthesizing and secret-

ing molecules [95].

The increased adsorption of adhesion proteins from serum-containing media

and the cellular response at least partially explains the increased attachment of nu-

merous cell types on various nanofibrous scaffolds. For instance, neural progenitor

cells attach faster to nanofibers than to the control surfaces [90]. Pre-osteoblasts

[17], calvarial cells [95], smooth muscle cells [27], fibroblasts [91], normal rat kid-

ney cells [91] and multipotent neural stem cells [90] have also shown preferential

adhesion on nanofibers over controls.

4.5.2

Proliferation

After cells attach to a scaffold, they must reproduce by duplicating their contents

and dividing in two to develop into new tissue [94]. Several cell types have shown

increased proliferative capability on nanofibers over various time periods [27, 91,

92, 96]. Specifically, normal rat kidney cells have shown increased proliferation on

nanofibers relative to control at 24 h [91] and high density chondrocyte cultures

increased proliferation over 3 weeks on nanofibrous scaffolds relative to control

[92]. The authors have also observed this trend with pre-osteoblasts over the course

of 12 days. In the context of neo-tissue formation, quicker proliferation will limit

the invasion of scar tissue in vivo and lead to faster differentiation and functional

tissue formation.

4.5.3

Differentiation

Differentiation is the process by which cells undergo a change to an overly special-

ized cell type from a more immature cell type. This process is different for each

Fig. 4.9. Comparison of b1 integrin organization in normal rat

kidney cells. Indirect immunofluorescence on (a) glass and (b)

nanofibers. (Reprinted with permission from Ref. [91] 8 2005,

Elsevier.)
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cell type. However, nanofibrous materials appear to quicken differentiation of mul-

tiple cell types. Fibroblasts have shown more differentiated characteristics on an

electrospun nanofibrous substrate [91]. These fibroblasts, along with normal rat

kidney cells, express 40–50% less actin on nanofibers than on control substrates

at 24 h, which also suggests an increase in differentiated characteristics [91].

Nanofibrous scaffolds have also shown the ability to direct more immature cells

to a desired lineage. This has been studied with neural progenitor cells [93], multi-

potent neural cells [90] and neonatal murine cavarial cells [95]. In these cases,

nanofibrous scaffolds have aided in the differentiation of neurons relative to other

neuronal support cells. Compared to control scaffolds, nanofibrous scaffolds allow

the neonatal murine cavarial cells to differentiate to osteoblasts faster and enhance

the expression of phenotypic markers [95]. Specifically, bone sialoprotein was

found to be expressed approximately 8–10� higher on nanofibrous scaffolds than

on solid-walled scaffolds.

Nanofibrous scaffolds have also shown ability to aid in the redifferentiation of

cells that have regressed to a more immature state during cell culture [92]. This

particular feature will aid in tissue formation of chondrocytes and hepatocytes,

both of which revert to immature cell types during culture.

4.5.4

Migration

To form neo-tissue, cells must be able to infiltrate the scaffold and move through-

out it. This movement of cells across the scaffold and pore surfaces is a highly

complex process that is dependent on the actin-rich cortex beneath the plasma

membrane, which pushes the plasma membrane outward to form a leading edge.

Next the actin cytoskeleton must attach to the substrate and provide the traction

necessary to move the bulk of the cytoplasm [94]. Many ECM proteins, such as

fibronectin, are thought to aid in and direct migrating cells toward their final des-

tination [94]. As discussed in the attachment section, the preferential adsorption of

attachment proteins including fibronectin, and the concentration of transmem-

brane attachment proteins and focal adhesion in localized areas could potentially

explain the increased migrant capability of cells on nanofibrous scaffolds. This is

particularly evident in a study by Semino et al., in which hippocampal slices where

cultured on nanofibrous hydrogel scaffolds [97]. The nanofibrous scaffolds allowed

for deeper penetration (@500 mm relative to the @150 mm of the control surface)

[97]. Over time the cells migrating into the space were of different lineages. Glia

cells were the first to infiltrate the nanofibrous scaffold followed by neural progen-

itor cells, which then proliferated and differentiated to form a framework for neu-

ron tissue formation within the nanofibrous scaffold [97]. A similar phenomena

has been seen by simply placing neural progenitor cells on nanofibrous scaffold

[93]. This indicates that cells on nanofibers, independent of tissue type, are capable

of increased navigation.

204 4 Nanofibrous Scaffolds and their Biological Effects



4.6

Tissue Formation

In the human body, tissues and organs are organized into 3D structures. Each

tissue or organ has its own specific characteristic architecture depending on its bi-

ological function. This architecture provides appropriate channels for mass trans-

port (movement of signaling molecules, nutrients, and metabolic waste) and spa-

tial cellular organization (cell–cell and cell–matrix interactions), both of which are

thought to be important for appropriate tissue function [12]. As such, scaffolds for

each particular tissue engineering application need to be designed with sensitivity

to the cellular requirements of the tissue it is generating.

4.6.1

Connective Tissue

Connective tissue mainly functions to bind and support other tissues. As such,

connective tissue contains a sparse cell population scattered throughout an ECM

composed of fibrous webs embedded in a uniform foundation, all of which is gen-

erally secreted by the cell population [98]. However, there is great diversity in the

cellular requirements for various connective tissues. In the context of this discus-

sion we will examine three types, ligaments, cartilage and bone.

4.6.1.1 Ligaments

Ligaments are fibrous connective tissue that connects bones together at joints. To

do this, ligaments contain numerous collagenous fibers organized into parallel

bundles that maximize non-elastic strength [98]. It is this organization that a scaf-

fold must mimic to successfully generate a new ligament. This has been attempted

with scaffolds containing oriented nanofibers seeded with human ligament fibro-

blasts [96]. Shortly after seeding, the human ligament fibroblasts oriented them-

selves in the direction of the nanofibers and assumed the appropriate spindle-

shaped morphology [96]. After 7 days in culture, oriented bundles were present in

a tissue-like formation [96] (Fig. 4.10).

4.6.1.2 Cartilage

Rather than acting as a connector like ligaments, cartilage acts as a cushion

between vertebrae and the ends of some bones and reinforces tissue such as the

windpipe. As such, the ECM of cartilage is much different from that of ligaments

and contains an abundance of collagenous fibers embedded in a rubbery matrix of

chondroitin sulfate [98].

Overall, cartilage tissue engineering has been relatively successful even with

micro-sized fibers [99, 100]. Nanofibrous materials have been reported to promote

chondrocyte proliferation [101, 102], differentiation [92] and the secretion of the

suitable ECM [101–103]. Interestingly, in a study by Li et al., chondrocytes on

nanofibrous scaffolds were the only ones found to express collagen type IIB, a col-
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lagen type found only in mature chondrocytes [92]. While in another study, Li et al.

found collagen X down-regulated on nanofibrous scaffolds, and yet the chondro-

cytes had morphology similar to native cartilage and still produced the correct sul-

fated matrix [103]. This seems to suggest that, in this study, the scaffold potentially

interacted with the cells in a way similar to that of collagen X, triggering the de-

crease in its expression.

4.6.1.3 Bone

Bone is a mineralized connective tissue that supports the body and a major skeletal

component that is constantly changing and remodeling itself based on the current

needs of the organism. This remodeling is done to help bone fulfill one or more of

its primary functions within the organism. These functions include supporting

and protecting soft tissues, providing the rigidity necessary for locomotion, regulat-

ing calcium and phosphate, and providing a site for hematopoiesis [104]. Although

bone can remodel and repair itself, it cannot repair large defects caused by trauma

or degenerative disease on its own, which is why tissue engineers are interested in

de novo bone generation.

After 1 week or more of in vitro culture on a nanofibrous scaffold, collagen type 1

has been observed throughout the scaffold [31, 95, 105]. After three or more weeks

of in vitro culture, up-regulation of bone markers such as alkaline phosphatase,

bone sialoprotein and osteocalcin on nanofibrous scaffolds relative to control have

been observed [103, 106]. The notable exception to this is collagen type I, a major

component of the bone ECM [103]. As with cartilage, it is possible that the nano-

fibrous scaffolds interact with the cells in a similar manner to native collagen,

limiting the cells’ need to express it. This has been supported by Woo et al., who

administered 3,5-dehydroproline to inhibit collagen fibril formation and found

alpha-2 integrin and osteogenic markers expressed on the nanofibrous scaffold

but not the control scaffolds [95, 106].

In a 10-day study of osteoblastic phenotype development in neonatal murine

Fig. 4.10. Histological sections of ligament regenerated on

nanofibrous scaffolds: human ligament fibroblasts on aligned

nanofibers after 7 days of culture. (Reprinted with permission

from Ref. [96] 8 2005, Elsevier.)
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cavarial cells, a1 collagen and Runx2 expression were shown to be initially up-

regulated on the nanofibrous scaffolds compared to solid-walled scaffolds. How-

ever, as the experiment continued the expression levels for both markers ap-

proached the expression levels on the nanofibrous scaffolds, while both bone

sialoprotein and osteocalcin once observed were substantially higher on the nano-

fibrous scaffolds compared with solid-walled scaffolds [95]. The authors have also

observed the up-regulation of bone sialoprotein and osteocalcin and the down-

regulation of collagen type I over the course of 6 weeks with pre-osteoblasts on

nanofibrous scaffolds compared with solid-walled scaffolds.

Small globular mineral deposits have been observed within nanofibrous scaf-

folds in as early as 2 weeks using primary calvarial cells [95]. In this study, large

mineral deposits existed along the nanofibers, indicating mineral development

along the nanofibers. This is supported by the authors’ own observations of miner-

alization emanating from within areas of the synthetic nanofibrous scaffold. This

architecture allows for cellular penetration within the synthetic matrix [107].

In terms of successful bone generation, Vacanti and coworkers found that after 4

weeks in vitro and 4 weeks in vivo vascularization, mineralization and embedded

osteocyte-like cells can be seen in electrospun nanofibrous scaffolds [105].

4.6.2

Neural Tissue

Neural tissue is composed of neurons and support cells. Neurons transmit signals

to direct other tissues’ function via nerve impulses throughout the body while the

support cells provide structure for the tissue and protect, insulate and generally

support the neurons. This tissue has a limited capacity to regenerate, but is vital

to normal body function.

Nerve impulses are passed from one neuron to the next at synapses where a

projection from the first neuron approaches the body of a second neuron [98]. To

achieve this sort of order within a scaffold, neurons grow neurite projections with

growth cones to interact with other cells. Several nanofibrous scaffolds have

showed increased neurite outgrowth relative to control [25, 90, 93, 108]. At times,

this increased outgrowth has been as much as 100 mm [25]. It has been generally

observed that the nanofibrous scaffold acts as a guide for neurite outgrowth [25,

108]. When the nanofibers are aligned this growth tends to be in the direction

parallel to the nanofibers and the cells tend to have a more elongated shape similar

to in vivo [25].
Since neuronal progenitor cells are difficult to isolate, much of neuronal tissue

engineering relies on the migration of progenitor cells from tissue. This has been

documented with nanofibrous scaffolds [93, 97]. Once these progenitor cells mi-

grate, they must differentiate to provide the necessary neurons and support cells

for proper function of the neuronal tissue. Nanofibrous scaffolds promote in-

creased differentiation compared to control scaffolds [90, 93, 97]. Although com-

plete de novo neural tissue has yet to be formed on nanofibrous scaffolds, great

potential and interest exist to pursue de novo tissue formation of this tissue type.
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4.6.3

Cardiovascular Tissue

The cardiovascular system is responsible for the transport of nutrients and wastes to

and from cells. The heart acts as the pump driving the system and the vascular tis-

sue acts as tubes directing the path of collection and exchange of nutrients and waste.

As such, disruption in the function of this system is life threatening and must be

repaired quickly. This section concentrates on cardiac muscle and blood vessels.

4.6.3.1 Cardiac Muscle

The regenerative capability of cardiac muscle is particularly limited, making it the

most challenging tissue to regenerate in the cardiovascular system [109]. To com-

bat this, nanofibrous self-assembling RAD12-II peptide scaffolds have been devel-

oped by Lee and coworkers that can be injected into the heart to promote cardiac

muscle regeneration. When injected into the left ventricle wall of adult mice, endo-

thelial cells invaded, organized and matured into the appropriate structure to sup-

port smooth muscle cell migration, which allowed for the formation of arterioles

[110]. Red blood cells located within the arterioles indicate that they were func-

tionally connected to the vascular system. This led to the migration of cardiac

progenitor cells that differentiated into myocytes [110]. Inclusion of myocytes in

the scaffold greatly increases myocyte density within the scaffold over a much

shorter period of time. When implanted with embryonic stem cells this same self-

assembling RAD12-II peptide scaffold promoted the controlled differentiation of

the cells to cardiomyocytes [110]. During in vitro cultures, the self-assembling

RAD12-II peptide scaffold promoted endothelial and myocardial cell survival and

synchronized contraction of the generated muscle [111].

4.6.3.2 Blood Vessel

Blood vessels are composed of smooth muscle and endothelial cells. Similar to

previously discussed tissue types, alignment of nanofibers aids in blood vessel

function. The aligned nanofibrous scaffolds have been shown to prompt the align-

ment of smooth muscle cells parallel to the fiber direction, which increases vessel

strength [27]. This alignment has also been shown to increase initial adhesion and

proliferation on the scaffold, which leads to quicker functional blood vessel forma-

tion [27].

The second cellular component of blood vessels, endothelial cells, also benefit

from culture on nanofibrous scaffolds. Human aortic endothelial cells cultured on

nanofibrous scaffolds form confluent layers similar to those formed on collagen

type I gel or Matrigel [73]. The scaffolds also promote nitric oxide release which is

a marker of endothelial cell phenotype [73].

4.6.4

Liver Tissue

Liver is a multipurpose organ that aids in the digestion of fats, the uptake and

release of glucose, synthesis of plasma proteins and the detoxification of many
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poisons and metabolic waste [98]. Regeneration of liver tissue in a functional form

has proven incredibly difficult. However, nanofibrous scaffolds have brought re-

newed efforts. Nanofibrous scaffolds appear to increase hepatocyte function in

comparison to control scaffolds [72, 112]. Hepatocytes on nanofibrous scaffolds

also exhibit a more uniform spheroid-like distribution than on control scaffolds

[72]. Figure 4.11 illustrates these differences in interaction between hepatocytes

and nanofibrous and non-fibrous materials.

4.7

Conclusion

To date the most successful neo-tissue generation has involved connective tissues

[100, 101, 113]. As evident by the developments in cardiac muscle formation,

headway is being made with more metabolically demanding and complex tissues.

However, the holy grail of tissue engineering still remains the development of

complete patient-specific organs available on demand [2, 114]. To achieve this,

scaffolds must not only provide structural support but also biological cues [115].

Increased knowledge about cellular interactions with the native ECM and nano-

structured scaffolds will facilitate more functional scaffold development.

Fig. 4.11. SEM images of hepatocytes after

8 days of culture: (a, b) Hepatocytes cultured

on a Gal-film formed spheroids that did not

integrate with the substrate; (c, d) in contrast,

hepatocytes cultured on Gal-nanomesh

afforded aggregates that engulfed the

functional nanofibers. (Reprinted with

permission from [72] 8 2005, Elsevier.)
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Hopefully, this chapter has provided some insight into the crucial role tissue en-

gineering scaffolding plays in this drive for 3D neo-tissue formation [4, 17, 116]

through its focus on nanofibrous scaffolding fabrication and the biological advan-

tages of nanofibrous scaffolding structures in mimicking the ECM.
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Nanophase Biomaterials for Tissue Engineering

Ramalingam Murugan and Seeram Ramakrishna

5.1

Introduction: Problems with Current Therapies

Tissue or organ failure, resulting from traumatic or non-traumatic destruction,

gives rise to a major health problem that directly affects quality and length of pa-

tient’s life. These circumstances often call for surgical treatments to repair, replace,

maintain or augment the functions of affected tissue or organ using some addi-

tional functional components to facilitate quality life to the patient. They have

been traditionally treated with the help of tissue or organ procured from the donor

site. Depending on the location of reimplantation of the procured tissue or organ

(also called graft), they are termed as autograft, allograft, or xenograft (Fig. 5.1) [1].

If the graft is implanted in the same patient, it is termed as autograft and if it is

placed in another individual of the same species it is termed as allograft. If the

graft is placed in another species, then it is termed as xenograft. Among them,

autograft is considered as a gold standard and has long been used with good clini-

cal results, but the supply of autograft is limited. Conversely, allograft and xeno-

graft are not much preferred due to the possibility of pathogen transfer and graft

rejection. Furthermore, procurement of living tissue/organ is complex, expensive,

and requires an additional surgery. Notably, over 8 million surgical procedures are

performed annually to treat tissue and organ failures in the United States of Amer-

ica itself, as per medical statistics [2–4]. Over 80 000 patients are still awaiting tis-

sue and organ transplantations. In this regard, a potential solution is needed to

overcome the limitations of traditional tissue transplantation methods and, at the

same time, to increase the accessibility and long-time survivability of the tissue im-

plants.

These limitations have instigated the search for alternative approaches and have

resulted in the emergence of the concept of tissue engineering, whereby tissue or

organ failure is addressed by using synthetic materials cultured with appropriate

cells harvested from patient or donor and then implanted in the patient’s body

where tissue regeneration is required. The synthetic materials used for this pur-

pose are generally called biomaterials. Biomaterial by definition is a substance or

a combination of substances, other than drugs, derived either from natural or syn-
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thetic origin that can be used for any period of time as a whole or as a part of the

system that treats, augments, or replaces any tissue, organ, or functions of body

[5]. Biomaterials have the advantage of eliminating the surgical process in procur-

ing tissue or organ encountered in the traditional graft procedures, and eliminat-

ing the chance of graft rejection or transmission of infectious diseases. In addition,

the availability, reproducibility, and cost-effectiveness make the biomaterials more

suitable for tissue engineering applications. Figure 5.2 gives some of the clinical

uses of biomaterials. Although biomaterials have been used in human health care

systems for more than 50 years, the medical community still faces many problem-

atic cases due to the biomaterials’ failure before fulfilling their intended functions.

There are many reasons for such failure, but one of the prime factors is related to

lack of sufficient tissue regeneration around the biomaterials immediately after im-

plantation, which occurs mainly due to the poor surface interaction of biomaterials

with the host tissue. In this concern, it is essential to design biomaterials with su-

perior surface properties (e.g., surface area and surface roughness) to facilitate fa-

vorable host tissue interactions for their long-term survivability, and to enhance tis-

sue regeneration. High surface area is one of the key properties of biomaterials,

which influences cell adhesion and cell density. Surface roughness is another key

determinant factor for the occurrence of sufficient host tissue interactions. It has

been hypothesized that cell–matrix interactions are governed by surface properties

and their imperative interactions found to occur within 1 nm of the implant sur-

face [6]. Apart from surface chemistry, it is also worth mentioning that the cells

live in a complex mixture of pores, ridges, and fibers of extra cellular matrix

(ECM) in a nano-featured environment. This is because cells attach, organize, and

grow well around the fibers with diameters smaller than those of the cells [7].

These information eventually lead to the concept of nanophase biomaterials

Fig. 5.1. A schematic of tissue transplantation. (Adopted and modified from Ref. [1].)
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(herein called nanobiomaterials) for tissue repair and regeneration. The nanobio-

materials are therefore perceived to be more beneficial in tissue engineering than

their microscale counterparts.

This chapter introduces the role of the nanobiomaterials in the success of tissue

engineering. Numerous articles describe the potential of biomaterials in tissue en-

gineering applications, but only a very few studies emphasis the impact of nano-

biomaterials in constructing tissues or organs. This chapter focuses mainly on

nanobiomaterials, in particular ceramic and polymeric nanobiomaterials, and ex-

amines prospects for their applications in tissue engineering. The following sec-

tions discuss the basic aspects of tissue engineering and the key factors for their

Fig. 5.2. Clinical uses of biomaterials.
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success, fabrication methodologies and properties of widely used nanobiomate-

rials, and current scenarios of nanofibrous scaffold processing techniques. The

chapter culminates with a discussion on how these materials influence cell growth

functions with illustrated experimental examples.

5.2

Tissue Engineering: A Potential Solution

Tissue engineering is emerging as a significant solution for the traditional tissue

and organ transplantations. Tissue engineering is a multidisciplinary theme that

applies the principles and methods of engineering and life sciences towards the de-

velopment of viable substitutes capable of repairing or regenerating the functions

of damaged tissue that fails to heal spontaneously. Tissue repair is a process, which

involves the usual inflammatory cell cascade, followed by matrix deposition and

then a remodeling process, which attempts to regenerate the damaged tissue into

healthy tissue. In contrast, tissue regeneration involves gradual replacement of

damaged tissue with identical healthy tissue. The major advantage of the tissue en-

gineering approach is that tissues can be perfectly reconstructed in such a way that

they match exactly the patient’s requirements and can be transplanted into the pa-

tient’s body with a minimal surgical intervention, which eventually conquers sev-

eral limitations encountered in the conventional tissue transplantations.

The prime concept of tissue engineering is to harvest a small biopsy of specific

cells from the donor site, seed them on a scaffold to culture a specific tissue, and

transplant the cultured tissue into the defective site of the patient’s body that needs

tissue regeneration. The ability to satisfy these criteria is largely dependent on

three key factors: (a) the cells that create tissue, (b) the scaffold that gives structural

support to cells, and (c) cell–matrix (scaffold) interactions that direct the tissue

growth (Fig. 5.3). Among them, cells are the prime determinant factor for the suc-

cess of tissue engineering because they are the basic units of all life. There are dif-

ferent types of cells that could be used for tissue reconstruction, which are com-

monly categorized as mature cells (non-stem) and stem cells. Although the use of

mature cells dates far back, they are generally differentiated cells, which give rise to

low rate of proliferation. As an alternative, stem cells have gained much recogni-

tion recently, owing to their ability to overcome many of the limitations of mature

cells. The potential of stem cells are briefly discussed in Section 5.3, with experi-

mental examples. The scaffold is another important determinant factor for the suc-

cess of tissue engineering, which basically provides a structural support for the

cells to grow in the three-dimensional (3D) space into a specific tissue. The success

of the scaffold typically depends on the quality of starting material and the fabrica-

tion methodology (much discussed in Sections 5.4 and 5.5, respectively). Cell–

matrix (scaffold) interactions is another key determinant factor for the success of

tissue engineering because it greatly influences tissue growth. As aforementioned,

cell–matrix interactions are governed by surface properties and their imperative in-

teractions found to occur within 1 nm of the implant surface. Furthermore, the
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growth of new tissue depends on the way the seeded cells interact with the scaf-

fold. In this regard, cell seeding density must be optimized to enhance the cell–

matrix interactions. However, several growth factors and biological molecules are

also involved in the cell–matrix interactions (Section 5.6).

5.3

Stem Cells: The Essentials

A key factor in tissue engineering approach for repair or regeneration of defective

tissue is the use of appropriate cell source. Currently, there are various cells avail-

able corresponding to specific tissues. Although the use of mature cells has a

successful history and remains an important source for tissue engineering, rapid

advances are being made in identifying new cell types that has the capacity

to transform into specific cell type that may be required to produce appropriate tis-

sue. Stem cells have recently been recognized as a promising alternative to mature

cells owing to their enormous potential in generating a spectrum of tissues with

adequate functions. With the advances of cell biology, several well-characterized

tissue-specific stem cells are currently available for tissue engineering.

Stem cells, by definition, are immature or undifferentiated cells that are able to

renew by themselves and differentiate into more specialized type of cells/tissues in

response to appropriate signals and cell plasticity. A diverse range tissues can now

be engineered using stem cells, from epithelial surfaces to skeletal tissues. This

ability allows them to act as a good repair system for the defective tissue or organ

of our body. Stem cells are generally classified into three types: totipotent (e.g., zy-

gote), pluripotent (e.g., embryonic stem cells), and multipotent (e.g., mesenchymal

stem cells). The totipotent stem cells are capable of producing any type of cells/tis-

Fig. 5.3. Key factors contributing to the success of tissue engineering.
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sues. The pluripotent stem cells are capable of producing most of the cells/tissues,

whilst multipotent stem cells produce a limited number of cells/tissues with spe-

cific functions. Stem cells are also categorized into embryonic or adult cells accord-

ing to their source of origination. Embryonic stem cells, as their name suggests,

are derived from the early stage of an embryo. Although embryonic stem cells re-

search is thought to have much greater potential than adult stem cells, several eth-

ical and legal controversies still exist concerning their use for humans. Besides,

some of the important clinical and safety issues also hinder their use to a certain

extent. Conversely, adult stem cells have considerable biological and clinical inter-

ests. Basically these are undifferentiated cells found in differentiated adult tissues.

They are also called somatic stem cells. The potential advantage of using adult

stem cells is that the patient’s own cells could be easily isolated, expanded in cul-

ture with appropriate functions, and then transplanted into the patient’s body

where tissue regeneration is required. By this approach, there is no chance of im-

mune rejection and certain ethical and legal issues can also be conquered. These

cells are typically harvested from bone marrow. The bone marrow chiefly consti-

tutes two distinct stem cells: (a) hematopoietic stem cells (HSCs), which are

responsible for the formation of blood cells, and (b) mesenchymal stem cells

(MSCs), which are responsible for the formation of bone cells.

Mesenchymal stem cell transplantation is considered as a promising method to

improve various tissue functions of mesenchymal origin. MSCs are one of the

well-characterized populations of stem cells residing in various adult mesenchymal

tissues; thereby they are well adopted for tissue engineering with considerable

interest and, subsequently, for clinical practice. These cells were first recognized

by Friedenstein and group in the 1960s, wherein they noticed that an adherent,

fibroblast-like cell population could have the ability to regenerate the essentials of

normal bone [8]. Notably, the early investigations using these cells are mainly fo-

cused on bone tissue engineering. Nowadays, these cells are being applied to vari-

ous tissue engineering, including cartilage, myocardium, liver, nerve, spinal cord,

and dermal tissues. The advantages of using MSCs are that they can be easily har-

vested from the donor site and cultured into a spectrum of tissue-specific pheno-

types of mesenchymal origin, such as bone, cartilage, muscle, marrow stroma,

and tendon (Fig. 5.4) [9–11]. These features attracted the attention of the biomedi-

cal community towards stem cell-based therapy, in particular MSCs. The list of tis-

sues with the potential to be engineered has recently grown progressively due to

the advances in stem cell biology and sophisticated characterization techniques,

which indicates the prospects for future MSCs-based tissue engineering.

Notably, once cells are isolated from their natural environment, they tend to lose

their phenotype and differentiated functions. It is really a great challenge to refur-

bish the cell phenotypic expression and differentiated functions without hindering

proliferation under laboratory conditions. A few studies have reported the direct

delivery of cell suspension without using scaffolds [12, 13], but these processes en-

countered difficulties in having poor control over the localization of transplanted

cells; thereby, notably, the cell expression may not be achieved without a suitable

scaffold. Numerous investigations have reported the effective delivery of MSCs us-
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ing scaffolds made of polymers, ceramics, and their composites [14–16]. Recently,

Li et al. [17] have reported the ability of MSCs to differentiate into chondrocytic

phenotype, a cartilage-specific tissue. First, they fabricated the nanoporous biode-

gradable polymer scaffolds using poly(e-caprolactone) (PCL) by the electrospinning

method followed by in vitro assessment of chondrogenesis, in the presence of

transforming growth factor-b (TGF-b). The results indicated that the MSCs are ca-

pable of giving rise to chondrocytes and also stimulate the synthesis of cartilage-

associated ECM proteins throughout the scaffold. Therefore, they suggested that

the electrospun PCL scaffold is a practical carrier system for MSCs transplantation

in tissue engineering-based cartilage repair. Another interesting study, reported by

Yoshimoto et al. [18], demonstrated the ability of MSCs to differentiate into osteo-

blastic phenotype. To facilitate this, the authors manufactured the nano-featured

PCL scaffolds by electrospinning, and their ability of MSCs differentiation was

studied under in vitro cell culture conditions. They found that the scaffolds pro-

vided a suitable environment to stimulate the MSCs to differentiate into osteoblas-

tic phenotype, a bone-specific tissue. Furthermore, the scaffolds supported the syn-

thesis of ECM of type I collagen throughout the matrix, which is a good sign of

mineralized tissue formation; thereby, the authors suggested that the PCL scaffold

may be a potential candidate for bone tissue engineering. This experimental infor-

mation suggests that most of the cells are anchorage-dependent and will not sur-

vive if delivered without a suitable scaffold. Processing a perfect scaffold with all

the qualities similar to natural ECM is, therefore, of great importance for tissue en-

gineering.

5.4

Nanobiomaterials: A New Generation Scaffolding Material

Recent progress in nanoscience and nanotechnology has drastically increased the

success rate of nanobiomaterials as a scaffolding material in tissue engineering.

Scaffold, by definition, is a temporary supporting structure for growing cells and

tissues. It is also called synthetic ECM, which plays a significant role in supporting

the cells to accommodate. These cells then undergo proliferation, migration, and

differentiation in 3D and eventually lead to the formation of a specific tissue with

appropriate functions. Numerous studies have reported the prospects of nanobio-

materials as tissue scaffolds. Nanobiomaterials generally refers to biomaterials

with the basic structural unit less than 100 nm (nanostructured), crystalline solids

with a grain size less than 100 nm (nanocrystals), ultrafine powders with an aver-

age particle size less than 100 nm (nanopowders), and extremely small fibers with

a diameter less than 100 nm (nanofibers). A nanometer is a billionth of a meter

(10�9 m). For ease of understanding, Fig. 5.5 illustrates the scale of some of natu-

ral and manmade things, highlighting nanoscale items [19]. Notably, all hard and

soft tissues of our body contain plenty of cells living in ECM at the nanoscale hier-

archical structure elegantly designed by the Mother Nature. For example, bone tis-

sue can be considered as an assembly of various levels of hierarchical structural
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units designed on many length scales ranging from macro to nano, using essential

organic and inorganic components, to facilitate multiple functions required for tis-

sue formation (Fig. 5.6) [20]. The nano- or micro-featured environment of the ECM

is critical for the proper functions of cells and tissues. The cells can, reportedly, at-

tach and organize better around the nanobiomaterials than around their micro-

scale counterparts because of their typical surface properties [21]. The fact is that

nanobiomaterials have more atoms and crystal grains at the surfaces, and possess

higher surface area to volume ratio, than conventional microscale biomaterials,

making the surface of nanobiomaterials more reactive to cultured cells (during

in vitro) and to host tissue (during in vivo), and thus greatly enhancing the cell–

matrix interactions, leading to faster tissue regeneration. In this regard, the rate

of tissue regeneration will be greater for nanobiomaterials than for conventional

biomaterials. Nanobiomaterials are, therefore, perceived to be beneficial for tissue

engineering applications as a new generation scaffolding material. To facilitate

these measures, the scaffold should possess a few essential characteristics, which

are discussed below.

5.4.1

Characteristics of Scaffold

The structural and behavioral characteristics of the tissue scaffold are critical to en-

sure normal cell activities and performance of the cultured tissues. An ideal scaf-

fold for tissue engineering should possess all the qualities of a natural ECM and

should function in the same way as that of ECM under physiological conditions.

However, there is no clear guideline as to which characteristic defines the so-called

ideal scaffold. Notably, the characteristics of a scaffold vary according to the tissue

types where the scaffold is to be applied. For example, scaffold for engineering

Fig. 5.6. Hierarchical structure of bone, from macro- to nano-

assembly. (Adapted with permission from Ref. [20].)
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bone tissues requires an osteoconductive feature but it is not required for engineer-

ing nerve or dermal tissues. Table 5.1 gives some of the basic characteristics of a

perfect scaffold for generalized tissue engineering applications. Any scaffold, irre-

spective of applications, should be biocompatible, meaning that it should not pro-

voke any rejection, inflammation, and immune responses. The scaffold should pro-

vide a 3D template with interconnected porous architecture for the maximum

loading of cells, tissue in-growth, and transportation of nutrients and oxygen. It

should be able to facilitate several biochemical and biological process, in synthesiz-

ing specific proteins, required for a healthy tissue growth in the bodily environ-

ment. Notably, most tissue engineering applications require scaffolds that are bio-

Tab. 5.1. Characteristics of tissue scaffold.

Characteristics General remarks

Biocompatible Biologically compatible to host tissue, i.e., should

not provoke any rejection, inflammation, and

immune responses

Biodegradable The rate of degradation must perfectly match the

rate of tissue regeneration and the degraded

product(s) should not harm the living tissues

Vascular supportive Should provide channels for blood supply for fast

and healthy tissue regeneration

Non-toxic Should not evoke toxicity to tissues

Non-immunogenic Should not evoke immunogenic response to tissues

Non-corrosive Should not corrode at physiological pH and at body

temperature

Porosity with interconnected pores To maximize the space for cellular adhesion, growth,

ECM secretion, revascularization, adequate nutrition

and oxygen supply without compromising

mechanical strength

3D structure To assist cellular ingrowth and transport of nutrition

and oxygen

High surface area to volume ratio To accommodate high density cells

Surface modifiable To functionalize chemical or biomolecular groups to

improve tissue adhesion

Adequate mechanical strength To withstand hemodynamic and other biological

forces in vivo

Sterilizable To avoid toxic contamination
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degradable, but the rate of degradation must match the rate of tissue regeneration.

The scaffold should be mechanically strong to withstand hemodynamic and other

biological forces in vivo, otherwise it may hinder tissue formation. Besides, the

scaffold should have high surface area to facilitate better cell adhesion and interac-

tion with each other, and should also have a surface roughness similar to that of

natural tissues for the occurrence of enhanced host tissue interactions. The scaf-

fold should also be vascular supportive because cells will not survive without an

adequate blood supply. Finally, the scaffold should be stable during storage, and

must be sterilizable, to avoid toxic contaminations, without compromising any

structural and other related properties. The pragmatic success of tissue scaffold is

not only dependent on the above measures but also on appropriate communication

between the cells, tissues, and the host system as a whole.

5.4.2

Types of Scaffolding Materials

The materials used to manufacture scaffold play a key role in supporting the

growth of cells, which are cultured on the scaffold. In this regard, selection of ma-

terials is of great importance for the success of tissue engineering. Based on the

facts discussed in Section 5.4, nanobiomaterials are perceived to be more beneficial

than their microscale counterparts owing to their superior surface characteristics.

Nanobiomaterials currently investigated as scaffolding materials for tissue engi-

neering applications can be classified into four types: metals, ceramics, polymers,

and composites thereof (Table 5.2). Each type of material has its own distinct prop-

erties that can be advantageous for specific tissue engineering. The choice of mate-

rials depends on the type of tissue to be reconstructed. For example, metals and

ceramics are widely used for manufacturing scaffolds for hard tissue applications,

whilst polymers are used for soft tissue applications, and composites are consider-

ably used for both the applications due to their mechanical properties (Table 5.3)

[22–24]. This information helps clinicians to choose a right material for a specific

application. In the following sections we focus on the widely used nanobiomate-

rials, in particular ceramic and polymeric nanobiomaterials, for tissue engineering

applications.

5.4.2.1 Ceramic Nanobiomaterials

Ceramics represent a class of nanobiomaterials that is widely used as a scaffolding

material in hard tissue repair and regeneration (e.g., bone). The ceramics used in

tissue engineering can be classified into three major groups corresponding to their

ability to interact with host tissue: (a) bioinert (e.g., alumina and zirconia), (b) bio-

active (e.g., HA and bioglass), and (c) bioresorbable [e.g., tricalcium phosphate

(TCP)]. It is desirable, for bone tissue engineering, that the scaffolding material

mimic the natural bone in chemical composition and phase structure, to facilitate

better osteointegration and other related functions. In this regard, HA [hydroxya-

patite, Ca10(PO4)6(OH)2] may be considered a good choice of scaffolding material.

We, therefore, focus on the properties and the various processing methodologies of
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HA in detail. HA possesses most of the qualities required for bone tissue engineer-

ing, in particular biocompatibility, bioactivity, and osteoconductivity. Table 5.4 gives

a compilation of some of the physical, mechanical, chemical, and biological proper-

ties of HA that make it an appropriate scaffolding material [1, 23–29]. As per the

literature survey, several methods for processing HA, either from natural sources

(e.g., coral exo-skeleton and animal bone) or from synthetic sources (e.g., inorganic

chemical synthesis), have been reported [30–36], but these studies concentrated on

microscale HA.

Recently, nanoscale HA has received much attention owing to its superior sur-

face functional properties over its microscale counterpart, particularly surface area

and surface roughness, which are the most imperative properties of nanobiomate-

Tab. 5.2. A broad classification of nanobiomaterials.

Nanobiomaterials Advantagesa Disadvantages Applications Examples

Metals & alloys Strong, tough,

ductile

Dense, may

corrode,

difficult to

make

Load-bearing

bone implants,

dental restoration,

etc.

Nanostructured

titanium and Ti-

6Al-4V alloys

Ceramics Bioinert

Bioactive

Bioresorbable

High resistance

to wear,

corrosion

resistance

Brittle, low

toughness, not

resilient

Low weight-

bearing bone

implants, dental

restoration, tissue

scaffolds, bone

drug delivery, etc.

Nano alumina

Nano HA

Nano TCP

Polymers Flexible, low

density,

resilient,

surface

modifiable,

chemical

functional

groups

Low stiffness,

may degrade

Tissue scaffolds,

drug delivery,

breast implant,

sutures, skin

augmentation,

blood vessels,

heart valves, etc.

Collagen and

PLLA nanofibers

Composites Strong, design

flexibility,

enhanced

mechanical

reliability than

monolithics

Properties

might be

varied with

respect to

fabrication

methodology

Tissue scaffolds,

drug delivery,

dental restoration,

spinal surgery,

etc.

Nano HA-

collagen, nano

HA-PLLA

aCommon characteristics of nanobiomaterials, such as

biocompatibility, high surface area, etc. are not highlighted.
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Tab. 5.3. Mechanical properties of biological tissues and

biomaterials. (Compiled from Refs. [22–24].)

Materials Young’s modulus (GPa) Tensile strength (MPa)

Soft tissues

Articular cartilage 10.5 27.5

Fibrocartilage 159.1 10.4

Ligament 303.0 29.5

Tendon 401.5 46.5

Skin 0.1–0.2 7.6

Hard tissues

Cortical bone 7–30 50–150

Cancellous bone 1–14 7.4

Dentine 11–17 21–53

Enamel 84–131 10

Metals

Ti 110 300–740

Stainless steel 190 500–950

Ti-6Al-4V alloy 120 860–1140

Co-Cr alloy 210 665–1200

Ceramics

Alumina 380 310

Zirconia, partially stabilized 200 420

HA 30–100 50–190

Polymers

Biodegradable

Poly(l-lactic acid) 2.7 50

Poly(d,l-lactic acid) 1.9 29

Poly(caprolactone) 0.4 16

Non-biodegradable

Polyethylene 0.88 35

Polyurethane 0.02 35

Poly(methyl methacrylate) 2.55 59

Poly(ethylene terephthalate) 2.85 61

Composites

HA/PE (40/60) 4.29 20.67

Bioglass/PE (40/60) 2.54 10.15

Glass-ceramic/PE (40/60) 2.84 14.87
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rials because of enhanced cell–matrix interactions. For the past few years, signifi-

cant research effort has been devoted to the production of nanosize HA [37–39], to

obtain high surface reactive materials with enhanced physicochemical and biologi-

cal properties compared with their microscale counterparts and, at the same time,

quite similar to natural bone mineral. It has also been proved that the nano HA,

compared with conventional HA, promotes osteoblast adhesion, differentiation

and proliferation, which leads to enhanced formation of new bone tissue within a

short period [21, 40]. With reference to this information, nano HA may be consid-

ered as a unique class of ceramic scaffolding material for bone tissue engineering.

The nano HA can be synthesized by many different methods, including solid state

[41], wet chemical [42, 43], hydrothermal [44, 45], mechanochemical [46], pH

shock wave [47], and microwave processing [48]. Table 5.5 depicts some of the gen-

eral remarks on these methods, and the detailed processing conditions of nano HA

are described in the following sections.

Tab. 5.4. Physical, mechanical, chemical, and biological

properties of HA. (Compiled from Refs. [1, 23–29].)

Properties Experimental data

Chemical composition Ca10(PO4)6(OH)2
Ca/P (molar) 1.67

Color White

Crystal system Hexagonal

Space group P63/m
Cell dimensions (Å) a ¼ b ¼ 9:42, c ¼ 6:88

Young’s modulus (GPa) 80–110

Elastic modulus (GPa) 114

Compressive strength (MPa) 400–900

Bending strength (MPa) 115–200

Density (g cm�3) 3.16

Relative density (%) 95–99.5

Fracture toughness (MPa m�1=2) 0.7–1.2

Hardness (HV) 600

Decomposition temp. (�C) >1614

Melting point (�C) 1000

Dielectric constant 7.40–10.47

Thermal conductivity (W cm�1 K�1) 0.013

Biocompatibility High

Bioactivity High

Biodegradation Low

Cellular compatibility High

Osteoinduction Nil

Osteoconduction High
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Solid-state Reaction Solid-state reaction has generally been used for the process-

ing of HA at high temperature. HA powders synthesized by this method usually

have irregular shapes with larger grain size, and they quite often exhibit heteroge-

neity in the phase composition, owing to chemical reactions resulting from small

diffusion coefficients of ions within the solid. A general formation of HA using the

solid-state method is based on Reaction 1:

4CaCO3 þ CaHPO4 � 2H2O ! Ca10(PO4)6(OH)2 þ 4CO2

þ 14H2O at 1000–1300 �C ð1Þ

The key ingredients of this reaction are basically in the solid phase, in which

CaCO3 acts as a calcium precursor and CaHPO4 � 2H2O acts as a phosphorous pre-

cursor in the formation of HA. The solid-state reaction typically takes place at a

very high temperature (@1000 �C). A method for the preparation of HA fibers

was introduced using a solid-phase reaction [41]. With this method, the HA

fibers were produced by heating a compact consisting of calcium metaphosphate

fibers with calcium hydroxide particles at 1000 �C in air, and treated subsequently

with dilute aqueous HCl solution to remove unwanted secondary phase substitu-

tion such as CaO. The obtained fibers were characterized by various analytical

Tab. 5.5. Methods involved in the synthesis of nano HA.

Methods Grain sizes (nm) General remarks Ref.

Solid state 500 Inhomogeneous, large grain sizes,

irregular shapes, reaction temp.:

900–1300 �C

41

Wet chemical 20–200 Nano size grains, low crystallinity,

homogeneous, reaction conditions:

room temp. to 100 �C at elevated pH

42, 43

Hydrothermal 10–25 Homogeneous, ultrafine particles,

reaction condition: high temp. and

high pressure atmosphere

44, 45

Mechanochemical <20 Easy production, semi-crystallinity,

ultrafine crystals, room temp.

process

46

pH shock wave 300 High-energy dispersing, nonporous,

monocrystalline particles

47

Microwave 100–300 Uniformity, nanosize particles, time

and energy saving

48
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methods, and the results confirmed the formation of HA with nanostructural fea-

tures. Therefore, the solid-state reaction can be considered as one of the methods

for the production of nano HA.

Wet Chemical Method This method is one of the promising methods, widely used

in synthesizing nano HA at low temperature, in contrast to the solid-state reaction.

HA powders synthesized by using this method have a homogeneous phase compo-

sition, but are poorly crystallized owing to the low temperature process. One com-

mon wet chemical method of synthesizing HA is based on Reaction (2), which

uses calcium hydroxide and orthophosphoric acid as calcium and phosphorous

precursors, respectively.

10Ca(OH)2 þ 6H3PO4 ! Ca10(PO4)6(OH)2 þ 13H2O ð2Þ

Recently, rod-like nano HA was synthesized by this method [42]. In brief, a H3PO4

solution (0.3 m) was added drop-wise to a 0.5 m Ca(OH)2 solution under continu-

ous stirring at room temperature, while the pH was kept above 10.5 by the addition

of ammonia solution. Stirring was maintained for a further 16 h after complete ad-

dition of the reactants. The precipitate thus obtained was further aged for a week

and was examined for phase purity and chemical composition using various ana-

lytical methods. The results indicated the possibility of producing phase pure,

nanosize, and rod-like HA by a wet chemical method. Our group, Murugan et al.

[38, 43], have also synthesized HA nanoparticles by using this method, and have

extensively studied their physicochemical and physiological properties at body pH.

The results clearly showed the enhanced resorbable characteristics of nano HA

compared with their microscale counterpart, owing to their larger surface area to

volume ratio, which ultimately makes the nano HA highly surface reactive. Based

on these experimental data, the wet chemical method is one of the most promising

methods for the production of nano HA.

Hydrothermal Process This hydrothermal process involves the reaction of an

aqueous solution of calcium and phosphorous precursors at ambient temperature

and pressure for the production of nano HA. It enables the synthesis of crystallized

HA with homogenous phase composition. The HA so-prepared is easily sinterable,

owing to the effects of high temperature and high pressure aqueous solutions.

Zhang and Consalves [44] have synthesized nano HA by precipitating the precur-

sors under hydrothermal conditions, and they studied its thermal stability in detail.

By using this approach, they obtained rod-like, nano-sized HA with an average

crystal size of 10 to 24 nm, according to the composition of the precursors. They

prepared various HA powders with a Ca/P ratio ranging from 1.66 to 1.73. In an-

other interesting study [45], the efficacy of nano HA as filler in fabricating tissue

scaffold has been reported. The authors produced nano HA by a hydrothermal

method. In brief, 2 g of ammonium phosphate dissolved in 37.5 mL of de-ionized

water was added to 5.9 g of calcium nitrate dissolved in 22.5 mL of de-ionized

water under stirring, and the pH of solution was adjusted to 12 by adding ammo-
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nia. The solution was then autoclaved under hydrothermal conditions (170 �C and

19.5 MPa) and subsequently aged for 5 h. The precipitates thus obtained were

cooled to room temperature, repeatedly washed with distilled water to remove

traces of ammonia and ammonium nitrate, dried at 80 �C overnight, and then

ground to a fine powder. Characterization of the powders indicated the formation

and purity of HA. The HA particles were ellipsoidal-shaped with needle-like mor-

phologies. The particles were, on average, approximately 25 nm wide and 150 nm

long with aspect ratios ranging from 6 to 8, indicating nanostructure features. The

authors further investigated the efficacy of nano HA as filler in polymer matrix in

fabricating porous 3D tissue scaffolds. The results showed that the scaffold consist-

ing of nano HA and polymer should be suitable for non-load sharing tissue engi-

neering applications as compared with scaffold made of polymer alone, owing to

their enhanced compression modulus.

Mechanochemical Route Production of nano HA by the mechanochemical route

has gained interest in recent years, owing to its simplicity. The processing condi-

tions involved in this method slightly differ from the conventional wet chemical

method. Notably, the purity of material synthesized by conventional wet chemical

method depends on the reaction pH, whereas reaction through the mechanochem-

ical route need not be under precise pH control. Nakamura et al. [46] have reported

the synthesis of nano HA by using this method. The HA was prepared directly by

milling a mixture of Ca(OH)2, H3PO4 and a dispersant, an ammonium salt of

polyacrylic acid. The reaction was carried out at room temperature. The prepared

HA powders have relatively crystallized particles in the nanometer regime. The av-

erage crystallite size was 20 nm. The authors suggested some of the merits of this

method, which include (a) assisting deprotonation from brushite to form HA and

(b) keeping high dispersibility and low viscosity of reaction sol. This method is of

particular interest in synthesizing nano HA with ultrafine crystallite sizes.

pH Shock Wave Method Another interesting method for the production of nano

HA is pH shock wave. Koumoulidis et al. [47] have reported the synthesis of

HA in the form of lath-like monocrystalline particles using the precursors of

Ca(H2PO4)2 �H2O and CaCl2. They employed high-energy dispersing equipment

to synthesize nano HA. The prepared HA was characterized by various analytical

methods to determine the phase composition, structure, and texture. The results

showed that the material has a different Ca/P molar ratio (1.43 to 1.66) with re-

spect to processing conditions. The crystal grains of HA were 140–1300 nm long,

20–100 nm wide, and 10–40 nm thick. With reference to experimental results, this

method seems to be quite interesting because it creates appropriate hydrodynamic

conditions for lath-like particle growth in the [001] direction, which could not be

obtained by using conventional mechanical stirring equipment.

Microwave Processing Microwave-assisted synthesis of ceramic nanobiomaterials

is a relatively new method, which has recently been of interest in synthesizing

nano HA. Sarig and Kahana [48] reported the processing conditions for the rapid
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formation of nanocrystalline HA. Briefly, the recipe for the synthesis of nano HA

is: the HA powder was precipitated from CaCl2 10 mm aqueous solution (A) and

NaH2PO4 6 mm aqueous solution (B). The solution A was used without admixture,

whereas the solution B was made with a concentration of 25 ppm with respect to l-

aspartic acid and 150 ppm with respect to NaHCO3. Both solutions were kept at

pH 7.4 by admixture of Trizma. This pH was selected to make the HA appropriate

for medical applications. Equal volumes of solutions A and B (250 mL each) were

introduced simultaneously into a 1000 mL beaker, which was put into a 2450 MHz

microwave oven at maximum power for 5 min. The microwave-irradiated mixture

was then quenched in ice for 30 min. The resultant precipitate was filtered off,

washed with water, and dried overnight at 55 �C. The powder thus obtained was

characterized and found to be bouncy and free-flowing. It was composed of spher-

ulites of about 2–4 mm in diameter, and the spherulite was composed of ultrafine

platelets of about 300 nm. Notably, the powder exhibited a quite peculiar behavior

on storage, in contrast with commercial apatites. Commercial powders usually

tend to aggregate and form large solid lumps, whereas the powder produced by

this method remained free-flowing after 3 years of storage in non-hermetically

closed containers. Yang et al. [49] further reported the sintering effect of HA by us-

ing microwaves. They synthesized HA by precipitating the calcium and phospho-

rous precursors at 95 �C with a pH of 9 to 11.5. The HA green samples were sin-

tered by microwave heating and the results were compared with other HA green

samples sintered by a conventional heating method. The results clearly indicated

that the HA prepared by microwave processing was denser and had a finer grain

size than those prepared by the conventional heating method, which is the merit

of microwave processing. Overall, microwave-assisted synthesis offers the advan-

tages of uniform heating throughout the volume with very efficient transformation

energy within a short period; thereby, it may be considered as a suitable method

for the production of HA nanocrystals.

5.4.2.2 Polymeric Nanobiomaterials

Polymers, the largest class of biomaterials, are made up of repeated small and sim-

ple chemical units called monomers. The term ‘‘polymer’’ was derived from two

Greek words, polys meaning ‘‘many’’ and meros meaning ‘‘units’’. Polymers in the

form of nanofibers are considered as a unique class of scaffolding material and are

in demand for various tissue engineering applications compared with other types

of nanobiomaterials, owing to their functional properties, design flexibility, and

surface modifiability. The polymer nanofibers used for this purpose are commonly

called polymeric nanobiomaterials. A nanofiber generally refers to a fiber having a

diameter size in the range of 1 to 100 nm. Although the polymer nanofibers have

many desirable characteristics, they tend to possess low mechanical strength (e.g.,

low stiffness) compared with nanophase metals and ceramics; thereby, they are

often used in soft tissue reconstructions, but are also used in hard tissue recon-

structions in conjunction with nanophase ceramics. The following sections focus

on the major classification of polymers and emphasize widely used biodegradable

234 5 Nanophase Biomaterials for Tissue Engineering



polymers in the process of nanofibrous scaffolds for tissue engineering applica-

tions.

Polymers used in tissue engineering can be grouped into (a) naturally-derived

and (b) synthetic polymers. Naturally-derived polymers are biodegradable. Colla-

gen, gelatin, and chitosan are a few notable examples. Synthetic polymers can be

either biodegradable or non-biodegradable. Poly(lactic acid) (PLA), poly(glycolic

acid) (PGA), and poly(lactic-co-glycolic acid) (PLGA) are notable examples of biode-

gradable polymers, and poly(ethylene) (PE), poly(ethylene terephthalate) (PET),

and poly(tetrafluoroethylene) (PTFE) are notable examples of non-biodegradable

polymers. In most circumstances, biodegradable polymers, either from natural or

from synthetic origin, are considered as good choice for tissue engineering rather

than non-biodegradable polymers. However, degraded products from the bio-

degradable polymers must be non-toxic and should not elicit any foreign body re-

action. Based on their astonishing qualities, we further focus our attention on

some of the widely used biodegradable polymers, both naturally-derived and syn-

thetic, in tissue engineering applications.

Naturally-derived Biodegradable Polymers Collagen is the most widely used

naturally-derived polymer in designing scaffolds for tissue engineering. It is a pri-

mary structural protein of the natural ECM and hence natural collagen has various

functional characteristics favorable for cells and tissue growth. Although many

types of collagen exist in a living organism, the most abundant forms in native tis-

sue are types I and III. Type I collagen is composed of two a1 (I) chains and one a2
(I) chain in the triple helix pattern with a fiber diameter of about 50 nm. Type III

collagen is composed of three a1 (III) chains with fibers ranging from 30 to 130

nm in diameter. Structurally, collagen is composed of three polypeptides (a-chains)

that are each coiled into a left-handed helical pattern, and then these three chains

are wrapped around each other into a right-handed helical pattern, resulting in

well-organized rope-like fibers of great structural strength. The triple-helical do-

main has a characteristic primary structure, where glycine in every third amino

acid generates repeating (Gly X–Y) n units, where X is alanine or proline, and Y

is hydroxyproline. In general, collagen extracted from natural tissues is capable of

eliciting an immunogenic response upon implantation; thereby direct use of this

type of collagen is limited. Nowadays, a purified form of collagen known as recon-

stituted collagen, which has relatively lesser immunogenic response, is produced

by various biochemical methods and is commercially available for tissue engineer-

ing applications.

Gelatin is a denatured form of collagen, obtained by acidic and alkaline process,

widely used in tissue engineering as a scaffolding material. There are two types of

gelatin, namely A and B, which are identified by the method of processing from

the native collagen. Gelatin A can be obtained by the extraction of collagen by

acidic treatment, and gelatin B can be obtained by the extraction of collagen by al-

kaline treatment. Gelatin B has a higher content of carboxylic groups than gelatin

A owing to their biochemical processing. Although gelatin is a denatured form of
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collagen, it has its own functional properties. Gelatin is a highly biocompatible,

bioresorbable, non-toxic, and non-immunogenic natural polymer. It does not elicit

any noticeable antigenic response and has a low coagulation activity towards plate-

lets. Based on these characteristics, gelatin has some individual importance as a

scaffolding material for various tissue engineering.

Chitosan is also a naturally-derived polymer (polysaccharide), which is obtained

by alkaline deacetylation of chitin. The chitin is extracted from the exoskeleton of

shellfish. Basically, this process consists of two steps: (a) deproteination of the

shells with a dilute sodium hydroxide solution and (b) decalcification with a dilute

hydrochloric acid solution. The chitin thus obtained is subjected to N-deacetylation

by treatment with a 40–45% of sodium hydroxide solution followed by purification

procedures, resulting in chitosan. Chemically, it is a copolymer of b(1–4) linked 2-

acetamido-2-deoxy-d-glucopyranose and 2-amino-2-deoxy-d-glucopyranose. It is a

weak base and thus it is insoluble in water and in a few organic solvents, but it is

soluble in dilute aqueous acidic solution with pH < 6.5. It is a biocompatible, bio-

degradable, and non-toxic polymer. It shows good antimicrobial and antifungal ac-

tivities. Due to its natural abundance and specific physicochemical and biological

properties, it is used in tissue engineering applications. Further, its plasticity and

adhesiveness make chitosan a suitable binder for various biomedical applications.

Synthetic Biodegradable Polymers Synthetic biodegradable polymers play an in-

creasingly pivotal role in tissue engineering. These polymers offer many advan-

tages over naturally-derived polymers in that they can be easily tailored to provide

a wide range of functional properties; in particular, freedom from concerns of im-

munogenicity. Further, they are easily processable, surface modifiable, and steriliz-

able. Notably, not all the polymers are widely used in tissue engineering, but there

are a few polymers (e.g., PLA, PGA, and PLGA) that have been approved for clini-

cal applications by the US Food and Drug Authority, which can be considered for

tissue engineering applications.

PLA is one of the most frequently used synthetic polymers in designing tissue

scaffolds, owing to its functional characteristics that favor cell and tissue growth.

It has two enantiomeric forms: (a) the left-handed (l-lactide), and (b) the right-

handed (d,l-lactide). These two enantiomers have different degradation rates. Hy-

drolysis is the principal mode of degradation and it is greatly affected by the hydro-

philicity and crystallinity of the polymer. The degradation products of PLA are

non-toxic. The l-lactide is widely used for tissue engineering applications owing

to its superior biocompatibility and prolonged biodegradation compared with d,l-

lactide. Furthermore, it possesses high strength and modulus. The d,l-lactide pos-

sesses, in contrast, low strength and modulus, and undergoes rapid biodegrada-

tion.

PGA is the simplest form of linear aliphatic polyester, being used in various tis-

sue engineering applications. It is also a biocompatible and a biodegradable poly-

mer. It can be synthesized by ring-opening polymerization of glycolic acid, but

does not form any enantiomers like PLA. It is highly crystalline and is a hydro-
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philic polymer. The percent crystallinity ranges from 45 to 55. Owing to its hydro-

philic nature, it is completely absorbed within 4 to 6 months upon implantation. It

exhibits a high tensile strength, modulus, and is also stiff, making it suitable for

biomedical applications.

PLGA is a copolymer that consists of PLLA and PGA macromolecular units. By

changing the composition of copolymeric units, the rate of degradation and me-

chanical strength of PLGA can be manipulated. This kind of copolymer has less

crystallinity and degrades faster than homopolymers. For example, a copolymer of

50% PGA and 50% PLLA degrades much faster than each homopolymer. The com-

position of copolymer also significantly affects its percent crystallinity. For exam-

ple, a copolymer of 90% PGA and 10% PLLA has high crystallinity, whereas a

PGA-to-PLLA ratio from 25/75 to 75/25 is relatively amorphous. Owing to its bio-

compatibility and tunable biodegradability, PLGA is widely used in various tissue

engineering applications.

5.5

Nanofibrous Scaffold Processing: Current Scenarios

Processing nanofibrous scaffolds with structural features similar to natural ECM is

essential for tissue engineering. Numerous studies have been conducted in pro-

cessing tissue scaffolds quite similar to natural ECM in the authors’ laboratory

[50–52]. These scaffolds possess high surface area, high aspect ratio, high porosity,

small pore size, and low density. These features are essential for the improvement

of cell adhesion, which is a significant issue in the initial stage of tissue engineer-

ing because cell migration, proliferation and differentiation functions typically de-

pend on the cell adhesion. Although tissue scaffolds can be manufactured by

multiple methods, very few methods have the ability to produce scaffolds with

nanofibrous structure, which include self-assembly [53, 54], phase separation [55,

56], and electrospinning [57, 58]. Table 5.6 depicts the comparative merits and de-

merits of these methods. Some of the key aspects of these methods, along with

illustrated examples, are briefly described in the following sections.

5.5.1

Self-assembly

The past few years has seen great interest in self-assembling processes for manu-

facturing scaffolds suitable for tissue engineering. Self-assembly is simply a pro-

cess in which individual, pre-existing components organize themselves into an or-

dered structure required for specific functions without human intervention. The

key challenge in self-assembly is to design molecular building blocks that can

undergo spontaneous organization into a well-defined pattern that mimics com-

plex biological systems. Self-assembly takes place by non-covalent bonding, which

typically includes hydrogen bonding, ionic bonding, hydrophilic and van der Waals
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interactions. Although each of these forces is rather weak, their collective interac-

tions could produce a very stable structure that could match the structural features

of biological systems.

Recently, peptide-amphiphile (PA) nanofibers were developed by a self-

assembling process for cell transplantation [53] and to direct biomineralization of

HA [54]. Beniash et al. [53] have demonstrated the feasibility of PA molecules to

self-assemble into 3D nanofibrous scaffold under physiological conditions, and

their efficacy in cell entrapment was studied. The results indicated that cells en-

trapped in the nanofibrous network can survive and proliferate well, which sug-

gests that the self-assembled PA system could be used for cell transplantation or

other related tissue engineering applications. Hartgerink et al. [54] have further

revealed the potential of self-assembled PA nanofibrous scaffold to direct self-

biomineralization. They reported a PA molecule that self-assembles into a nano-

structural gel and mimics some of the key features of the natural ECM of bone tis-

sue. They processed the PA nanofibers with negatively charged surfaces because it

is believed that this promotes biomineralization by establishing local ion supersa-

turation. The experimental results confirmed that the PA fibers are capable of nu-

cleating HA on their surfaces. It was also noticed that the c-axes of HA crystals are

co-aligned with the long axes of PA fiber that nucleates the structural orientation

between collagen and HA observed in the natural bone tissues. Therefore, this

self-assembled system could be promising for mineralized tissue repair.

5.5.2

Phase Separation

Phase separation is an interesting method used for manufacturing tissue scaffolds,

which involves various processing steps, typically raw material dissolution, gelat-

ion, solvent extraction, freezing, and drying. Of course, these steps to convert the

polymer into a nanofibrous structure would take a prolonged time. The unique

advantage of this method lies in the possibility of designing 3D nanostructures

without using any special equipment. Furthermore, the porosity and mechanical

properties of scaffold can be controlled to some extent, but it is very difficult and

perhaps not feasible to maintain the fiber orientation. Tissue scaffolds using

poly(l-lactic acid) (PLLA) were recently fabricated by the authors’ group using this

phase separation method [55]. They processed scaffolds with highly porous and fi-

brous structures close to natural ECM. The fiber diameters ranged from 50 to 300

nm with an average of 150 to 250 nm, according with the polymer concentration

used in the experimental process. The scaffolds were further evaluated with neural

stem cells under in vitro cell culture conditions. The results indicated that the cells

differentiated well on the nanofibrous scaffolds and the scaffolds served as a posi-

tive cue in supporting neurite outgrowth. This study, therefore, suggests that PLLA

nanofibrous scaffolds would be promising for neural tissue engineering. Another

study, reported by Chen and Ma [56], manufactured nanofibrous PLLA scaffolds

with interconnected spherical macropores by a phase separation method, with the

aim of mimicking the fibrous architecture of type I collagen protein. By using this
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method, they were able to control the structure of the scaffolds, in particular the

macroscopic shape, the spherical pore size, interfiber distance, and the fiber diam-

eter at the nanometer size; thereby, the phase separation method has gained con-

siderable interest in processing scaffolds for tissue engineering.

5.5.3

Electrospinning – A New Approach

Although the above methods have been employed to produce nanofibrous scaf-

folds, they often encountered some difficulties, especially in controlling the fiber

orientation of the scaffolds. For the success of tissue engineering, it is desirable to

control not only the fiber diameter but also the fiber orientation of scaffolds. For

various tissue engineering applications, it is necessary to produce scaffolds with

control over fiber orientation because alignment of the fibers predominantly influ-

ences the cell growth. Therefore, importance is given to a method that facilitates a

well-defined fiber orientation and control over fiber thickness. Recently, consider-

able efforts have been made world-wide to process nanofibrous scaffolds with fiber

orientation by so-called electrospinning.

Electrospinning is a straightforward, cost-effective, and versatile technique that

essentially employs electrostatic forces to produce polymer fibers, ranging in diam-

eter from a few microns down to tens of nanometers. This technique was first in-

troduced by Zeleny in 1914 [59]. Later, Formhals contributed much to the develop-

ment of electrospinning and, prolifically, obtained several patents in the 1930s and

1940s [60–64]. In those days it was called electrostatic spray or electrostatic spin-

ning, and subsequently renamed as electrospinning in the 1990s. However, this

technique was not adopted for tissue engineering as a tool for manufacturing tis-

sue scaffolds at the time of invention, but it was used in other industrial applica-

tions. Recently, it has been revitalized and has been successfully applied in process-

ing nanofibrous scaffolds suitable for tissue engineering. The precise merit of this

technique is that it could produce scaffolds with most of the structural features re-

quired for tissue engineering. It also offers many advantages over conventional

scaffold methodologies, e.g., it can produce ultrafine fibers with spatial orientation,

high aspect ratio, high surface area, and having control over pore geometry. These

are some of the favorable characteristics to be considered for better cell growth be-

cause they directly influence the cell adhesion, cell expression, and transportation

of oxygen and nutrients. In this light, electrospun scaffold can serve as a good tis-

sue scaffold and could provide spatial environment for the growth of new tissue

with appropriate functions.

5.5.3.1 Experimental System

Figure 5.7 illustrates schematically the basic configuration of electrospinning [24],

which consists of three major components: (a) a spinneret, (b) a fiber collector, and

(c) a high-voltage power system. As illustrated in the figure, the spinneret is di-

rectly connected to a syringe, which acts as a reservoir for the polymer solution to

be electrospun. This polymer solution can be fed through the spinneret with the
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help of a syringe pump at a steady and controllable feed rate. The feeding rate can

be controlled, corresponding to the concentration of polymer solution. Notably, the

material to be spun by this technique must be viscous, but the viscosity may vary,

depending on the type of materials used. The fiber collecting device is positioned

immediately below the spinneret, with an appropriate gap. A high-voltage/low-cur-

rent power system is required for the conversion of polymer solution into a

charged polymer jet. The electric power (usually up to 30 kV) is applied across the

spinneret and the grounded metallic counter electrode (fiber collector) to facilitate

ejection of the charged jet from the spinneret tip towards the surface of the fiber

collector.

5.5.3.2 Spinning Mechanism

Although the experimental design and functional components of electrospinning

seems to be extremely simple, mechanism involved in the spinning of polymer

nanofibers is rather complicated. Upon applying an optimized electric potential to

the spinneret, a pendent droplet of the polymer solution at the tip of the spinneret

gets electrified, thereby inducing charge accumulation on the surface of the droplet

that subsequently allows the droplet to deform into a cone, known as Taylor’s cone

[65]. This deformation is commonly caused by two electrostatic forces: (a) electro-

static repulsion between the surface charges of the droplet and (b) Columbic force

exerted by the strong external electric field applied [66]. Once the applied electric

field surpasses a critical value (threshold), the electrostatic force tends to exceed

the viscoelastic force and the surface tension of the polymer droplet; thereby, a

Fig. 5.7. Schematic of the electrospinning system. (Adopted and modified from Ref. [24].)
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fine charged polymer jet is forced to eject from the tip of the Taylor cone. This

polymer jet then moves toward the counter electrode, accompanied by rapid evapo-

ration of the solvent molecules and, while in transit, the different polymer strands

in the jet are separated out due to the mutual repulsion, a phenomenon called

‘‘splaying’’ [67], which gives rise to a series of ultrafine dry fibers. These fibers

can be collected on a grounded metallic target (fiber collector) and are typically in

the range of a few micrometers to nanometers.

Notably, different types of fiber collectors are available, corresponding to spatial

orientation (Fig. 5.8). For example, rotating-type collectors can be used to obtain

aligned nanofibers, whilst static-type collectors can be used to obtain random nano-

fibers. The alignment of the fibers is rather complicated and numerous parameters

influence the fiber orientation, including the rotational speed and shape of counter

electrode, the concentration of polymer solution, the dielectric constant of the sol-

vent, the strength and shape of the electric field, and the environmental conditions

such as relative humidity and temperature.

Fig. 5.8. Types of fiber collector.
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5.5.3.3 Electrospun Nanofibrous Scaffolds

This section explicates how electrospinning can be adopted to produce nanofibrous

scaffolds using a few biodegradable polymers suitable for tissue engineering. Mat-

thews et al. [57] have processed collagen nanofibrous scaffolds; Fig. 5.9(a) shows a

representative scanning electron microscopy (SEM) image of such a scaffold. The

results indicate that the scaffold is composed of randomly-oriented nanofibers with

an average diameter of 100G 40 nm. The morphology of collagen structure is

quite analogous to the natural ECM; therefore, they suggested that it may be used

as a good scaffolding material in tissue engineering. Bognitzki et al. [68] have

revealed the possibility of spinning PLLA nanofibrous scaffolds with nanopores.

Figure 5.9(b) is a representative SEM micrograph of such a scaffold, showing that

each fiber has a beautiful porous structure with well-defined nanopores. The aver-

age pore was 100 nm wide and 250 nm long. The size and density of the pores can

be controlled by manipulating the spinning parameters. Elongation of the pores

along the fiber axis, which is obvious from the SEM micrograph of Fig. 5.9(b), is

the result of a uniaxial extension of the polymer jet in the high electric potential.

Recently, our group, Yang et al. [58], also reported the feasibility of spinning

PLLA nanofibrous scaffolds suitable for tissue engineering. A representative SEM

Fig. 5.9. SEM micrographs of electrospun

nanofibrous scaffolds made of (a) collagen, (b)

poly(l-lactide), showing scattered nanopores,

(c) poly(l-lactide), showing randomly-oriented

fibers, and (d) poly(l-lactide), showing well-

aligned fibers. (Adopted with permission from

Refs.[57, 68, 58, and 58], respectively.)
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micrograph of the scaffold is shown in Fig. 5.9(c), which provides a complete detail

on size, shape, and pores of the scaffold architecture. The average fiber diameter

was 700 nm and the fibers are randomly orientated. They revealed that spatial ori-

entation of the nanofibers mainly depends on the concentration of polymer solu-

tion and rotational speed of the fiber collector. Yang et al. [58] further reported the

feasibility of spinning PLLA nanofibrous scaffolds with well-defined fiber orienta-

tion perfectly suitable for tissue engineering. Briefly, the spinning conditions to

obtain such scaffolds are: first, PLLA was dissolved in dichloromethane and N,N-

dimethylformamide (70:30) at a concentration of 2%. The polymer solution was ex-

truded at a constant flow rate (1.0 mL h�1) by keeping the distance between the

spinneret tip and the fiber collector at 10 cm. A high voltage power supply (12

kV) was applied to the tip of the spinneret using a regulated DC power system.

Once the applied voltage reaches the threshold, continuous long and ultrafine fi-

bers eject from the spinneret tip and deposit on the surface of the fiber collector.

Note that a sharp-edge rotating disc was used as a fiber collector in this study. A

representative SEM micrograph of such a nanofibrous scaffold is shown in Fig.

5.9(d). The results show that a high order of alignment on the fiber orientation

was obtained, with fiber diameters ranging from 100 to 400 nm (average is 300

nm). The nanofibrous scaffolds with fiber orientation could be potentially ideal

for tissue engineering since the fiber orientation of the scaffolds very much influ-

ences cell orientation and phenotypic expression [69]. Therefore, manufacturing

nanofibrous scaffolds with fiber orientation is of great importance for the success

of tissue engineering, which is now practically possible by the so-called electrospin-

ning method.

5.6

Cell–Matrix (Scaffold) Interactions

5.6.1

Cell–Ceramic Scaffold Interactions

As mentioned above, ceramic nanobiomaterials, particularly nano HA, have con-

siderable interest in tissue engineering, owing to their excellent cell compatibility

and bio-activity. Several studies have reported in vitro and in vivo assessments of

the biological responses to nano HA. Table 5.7 lists a few notable examples of tis-

sue scaffolds made from HA-based nanobiomaterials [70–76]. Recently, Huang

et al. [70] have reported the in vitro assessment of the biological response to nano

HA. They prepared the nano HA by a precipitation reaction, and the nano HA sus-

pension was subsequently electrosprayed onto glass substrates using a novel pro-

cessing route to maintain nanocrystals of HA. The in vitro cell-compatibility of

nano HA was studied with human osteoblast-like cells. The obtained results are

shown in Fig. 5.10. Figure 5.10(a) shows that the prepared HA particles are in the

nanometer size range (50–80 nm long), and there are no secondary phase observed

as evidenced by X-ray diffraction analysis (Fig. 5.10b), which confirms the phase
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Fig. 5.10. Characteristic results of nano HA

produced by wet chemical method: (a)

transmission electron micrograph and selected

area of diffraction pattern (inset) of nano HA,

(b) X-ray diffraction pattern of nano HA, and

scanning electron micrographs showing (c) the

attachment of human osteoblast-like cells onto

nano HA and (d) ECM produced by the cells

on nano HA-sprayed glass substrate. (Adopted

with permission from Ref. [70].)

Tab. 5.7. Examples of tissue scaffolds made of HA-based nanobiomaterials.

Tissue scaffolds Cells/growth factors studied Ref.

Nano HA Osteoblast-like cells 70

Nano HA Mesenchymal stem cells 71

Nano HA Osteoblast cells 72

NanoHA/collagen Mesenchymal cells 73

NanoHA/collagen Osteoblast cells/rhBMP-2 74

NanoHA/collagen/PLA rhBMP-2 75

NanoHA/collagen/PLA Osteoblast cells 76
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purity of nano HA. The results of in vitro cell culture studies confirmed the ability

of nano HA in supporting cell adhesion and growth. The cells were able to attach

to the nano HA surfaces and maintain their osteoblastic morphology with visible

filapodia attached to nano HA particles (Fig. 5.10c). There were large areas of con-

fluent cells after seven days of culture and fiber-like ECM was produced (Fig.

5.10d), which provides evidence for the better cell–matrix interactions.

The in vitro response of sol–gel derived nano HA with human MSCs was inves-

tigated to confirm their biocompatibility and bioactivity [71]. The in vitro results

showed that the human MSCs adhered to nano HA and exhibited better prolifera-

tion signals on their surface. Evidence of proliferation of MSCs was observed with

a tendency to spread onto the surface as if forming groups, thus supporting not

only biocompatibility but also enhanced bioactivity of the material. This behavior

is considered important, since it simulates, on an artificial surface, several steps

of the cell-cycle occurring in a tissue environment, with no need for an interfacial

protein scaffold. The authors concluded that these surfaces interact with the MSCs

in a manner that might be useful for tissue engineers to design scaffolds as an al-

ternative to biological ECM. Porous biomaterials are of great interest in tissue en-

gineering as cells and tissues invade pores for their extensive growth, and they also

help the transportation of nutrient and oxygen supply to the cells. Besides, the

pores provide a mechanical interlock, thereby leading to a firmer fixation of the

biomaterials upon implantation. As bone tissue grows well into the pores, it is

expected to increase the strength of the implanted biomaterial. In vitro studies on

the enhanced functions of osteoblasts (bone-forming cells) on ceramic nanobioma-

terials have been reported [72]. The authors extensively studied select functions of

osteoblasts on nano HA (with grain size of 67 nm) and conventional HA (with

grain size of 179 nm) using in vitro cellular models. Osteoblasts were seeded onto

the HA substrates and cultured under standard cell culture conditions. The results

of cell culture studies provided evidence of increased osteoblast proliferation onto

nano HA when compared with conventional HA and with to reference substrate

(borosilicate glass). Although the osteoblast proliferation trend was similar on

nanophase and conventional HA after 1 day of culture, it was significantly greater

on nano HA after 3 and 5 days of culture, indicating that the nanophase provides

highly adhesive substrate to facilitate better cell adhesion and long-term cell

growth. The results further provided evidence of enhanced long-term functions,

in particular synthesis of alkaline phosphatase and concentration of calcium in

the ECM, of osteoblasts cultured on nano HA than on conventional HA.

Notably, though the nano HA serves as an excellent bone tissue scaffold, it be-

haves as a typical brittle material; thereby it is used only in certain bone tissue re-

pair applications. To improve reliability, it is necessary to introduce some biocom-

patible reinforcement agents or matrix materials. However, introduction of foreign

materials may decrease the reliability of HA; thereby, choosing the reinforcement

agents or matrix materials is of great importance. A composite of nano HA with

collagen is perceived to be beneficial in improving the reliability of nano HA, and,

at the same time, both are the key components of natural bone tissue (Fig. 5.6).

Osteogenic cell-engineered HA/collagen nanocomposite scaffold structures were
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developed using culture techniques as well as conventional methods, and their in
vitro cellular functions were studied [73]. It was noticed that the scaffolds sup-

ported well the cellular growth and related functions, leading to new bone forma-

tion. Later, a 3D bone-resembling nanocomposite matrix using nanoHA/collagen/

osteoblasts was developed in conjunction with PLA [76]. This system supported

cellular adhesion, proliferation, and migration. Interestingly, the cells penetrated

deep into the matrix to about 200–400 mm within a short period (12 days), probably

owing to its composition and structural similarity to natural bone tissue, thereby

providing a promising scaffold for bone tissue engineering. In this light, ceramic

nanobiomaterials clearly represent a unique and promising class of scaffolding

material for tissue engineering applications, but they are limited to hard tissue re-

pair and regeneration.

5.6.2

Cell–Polymer Scaffold Interactions

This section briefly describes how the polymer nanofibrous scaffolds influence cell

growth and related functions. Matthews et al. [57] have processed collagen nano-

fibrous scaffolds and the in vitro cellular compatibility was studied using smooth

muscle cells. The results suggest that the scaffold has excellent biocompatibility,

cellular compatibility, and capability of promoting cells in-growth and related func-

tions (Fig. 5.11a). This study thus demonstrated the feasibility of using collagen as

a good tissue scaffold. Yang et al. [58] processed the PLLA nanofibrous scaffolds,

with randomly-oriented fibers, and the in vitro cellular compatibility was studied

using neural stem cells. The results suggest that the scaffold has excellent biocom-

patibility, cellular compatibility, and is highly supportive to cell differentiation and

related functions. The results further indicated that most of the cells have a bipolar

shape with extended neurites and the neurites outgrowth was randomly spread

over the scaffold (Fig. 5.11b), a good sign for cell–matrix interactions under in vitro
cell culture conditions.

Yang et al. [58] also reported the feasibility of processing PLLA nanofibrous scaf-

folds with well-aligned fibers and the in vitro cellular compatibility was studied us-

ing neural stem cells. They observed the influence of fiber orientation on the cell

growth. Figure 5.11(c) shows a representative phase contrast light microscopy im-

age of cell cultured scaffold. The results indicated that cells were well attached to

the scaffold and showed an extensive neurite-like outgrowth, which is a good sign

for their differentiation. Interestingly, the results revealed that the cells elongated

and their neurites outgrew along the direction of the fiber orientation, which

shows the significance of spatial orientation of the fibers on cellular growth behav-

ior. To observe expression of the cytoskeleton proteins of neural stem cells as well

as the relationship between the cytoskeleton proteins and fiber orientation of the

scaffolds, laser scanning confocal microscopy (LSCM) was performed; Fig. 5.11(d)

shows a representative micrograph. The results show that the cells exhibited a clas-

sical contact guidance by growing parallel to the fibers. In addition, most of the

differentiated cells show a bipolar shape with two extended neurites, which
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emerged from the regions of the somas, parallel to aligned fibers and were sym-

metrically distributed around the soma. However, some exceptional cases were

also noticed (indicated by arrows). Although neurites outgrowth was not affected

by the fiber orientation during the initial period, they all turned through large

angles to grow in the direction of fiber orientation, which implies the significance

of fiber orientation in directing cell growth. The information thus obtained from

the above experimental examples provides evidence for the enhanced performance

of polymeric nanobiomaterials for tissue engineering applications.

5.7

Concluding Remarks

Being the first inventor, nature sets high standards for researchers who design im-

plants for tissue repair and regeneration. Tissue engineering is emerging as a po-

tential alternative to traditional tissue transplantations, whereby tissue or organ

failure is addressed by implanting tissue-engineered nanobiomaterials that holds

Fig. 5.11. SEM micrographs showing cell–

matrix interactions within the electrospun

nanofibrous scaffolds made of (a) collagen, (b)

randomly-oriented poly(l-lactide) nanofibers.

Phase contrast light microscopy (c) and LSCM

(d) images of well-aligned poly(l-lactide)

nanofibers, evaluated in the authors’

laboratory. [Adopted with permission from Ref.

[57] for part (a) and Ref. [58] for parts (b)–(d).]
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the ability to enhance the tissue growth with appropriate functions. Although pre-

liminary investigations seem to support the impact of nanobiomaterials in tissue

engineering, significant advancements are necessary to realize their full potential

in clinical use. On the other hand, the nanobiomaterials are relatively less available

than their microscale counterparts. Presently, there is a trend towards using nano-

biomaterials due to their sophisticated surface functional properties, which are fa-

vorable for cell growth and host tissue interactions. This is an exciting time to be

involved in nanobiomaterials in order to formulate them as a clinically ideal scaf-

folding system for tissue engineering, with great challenges and also great expect-

ations ahead.
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Abbreviations

mm Micrometer

3D Three-dimensional

Ca/P Calcium to phosphorous ratio

ECM Extracellular matrix

HA Hydroxyapatite

HSCs Hematopoietic stem cells

LSCM Laser scanning confocal microscopy

MSCs Mesenchymal stem cells

nm Nanometer

PA Peptide-amphiphile

PCL Poly(caprolactone)

PE Polyethylene

PET Poly(ethylene terephthalate)

PGA Poly(glycolic acid)

PLA Poly(lactic acid)

PLLA Poly(l-lactide)

PLGA Poly(lactide-co-glycolide)
PMMA Poly(methyl methacrylate)

PTEF Poly(tetrafluoroethylene)

PU Polyurethane

rhBMP Recombinant human bone morphogenetic protein

SEM Scanning electron microscopy

TCP Tricalcium phosphate

TGF-b Transforming growth factor-b

Ti Titanium
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Glossary

Adult stem cell: An undifferentiated cell found in a differentiated tissue that is able

to self-renew and to differentiate into tissue-specific cell types from which it origi-

nated.

Allograft: Tissue or organ transplanted from one individual to another of the same

species.

Alloplast graft: Any synthetic material substituted to repair or replace defective parts

of the body.

Artificial organ: A medical device or implant intended to replace the body organs.

Autograft: Tissue or organ transplanted within the same body.

Bioactivity: Ability of the implant, to play a vital role in the metabolic processes of

living body.

Bioceramics: Inorganic and nonmetallic materials that are compatible with biologi-

cal tissues.

Biocompatibility: Ability of the implant to perform with an appropriate host re-

sponse in a specific application.

Biodegradability: Susceptibility of implant to be decomposed by a living organism.

Bioinert: No host response to the material.

Biomaterial: Any synthetic material that is biocompatible with the tissues and the

body upon implantation. It can be metal, ceramic, polymer, and a composite of

each.

Biomineralization: A conversion process mediated by an organic matrix in which

inorganic derivatives are produced by living organisms, especially microorganisms.

Biopsy: Removal of a small portion of tissue, usually for the purpose of making a

diagnosis.

Bone: A rigid, yet dynamic connective tissue consisting of calcium phosphate based

minerals embedded with collagen fibers in conjunction with osteogenic cellular

elements.

Bone marrow stromal cell: A kind of stem cell found in bone marrow that has the

ability to generate bone, cartilage, and other connective tissues.

Cell: Fundamental, structural, and functional unit of all living beings that is com-

posed of an outer membrane enclosing protoplasm and nucleus.

Collagen: A fibrous structural protein that function to hold tissues together.

Composite: A heterogeneous combination of two or more materials.

Corrosion: A chemical or electrochemical degradation of metals due to surrounding

environmental factors.

Differentiation: A process whereby an unspecialized cell acquires the features of a

specialized cell.

Electrospinning: A fiber processing technique, which utilizes electrostatic forces to

produce extremely fine fibers ranging from a few micrometers to nanometers in

diameter.
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Embryonic stem cell: An undifferentiated cell found in an embryo that is able to pro-

duce a spectrum of specialized cell/tissue types.

Extracellular matrix: The surrounding material of a cell, including ground sub-

stances and fibers.

Fiber: The individual strands of material that form a nonwoven construct.

Graft: A transplant.

Growth factors: A heterogeneous group of substances capable of enhancing tissue

growth.

Hard tissue: The general term for calcified structures of the body (e.g., bone and

tooth).

Hematopoietic stem cells: A stem cell from which all blood cells develop.

Hydroxyapatite: A calcium phosphate-based material, with chemical composition

Ca10(PO4)6(OH)2, that is abundant in bone minerals.

Immunogenic: Capable of stimulating an immune response.

Implant: Any medical device or prosthesis inserted or grafted in the human body.

Implantation: A surgical procedure by which medical device or prosthesis is placed

in human body either temporarily or permanently.

In vitro: A biological study performed in the laboratory. In other words, outside the

living body.

In vivo: A biological study performed inside the living body.

Mesenchymal stem cell: A cell derived from the immature embryonic connective

tissue.

Metabolism: A general term used to designate all biochemical changes that occur to

substances within the body by either anabolism or catabolism.

Micro: A unit prefix meaning one millionth (1/1 000 000).

Modulus: One of several measures of strain versus applied stress (e.g., Young’s

modulus).

Monolithic: Made from a single material.

Multipotent: Ability of a single stem cell to develop into a small number of cell

types of the body that have a specific function.

Nano: A unit prefix meaning one billionth (1/1 000 000 000).

Nanobiomaterials: Biomaterials composed of particles or grains having nanometric

tolerances; a nanometer is equal to 10�9 m.

Non-trauma: Any injury or wound caused by disease.

Organ: A differentiated part of an organism adapted for a definite function.

Osteoconduction: An action associated with in-growth of capillaries and migration of

bone-forming cells from the host into 3D matrix.

Pathogen: Any organism that is capable of producing disease.

Phenotype: Observable characteristics of an organism, resulting from the interac-

tion of its genotype with the environment.
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Plasticity: Ability of stem cells from one adult tissue to generate the differentiated

cell type of another tissue.

Pluripotent: Ability of a single stem cell to develop into many different cell types of

the body.

Polymer: Long-chain high molecular weight material consisting of repeated mono-

mer units.

Porosity: A ratio of void volume to total volume expressed in terms of percentage.

Proliferation: Expansion of cell population by continuous division of a single cell

into two identical daughter cells.

Prosthesis: A medical device that is capable of replacing the organs or tissues.

Protein: A large biomolecule composed of one or more chains of amino acids in a

specific sequence.

Resorption: Dissolution of a substance.

Scaffold: A temporary structural construct or matrix used to support the cells for

accommodation during tissue fabrication.

Stem cell: An undifferentiated cell that is capable of producing specialized types of

cells.

Stem cell-therapy: A treatment in which stem cells are induced to differentiate into

specific types of cells/tissues for the purpose of tissue repair.

Surface area: The total area of exposed surface of an object.

Tissue: A collection of similar cells and their surrounding intercellular substances.

Tissue engineering: Development of human tissues or organs in the laboratory from

cells removed from the patient or other sources.

Totipotent: Ability of a single stem cell to develop into all types of cells/tissues of

the body.

Toughness: The amount of energy absorbed by a material before breakage.

Transplantation: Surgical transfer of tissue or organ from one place to another.

Trauma: Any injury or wound caused by an external force.

Vascular: A medical term pertaining to blood vessel.

Xenograft: Tissue or organ transplanted from one species onto a different species.
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6.1

Preface

Over the past nine decades of administering bioimplants to humans, most syn-

thetic prostheses consist of material particles and/or grain sizes with conventional

dimensions (on the order of 1 to 104 mm). But the lack of sufficient bonding of syn-

thetic implants to surrounding body tissues has, in recent years, led to the investi-

gation of novel material formulations. One such classification of materials, nano-

materials (or materials with constituent components less than 100 nm in at least

one direction), can be used to synthesize implants with similar surface roughness

to that of natural tissues. Natural tissues have numerous nanometer features avail-

able for cellular interactions since they are composed of many nanostructures (spe-

cifically, proteins).

Several nanophase biomedical implants are currently being investigated, and are

likely to gain approvals for clinical use in the near future. The critical factor for this

drive is the increasingly documented special, biologically-improved material prop-

erties of nanophase implants compared with conventional grain size formulations

of the same material chemistry. In this manner, the present chapter highlights a

novel property of nanophase materials that makes them attractive for use as im-

plants: enhanced cyto-compatibility leading to increased tissue regeneration. Active

works are focused in the domains of orthopedic, dental, bladder, neurological, vas-

cular, cartilage, and cardiovascular applications. However, only orthopedic applica-

tions, which are the closest to clinical applications, will be emphasized here.

In fact, the field of incorporating nanotechnology into orthopedics has matured

enough to present exciting in vivo data. This entry will thus articulate the seeming

revolutionary changes and the potential gains nanostructured materials can make

for bone implant technology. This chapter will first cover problems with current or-

thopedic implants and then how nanotechnology is providing solutions as pertain-

ing to the use of ceramics, metals, polymers, and composites thereof. Lastly, critical

hurdles that need to be addressed before nanophase materials can be used in or-

thopedics are discussed. This chapter is different from other chapters on the use

of nanotechnology towards orthopedic tissue engineering as it covers, for the first
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time, in vivo studies that highlight increased bone growth on nanostructured com-

pared with currently used materials.

6.2

Introduction: Problems with Current Implants

Since 1990, the total number of hip replacements, which is the replacement of the

femoral and hip bones, has been steadily increasing [1–7]. In fact, the 152 000 total

hip replacements in 2000 is a 33% increase from the number performed in 1990

and a little over half of the projected number of total hip replacements (272 000) by

the year 2030 in the United States alone [1–4]. However, in 1997, 12.8% of the total

hip arthroplasties were simply due to revision surgeries of previously implanted

failed hip replacements [1–4].

The fact that such a high percentage of hip replacements performed every year

are revision surgeries is not surprising when you consider the life expectancy of

the implant versus that of the patient receiving the implant. Consistently, over

30% of those requiring total hip replacements have been below the age of 65 and

even those at 65 have a life expectancy of 17.9 years [5–7]. Females, which make up

the majority of those receiving total hip replacements, have a life expectancy of

19.2 years at the age of 65. Since the longevity of implants ranges only from about

12–15 years, even most of those that receive bone implants at the age of 65 will

require at least one revision surgery before the end of their lives [5–7].

For the dental community the story is not any better. Since dental implants may

be necessary for the young and old alike, it is imperative that they are able to last

for the duration of the patient’s life. Recent studies have found that dental im-

plants that have been used in over 300 000 cases in the United States have up to a

96% success rate (meaning that the implant was not mobile and was non-

inflamed) after five years, 80% after ten, and less than 75% after 15 years [1–7].

The above strongly suggests that the longevity of the prostheses is a reoccurring

problem for the orthopedic/dental community that has to be dealt with since cur-

rent approaches clearly fail. Orthopedic implant failure can be due to numerous

reasons, including poor initial bonding of the implant to juxtaposed bone, genera-

tion of wear debris that lodges between the implant and surrounding bone to cause

bone cell death, and/or stress and strain imbalances between the implant and sur-

rounding bone causing implant loosening and eventual failure [8]. Although there

are many reasons why implants fail, a central one is the lack of sufficient bone

regeneration around the implant immediately after insertion [8]. Shockingly, about

a quarter of dental implant failures are attributed to incomplete healing of the

implant to juxtaposed bone (for those that failed between three and six months)

[1–7]. Importantly, this leads to eventual implant loosening and regions for possi-

ble wear debris to situate between the implant and surrounding bone further com-

plicating bone loss [8–11].

To improve this performance and hence extend the lifetime of bone implants, it

is essential to design biomaterial surface characteristics that interface optimally

with select proteins and subsequently with pertinent bone cell types. That is, im-
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mediately after implantation, proteins will adsorb from plasma to biomaterial sur-

faces to control cell attachment and eventual tissue regeneration (Fig. 6.1) [12, 13].

Initial protein interactions that mediate cell function depend on many biomaterial

properties, including chemistry, charge, wettability, and topography [12, 13]. Of sig-

nificant influence for protein interactions is surface roughness [14–18], and this

represents the promise of nanophase materials in bone implant applications.

6.3

A Potential Solution: Nanotechnology

Nanotechnology embraces a system whose core of materials is in the range of

nanometers (10�9 m) [19–29]. The application of nanomaterials for medical diag-

nosis, treatment of failing organ systems or prevention and cure of human

diseases can generally be referred to as nanomedicine [28, 29]. The branch of

nanomedicine devoted to the development of biodegradable or non-biodegradable

prostheses falls within the purview of nano-biomedical science and engineering

[28, 29]. Although various definitions are attached to the word ‘‘nanomaterial’’ by

different experts, the commonly accepted concept refers nanomaterials as that

material with the basic structural unit in the range 1–100 nm (nanostructured),

crystalline solids with grain sizes 1–100 nm (nanocrystals), individual layer or mul-

tilayer surface coatings in the range 1–100 nm (nanocoatings), extremely fine

powders with an average particle size in the range 1–100 nm (nanopowders) and,

fibers with a diameter in the range 1–100 nm (nanofibers) [19, 20].

Since nature itself exists in the nanometer regime, especially tissues in the hu-

Fig. 6.1. Cell recognition of biomaterial

surfaces controlled by initial protein

interactions. Initial protein interactions can

influence cell adhesion and, thus, the degree of

bone tissue formation on biomaterials.

Changing the material properties will alter the

protein interactions and influence subsequent

cell function. (Adapted and redrawn from Ref.

[13], with permission.)
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man body [30], clearly, nanotechnology can play an integral role in the biological

milieu. Specifically, bone is composed of numerous nanostructures – like collagen

and hydroxyapatite that, most importantly, provide a unique nanostructure for

protein and bone cell interactions in the body (Fig. 6.2) [31]. Although mimicking

constituent components of bone is novel in itself, there are additional reasons to

consider nanomaterials for orthopedic applications: their special surface properties

compared with conventional (or micron constituent component structured) materi-

als [24–27]. For example, a nanomaterial has increased numbers of atoms at the

surface, grain boundaries or material defects at the surface, surface area, and al-

tered electron distributions compared with conventional materials (Fig. 6.3) [27];

in summary, nanophase material surfaces are more reactive than their conven-

tional counterparts. In this light, clearly, proteins that influence cell interactions

that lead to tissue regeneration will be quite different on a nanophase compared

with conventional implant surfaces (Fig. 6.1).

Despite this, the evolution of orthopedic implants has centered on the use of

materials with non-biologically inspired micron surface features [32, 33], mostly

changing in chemistry or micron roughness but not degree of nanometer rough-

ness (Fig. 6.4). In this manner, it should not be surprising why the optimal mate-

rial to regenerate bone has not been found.

6.3.1

Current Research Efforts to Improve Implant Performance Targeted at the Nanoscale

Nanoscale materials currently being investigated for bone tissue engineering appli-

cations can be placed in the following categories: ceramics, metals, polymers, and

Fig. 6.2. Nanocomponents of bone provide a high degree of

nanostructured surface roughness for bone cells. (Adapted and

redrawn from Ref. [31], with permission.)

260 6 Orthopedic Tissue Engineering Using Nanomaterials



composites thereof. Each type of material has distinct properties that can be advan-

tageous for specific bone regrowth applications. For example, hydroxyapatite, a ce-

ramic mineral present in bone (Fig. 6.2), can also be made synthetically. Ceramics,

however, are not mechanically tough enough to be used in bulk for large-scale

bone fractures; nonetheless, they have found applications for a long time as bio-

active coatings due to their ionic bonding mechanisms, which are favorable for os-

teoblast (or bone-forming cells) function [34].

Unlike ceramic materials, metals are not found in the body. However, due to

their mechanical strength and relative inactivity with biological substances, metals

(specifically, Ti, Ti6Al4V, and CoCrMo) have been the materials of choice for large

bone fractures [32, 33]. Polymers exhibit unique properties (such as viscosity, mal-

leability, moldability) and possess mechanical strength that is comparable to many

soft (not hard) tissues in the body [35]. To date, because of their excellent friction

properties, polymers (like ultrahigh molecular weight polyethylene) have been

primarily used as articulating components of orthopedic joint replacements [35].

Fig. 6.3. Special surface properties of

nanophase materials. (a) Higher number of

atoms at the surface for nanophase compared

with conventional materials. (b) Nanophase

materials have higher surface areas, possess

greater numbers of material defects at the

surface, and altered electron delocalization.

Such special properties will influence protein

interactions for controlling cell functions.

(Adapted and redrawn from Ref. [25], with

permission.)
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Additionally, some polymers (particularly the polyester family) can be resorbed or

degraded in the body, which opens the window for controllable repair of damaged

bone that is actively being investigated in tissue engineering circles. Lastly, com-

posites of any or all of the above can be synthesized to provide a wide range of ma-

terial properties to increase bone implant performance [36]; such ability to tailor

composite properties to specific orthopedic applications makes them attractive.

Due to the numerous materials currently being used and investigated in ortho-

pedics, this review will cover selected efforts to create nanoscale surfaces in all of

these categories: ceramics, metals, polymers, and composites. Several current and

potential materials that have shown promise in nanotechnology for bone biomedi-

cal applications, as well as needed future directions, will be emphasized.

6.3.1.1 Ceramic Nanomaterials

Increased Osteoblast Functions The first report correlating increased bone cell

functions with decreased material grain or particulate size into the nanometer

regime dates back to 1998 and involves ceramics [37]. Such reports described that

in vitro osteoblast (bone-forming cell) adhesion, proliferation, differentiation (as

measured by intracellular and extracellular matrix protein synthesis such as alka-

line phosphatase), and calcium deposition was enhanced on ceramics with par-

ticulate or grain sizes less than 100 nm [37–46]. Specifically, this was first dem-

onstrated for a wide range of ceramic chemistries, including titania (Fig. 6.5),

alumina, and hydroxyapatite [39]. For example, four, three, and two times the

amount of calcium-mineral deposition was observed when osteoblasts were cul-

tured for up to 28 days on nanophase compared with conventional alumina, tita-

Fig. 6.4. Conventional grain size of currently used orthopedic

implants. Bar ¼ 10 and 2.5 mm for the left and right

micrograph, respectively.
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nia, and hydroxyapatite, respectively [41]. Notably, for each respective nanophase

and conventional ceramic mentioned in these first reports, similar chemistry and

material phase were studied [37–46]. That is to say, only the degree of nanometer

surface features was altered between respective nanophase and conventional alu-

mina, titania, and hydroxyapatite. This is important since as previously discussed,

it is well known that alterations in surface chemistry will influence bone cell func-

tion [8, 32–36], but this was the first time changes in the degree of nanometer

roughness alone were reported to enhance bone cell responses [37].

Although these studies provided preliminary evidence that osteoblast functions

can be promoted on nanostructured compared with conventional materials regard-

less of ceramic chemistry, Elias et al. further described a study where the topog-

raphy of compacted carbon nanometer fibers were transferred to poly(lactic-co-
glycolic acid) (PLGA) using well-established silastic mold techniques [47]. The

same was done for compacts composed of conventional carbon fibers. Figure 6.6

illustrates the successful transfer of nanometer compared with micron surface fea-

tures from the carbon nanometer compared with conventional fiber compacts, re-

spectively [47]. Importantly, osteoblast adhesion increased on PLGA molds made

from nanometer compared with conventional carbon fibers [47]. Increased osteo-

blast functions were also observed on the starting materials of nanometer com-

pared with conventional carbon fiber compacts [47]. In this manner, this study pro-

vided further evidence of the importance of nanometer surface features (and not

chemistry) in promoting functions of bone-forming cells.

Equally as interesting, a step-function increase in osteoblast performance has

been reported at distinct ceramic grain sizes: specifically, at alumina and titania

spherical grain sizes below 60 nm [39]. This is intriguing since when creating alu-

mina or titania ceramics with average grain sizes below 60 nm, a drastic increase

in osteoblast function was observed compared with respective ceramics with grain

sizes just 10 nm higher (i.e., those with average grain sizes of 70 nm) [39]. This

Fig. 6.5. (a) Conventional and (b) nanophase titania. One of

the first studies correlating increased osteoblast function with

decreasing ceramic grain size was carried out on titania as

pictured here. (From Ref. [39], with permission.)
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critical grain size for improving osteoblast function is also of paramount impor-

tance since numerous other special properties (such as mechanical, electrical, cata-

lytic, etc.) of materials have been reported when grain size is specifically reduced to

below 100 nm [19–27]. With this information, evidence has been provided to show

for the first time that the ability of nanophase ceramics to promote bone cell func-

tion is indeed limited to grain sizes (or subsequent surface features) below 100

nm, specifically those below 60 nm [39]. Thus, another novel size-dependent prop-

erty of nanostructured ceramics has been elucidated by these pioneering studies.

Although an exact explanation as to why greater bone regeneration is observed

on smaller grain size ceramics into the nanometer regime is not known, the im-

portance of this specific grain size in improving osteoblast function is connected

with interactions of vitronectin (a protein known to mediate osteoblast adhesion

with linear dimensions remarkably similar to the critical grain size of 60 nm men-

tioned above) [40, 44]. Moreover, as previously mentioned, several studies have

indicated that vitronectin and other proteins important for osteoblast adhesion are

more well-spread and, thus, expose amino acid sequences to a greater extent when

interacting with nanometer compared with conventional ceramics [40, 44]. Intrigu-

ingly, numerous investigators have confirmed that the minimum distance between

Fig. 6.6. Poly(lactic-co-glycolic acid) (PLGA)

molds of conventional and nanophase carbon

fiber compacts. To highlight the importance of

nanometer surface roughness regardless of

substrate chemistry, studies have shown

increased functions of osteoblasts on PLGA

molds of nanophase compared with

conventional carbon compacts. In addition,

increased functions of osteoblasts have been

found on compacts composed of nanometer

compared with conventional carbon fibers.

Bar ¼ 1 mm. (From Ref. [47], with permission.)
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protein ligands (such as arginine-glycine-aspartic acid or RGD) necessary for cell

attachment and spreading is in the nanometer regime (specifically, from 10 to 440

nm, depending on whether the study was completed with full proteins, protein

fragments, or single RGD units) [48–53]. Therefore, an underlying substrate sur-

face that mediates protein spreading (as opposed to protein folding) to expose

such ligands coupled with a nanometer surface roughness, to further project such

ligands to the cell, may promote cell adhesion due to this optimal ligand spacing.

Increased Osteoclast Functions In addition to studies highlighting enhanced os-

teoblast functions on nanophase ceramics, increased functions of osteoclasts (bone-

resorbing cells) have been reported on nanospherical compared with larger grain

size alumina, titania, and hydroxyapatite (HA) [45]. Specifically, osteoclast synthe-

sis of tartrate-resistant acid phosphatase (TRAP) and subsequent formation of

resorption pits was up to two-times greater on nanophase than on conventional ce-

ramics such as hydroxyapatite. Coordinated functions of osteoblasts and osteoclasts

are imperative for the formation and maintenance of healthy new bone juxtaposed

to an orthopedic implant [8]. Frequently, newly formed bone juxtaposed to im-

plants is not remodeled by osteoclasts and thus becomes unhealthy or necrotic

[34]. At this time, the exact mechanism of greater functions of osteoclasts on nano-

phase ceramics is not known, but it may be tied to the well-documented increased

solubility properties of nanophase compared with conventional materials [25]. In

other words, due to larger numbers of grain boundaries at the surface of smaller

grain size materials, increased diffusion of chemicals (such as TRAP) may be oc-

curring to subsequently result in the formation of more resorption pits.

Collectively, results of promoted functions of osteoblasts coupled with greater

functions of osteoclasts imply increased formation and maintenance of healthy

bone juxtaposed to an implant surface composed of nanophase ceramics. In fact,

although not compared with conventional grain size apatite coated metals, some

studies have indeed demonstrated increased new bone formation on metals coated

with nanophase apatite [54]. As shown in Fig. 6.7, bone formation can be clearly

seen on the surface of metals coated with nano-apatite, whereas there is no in-

dication of new bone formation on the underlying metal without the coating [54].

Incidentally, coating metals with nanophase HA has been problematic [55]. For ex-

ample, due to their small grain size, techniques that use high temperatures (like

plasma spray deposition) are not an option since they will result in HA grain

growth into the micron regime [55]. To circumvent such difficulties, some investi-

gators have allowed nanophase HA to precipitate on metal surfaces; this can be

time consuming and not very controllable [54]. In contrast, others have developed

novel techniques that use high-pressure based processes that do not significantly

create elevated temperatures to coat nanophase ceramics on metals so as to retain

their bioactive properties (Fig. 6.8) [56].

Decreased Competitive Cell Functions Importantly, it has also been shown that

competitive cells do not respond in the same manner to nanophase materials as

osteoblasts and osteoclasts do [40, 47, 57]. In fact, decreased functions of fibro-
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Fig. 6.7. Increased in vivo bone regeneration

on titanium coated with nanophase apatite.

Scanning electron micrograph of nanometer

dimensioned apatite (100–200 nm) is depicted

in (a). Increased bone regeneration in titanium

cages when coated with nano-apatite is

depicted in (b). (From Ref. [54], with

permission.)
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blasts (cells that contribute to fibrous encapsulation and callus formation events

that may lead to implant loosening and failure [8]) and of endothelial cells (cells

that line the vasculature of the body) have been observed on nanophase compared

with conventional ceramics [40]. Indeed, the ratio of osteoblast to fibroblast adhe-

sion increased from 1:1 on conventional alumina to 3:1 on nanophase alumina

[40].

Previously, such selectively in bone cell function on materials has only been ob-

served through delicate surface chemistry (such as through the immobilization of

peptide sequences such as Lys-Arg-Ser-Arg or KRSR) [58]. It has been argued that

immobilized delicate surface chemistries may be compromised once implanted

due to macromolecular interactions that render such epitopes non-functional in
vivo. For these reasons, notably, studies demonstrating selective enhanced osteo-

blast and osteoclast functions with decreased functions of competitive cells on

nanophase compared with conventional materials have been conducted on sur-

faces that have not been chemically modified by the immobilization of proteins,

amino acids, peptides, or other entities [40, 47, 57]. Rather it is the unmodified,

raw material surface that is specifically promoting bone cell functions.

Fibroblast function was also investigated in the same study that was previously

mentioned in which Elias et al. transferred the topography of compacted carbon

nanometer compared with conventional fibers to PLGA using well-established si-

lastic mold techniques (again please refer Fig. 6.6) [47]. Similar to the observed

greater osteoblast adhesion already noted, decreased fibroblast adhesion was mea-

sured on PLGA molds synthesized from carbon nanometer compared with conven-

tional fibers [47]. Again, this was the same trend observed on the starting material

of carbon nanometer compared with conventional fiber compacts [47]. Thus, this

Fig. 6.8. Nanophase hydroxyapatite (HA)

coated on titanium. Due to elevated

temperatures, traditional coating techniques,

such as plasma spray deposition, cannot be

used to coat metals with nanophase ceramics.

This process, developed by Spire Biomedical

(Bedford, MA), uses high pressure at low

temperatures so as to not allow for grain

growth. Bar ¼ 1 mm (upper left).
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study demonstrated the importance of a nanometer surface roughness (and not

chemical composition of the material) in decreasing functions of fibroblasts that

may lead to undesirable fibrous encapsulation and callus formation events inhibit-

ing osseointegration of orthopedic implants with surrounding bone.

Increased Osteoblast Functions on Nanofibrous Materials Recently, researchers

have further modified nanophase ceramics to simulate not only the nanometer di-

mension but also the aspect ratio of proteins and hydroxyapatite crystals found

in the extracellular matrix of bone [57]. For example, consolidated substrates for-

mulated from nano-fibrous alumina (diameter: 2 nm, length > 50 nm; Fig. 6.9) in-

creased osteoblast functions in comparison with similar alumina substrates formu-

lated from the aforementioned nanospherical particles [57]. Specifically, Price et al.

determined a two-fold increase in osteoblast cell adhesion density on nanofiber ver-

sus conventional nanospherical alumina substrates, following only a 2 h culture

[57]. Greater subsequent functions leading to new bone synthesis has also been

reported on nanofibrous compared with nano and conventional spherical alumina

[57]. Thus, perhaps not only is the nanometer grain size of components of bone

important to mimic in materials, but the aspect ratio may also be key to simulate

in synthetic materials to optimize bone cell response.

Another classification of novel biologically-inspired nanofiber materials that has

been investigated for orthopedic applications is self-assembled helical rosette nano-

tubes [59]. These organic compounds are composed of guanine and cytosine DNA

pairs that self-assembled when added to water to form unique nanostructures (Fig.

6.10). These nanotubes have been reported to be 1.1 nm wide and up to several

millimeters long [59]. Compared with currently used titanium, recent studies

have indicated that osteoblast function is increased on titanium coated with helical

rosette nanotubes (Fig. 6.10) [59]. Although in these studies it has not been possi-

Fig. 6.9. Transmission electron microscope image of alumina

nanofibers. Compared with spherical conventional alumina,

increased functions of osteoblasts have been reported on

nanophase fibrous alumina. Scale bar ¼ 10 nm. (From Ref.

[57], with permission.)
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ble to separate the influence of nanometer dimensions from the effects of nano-

tube chemistry on cell functions, these nanotubes are clearly another category of

novel nanostructured materials that can be used to promote bone formation. It is

also intriguing to consider what role self-assembled nanofibers may play in ortho-

pedics since bone itself is a self-assembled collection of nanofibers.

Fig. 6.10. Helical rosette nanotubes.

(a) Drawings of the cross-sectional and

longitudinal views of self-assembled helical

rosette nanotubes. (b) Helical rosette

nanotubes coated on titanium. Note the

nanophase dimension of these organic tubes.

Increased osteoblast function has been

observed on helical rosette nanotubes coated

on Ti. (From Ref. [59], with permission.)
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In this context, notably, only nanophase materials can mimic the unique aspect

ratio of hydroxyapatite and proteins found in the extracellular matrix of bone; it

is not possible for micron-sized materials to simulate the unique nanometer con-

stituent components of bone. As previously mentioned, results concerning the im-

portance of nanofibrous materials in promoting functions of osteoblasts have been

reported for carbon and polymer molds of carbon nanofibers (Fig. 6.6) [47]. These

findings consistently testify to the unprecedented ability to create nanomaterials to

mimic the dimensions of components of physiological bone to promote new bone

formation.

6.3.1.2 Metal Nanomaterials

Although much more work has been conducted on nanophase ceramics to date,

several recent studies have focused on the analysis of bone regeneration on nano-

phase metals. Metals investigated to date include titanium, Ti6Al4V, and CoCrMo

[60]. While many have attempted to create nanostructured surface features using

chemical etchants (such as HNO3) on titanium, results concerning increased

bone synthesis have been mixed [35]. Moreover, through the use of chemical etch-

ants it is unclear to what the cells may be responding – changes in chemistry or

changes in topography. For this reason, as was done for the ceramics in this review,

it is important to focus on studies that have attempted to minimize large differ-

ences in material chemistry and focus only on creating surfaces that alter in their

degree of nanometer roughness.

One such study by Ejiofor et al. utilized traditional powder metallurgy tech-

niques without the use of heat to avoid changes in chemistry to fabricate different

particle size groups of Ti, Ti6Al4V, and CoCrMo (Fig. 6.11) [60]. Increased osteo-

blast adhesion, proliferation, synthesis of extracellular matrix proteins (like alkaline

phosphatase and collagen), and deposition of calcium containing mineral was ob-

served on respective nanophase compared conventional metals [60]. This was the

first study to demonstrate that the novel enhancements in bone regeneration

previously seen in ceramics by decreasing grain size can be achieved in metals.

Interestingly, when Ejiofor et al. examined spatial attachment of osteoblasts on

the surfaces of nanophase metals, they observed directed osteoblast attachment at

metal grain boundaries (Fig. 6.12) [60]. Because of this, the authors speculated that

the increased osteoblast adhesion may be due to more grain boundaries at the sur-

face of nanophase compared with conventional metals. As was the case with nano-

phase ceramics [40, 44], it is plausible that protein adsorption and conformation at

nanophase metal grain boundaries may be greatly altered compared with non-

grain boundary areas and/or conventional grain boundaries; in this manner, pro-

tein interactions at grain boundaries may be key for osteoblast adhesion.

6.3.1.3 Polymeric Nanomaterials

For ceramics and metals, most studies conducted to date have created desirable

nanometer surface features by decreasing the size of constituent components of

the material, e.g., a grain, particle, or fiber. However, due to the versatility of poly-
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mers, many additional techniques exist to create nanometer surface roughness

values. In addition, polymers contribute even further to rehabilitating damaged tis-

sue by, possibly, providing a degradable scaffold that dissolves within a controllable

time while the native tissue reforms. Techniques utilized to fabricate nanometer

features on polymers include e-beam lithography, polymer demixing, chemical

Fig. 6.11. Scanning electron micrographs of

nanophase metals. Increased functions of

osteoblasts have been observed on nanophase

compared with conventional c.p. Ti, Ti6Al4V,

and CoCrMo. Scale bar ¼ 1 mm for nanophase

Ti/Ti6Al4V and 10 mm for conventional Ti/

Ti6Al4V. Scale bar ¼ 10 mm for nanophase and

conventional CoCrMo. (From Ref. [60], with

permission.)
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etching, cast-mold techniques, and the use of spin-casting [60–68]. For those that

have been applied to orthopedics, chemical etching followed by mold casting and

polymer demixing techniques have received the most attention [61, 62].

For chemical etching techniques, polymers investigated to date include

poly(lactic-co-glycolic acid) (PLGA; Fig. 6.13), polyurethane, and polycaprolactone

[62, 64–66]. The idea proposed by Kay et al. has been to treat acidic polymers

with basic solutions (i.e., NaOH) and basic polymers with acidic solutions (i.e.,

HNO3) to create nanosurface features [62]. While only on two-dimensional (2D)

films, Kay et al. observed greater osteoblast adhesion on PLGA treated with in-

creasing concentrations and exposure times of NaOH. As expected, data was also

provided indicating larger degrees of nanometer surface roughness with increased

concentrations and exposure time of NaOH on PLGA. Park et al. took this one

step further and fabricated three-dimensional (3D) tissue engineering scaffolds by

NaOH treatment of PLGA [64]. When comparing osteoblast functions on such

scaffolds, even though similar porosity properties existed between non-treated and

NaOH treated PLGA (since similar amounts and sizes of NaCl crystals were used

to create the pores through salt-leaching techniques), greater numbers of osteo-

blasts were counted on and in NaOH treated PLGA [64]. Unfortunately, due to

these fabrication techniques, it is unclear whether the altered PLGA chemistry or

nano-etched surface promoted osteoblast adhesion; however, in light of the previ-

ous studies mentioned in this review, the authors of that study suggested the

Fig. 6.12. Scanning electron micrographs of adherent

osteoblasts on nanophase c.p. Ti. Directed osteoblast adhesion

on nanophase metal grain boundaries has been reported. Scale

bar ¼ 100 mm for top and 10 mm for bottom; adhesion

time ¼ 30 min. (From Ref. [60], with permission.)
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nanometer surface roughness of the NaOH-treated PLGA played an important role

[64].

Studies have also been conducted on cell responses to polymers with changes in

nanometer surface roughness without changes in chemistry. Specifically, Li et al.

utilized polymer demixing techniques to create well-controlled nanometer islands

of polystyrene and poly(bromo-styrene) [67]. Although osteoblast functions have

not been tested on these constructs to date, fibroblast morphology was significantly

influenced by incremental nanometer changes in polymer island dimensions (Fig.

6.14). Again, this study points to the unprecedented control that can be gained over

cell functions by synthesizing materials to have nanometer surface features.

Although not related to orthopedic applications, vascular and bladder cell re-

sponses have also been promoted by altering the topography of polymeric materi-

als in the nanometer regime [62, 64, 66, 68]. In these studies, chondrocytes [62],

bladder [66], and vascular smooth muscle cell [65] adhesion and proliferation

were greater on 2D nanometer surfaces of biodegradable polymers such as PLGA,

polyurethane, and polycaprolactone; similar trends have recently been reported on

3D PLGA scaffolds [68].

Fig. 6.13. Scanning electron micrographs of conventional and

nanophase PLGA scaffolds. Increased osteoblast functions have

been demonstrated on nanophase PLGA scaffolds. Scale

bar ¼ 10 mm. (From Ref. [64], with permission.)
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6.3.1.4 Composite Nanomaterials

Due to the previous information of increased osteoblast function on ceramics and

polymers, investigators have also determined bone cell function on nanophase ce-

ramic polymer composites (Fig. 6.15). Specifically, studies conducted to date show

promoted osteoblast responses on composites of PLGA combined separately with

nanophase alumina, titania, and hydroxyapatite (30:70 wt.% PLGA:ceramic) [62,

69]. For example, up to three times more osteoblasts adhered to PLGA when it con-

tained nanophase compared with conventional titania particles [62]. Since similar

porosity (both % and diameters) existed between PLGA with conventional com-

pared with nanophase titania, another novel property of nanophase ceramic com-

posites was elucidated in this study: increased osteoblast functions. This is in

addition to numerous reports in the literature highlighting greater toughness of

nanophase compared with conventional ceramic:polymer composites [21–23].

Moreover, promoted responses of osteoblasts have also been reported when

carbon nanofibers were incorporated into polymer composites; specifically, three

Fig. 6.14. Polymer nanoislands created by demixing

polystyrene and poly(bromo-styrene). Altered cell functions

have been observed on polymer nanoislands compared with

conventional polymer topographies; (a)–(d) represent

increased magnification. (From Ref. [67], with permission.)
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times the number of osteoblasts adhered on polyurethane (PU) with increasing

weight percentages of nanometer not conventional dimension carbon fibers (Fig.

6.16) [70]. As mentioned, reports in the literature have demonstrated higher osteo-

blast adhesion on carbon nanofibers in comparison with conventional carbon fi-

bers (or titanium (ASTM F-67, Grade 2) [70]), but this study demonstrated greater

osteoblast adhesion with only a 2 wt.% increase of carbon nanofibers (CN) in the

PU matrix. Up to three and four times the number of osteoblasts that adhered on

the 100:0 PU:CN wt.% adhered on the 90:10 and the 75:25 PU:CN wt.% compo-

sites, respectively [70]. This exemplifies the unprecedented ability of nanophase

materials to increase functions of bone cells whether used alone or in polymer

composite form.

Fig. 6.15. Scanning electron micrographs of poly(lactic-co-

glycolic acid) (PLGA):titania composites. Increased osteoblast

function has been observed on polymer composites containing

nanophase compared with conventional ceramics. Scale

bar ¼ 10 mm. (From Ref. [69], with permission.)
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6.3.2

In Vivo Compared with In Vitro Studies

Of course, in any new field of biomaterials, it is completely natural to conduct

extensive in vitro analysis before conducting in vivo studies. The in vitro studies

emphasized in the previous sections provided key preliminary promise for the use

of these materials in orthopedics. Moreover, they provided an important mecha-

nism as to why osteoblasts prefer nanophase over conventional materials. To date,

though, there have been few in vivo studies that specifically address increased new

Fig. 6.16. Scanning electron micrographs of poly-ether-

urethane (PU):carbon nanofibers (CN) (wt.%) composites.

Increased functions of osteoblasts have been observed on

polymer composites containing carbon nanofibers. Scale

bar ¼ 1 mm. (From Ref. [70], with permission.)
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bone growth on materials of the same chemistry but altering only in grain or par-

ticle size. That is, while some in vivo studies were presented in the early sections,

they did not specifically evaluate the influence of grain size on in vivo new bone

growth. However, one study exists that utilized a novel coating process developed

at Spire Biomedical (call IonTiteTM) to deposit nanocrystalline particles of hydroxy-

apatite (HA) onto porous titanium scaffolds (Fig. 6.17). Importantly, when im-

planted into the calvaria of rats for 6 weeks, increased bone infiltration was seen

only on titanium scaffolds coated with nanocrystalline HA (Fig. 6.18). That is, little

to no bone ingrowth was measured on either uncoated titanium or titanium coated

with conventional (or microcrystalline HA) after the same time period. This excit-

ing in vivo data confirms the promising in vitro data of increased responses from

osteoblasts on nano compared with micron HA. Furthermore, while much work

is still needed (as outlined in the next section), this in vivo study may begin to

pave the way for the widespread use of nanophase materials either in bulk or as

coatings on traditionally used bone implant materials.

Fig. 6.17. SEM pictures of uncoated and coated porous

titanium. Coating process maintained the nanoscale features of

hydroxyapatite (HA) after coating on titanium.

Fig. 6.18. Increased bone ingrowth for Ti coated with

nanocrystalline HA by IonTiteTM. Implantation time ¼ 6 weeks.

Stain ¼ Sanford (blue indicates bone and red indicates

collagen).
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6.4

Considerations and Future Directions

Although preliminary attempts to incorporate nanophase materials into orthopedic

implants seem promising, numerous urgent questions still remain about this new

field. First and foremost, the safety of nanoparticles once in the human body re-

mains largely unanswered both from a manufacturing point of view and when

used in full or as a component of an implantable device. Since such particles are

smaller than many pores of biological tissues, this information will, clearly, have

to be obtained before further consideration of implantable nanomaterials is under-

taken. Such nanoparticles can easily become dislodged from implants during sur-

gical implantation or from fragmentation of articulating components of a joint

prosthetic composed of nanophase materials. Although preliminary in vitro studies
highlight a less adverse influence of nanometer compared with micron particulate

wear debris on bone cell viability [71, 72], many more experiments are needed es-

pecially in vivo to evaluate their efficacy.

In addition, once exact optimal nanometer surface features are elucidated for in-

creasing bone regeneration, inexpensive tools that can be used in industry will be

required. In this context, if the only nanofabrication devices that can be used to

synthesize desirable nanometer surface features for bone regeneration are e-beam

lithography or other equally expensive techniques, industry may not participate in

this boom of nanotechnology at the intersection of tissue engineering. Inexpen-

sive, but effective, nanometer synthesis techniques must continually be a focus of

many investigators.

Still, the direction of the nanotechnology should be and is geared towards deal-

ing with these issues. For example, according to the U.S. government’s research

agenda, the current and future broad interests in nano biomedical activity can be

categorized in three broad related fronts [28, 29]:

1. Development of pharmaceuticals for inside-the-body applications – such as

drugs for anticancer and gene therapy.

2. Development of diagnostic sensors and lab-on-a-chip techniques for outside-the-

body applications – such as biosensors to identify bacteriological infections in

biowarfare.

3. Development of prostheses and implants for inside-the-body uses.

Whereas the European governments emphasize commercial applications in all

three fronts above, according to Malsch [29], the U.S. government tends to gear to-

wards fundamental research on biomedical implants and biodefense, leaving com-

mercial applications to industry. Both classifications identify nanophase biomedical

implants as of potential interest. The biological and biomimetic nanostructures to

be used as an orthopedic implant involve some sort of an assembly in which

smaller materials later on assume the shape of a body part, such as hipbone. These

final biomimetic, bulk nanostructures can start with a predefined nanochemical

(like an array of large reactive molecules attached to a surface) or nanophysical
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(like a small crystal) structure. It is believed that by using these fundamental nano-

structured building blocks as seed molecules or crystals, a larger bulk material will

self-assemble or keep growing by itself.

In summary, significant evidence exists that highlights changes in cellular func-

tions on materials with nanoscale surface features, particularly in the bone arena.

Clearly, nanomaterials as mentioned here are at their infancy and require much

more testing before their full potential can be realized. However, even if nanophase

materials never make it to the marketplace due to safety concerns, we have already

learned much about how cells interact with nanostructured surfaces through their

application in the orthopedic environment.
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Hydroxyapatite Nanocrystals as Bone Tissue

Substitute

Norberto Roveri and Barbara Palazzo

7.1

Overview

Nanoscience, where the properties of materials are exploited to innovative amazing

applications, is involved in the size-dependent chemical and biological activity of

bone substitute materials, which is indeed a fascinating field. The present chapter

reviews the synthesis and chemical–physical characteristics of hydroxyapatite (HA)

nano-crystals, which have excellent properties to represent an elective material cov-

ering a wide range of applications for bone substitution. We start from an exami-

nation of biogenic bone and tooth hydroxyapatite nanocrystals morphological and

chemical–physical characteristics. The highlighted concepts have been used to

review up-to date main new ideas on the preparation of synthetic apatitic bone

substitutes mimicking the above biogenic properties, among which the nano-

size is the basis of their self-assembly, self-mineralization and bone regeneration

ability.

Hydroxyapatite (HA) nanocrystals with high bioreabsorbability containing for-

eign ions and mimicking bone HA chemical–physical and physiological behaviour

have been described. We have pointed to their possible use in preparing scaffolds

with a porosity simulating that of spongy bone and upon which cells can be

seeded, thereby developing ‘‘in vitro autologous bone’’. Biologically inspired HA

nanocrystals/collagen composites have been reviewed, focusing on the role of a

self-assembling strategy in conditioning the bone repairing activity of this biomate-

rial. Furthermore, considering that calcium phosphate/collagen composites are not

limited to loading application, the possibility of preparing bio-inspired coating on

the surface of metallic implants could be an advantageous approach.

Finally, surface functionalization of HA nano-crystals with bioactive molecules

makes them able to transfer information and to act selectively on the biological en-

vironment and can be considered one of the main future challenges for innovative

bone substitute materials.
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7.2

Introduction

Biomaterials represent one of the most interesting and interdisciplinary areas of

science, where chemical, biological, engineering scientists are contributing to hu-

man health care and improving the quality of life. Skeletal deficiencies resulting

from trauma, tumors or abnormal development are common, and are usually

treated by surgical intervention. As a consequence, there is an increasing demand

for materials that can potentially replace, repair or even regenerate injured or dis-

eased bone tissue. Currently, autografts and allografts, or, alternatively, surface-

treated metals, inorganic, polymeric and polymeric/inorganic hybrid materials,

are applied for the reconstruction of skeletal defects [1]. Due to the limited supply

of autografts, and the potential for pathogen transfer and possible stress shielding

around the surrounding bones, none of the currently used biomaterials can pro-

vide completely the required properties. The enormous need for bone grafts and

recent progress in biomaterial science have resulted in the newly evolving

approach of ‘‘bone tissue engineering’’ [2–4]. This may be performed by using

cell transplantation and culturing on biodegradable scaffolds for the development

of hybrid constructs aiming at the regeneration of bone tissue [5].

Calcium phosphates are an interesting subject of research and development in

the preparation of biomaterials for bone substitution. Calcium phosphates used as

bone grafts can be classified either bioinert or bioactive. Bioinert phosphates have

no influence in the surrounding living tissue; by contrast, bioactive materials ex-

hibit the ability to bond with bone tissues. Initially, bioinert materials used in clini-

cal applications were chosen because of their lack of chemical reactions with the

environment, which could yield an undesirable outcome. The bioactivity of a bone

substitute material can be evaluated through its chemical reactivity with the envi-

ronment. This reactivity can be evaluated in vitro by means of an artificial solution

simulating body fluids, and in vivo when the material is in contact with physiolog-

ical fluids, towards the production of newly formed bone. The bioactivity of some

reabsorbable calcium phosphate bioceramics is so high as to induce, in repairing a

skeletal section, not only replacement of the damaged part but to substitute it, re-

generating new bone.

This review focuses on nanosized hydroxyapatite, which is an elective biomate-

rial for bone substitution. Hydroxyapatite nano-crystals are similar to the mineral

component of bone for composition and attempt to mimic the features, structure

and morphology of natural bone crystals by their nanosize, blade-like shape, low

degree of crystallinity and high surface reactivity.

7.3

Biogenic Hydroxyapatite: Bone and Teeth

Bone and teeth of vertebrates are natural composite materials constituted of cal-

cium phosphate in the form of hydroxyapatite (HA) and organic matter prevalently
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formed of proteins and polysaccharides. Biological HA can only be represented ide-

ally with the formula Ca10 (PO4)6(OH)2. It is not stoichiometric as many cations

replace Ca2þ, such as Mg2þ, Sr2þ, Naþ, Kþ, and some anions replace PO4
3� and

OH�, such as CO3
2�, HPO4

2�, P2O7
4�, SiO4

4�, and CO3
2�, F�, Cl�, Br�. The car-

bonate content of bone hydroxyapatite is about 4–8 wt.% [6] and increases with the

age of the individual [7, 8] with increasing CO3
2� groups substituting OH� sites

(type A carbonate apatite). Conversely, CO3
2� groups substituting PO4

3� sites

(type B carbonate apatite) is the prevalent type in young humans [9]. The nano-

sized carbonate hydroxyapatite bone crystals have a blade shape approximately

25 nm wide, 2–5 nm thick and about 60 nm long, as can be appreciated in the

Transmission Electron Microscopy (TEM) image shown in Fig. 7.1 [10].

Bone tissues can be defined as mineral–organic composite materials. The

organic–mineral phase ratio can vary, depending on species, tissue location, age,

diet and pathologies [11], [12].

In mammal long bone (cortical bone), the organic matrix represents 22 wt.%,

mineral 69 wt.% and the rest (9 wt.%) is the water associated with the organic ma-

trix or with the mineral. The organic matrix is mainly composed of type I collagen

(90 wt.%) that would act as template upon which the first mineral crystals were

formed [13]. The not yet completely elucidated mechanism of cell-mediated colla-

gen mineralization may be considered a sequence of events requiring the interac-

tion of many different promoting or inhibiting factors [14]. It is widely accepted

that matrix vesicles are formed by release of budding from osteoblasts surfaces

[15–18], inside which the amount of calcium and phosphate raise to a saturation

level, favorable for deposition of amorphous calcium phosphate, octacalcium phos-

phate and/or brushite with later transformation into HA [19]. The apatite nuclei

from matrix vesicles act as templates for new crystal proliferation, which spread

into the adjacent collagenous matrix [18]. Type I collagen is produced by osteo-

blasts and then processed outside the cell, ending in the surrounding extracellular

Fig. 7.1. Deproteinized bone hydroxyapatite nanocrystals

observed by transmission electron microscopy. Scale bar ¼
100 nm. (Reproduced by permission from Ref. [10].)
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space, where the fibrils self-assemble into mature collagen fibrils that undergo bio-

mineralization. For this reason, bone is the typical example of an ‘‘organic matrix-

mediated’’ mineralization process [10]. Each collagen I polypeptidic chain contains

a helical domain with 338 contiguous repetitions of the sequence (Glycine-X-Y)

where X and Y are often proline and hydroxyproline. Each individual chain coils

in a triple-stranded helix, stabilized by interchain crosslinking. The triple-stranded

helical filaments of uniform size (280 nm long, 1.5 nm wide) and a molecular

mass of about 285 kDa present N and C non-helicoidal terminal domains [20]. Fig-

ure 7.2(a) reports the collagen fibril structure as a revised quarter-stagger model

Fig. 7.2. Quarter stagger model of collagen fibers: (a) align-

ment of collagen gap regions to form groves. In them HA

crystals grow with crystallographic c- and a-axes preferentially

aligned parallel to the collagen fiber axis and groove directions,

respectively (b). (Reproduced by permission from Ref. [10].)

286 7 Hydroxyapatite Nanocrystals as Bone Tissue Substitute



where molecules are lined up head-to-tail in rows that are staggered of 64 nm

along their long axis. Each molecule is transposed by 64 nm with respect to the

previous one, and is divided into five sectors, the first four are 64 nm long and

the fifth is 25 nm long. This arrangement, stabilized by strong intermolecular

crosslinks, produces a regular array of small gaps, 40 nm long and about 5 nm

wide, referred to as ‘‘hole zones’’ which are considered to be the loci of the nuclea-

tion and growth of hydroxyapatite nanocrystals. Adjacent hole zones overlap to

form grooves structured in parallel rows along the main axis of the three-

dimensional (3D) fibril structure, allowing hydroxyapatite to grow into plate-

shaped nano-crystals, oriented such that the crystallographic c-axis is preferentially
aligned along the collagen fibril axis (Fig. 7.2b) [21]. Utilizing the coincidence, in

orientation, between HA crystallographic c-axis and collagen fibrils main axis,

X-ray diffraction patterns recorded using conventional and synchrotron radiation

sources at both wide and low angles from single osteons and osteonic lamellae

have allowed to determination of the orientation of hydroxyapatite crystallites and,

consequently, collagen fibrils in bone [22–25]. The bone of vertebrates can be con-

sidered as a ‘‘living biomaterial’’ since inside it there are cells under permanent

activity. The osteoblasts remain trapped inside the mineral phase, evolving towards

osteocites, which continuously maintain the bone formation activity.

In teeth, dentine, which resides within the central regions of the tooth, is similar

in structure and composition to bone. Enamel on the outside of tooth, however,

has a high inorganic content, close to 95 wt.%, which is constituted mainly of

long thin ribbon-like crystals of carbonated hydroxyapatite. The ‘‘spaghetti-shaped’’

nano-crystals are arranged in bundles oriented in three different directions, associ-

ated with a matrix of proteins excluding collagen (Fig. 7.3). Amelogenins, present

in relatively large amount in the early stages of enamel formation, are degraded

and removed by up to 5 wt.% as the hydroxyapatite crystals grow [10]. Apatite

nanocrystals grow with their c-axis preferentially oriented parallel to the long axes

of the microribbons [26]. Dental enamel does not contain cells and as a conse-

Fig. 7.3. Scanning electron micrograph of enamel carbonated

hydroxyapatite ‘‘spaghetti shaped nanocrystals’’ arranged in

bundles oriented along three different directions. Scale

bar ¼ 10 mm. (Reproduced by permission from Ref. [10].)
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quence of it any degradation or damage cannot be biologically repaired, evidencing

the need for synthetic enamel biocompatible materials repairing tooth deteriora-

tion.

Biogenic hydroxyapatite exhibits special behavior due to its nano-size dimen-

sions, low degree of crystallinity, non-stoichiometric composition, crystalline sur-

face disorder and presence of carbonate ions in the crystal lattice. Figure 7.4 shows

the crystal structure of biological hydroxyapatite, together with the X-ray diffraction

patterns and infrared spectra of enamel, dentine and bone [27].

7.4

Biomimetic Hydroxyapatite: Porous and Substituted Apatites

In the last decade advanced technology has been utilized to synthesize a new gen-

eration of inorganic alloplastic materials that mimic natural bone and can function

as a scaffold upon which cells can be seeded, developing ‘‘in vitro autologous bone’’
[28–30].

The aim is to provide synthetic 3D scaffolds onto which cells are cultured and

the artificial piece can be colonized both under in vitro and in vivo conditions. To

control the interaction with biological entities much attention has been devoted to

charactering the surface properties of the scaffolds. The use of nanosized hydroxy-

apatite to prepare apatitic bioceramics with tailored microstructure and porosity

Fig. 7.4. Crystal structure of natural carbonate hydroxyapatite.

Powder X-ray diffraction patterns and infrared spectra of

enamel, dentine and bone are given. (Reproduced by

permission of Ref. [27].)
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opens up many possibilities. In fact poorly crystalline HA nanocrystals, in addition

to the excellent biological properties of HA such as non-toxicity and lack of inflam-

matory and immunitary responses, have a high bioresorbability. This further prop-

erty allows this kind of bioceramic to be completely replaced by neo-formed bone.

The bioreabsorbability of hydroxyapatite under physiological conditions can be

modulated by modifying its degree of crystallinity which can be obtained by imple-

mentation of innovative synthesis with a nanodimensional control. Sol–gel, spray-

drying, hydrothermal synthesis, recently reviewed [31], have been developed to

obtain nanoparticles with high specific surface area, high bioreabsorbability and

containing foreign ions, mimicking bone hydroxyapatite chemical–physical and

physiological behavior [32–35]. Mg2þ ions which cause acceleration of nucleation

kinetics of hydroxyapatite and inhibit its crystalline growth [36], are present in

high concentration in bone tissue during the initial phases of osteogenesis and

tend to disappear when the bone is mature [37]. Similar behavior can be repro-

duced in synthetic Mg2þ-substituted hydroxyapatites characterized by a low degree

of crystallinity and an high bioreabsorbability. Carbonate apatite containing differ-

ent amounts of Mg2þ can be synthesized by dropping solutions of NaHCO3 and

H3PO4 simultaneously into a Ca2þ and Mg2þ basic suspension [38], or, under

aqueous conditions, by employing a cyclic pH variation technique [36]. The re-

placement of magnesium for Ca2þ in the hydroxyapatite structure and its destabi-

lizing effect on hydroxyapatite crystallization has been widely investigated [39–41].

The effect of magnesium in limiting the degree of hydroxyapatite crystallinity has

been utilized to synthesize powders that form agglomerates of about 10–25 mm

from primary particles about 30–50 nm in size. The contemporary substitution of

0.25–0.30 of Mg2þ relative to Ca2þ and a carbonation fraction between 0.07 and

0.13 relative to PO4
3� optimizes the most favorable and biomimetic stoichiometry,

reflecting as much as possible the composition of bone tissue. An in vivo experi-

ment performed filling defects in rabbit femur with granules of the carbonate

Mg-HA showed that a period of one month is enough for this filler to be com-

pletely replaced by new bone tissue [42]. After preparing powders that preserve

the composition of natural apatite, the next step is to use them to design implants

having a biomimetic porosity. Porous HA with a morphology simulating that of

spongy bone (Fig. 7.5) (porosity varying from a microporosity of >1 mm to a macro-

porosity ranging from 300 to 2000 mm) has been prepared using various technolo-

gies to control pores dimension, shape, distribution and interconnections. HA

ceramics processed by high-temperature treatment [43] present a significant reduc-

tion of reactivity and growth kinetics of new bone. New formation methods at

lower temperatures have been developed, allowing one to obtain porous biocer-

amics with a low degree of crystallinity. Colloidal processing [44], starch consolida-

tion [45, 46], gel casting and foams out [47] have yielded excellent results, produc-

ing bioceramics with a bimodal distribution of the pores size that can be modified

as a function of the sintering conditions.

Porous coralline HA can be synthesized by a hydrothermal method for HA for-

mation directly from natural sea corals [48] and HA replaces aragonite whilst pre-

serving its porous structure. The biaxial strength of coralline apatite could be
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improved due to a unique double treatment that includes a nano-coating layer to

cover meso- and nanopores. In this two-stage process, the coral is fully converted

into hydroxyapatite and then coated with a sol–gel-derived apatite (Fig. 7.6a–c).

This new material can be applied to bone graft applications where high strength

requirements and longevity are pertinent [49, 50].

The interconnected network of pores promotes bone in-growth, but also allows

bioceramics to be utilized as drug delivery agents, by inserting different bioactive

molecules. Many studies have demonstrated that hydroxyapatite ceramics can be

used to deliver steroids, antibiotics, proteins, hormones, anticancer drugs. The

aim has been to develop devices able to deliver the appropriate drug amount for a

relatively long period of time, whilst minimizing the concentration of the drug in

the bloodstream and other organs and the potential side effects produced by sys-

temic administration. Porous ceramics closely mimicking spongy bone morphol-

ogy have been synthesized by impregnation of cellulosic sponges with poorly crys-

talline HA water suspension [51]. These porous ceramics have been tested as

controlled drug delivery bone grafts to evaluate the fundamental parameters that

control release kinetics. A theoretical approach, based on the use of the Finite Ele-

ment Method, was adopted to describe the Ibuprofen-lysine and Hydrocortisone

Na-succinate release kinetics, comparing the numerical results with the experi-

mental ones [52].

An alternative approach to tissue engineering, which uses cells seeded onto mac-

ropores of these HA scaffolds to promote bone ingrowth, is represented by filling

the macro and micropores with gelatine, which can act as cell nutrient and/or de-

livery agent of bioactive molecules [53].

If bioceramics are used in powder form for bone filling applications, the HA

powder is usually mixed with a polymeric carrier matrix to avoid migration out of

the implant region. Both non-absorbable [poly(methyl methacrylate) [54], polyethy-

lene [55] and polysulfone] and biodegradable (poly(lactic acid) [56], polyglycolic

acid, collagen, cellulose and starch [57, 58]) polymeric matrices can be used, even

Fig. 7.5. SEM images of a porous apatitic bioceramic

mimicking spongy bone porosity, having a macroporosity

ranging from 300 to 2000 mm (scale bar ¼ 1 mm) (a) and

microporosity of >1 mm (scale bar ¼ 10 mm) (b).
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if the non-biodegradability reduces drastically the bioactivity of the HA crystals.

Biodegradable polymers are widely used in the medical field as scaffolds in tissue

engineering. Among natural polymers, those from the vegetable kingdom are

sometimes preferred to those of animal origin to avoid immunogenic reactions. Al-

ginates, a family of unbranched binary copolymers are extracted from marine

brown algae. They form insoluble hydrogels for binding with bivalent cations like

Fig. 7.6. SEM images of (a) Goniopora coral morphology,

(b) Goniopora coral converted into pure HA, and (c) sol–gel

derived nanocoated surface of previously converted Goniopora

coral (scale bar ¼ 500 mm). (Reproduced by permission of Ref.

[49].)
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Ca2þ and, as a consequence, of it calcium crosslinked alginate hydrogels have been

utilized in many biomedical applications, including cell transplantation and drug

delivery [59–61]. A biomimetic composite has been prepared by direct nucleation

of HA on alginate copolymer, exploiting a self-assembly process and a typical egg-

box structure can be obtained in samples with a 60/40 HA/Alg. wt ratio [62].

HA nucleation on alginate leads to the nucleation of HA nanocrystals – the poly-

mer prevents further growth. In fact the X-ray diffraction pattern of the HA-

alginate scaffold shows the characteristic diffraction maxima of poorly crystalline

bone-like apatitic crystals, and TG analysis reveals that HA nanocrystals are 4

wt.%-carbonated [63]. An alginate-HA nanocrystals scaffold seeded with MG63

cells, cultured for 7 days and then subjected to morphological analysis has been

shown to favor cell growth while maintaining their osteoblastic functionality [64].

An alginate-Mg carbonated HA nanocrystals bone filler has been patented for or-

thopedic and odontoiatric implantations [65].

7.5

Biologically Inspired Hydroxyapatite: HA–Collagen Composites and Coatings

Biological organisms are the only true intelligent systems capable of acting as a

real ‘‘functional material’’. However, recently, synthetic biologically inspired mate-

rials have been prepared with the aim of reproducing, even if only partially, some

specific functionalities of biological tissue. Presently, the induction of spontaneous

self-assembling of molecules by building intelligent interfaces capable of interac-

tive responses is a real possibility that resembles what occurs in living organisms.

The driving forces governing the self-assembly are essentially hydrogen bonding,

Van der Waals electrostatic forces and electron-transfer interactions [66, 67].

New methods of synthesis have been developed to utilize the capacity of bio-

logical systems to store and transfer information at a molecular level to obtain the

spontaneous self-assembly of these entities into a superior architectural arrange-

ment. These syntheses are denoted ‘‘biologically inspired’’ because they reproduce

an ordered structure and an environment very close to the biological one. As the

complex hierarchic structure of bone originates from the nano-sizes of the first

apatite crystals inside the gap regions of collagen fibril structure, nanotechnology

concepts and techniques are predominant in preparing biologically inspired bone

grafts materials. The in vitro self-assembly of collagen molecules induced by ther-

mal or pH variation, to form native fibrils, illustrates that collagen molecules them-

selves contain all of the structural information necessary for the assembly [68, 69].

Telopeptides-free type I collagen molecules have been utilized as a storehouse of

information to nucleate carbonated hydroxyapatite nanocrystals inside the self-

assembled collagen fibers (Fig. 7.7a and b) [70].

The two components hydroxyapatite nanocrystals and collagen fibrils, exhibit

strong chemical and structural interactions that show a complete analogy of the

synthesized composite with natural bone. The apatite crystals have nanometric di-

mensions, acicular-shaped morphology, and preferential orientation of their c-axis
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parallel to the direction of orientation of collagen fibers [71]. X-ray diffraction anal-

ysis revealed not only the crystal preferential orientation, but also a poor degree of

crystallinity very close to that of bone apatite reported in Fig. 7.4. Further evidence

of the chemical interaction between collagen fibrils and inorganic crystals is fur-

nished by FTIR analysis. In fact the COO� groups of collagen are the sites for a

possible interaction with HA, and in the FTIR spectra of synthetic HA-Collagen

composite a shift of the COO� antisymmetric stretching band from 1340 cm�1 of

pure collagen to 1337 cm�1 can be appreciated, resembling what is observed for

naturally calcified collagen [72]. The adsorption band at 870 cm�1 present in the

FTIR spectra of HA–collagen composite indicates that the nucleation of hydroxya-

patite nanocrystals onto collagen implies carbonation of the apatite phase. More-

over, the carbonation can be assigned only to the B position, as confirmed by the

absence of the band at 880 cm�1 and by EDS analysis, which reveals that the in-

crease in C content, due to CO3
2� groups, corresponds to a decrease in P concen-

tration, maintaining almost constant the stoichiometric ratio Ca/(CþP). The inter-

action of HA with collagen seems to prevent carbonation in the A position,

probably by blocking access to OH� groups [73]. Carbonation of synthetic hydroxy-

apatite nanocrystals reduces their crystalline degree increasing the similarity with

bone inorganic phase and, especially, raising their bioactivity and biodegradability

[74, 75]. Histological sections of implants in rabbit femur after two months

showed, along with osteoblastomas, osteoclastic-like cells revealing that hydroxya-

patite nanocrystals–collagen fibrils composite induces an active remodeling pro-

cess, characterized by simultaneous osteoclastic phagocytosis and osteoblastic

osteogenesis. The bone tissue reaction of hydroxyapatite nanocrystals–self-

assembled collagen fibrils composite was examined in rat tibias to clarify the new

bone formation mechanism [76]. This biologically inspired composite was im-

planted into tibias of rats, and observed at different days after implantation. Bone

tissue reactions of the composite demonstrated osteoclastic resorption of the bio-

material, followed by new bone formation by osteoblasts. Alkaline phosphatase

Fig. 7.7. TEM micrographs of synthetic

biologically inspired self-assembled collagen

fibers/HA nanocrystals composites showing

HA nanocrystals nucleated inside the self-

assembled collagen fibers (scale bar ¼ 100

nm) (a) and acicular-shaped HA nanocrystals

subsequently grown onto the collagen fibers

surface (scale bar ¼ 100 nm) (b). (Reproduced

by permission of Ref. [71].)
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activity has been observed in the neighborhood of the composite and new bone was

actively formed around these sites in a way very similar to the reaction of a trans-

planted autogenous-bone. Detailed study on these bone reactions is currently pro-

gressing, and it has been assumed that the substitution process of the composites

to new bone occurs as follows:

1. Formation of the composite debris via erosion by body fluid.

2. Phagocytosis of the debris and the composite surface by macrophages.

3. Induction of osteoclastic cells on the composite surface and resorption of the

composite via a similar process to that of bone.

4. Induction of osteoblasts to the resorption lacunae created by osteoclastic cells

and formation of new bone in the surroundings of the composite.

These reactions have not been reported on other HA/Collagen composite materials

[77, 78] synthesized without using the self-organization process, which causes dif-

ference in cell reaction. In fact it is the bone-like nanostructure that can deceive

the bone-related cells into starting the remodeling process. The hydroxyapatite

nanocrystals–self-assembled collagen fibrils composite can be successfully utilized

as an artificial bioinspired material in both the orthopedic and dental fields as an in
vivo filler and an in vitro tissue regenerator.

Nevertheless, calcium phosphate/collagen composites exhibit weak mechanical

behavior which can be improved by chemical crosslinking collagen, but at the ex-

pense of reducing their bioreabsorbility [79]. Calcium phosphate/collagen compo-

sites are limited to non-loading applications, but are particularly suitable to prepare

bioactive coatings onto the surface of metallic implants with the aim of accelerat-

ing bone formation and implant fixation. Because of the presence of collagen fibers

inside this kind of hybrid composite, a coating of it on metallic implants cannot be

made by plasma spray or physical vapor deposition. Instead, electrolytic deposition

appears to be the most promising technical procedure. Calcium phosphate coat-

ings have been synthesized by electrochemical deposition from different Ca2þ and

(PO4)
3� solutions, in acid and in basic conditions [80–83], but also without condi-

tioning pH by adding acid or basic reagents (Fig. 7.8a) [84]. Many technical diffi-

culties have arisen in making a homogeneous and uniform collagen/calcium phos-

phate coating by electrolytic deposition on top of metallic supports. A collagen/

calcium phosphate coating has been crystallized on an apposite electrode, but is

not surface stable and is spontaneously chipped off forming a precipitate [85]. A

bioactive multilayer collagen/calcium phosphate coating has been obtained by elec-

trocrystallization of calcium phosphate on titanium electrode where the collagen

was previously physically absorbed on the surface, but the thickness and the

collagen/mineral composition ratio are strongly limited [86]. A double-layered col-

lagen fibril/octacalcium phosphate composite coating on silicon substrates has

been recently obtained by electrolytic deposition. The Si cathode surface is covered

by a 100 nm thin layer of calcium phosphate coating on top of which a 100 mm

thick collagen fibril/octacalcium phosphate cluster composite layer is formed [87].

Electrolytic deposition of a biomimetic, bone-like self-assembled collagen fibrils/
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HA nano-crystals composite coating on titanium plates has been performed, using

Ca(NO3)2 and NH4H2PO4 solutions in a purely helical type I collagen molecule

suspension. The use of dilute electrolytic solutions, low current density at the

cathode and room temperature affords a coating composed of poorly crystalline

carbonate hydroxyapatite nano-crystals that nucleate inside and around the recon-

stituted collagen fibrils distributed in a homogeneous network on Ti plate surface

(Fig. 7.8b).

If the telopeptides-free collagen molecule assembling takes place during the

crystallization of the apatite phase, the neo-forming collagen fibrils mineralize

with a close structural relationship to the inorganic phase. FTIR analysis of this

composite shows a shift of COO� stretching of collagen resembling natural miner-

alized collagen fibers. This biomimetic feature of nanocrystals that nucleate and

grow inside the fibrils is of interest only at the beginning of the calcification pro-

cess, which continues with the massive growth of HA nanocrystals onto the colla-

gen fibrils surface (Fig. 7.8c).

These two different kinds of collagen fibers mineralization resemble what has

been observed in the self-assembled collagen fibers–hydroxyapatite nanocrystals

in aqueous solutions [71]. The FTIR adsorption band at 870 cm�1 and the absence

of that at 880 cm�1 observed for the composite coating allows assigning the car-

Fig. 7.8. SEM micrograph of coatings,

electrolytically deposited on titanium plate,

consisiting of (a) apatite synthesized from

Ca(NO3)2 and NH4H2PO4 solutions (scale

bar ¼ 10 mm) and (b) self-assembled collagen

fibrils/HA nano-crystals composite, both

obtained without conditioning solution pH by

adding acid or basic reagents (scale bar ¼
2 mm). (c) TEM image of the collagen/HA

composite shown in (b) (scale bar ¼ 200 nm).
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bonation of the hydroxyapatite only to the B position, closely resembling the car-

bonation of bone apatite.

These results [84, 88] suggest auspicious applications in the preparation of med-

ical devices such as biomimetic bone-like composite-coated metallic implants with

a loading capability deriving from the metal core and having, at the same time, a

bioactive surface that accelerates bone formation and implant fixation.

7.6

Functionalized Hydroxyapatite: HA Nanocrystals – Bioactive Molecules

An important question in biocompatibility is how the device or material communi-

cates its structural make-up to direct or influence the response of proteins, cells,

and the organism to it. For devices and materials that do not leach undesirable

substances, this communication occurs through the surface structure; the body

reads the surface structure and responds. The distribution of ions and molecules

on the surface of all condensed matter has a special organization and reactivity

and requires novel methods to be tailored above all because these ions and mole-

cules may drive many of the biological reactions that occur in response to the bio-

material.

HA nanocrystals exhibit a high surface area (from 60–130 up to 180 m2 g�1 for

natural ones) characterized by an elevated surface disorder in which the ions stoi-

chiometry is not maintained. This property is considered responsible for the

higher HA nanocrystals reactivity in respect to the larger ones and can be affected

by the crystals shape. In fact the crystals expose different planes to the biological

environmental as a function of their shape (plate, acicular or needle shape) even

if they exhibit the same surface area. Needle and plate shape (about 100 nm and

15 nm sized) synthetic HA nanocrystals TEM images are shown in Fig. 7.9(a) and

(b) respectively. Only in recent years has high-resolution electron microscopy

(HREM) been successfully applied to investigate hydroxyapatite structure to dis-

cern different calcium phosphate phases that often coexistent in the same crystal-

line granule. Among the rather few HREM studies on hydroxyapatite, some refer

to the material itself [89], others to HA thin films [90]. This kind of analysis allows

us to view the surface disorder at the boundaries of the crystallites constituting the

single nanocrystals (Fig. 7.10a). Furthermore, HREM at high resolution allows us

to observe the HA nanocrystals interplanar spacing (Fig. 7.10b), permitting dis-

cernment between HA and OCP, which are both elongated along the c-axis.
Surface functionalization of HA nanocrystals by bioactive molecules is an inno-

vative approach not only to modulate but also to drive their reactivity. In this way

HA nanocrystals will not only guarantee, for instance, either osteointegration or

osteoinduction enhanced properties but they will also perform, by stimulating spe-

cific cellular responses, at the molecular level.

Only in recent years have scientists begun to use biomolecules for the synergistic

coupling of crystals synthesis and functionalization. In fact, previous studies have

limited the use of biomolecules as simple growth inhibitors of HA crystallization,
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rather than considering their use as a strategy to fine-tune the bioactivity of the

nanoparticles [91, 92]. Studies of the effect of biological molecules onto hydroxya-

patite crystal growth have been related directly to physiological or pathological cal-

cification processes. Particular interest has been dedicated to amino acids, which

are compounds of major importance for living organisms, even because their con-

Fig. 7.9. TEM images of synthetic HA nanocrystals that are

(a) needle shaped (approx 100 nm in size; scale bar ¼ 200 nm)

and (b) plate shaped (approx. 15 nm in size; scale bar 100

nm).

Fig. 7.10. HREM images of HA deposited by laser showing (a)

the grain boundaries of crystallites with different orientation at

low magnification and (b) in a single crystallite the interplanar

spaces Dhkl ¼ 0:82 and 0.38 that are characteristic of HA.

(Reproduced by permission of Ref. [90].)

7.6 Functionalized Hydroxyapatite: HA Nanocrystals – Bioactive Molecules 297



centration is controlled by physiological mechanisms and they enter inside the cell

environment by simple diffusion [93, 94]. The effects of 4-hydroxyproline, tyrosine

and serine (amino acids with uncharged polar side groups), glycine, cysteine, cys-

tine, and glutamine (amino acids with neutral polar side groups) and lysine, which

is an amino acid with a basic side group, on HA crystallization have been studied

by the ‘‘constant composition technique’’ [95–97]. Using this technique, the chem-

ical potentials of the species in the working solution are kept constant during the

crystallization process by the stoichiometric addition of reactants and therefore the

crystal growth reaction is performed under pseudo-steady-state conditions. Diverse

inhibiting activities were observed as a function of the different amino acid side

group. These studies have shown that crystallization kinetics are affected by block-

age of the active growth sites on the crystal surface.

Considering that the presence of proteins, (and hence amino acids) in biological

materials is intrinsic to the bioactivity of HA, amino acids can be considered as

agents that can increase the bioactivity of the synthetic HA. Concerning this,

aqueous colloids of positively charged amino acid-functionalized HA nano-rods

less than 80 nm long and ca. 5 nm wide have been synthesized by hydrothermal

crystallization [98]. The colloidal stabilization and its positive zeta potential, to-

gether with FTIR spectroscopy data, were consistent with a general model in which

the a-carboxylate of the amino acid was preferentially bound to the crystal surfaces,

inducing a crystal growth inhibition predominantly onto the Ca-rich surfaces dur-

ing the initial stages of crystallization. To better define the surface Ca2þ role on

amino acid linking, calcium deficient hydroxyapatite nanocrystals (CDHA) were

synthesized in the presence of differently charged amino acids (alanine, cysteine,

arginine, aspartic acid). The data obtained suggest a binding model in which the

amino acid amino group is preferentially bound to the CDHA crystals, probably

through a phosphorus amiditic linkage, such that the negatively charged carboxy-

late group exposed at the crystal/solvent interface determines the surface charge.

In fact, zeta potential measurements showed that the CDHA/amino acids nanopar-

ticles had an enhanced negative charge with respect to CDHA synthesized in the

absence of amino acids [99]. The isoelectric point of the amino acid used as addi-

tive during the synthesis strongly affects the nanocrystals morphology and crystal-

lites dimensions.

An innovative improvement of the functionalization process is represented by

the synthesis of apatite nano-crystals surface loaded with bioactive molecules that

promote a desirable cellular response if released with controlled kinetics. To reach

this goal, it is a priority to investigate the chemical mechanisms of the binding and

desorption of bioactive molecules by crystals surface. In fact, bioactive ceramics

with drug delivery function, previously described, adsorb and release molecules

through a mechanism dominated predominantly by physical parameters, such as

carrier porosity and dimensions, bioactive molecule steric hindrance and environ-

ment diffusive conditions.

Slurries of hydroxyapatite have been successfully used to investigate the link and

release processes of cisplatin, one of the most frequently prescribed drugs for the

treatment of several solid tumors. Chemotherapeutic treatments applied locally to
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osteosarcoma can result in tumor inhibition and much less-toxic systemic values of

released drugs. Both the adsorption and release process of cisplatin were found to

depend significantly on the ionic composition of the aqueous media used [100]. In

fact, at a constant pH of 7.4, significantly more cisplatin is adsorbed by the hy-

droxyapatite crystals from a free buffer solution than from a buffered solution con-

taining chloride ions. The amount of hydroxyapatite-bound cisplatin desorbed into

solution was also progressively increased as a function of the increasing concentra-

tion of chloride in the equilibrating solution. These results suggest that it is the

hydrated positively charged derivatives of cisplatin, whose hydrolysis is inhibited

in chloride-rich solution, that are involved in the adsorption of cisplatin by the sur-

face phosphate-rich hydroxyapatite crystals. Further work has demonstrated that

subtle variations of the chemical–structural characteristics of the apatitic crystals

affect both the adsorption and desorption of the drug cisplatin [101].

Adsorption isotherms obtained in ultrapure water and kinetic release in EPES

buffer saline solution (containing chloride to favor release of the adsorbed plati-

num complex) indicate that cisplatin kinetics increase with decreasing crystallinity,

the latter being associated with either smaller nanocrystals dimensions or greater

surface area, which is strictly related to the amount of surface lattice defects which

create active binding sites [102].

On the other hand, apatitic phase for bone specific delivery of geminal bis-

phosphonates (BPs) – a class of drugs that have been developed for use in various

diseases of bone, tooth and calcium metabolism – are currently under investigation

[103]. BPs are compounds characterized by two phosphonate groups attached to a

single carbon atom, forming a ‘‘P-C-P’’ structure which is affine to Ca2þ ions. As a

consequence, they strongly bind to calcium phosphate crystals and inhibit bone re-

sorption by hindering their growth, aggregation and dissolution. However, BPs in

vivo action mechanism involves cellular effects that are added to the surface phys-

icochemical outcome of inhibiting HA crystal growth [104, 105]. Interestingly,

while the affinity of BPs for bone mineral hydroxyapatite is the basis for their use

as inhibitors of bone resorption, at the same time their coordinating abilities to-

wards ions present on apatitic surfaces might be extended to design new delivery

system for bone targeted drugs. In this context, calcium phosphate ceramics

have been shown to be good biocompatible carriers for BPs, such as 1-hydroxy-2-

(imidazol-1-yl-amino)-ethylidenebisphosphonic acid (Zoledronate) that is efficient

for the treatment of post-menopausal osteoporosis and bone metastases [106].

A simple mathematical model was designed that correctly described the

Zoledronate–calcium phosphate interaction at equilibrium, in simplified media

such as ultrapure water or phosphate buffers [107]. However, the chemical link oc-

curring between the BPs and calcium on the surface of HA nanocrystals is so

strong that the BPs release kinetics appear affected by the bioresorbability of apa-

titic nanocrystals [108].

Because of the affinity of bisphosphonate groups to calcium, Keppler has pro-

posed platinum compounds containing aminobisphosphonate ligands, which are

expected to have a selective tropism for bone apatite and, at the same time, to pres-

ent the well-known cytotoxic activity typical of platinum complexes [109]. Bis(ethy-
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lenediamino)diplatinum medronate ([Pt2(C2H8N2)2(CH2P2O6)]) has been linked

to two different biomimetic synthetic hydroxyapatite nanocrystals having the same

composition but different physicochemical properties such as crystal shape, crystal-

linity, domain size, and specific surface area. A detailed surface characterization of

the drug-loaded HA nanocrystals, necessary to determine the surface stoichiometry,

has been carried out on the Pt complex/HA conjugate by Attenuated Total Reflec-

tion (ATR) spectroscopy and XPS (X-ray Photoelectric Spectroscopy) analyses. Re-

sults have shown a Pt/N ratio very close to that of the not-linked bis(ethylenediami-

no)diplatinum medronate, confirming that it does not to undergo degradation, as

concerned the Pt–N bound, during absorption onto the apatite nanocrystals [102].

Finally, an innovative approach to fine-tune the cellular response to implanted

apatite nanoparticles, without using the release of bioactive molecules can be ob-

Fig. 7.11. (a) TEM image of needle-shaped

magnetic HA nanocrystals (scale bar ¼ 100

nm). (b) Magnetic susceptibility of apatite

nanocrystals synthesized in the presence of

different amounts of the magnetite complex.

Curves 2 and 3 are for samples that contain

double and triple, respectively, the amount of

complex in the sample for curve 1.
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tained inducing a specific physical property onto apatite nanocrystals. With this

aim a bone-like nanocrystalline apatite showing magnetic properties has been syn-

thesized using a magnetite complex as a co-reagent (Fig. 7.11a) [110, 111]. The

magnetic susceptibility of this material shows an increase in magnetization as a

function of magnetite complex content (Fig. 7.11b). The well-known bioactive

properties of the poorly crystalline apatite, along with the magnetic responsiveness

of such HA nanocrystals, make this innovative material an attractive potential can-

didate for selective heating by external electromagnetic induction and then for

bone anticancer hyperthermia treatment [112].

7.7

Conclusion and Future Challenges

Synthesis of substituted, biomimetic, biologically inspired, functionalized hydroxy-

apatite nano-crystals has been described and their morphological, structural,

chemical–physical, surface characterization has been evaluated to explain their

high bioactivity and ability to induce bone regeneration and remodeling. The dis-

cussion should be enough to describe how size is a crucial factor in determining

the HA bone substitutes chemistry in the nano-regime.

Even if spontaneous self-organization is a fascinating and inimitable essence of

life material, the biomimetic chemical–physical characteristics of synthetic hy-

droxyapatite nanocrystals can render themselves in vitro and in vivo spontaneously

mineralizable. The main guides for biomimetic approaches such as supramolec-

ular organization, interfacial molecular recognition and multilevel processing,

are strongly connected to the nano-sized dependent chemistry of apatite crystals.

Pursuing the aim to mimic more and more the characteristics of bone tissue, the

synthesis of biomineral-inspired hydroxyapatite nanocrystals is a reality that is be-

coming transferable into the preparation of technologically innovative biomedical

devices. The synthesis of nanostructured biomimetic bone substitutes resembling

the complex hierarchical structure of the biological tissue is an attractive field of

research that is achieving the promised results. Moreover, the ability to function-

alize the surfaces of apatite nano-crystals with bioactive molecules makes them

able to transfer information and to act selectively on the biological environment.

Furthermore, this approach offers a promising route to the construction of hierar-

chically ordered biomaterials based on the principle of controlled nanoparticle self-

assembly, allowing us to consider inert mineral materials as templates for life.
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Magnetic Nanoparticles for Tissue Engineering

Akira Ito and Hiroyuki Honda

8.1

Introduction

Magnetic nanoparticles, from nanometer to submicron size, have been developed

for medical applications by many researchers [1, 2]. Since magnetic nanoparticles

have unique magnetic features not present in other materials, they can be applied

to special medical techniques. Magnetic particles are attracted to high magnetic

flux density and this feature is used for drug targeting [3] and bioseparation

[4–6], including cell sorting [7]. A comprehensive review on the use of magnetic

particles in clinical applications was given by Häfeli et al. [8]. In these applications,

magnetic particles are given various names, e.g. magnetic microspheres, magnetic

nanospheres, and ferrofluids, among others. Here, we use the general term ‘‘mag-

netic nanoparticles’’, and review and discuss their new applications in tissue engi-

neering.

Magnetite (Fe3O4) particles are being used in an increasing number of biological

and medical applications, including cell sorting. To add an affinity and target abil-

ity to cells, we applied the concepts involved in drug delivery systems (DDSs) to

magnetite nanoparticles and developed functionalized magnetite nanoparticles.

We developed magnetite cationic liposomes (MCLs), which are cationic liposomes

containing 10-nm magnetite nanoparticles, to improve accumulation of magnetite

nanoparticles in target cells by taking advantage of the electrostatic interaction

between MCLs (positively charged) and the cell membrane (negatively charged)

[9–11]. Since MCLs are designed to interact with target cells via electrostatic inter-

action, there is the risk of non-specific interaction between MCLs and various non-

target cell types. A promising technique is the use of antibodies raised against tar-

get cells to isolate them from the other cells. We developed antibody-conjugated

magnetoliposomes (AMLs) for use in cancer-targeted therapy [12–14]. The AMLs

were made from magnetoliposomes (MLs) consisting of neutral lipids, to reduce

electrostatic interaction with target cells. Target cells can be magnetically labeled

by the functionalized magnetite nanoparticles (MCLs or AMLs), via uptake of mag-

netite nanoparticle into the cells (Fig. 8.1).

The loss or failure of an organ or tissue is one of the most frequent, devastating,
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and costly problems in human health care. Tissue engineering applies the princi-

ples of biology and engineering to the development of functional substitutes for

damaged tissue. Langer and Vacanti laid the foundations of this interdisciplinary

field in 1993 [15], and worldwide interest in tissue engineering was initiated. The

following decade saw growing enthusiasm for tissue engineering, and tissue engi-

neering has been a promising technology for overcoming the organ transplanta-

tion crisis resulting from donor organ shortage. In general, tissue engineering con-

sists of the following processes: (a) Target cells are isolated and expanded to the

required cell number; (b) cells are harvested and reseeded into three-dimensional

(3D) biodegradable scaffolds, allowing 3D cell culture; and (c) the cultured 3D con-

structs are implanted into patients.

Although an overall technology of these processes in tissue engineering has

been established, there is still room for improvement in each process. From the

point of view of bioprocess engineering, development of a methodology of ‘‘physi-

cal manipulation of target cells’’ is essential for tissue engineering in the next few

decades. We selected magnetic force as a physical force, and manipulated target

cells labeled with magnetite nanoparticles using DDS techniques. Thus, we have

developed a novel cell-manipulating technology using functionalized magnetite

nanoparticles and magnetic force, which we have designated ‘‘Mag-TE’’. The pres-

Fig. 8.1. Schematic of functionalized magnetic nanoparticles.
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ent chapter focuses on Mag-TE that has been applied to the processes in tissue en-

gineering: (a) Magnetic isolation and expansion of mesenchymal stem cell (Section

8.2); (b) magnetic cell-seeding into 3D biodegradable scaffolds (Mag-seeding, Sec-

tion 8.3); and (c) construction of 3D tissue-like structure by using magnetic force

(Section 8.4).

8.2

Mesenchymal Stem Cell Isolation and Expansion

Bone marrow-derived mesenchymal stem cells (MSCs) can differentiate into osteo-

blasts, chondrocytes, adipocytes, muscle cells or nerve cells in vitro and in vivo
[16–19]. Since MSCs can easily be obtained by bone marrow aspiration, transplan-

tation of bone marrow MSCs may provide a new treatment for regeneration of

mesenchymal tissues [18]. However, marrow aspiration of too great a volume

causes damage and pain to the donor. Thus, it is difficult to obtain the large num-

ber of MSCs required for regeneration of injured tissues. Expansion of MSCs in
vitro is a necessary step in the clinical application of MSCs.

Despite the great interest in MSCs, there is still no well-defined protocol for iso-

lation and expansion of MSCs in culture. Most experiments have been conducted

using MSCs isolated primarily from bone marrow aspirates by their tight adher-

ence to plastic dishes, as described by Friedenstein et al. [20]. However, this

method for isolating cells does not help increase the number of MSCs, as there is

only a small number of MSCs in bone marrow aspirate. Pittenger et al. reported

that only a small percentage (0.0001–0.01%) of bone marrow aspirate cells that at-

tached to the culture dishes were MSCs [16]. In addition, culture volume inevitably

becomes large, since there are numerous nonadherent cells such as hematopoietic

cells that must be diluted and removed by washing and changes in medium, re-

sulting in low-density culture of MSCs. Under such low-density culture conditions,

MSCs do not proliferate immediately, and require much time to develop into colo-

nies as growth factors, including autocrine [21–24], paracrine [24], and juxtacrine

[25] factors, play an important role in cell growth. Therefore, we developed a new

method for producing high-density culture, using magnetic nanoparticles to pro-

mote expansion of MSCs.

8.2.1

MSC Expansion using MCLs

We have developed MCLs that have been used as carriers to introduce DNA into

cells [26], and as heat generating mediators for cancer therapy [27–31]. Here, in

this study [32], magnetic forces were used to move MSCs labeled with MCLs, to

hold them in situ, and to culture them at high density. First, we investigated the

applicability of this combined methodological approach to the enrichment and pro-

liferation of MSCs using MCLs. Figure 8.2 illustrates a schematic of MSC expan-

sion using MCLs.
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Expansion of MSCs using MCLs was investigated as follows. At 4 h after addi-

tion of the MCLs, 1000 human MSCs (a very small cell number corresponding to

the MSCs in 1 mL of bone marrow aspirate) were seeded into a 100-mm cell cul-

ture dish with 10 mL of cell culture medium; a cylindrical neodymium magnet (di-

ameter, 2.2 cm; height, 1 cm; 4000 Gauss) was then placed under the dish to pro-

vide magnetic force vertical to the dish.

When the MCLs were added to human MSCs at 100-pg magnetite per cell, up-

take of magnetic nanoparticles began rapidly and maximum uptake (20 pg cell�1)

was achieved at 4 h after addition. Subsequently, the amount of magnetite per cell

decreased due to dilution as a result of cell growth. Growth of MSCs in medium

containing MCLs (MCL(þ)MSCs) was compared with growth of MSCs in medium

without MCLs (MCL(�)MSCs). MCLs did not inhibit nor stimulate growth of

MSCs. Furthermore, no effects of MCL addition on MSC differentiation were ob-

served. Osteogenic differentiation of MCL(þ)MSCs transferred into osteogenic me-

dium was attained 17 days after transfer. MSCs incubated in osteogenic medium

changed shape from fibroblastic (undifferentiated MSC) to polygonal, and formed

calcium nodules. Adipogenic induction of MCL(þ)MSCs was attained after cultur-

ing in adipogenic medium, as indicated by accumulation of lipid-rich vacuoles

within cells and the presence of Oil red-O-positive cells. Thus, we observed no tox-

Fig. 8.2. Schematic of the expansion of MSCs using MCLs.
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icity against MSC proliferation or differentiation when the magnetite concentra-

tion was 100 pg cell�1.

MCL(þ)MSCs accumulated circumferentially along the edge of the magnet at the

center of dish where the magnet was positioned (Fig. 8.3A), while MCL(�)MSCs

formed scattered colonies throughout the dish (Fig. 8.3B). Since magnetic particles

are attracted to high magnetic flux density, MCL(þ)MSCs were attracted to where

the magnetic density was highest (Fig. 8.3C). The growth area regulated by the

magnetic force was approximately 1 cm2, as indicated by image analysis. These re-

sults suggest that the MCL(þ)MSCs were seeded at 1000 cells cm�2, which was a

much higher concentration than that of MCL(�)MSCs (18 cells cm�2; 1000 cells

per 55-cm2 dish). A total of 2:2� 104 cells were counted on day 7, corresponding

to the number of cells in 1 cm2 of confluent culture (approximately 2� 104

cells cm�2). This was five-fold greater than the number obtained for MCL(�)MSCs

using the conventional method.

Methods for expansion of MSCs are in great demand for clinical applications.

One approach to expansion of MSCs is identification of growth factors involved in

self-renewal of MSCs. Tsutsumi et al. reported that fibroblast growth factor-2 (FGF-

2) increases the growth rate of rabbit, canine and human bone marrow MSCs [33].

However, the mechanism by which FGF-2 maintains proliferation without differ-

entiation is unknown, and clinical applications of cytokines should be pursued

Fig. 8.3. Cultures of MSCs produced by Mag-TE (A),

compared with conventional means (B), have a high density

(C).
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with caution due to the unknown functions of cytokines. Alternatively, growth fac-

tors such as cytokines are produced by cells themselves and act as autocrine fac-

tors. Huss et al. reported that autocrine factors such as stem cell factor (SCF) and

interleukin-6 (IL-6) are involved in proliferation and differentiation of a canine

bone marrow-derived cell line, and that an increase in local cell concentration is

associated with cell viability [34]. In addition, Gregory et al. reported that condi-

tioned medium from cultures of human MSCs increases the rate of proliferation

of freshly plated cultures of human MSCs; secretion of high levels of dickkopf-1

(Dkk-1), an inhibitor of the canonical Wnt signaling pathway, was involved in the

reentry of MSCs into the cell cycle in lag phase because of low cell density [35].

These results prompted us to use magnetic force for MSC separation. As men-

tioned above, when MSCs were seeded at high density using MCLs, the number

of cells obtained was five-fold greater than the number obtained from culture with-

out MCLs. These results suggest that growth factors, including autocrine, para-

crine, and juxtacrine factors, are involved in the proliferation of MSCs. ‘‘High-

density culture’’ using magnetic nanoparticles provides a new methodology for ex-

pansion of MSCs.

8.2.2

MSC Isolation and Expansion using AMLs

As mentioned in Section 8.2.1, we used magnetic force to move MSCs labeled with

MCLs and to culture them at high density, and demonstrated the feasibility of

magnetic force-based high-density culture for proliferation of MSCs in vitro. Be-
cause MCLs were designed to interact with target cells via electrostatic interaction,

there is the risk of non-specific interaction between MCLs and various non-target

cell types. The MCLs were mixed with purified MSCs that had been isolated from

bone marrow aspirates.

A promising technique is the use of antibodies raised against MSCs to isolate

MSCs from bone marrow aspirates. We previously developed antibody-conjugated

magnetoliposomes (AMLs) for use in cancer therapy [12–14]. The AMLs were

made from magnetoliposomes (MLs) that consisted of neutral lipids, to reduce

electrostatic interaction with target cells. Recently, many researchers have used

antibodies to isolate or characterize MSCs [36–38]. Barry et al. reported that

CD105 (endoglin), which is the TGF (transforming growth factor)-b receptor I/III

present on endothelial cells, macrophages, and connective tissue stromal cells, is a

useful surface antigen for isolation of MSCs [36]. Therefore, we investigated

whether magnetic force-based high-density culture of MSCs, using anti-CD105

antibody-conjugated magnetoliposomes, is an effective method for expansion of

MSCs [39]. Figure 8.4 illustrates a strategy for MSCs expansion using AMLs.

Magnetic separation of human MSCs from bone marrow aspirates using anti-

CD105 antibody-conjugated magnetoliposomes was performed as follows. After ob-

taining informed consent, an average of 10 mL of iliac and maxillofacial bone mar-

row was collected from donors. These bone marrow aspirates were mixed with 20

mL of cell growth medium, and 3 mL of that mixture was combined with 7 mL of
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medium containing AMLs, after which bone marrow aspirates with AMLs were

placed in 100-mm tissue culture dishes. A disk-shaped neodymium magnet (diam-

eter, 2.2 cm; 4000 Gauss) was then placed under the 100-mm dish to expose the

aspirate to magnetic force vertical to the bottom of the dish. After every 3 to 4

days of culture, the nonadherent cells were removed and the medium was re-

placed.

The immobilization density and average particle size of aCD105-AMLs were 47.7

mg-antibody/mg-magnetite and 136.7 nm, respectively. As shown in Fig. 8.5, 85%

of the human MSCs were magnetically separated using aCD105-AMLs, which

was a significantly higher percentage than the values obtained using magnetolipo-

somes not conjugated to antibody (MLs; 30%).

In the initial state of cell culture after the magnet was placed under the culture

dish, the AMLs accumulated at the center of the dish along the edge of the mag-

net. At 1 day after the start of culture, when the medium was replaced, nonadher-

ent cells and excess AMLs were removed, and very few cells with fibroblastic mor-

phology were found to have adhered to the dish. In the control dishes, cultured

using the conventional method, none or very few colonies were observed. In con-

trast, in the aCD105-AML cultures, cells accumulated at the center of dish along

the edge of the magnet, followed by development of those cells into variously sized

colonies at the periphery of the magnet, resulting in high-density cell culture. On

day 7, the number of viable cells was assayed (Fig. 8.6). In aCD105-AML culture of

iliac bone marrow aspirate, an average of 246 cells were detected per dish, which

Fig. 8.4. Schematic of the separation and expansion of MSCs using AMLs.
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was 24-fold greater than the numbers obtained with control cultures. No viable

cells were detected in the control maxillofacial bone marrow culture. In contrast,

an average of 138 cells per dish was detected in the aCD105-AML maxillofacial

bone marrow culture.

In this study, we used AMLs to create a ‘‘high-density MSC culture’’ from bone

marrow aspirate. A net bone marrow aspirate of 1 mL was used as a model for ex-

pansion of MSCs from an extremely small number of cells. In this model, few or

no cells were detected in cultures obtained from iliac and maxillofacial bone mar-

row aspirates using conventional methods based on the plastic-adherent tenden-

cies of cells. In contrast, after 7 days of culture with aCD105-AMLs, 246 cells were

Fig. 8.5. Separation of MSCs using anti-CD105 AML or non-antibody-conjugated MLs.

Fig. 8.6. MSC separation and expansion from bone marrow

aspirates using anti-CD105 AMLs (Mag-TE) or without AMLs

(a conventional method).

8.2 Mesenchymal Stem Cell Isolation and Expansion 315



detected in iliac bone marrow culture and 138 cells were detected in maxillofacial

bone marrow (Fig. 8.6). These results suggest that this method, which we have

termed ‘‘Mag-TE’’, is an effective method for expansion of MSCs from very small

initial numbers of cells. Typically, only a small number of cells can be obtained

from bone marrow aspirates; this is especially true for maxillofacial bone marrow.

However, we achieved efficient expansion of MSCs from maxillofacial bone mar-

row using aCD105-AMLs and a magnet.

8.3

Mag-seeding

One approach to tissue engineering is to seed the cells in 3D porous biodegradable

scaffolds that allow the cells to form a continuous structure via cell adhesion, pro-

liferation, and deposition of ECM. Although cell-seeding into scaffolds at a high

density is closely associated with enhancement of tissue formation in 3D con-

structs (e.g., cartilage [40], bone [41] and cardiac tissue [42]), effective and high-

density cell seeding into 3D scaffolds is difficult to achieve. Technical difficulties

in cell-seeding are caused by the complicated structure of the scaffold [43–46],

and insufficient migration into the scaffolds due to their pore sizes and materials,

which may cause crucial prolongation of the culture period due to a shortage of

initially seeded cells. Therefore, numerous methodologies for effective cell-seeding

into 3D scaffolds have been investigated [47], and novel methodologies have been

also highly sought.

One conventional cell-seeding methodology (static-seeding) involves cell suspen-

sion being seeded onto small scaffolds using small volumes of highly concentrated

cell suspension, as such a large number of cells cannot be obtained from Petri dish

culture [47]. Here, the inevitable problem arises, namely that the cell suspension

seeded onto the scaffold flows away along with medium flow, and only a small

number of cells remains on the scaffolds. Mag-TE could help overcome this prob-

lem, as magnetic force would attract seeded cells that had been magnetically la-

beled to prevent them from flowing away, with the result that numerous cells could

be seeded onto the scaffolds.

We applied a Mag-TE technique to a tissue engineering process in cell-seeding,

(termed ‘‘Mag-seeding’’), and investigated whether Mag-seeding enhances cell-

seeding efficiency into 3D porous scaffolds for tissue engineering [48]. NIH/3T3

fibroblast cells (FBs) were used as the model, along with six kinds of scaffold: five

were collagen sponges, each of a different pore size (50–600 mm), while the other

was a d,d-l,l-polylactic acid (PLA) sponge. Mag-seeding was performed as follows:

FBs were incubated with culture medium containing MCLs, while scaffolds were

hydrated in culture medium and then placed in the well of tissue culture plates.

A magnet was placed on the reverse side of the tissue culture plate to provide mag-

netic force vertical to the plate, and aliquots (100 mL) of the magnetically labeled

cell suspension then poured onto the top of the hydrated scaffolds. Figure 8.7(A)

illustrates a schematic of Mag-seeding.
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The cell-seeding efficiency of Mag-seeding was compared with that of static-

seeding. As shown in Fig. 8.7(B), the cell-seeding efficiency for all scaffolds was

enhanced by Mag-seeding. Accompanying an increase in pore size, the number of

cells in the scaffold increased, and then reached a plateau; approximately 5000

cells mm�3 for static-seeding and 12 000 cells mm�3 for Mag-seeding. Since the

apparent size of the scaffold was particularly small in a collagen sponge with a

pore size of 600 mm, very few cells were detected when the cells were seeded by

static-seeding. This is because the poured cell suspension onto the scaffold flowed

away. Conversely, a substantial number of cells was detected when the cells were

seeded by Mag-TE, suggesting that the magnetic force facilitated cell-seeding.

Fig. 8.7. Mag-seeding (A) and its cell-seeding efficacy (B).
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The effects of magnetic force intensity on cell-seeding efficiency were examined.

Two kinds of magnet (magnetic field intensity; 4 and 10 kG) were used in this ex-

periment. The seeding efficiency by Mag-seeding using the 10-kG magnet was sig-

nificantly higher than the efficacy by static-seeding or by Mag-seeding using the

4-kG magnet (Fig. 8.7B).

In conclusion, we demonstrated that a large number of cells can be seeded into

scaffolds by Mag-seeding. Magnetically labeled cells are attracted by magnetic force

and consequently numerous cells remain in the scaffold across the medium flow.

The cell-seeding efficiency depends on the pore size of the scaffolds. In static-

seeding, cells seeded onto scaffolds may enter into the scaffold due to natural pre-

cipitation by gravity. For scaffolds with small pore size, most of the cells poured

onto the scaffold cannot enter, and thus only a small number of cells are seeded

within the scaffold. By Mag-seeding, a significantly larger number of cells enter

the scaffold, regardless of pore size (50–600 mm tested). Moreover, cell-seeding effi-

ciency is enhanced by the use of a magnet with higher magnetic induction. These

results indicate that Mag-seeding is an easy and reliable cell-seeding technique. In

addition, since cells labeled with MCLs can be easily manipulated using magnetic

force, automation of cell-seeding for tissue engineering is a distinct possibility,

which could aid industrial engineered-tissue production.

8.4

Construction of 3D Tissue-like Structure

Currently, tissue engineering is based on seeding cells onto 3D biodegradable scaf-

folds, which allows the cells to reform their original structure [15]. However, some

problems remain with this approach, e.g., insufficient cell migration into the scaf-

folds and inflammatory reactions due to scaffold biodegradation, and thus novel

approaches for achieving 3D tissue-like constructs are required. We applied Mag-

TE to the construction of ‘‘scaffold-less’’ 3D tissue-like structures.

8.4.1

Cell Sheet Engineering using RGD-MCLs

A major difficulty obstructing the fabrication of in vivo-like 3D constructs without

the use of artificial 3D scaffolds is a lack of cell adherence in the vertical direction

via cell–cell junctions. This non-adherence is caused by enzymatic digestion of ad-

hesive proteins. To overcome this, Okano et al. employed a thermo-responsive cul-

ture surface grafted to poly (N-isopropylacrylamide) (PIPAAm) [49–51]. Cells ad-

hered to and proliferated on the thermo-responsive surface, as well as on tissue

culture polystyrene dishes. Furthermore, confluent cells on the PIPAAm dishes

were expelled as intact contiguous sheets by decreasing the temperature to below

the lower critical solution temperature (LCST) of PIPAAm. Kushida et al. recov-

ered monolayer cell sheets from a surface grafted with PIPAAm and then depos-

ited extracellular matrices (ECMs); digestive enzymes were not used and the ECMs
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remained to enhance cell–cell attachment [52]. These engineered cell sheets could

be layered to construct multi-layered 3D cell sheets, and Okano et al. proposed the

concept of ‘‘cell sheet engineering’’.

We have developed a new biomaterial and methodology for Mag-TE. The RGD

(Arg-Gly-Asp) sequence, an integrin recognition motif found in fibronectin [53,

54] and one of the most extensively studied cell adhesion peptides, was conjugated

with magnetite cationic liposomes (RGD-MCLs) [55]. Figure 8.8 illustrates the

RGD-MCLs.

RGD-MCLs, which contained magnetite nanoparticles that possessed a positively

charged cationic lipid surface and were coupled covalently with the cell adhesion

peptide RGD (Arg-Gly-Asp-Cys), were constructed according to the method of

Gyongyossy-Issa et al. [56] with slight modifications. The average particle size of

the RGD-MCLs was 243 nm. The density of the immobilized peptides in RGD-

MCLs was 0.226 mg peptide/mg magnetite.

The new technique using RGD-MCLs consists of the following processes. RGD-

MCLs are pre-seeded onto a low cell-attachment culture surface, consisting of a hy-

drophilic and neutrally charged covalently bound hydrogel layer, and a magnet is

set on the underside of the well to attract the RGD-MCLs to the well surface. Target

Fig. 8.8. Schematic for Mag-TE using RGD-MCLs.
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cells are then seeded into the wells, which are coated with RGD-MCLs, and are

then incubated until confluency. The magnet is removed to detach the cell sheets

from the well, after which the cell sheets are harvested using a magnet inserted

into the well. Figure 8.9 gives a schematic of Mag-TE using RGD-MCLs.

When NIH/3T3 cells, which are anchorage dependent, were cultured in low-

attachment plates, the cell number did not change during the 4 day incubation

period. For RGD-MCLs, apparent cell proliferation was observed and the cells pro-

liferated to confluency during the 4 day incubation period. Figure 10.8(A) shows

photomicrographs of NIH/3T3 cells cultured on the uncoated surface (Control),

and that coated with RGD-MCLs for 1 day or 4 days. When the cells were cultured

in low-attachment plates, the cells floated in the media and no cells were observed

to be attached to the plate. Subsequently, the cells aggregated and formed spheroid

constructs on day 4. Conversely, when the cells were cultured on the surface coated

with RGD-MCLs, NIH/3T3 cells had adhered and spread by day 1, and had prolif-

erated to confluency by day 4.

The NIH/3T3 cells grown to confluency on RGD-MCLs were subjected to a novel

fabricating and harvesting method using a magnet. After 4 days of incubation on

RGD-MCLs, the magnet placed on the underside of the low-attachment plate was

removed. When the medium was gently pipetted to cause medium flow from the

periphery of the cell sheets, the cell sheet detached from the bottom of the plate

and shrunk, thus resulting in the formation of a contiguous cell sheet-like con-

struct. The cell sheets fabricated by Mag-TE were black-brown due to the magnetite

Fig. 8.9. (A and B) Formation of cell sheets by Mag-TE using RGD-MCLs.
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nanoparticles, and we investigated whether these cell sheets could be harvested us-

ing magnets. The cylindrical neodymium magnet positioned on the underside of

the low-attachment plate was removed. A hydrophilically treated membrane was

the pasted to the head of a cylindrical alnico magnet, and the magnet moved into

the well toward the surface of the culture medium. Due to the magnetic force, the

cell sheets floated up to the surface of the culture medium and without disruption,

stuck to the membrane (Fig. 8.9B).

In this study, cell integrin ligand RGD peptides were covalently coupled to cati-

onic liposomes containing magnetite nanoparticles, and we used these RGD-MCLs

as a novel biomaterial for tissue engineering. RGD-MCLs have two possible active

effects on cell adherence; one is positive charge of the cationic liposomes, and the

other is the RGD peptide on their surface. When cells were cultured on the surface

of neutrally charged magnetoliposomes, the cells floated in the media and no cells

were observed to be attached to the plate. Conversely, cells attached onto the cul-

ture surface coated with MCLs, thus suggesting that the positive charge due to

cationic liposomes facilitated cell attachment to the culture surface. However, few

NIH/3T3 cells spread and proliferated on MCLs. In contrast, when NIH/3T3 cells

were cultured on a surface coated with RGD-MCLs, the cells adhered, spread, and

proliferated, thus suggesting that RGD peptides strongly promote cell adhesion.

These data encourage further development of tissue engineering techniques

using magnetite cationic liposomes coupled with cell adhesion peptides, such as

KQAGDV (Lys-Gln-Ala-Gly-Asp-Val) peptide for smooth muscle cells [57] and

YIGSR (Tyr-Ile-Gly-Ser-Arg) peptide for neurons [58].

In cell sheet engineering, methodologies for handling cell sheets are needed be-

cause grafts fabricated by cell sheet engineering are easily damaged by handling.

We proposed a novel methodology for handling cell sheets using RGD-MCLs and

magnetic force; the Mag-TE method enabled us to handle cell sheet-engineered

grafts. Because cell sheets constructed by Mag-TE contain magnetite nanoparticles,

NIH/3T3 cell sheets can be recovered and handled using a magnet. This feature is

not present in cell sheets produced using other methodologies, such as the use of a

PIPAAm-grafted surface. These results also suggest the possibility of developing a

‘‘tissue-engineered graft delivery system’’ using Mag-TE, while Mag-TE could also

be applied to industrial tissue engineering because magnetic force could greatly

simplify the recovery step of cell sheet production. This recovery step could be au-

tomated by substituting the magnet used to harvest cell sheets with an electromag-

net, which can immediately release the sheets from the surface of the magnet via

electrical control. These findings indicate that RGD-MCLs are potent tools for in-

dustrial tissue engineering.

8.4.2

Construction of a Keratinocyte Sheet using MCLs

The epidermis is one of only a few tissues for which it is possible to culture its

principal cell (the keratinocyte) and to use these cultured cells to reconstitute strati-

fied and differentiated human tissue [59, 60]. These skin equivalents have been
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used clinically to repair burns and wounds [61, 62]. In this study [63], MCLs were

used to label human keratinocytes magnetically, and we investigated whether mag-

netically labeled keratinocytes could be accumulated using a magnet, and whether

stratification is promoted by magnetic force to form a sheet-like 3D construct by

Mag-TE (Fig. 8.10A).

In this case, MCLs were added to keratinocytes, to manipulate cells magnetically

in a similar way to that described in Section 8.2.1. MCLs-labeled keratinocytes

(2� 106 cells, corresponding to five-fold confluency in 24-well plates) were seeded

into 24-well low-attachment plates, to investigate whether five-layered keratinocyte

sheets can be constructed by the accumulation of cells by magnetic force. A 30 mm

neodymium magnet (4000 G) was placed under the plate. Keratinocytes without

MCLs or with MCLs in the absence of a magnet did not attach to the plates. In

contrast, keratinocytes labeled with MCLs at 50 pg cell�1 accumulated on the low-

attachment plates in the presence of the magnet. Keratinocytes labeled with MCLs

formed a sheet-like construct in the presence of the 30 mm magnet. Phase-contrast

microscopy of the cross-sections of the sheets (Fig. 8.10B) revealed that keratino-

cytes labeled with MCLs formed five-layered sheets.

Notably, when keratinocytes were seeded onto monolayer keratinocytes cultured

on tissue culture plates they did not form a sheet-like construct. Moreover, when

keratinocytes were seeded onto the low-attachment plates, they did not attach to

the surface of the plates and did not form sheets. When protease (trypsin) was

used for preparation of keratinocyte suspension, the ECMs may have been di-

gested. As a way to enhance layered cell–cell interactions, we took a physical

Fig. 8.10. (A) Scheme for the construction of a keratinocyte

sheet by Mag-TE; (B) cross-section of a keratinocyte sheet so-

produced.
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approach, using magnetic attraction. Keratinocytes magnetically labeled with

MCLs evenly accumulated onto the low-attachment plates in the presence of a

magnetic force. Keratinocytes magnetically labeled with 50 pg cell�1 MCLs formed

5-layered keratinocyte sheets. We speculate that the cell–cell adhesion was caused

by the very close placement of cells by the magnetic force.

In our experience, if epithelial sheets fabricated by the method of Rheinwald and

Green [64] have five or more cellular layers, they are sufficiently strong for recovery

and transplantation [65]. Therefore, in this study, magnetically labeled keratino-

cytes of five-fold confluency against the culture area were seeded to construct

five-layered keratinocytes. As a result, keratinocyte sheets with five layers were con-

structed. The sheets fabricated by Mag-TE consisted of undifferentiated keratino-

cytes, which apparently differs from the epidermal sheets fabricated by the method

of Rheinwald and Green [64]. To the best of our knowledge, this is the first time

that multilayered ‘‘undifferentiated’’ keratinocyte sheets have been constructed.

Undifferentiated keratinocytes in keratinocyte sheets produced by Mag-TE may

have greater effects on wound healing than cornified and anucleate keratinocytes

fabricated by inducing terminal differentiation.

Yamato et al. have reported that thermo-responsive culture dishes grafted with

PIPAAm allow the intact harvest of keratinocyte sheets without damage caused by

protease (e.g. dispase) treatment [66]. Dispase, a neutral protease from Bacillus
polymyxa, is widely used to harvest multilayered keratinocyte sheets from culture

dishes [67]. In clinical use, extensive washing to remove dispase from keratinocyte

sheets is required before they can be applied to wounds, because residual dispase

is harmful to the wound site. In industrial production of keratinocyte sheets, this

washing is laborious, and is a technological barrier to automation of the process. In

our method, we used low-attachment plates, to harvest keratinocytes from the plate

without enzymatic treatment after removing the magnet, because the keratinocytes

did not adhere to the plate surface. Bioreactors automated for successive culture for

epithelial sheet generation have been developed [68, 69]. Because Mag-TE does not

require washing of the keratinocyte sheets, which is a laborious step, it allows au-

tomation of tissue engineering. Moreover, we used magnetic force to make the re-

covery step easier, which could aid industrial production of keratinocyte sheets. For

automation of this recovery step, the magnet used to harvest keratinocyte sheets

may be substituted with an electromagnet, which can release the sheets from the

surface of the magnet when switched off. Together, these findings indicate that

MCLs are potent tools for industrial engineered-tissue production.

8.4.3

Delivery of Mag-tissue Engineered RPE Sheet

Age-related macular degeneration (AMD) is an eye disease and a major cause of

blindness [70]. The most severe form of AMD is characterized by choroidal neovas-

cularization (CNV), which causes rapid visual loss. When CNV is surgically excised

from patients with AMD, the retinal pigment epithelium (RPE) is also removed

along with CNV. Since RPE cells play a critical role in assisting photoreceptors in

8.4 Construction of 3D Tissue-like Structure 323



vision, RPE cell transplantation into the sub-retinal space, from where these cells

are surgically excised, is one possible approach [71]. RPE cells in suspension have

been injected into the sub-retinal space of animal models and AMD patients.

While some success has been achieved in animal models, with recovery of vision

[72, 73], the results have been limited in humans [74, 75]. The poor outcomes are

due to two major factors; limitations in obtaining autologous RPE cells and diffi-

culty in RPE cell delivery.

Tissue engineering is a possible technology for solving the above-mentioned

problems. Conventionally, tissue engineering has been based on two steps: expand-

ing autologous cells in vitro, and seeding the cells onto 3D biodegradable scaffolds

to reform their native structure [15]. First, a method for cultivating RPE cells from

CNV specimens that have been surgically removed from patients with AMD has

been developed [76]. The use of autologous RPE cells can overcome immune rejec-

tion, and the expansion of RPE cells may resolve donor shortage. Conversely, the

use of biodegradable scaffolds poses problems, such as insufficient cell migration

into the scaffolds and inflammatory reaction due to the biodegradation of the scaf-

folds. Particularly for tissue engineering of RPE, since RPE constructs desired for

transplantation are of very small size (1–4 mm2) and also inflammation is a com-

plicating factor in eye diseases, an autologous cell sheet-like structure without arti-

ficial scaffolds may be more suitable. However, since cell–cell interactions are diffi-

cult to manipulate, assembly of a 3D cell construct without scaffolds remains a

challenge. Moreover, the difficulty faced constructing RPE cell sheets is in the han-

dling of such small tissue-engineered grafts for transplantation. To the best of our

knowledge, there are few reports on tissue-engineered graft delivery systems.

In one study [77] we investigated whether RPE cell sheets could be constructed

using Mag-TE. Thus, MCLs were used to label RPE cells magnetically, and we in-

vestigated whether magnetically labeled RPE cells could be accumulated to form

RPE cell sheets, instead of artificial scaffolds, using a magnet. Moreover, since the

RPE cell sheets constructed by Mag-TE contained magnetite nanoparticles, we in-

vestigated whether these cell sheets could be handled with a magnet, and assessed

the feasibility of using a tissue-engineered graft delivery system by Mag-TE in vitro.
ARPE-19 cells, used in this study, are a spontaneously arising human RPE cell

line with normal karyology [78]. Figure 8.11 illustrates a schematic for the con-

struction and transplantation of RPE cell sheets using MCLs and magnetic force

(Mag-TE).

To produce small RPE cell sheets, less than 4 mm2, a cloning ring of 2.4 mm

caliber (inner area, 4 mm2) was used. A cloning ring was placed at the center of a

24-well low-attachment plate and a 22 mm neodymium magnet was placed under

the plate. Magnetically labeled ARPE-19 cells (8� 103 cells mm�2, which corre-

sponds to a 10-fold concentration of confluency) were seeded into the cloning ring

to investigate whether multilayered RPE cell sheets less than 4 mm2 can be con-

structed via accumulation of cells by magnetic force. ARPE-19 cells without MCLs

or with MCLs in the absence of the magnet did not form cell sheets, and the cells

were dispersed when the cloning ring was removed. In contrast, ARPE-19 cells

labeled with MCLs formed an approximately 1 mm2 sheet-like construct in the
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presence of a magnet. The cross-sections of the layers revealed that the ARPE-19

cells labeled with MCLs formed 15-layered sheets with a thickness of 60 mm each.

Next, we investigated whether these magnetically labeled RPE cell sheets could

be harvested and delivered using a magnet. When the cloning ring and the cylin-

drical neodymium magnet positioned on the reverse side of the 24-well low-

attachment plate were removed, the RPE cell sheets detached from the bottom of

the well. As a device for delivery of the magnetically labeled tissue, an iron wire

was attached magnetically to the cylindrical neodymium magnet. The magnetic

flux density at the tip of the iron wire was 1100 Gauss. The tip of the iron wire

was then positioned at the surface of the culture medium. Due to the magnetic

force, the RPE cell sheets floated up to the surface of the culture medium without

disruption, and stuck to the tip of the iron wire. As a model for transplantation, we

investigated whether the RPE cell sheets constructed by Mag-TE could be delivered

onto the bottom of the tissue culture dish containing 10 mL of medium. When the

magnet was removed from the iron wire and the wire was tapped gently, the cell

sheet detached from the tip of wire and sank onto the tissue culture surface. After

incubation for 1 day, the cell sheets had attached to the tissue culture dish. Subse-

Fig. 8.11. Scheme for the construction and transplantation of

RPE cell sheets by Mag-TE (the apparatus used is shown on

the bottom left of the figure).
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quently, the cell sheets were further incubated. ARPE-19 cells growing from the

cell sheets were observed after a 16 day incubation period, suggesting that the

transplanted cells had retained their activity.

The Mag-TE method enabled us to handle the tissue-engineered grafts using

magnetic force. We showed that the small RPE cell sheets constructed by Mag-TE

could be recovered and delivered using magnetic force. Due to the magnetic force,

the RPE cell sheets labeled with MCLs floated up to the surface of the culture me-

dium and stuck to the tip of the iron wire on the magnet. To deliver the RPE cell

sheet into the sub-retinal space of AMD patients, the cell sheet must be sufficiently

strong so as not to break in the intraocular space, in which a balanced salt solution

is added during surgery to adjust intraocular pressure. Furthermore, the cell sheets

should not disperse into unintended spaces in the eye during transplantation. In

our study, the RPE cell sheets were transplanted into the tissue culture dish con-

taining 10 mL medium, as an in vitro model. In this experimental model, the

RPE cell sheets were successfully transferred into another dish and released from

the tip of iron wire by detaching the magnet and nullifying the magnetic effect of

the iron wire. In the near future, we intend to study the feasibility of Mag-TE in

animals and clinical trials. Presently, we have developed a tissue delivery device

for Mag-TE, which is an electromagnet device that enables on-off control, to ma-

nipulate Mag-tissue engineered grafts (Fig. 8.11).

8.4.4

Construction of a Liver-like Structure using MCLs

Tissues and organs in vivo often consist of several types of cell layers. Cell–cell in-

teractions among these layers are important in maintaining the normal physiology

of organ systems, such as the vasculature (smooth muscle and endothelial cells

[79]), skeletal muscle (myocytes and peripheral nerves [80]), and liver (hepatocytes

and sinusoidal endothelial cells [81]). However, cell–cell interactions are difficult to

manipulate in co-culture systems with two or more cell types, even in 2D cultures.

Moreover, the assembly of 3D tissues containing various cell types remains a chal-

lenge.

Heterotypic interactions play a fundamental role in liver function. Since the liver

is formed from endodermal foregut and mesenchymal vascular structures, it may

be functionally mediated by heterotypic interactions [82, 83]. Liver-specific func-

tions in isolated hepatocytes that require nonparenchymal cells disappear in homo-

typic cultures [84]. Various 2D co-culture systems of hepatocytes and nonparenchy-

mal cells have been investigated, including those using microfabrication [85] and

2D patterning [86]. However, novel technologies are required to reconstruct the

liver to function as it does in vivo. This would require a 3D construct containing

various types of cells that could thrive beyond the cell type limitations of co-culture.

This study [87] uses magnetic force to precisely place magnetically labeled cells

onto target cells and to promote heterotypic cell–cell adhesion to form a 3D con-

struct. Here, we magnetically labeled human aortic endothelial cells (HAECs) us-

ing MCLs. We then investigated whether the labeled HAECs could be placed onto
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a rat hepatocyte layer using magnetic force, and whether magnetic force promotes

the adhesion of heterotypic cells.

We seeded 1:2� 105 HAECs (the number of cells required to reach confluence

in 24-well cell culture plates) onto hepatocyte monolayers and manipulated a 22

mm magnet to form double cell layers throughout the wells. HAECs labeled or

not with MCLs did not attach to hepatocytes in the absence of a magnet. Con-

versely, in the presence of the magnet, HAECs evenly attached to the hepatocyte

layer throughout the wells. The hepatocyte layer expressed albumin under the

HAEC monolayer that stained positively with Berlin blue, indicating the presence

of MCLs (Fig. 8.12A). We measured hepatic albumin expression to determine cel-

lular function in the layered co-culture system by Mag-TE (Fig. 8.12B). Albumin

secretion in homotypic hepatocyte culture was undetectable on day 7. Hepatic albu-

min secretion was slightly enhanced in co-cultures of HAECs, even when the mag-

net was not present. Conversely, layered co-cultures in the presence of a magnetic

force maintained a high level of albumin secretion on day 7.

Two major difficulties obstruct fabrication of an in vivo-like 3D construct for 3D

tissue engineering including heterotypic cells. One is non-adherence to heterotypic

cells caused by the cell type limitation of co-culture. Okano et al. have developed

double layered co-cultures using a thermo-responsive surface of grafted PIPAAm

to overcome this difficulty [49–51]. Harimoto et al. [88] reported that whereas tryp-

sinized single endothelial cells do not attach to hepatocytes, endothelial cell sheets

fabricated by cell sheet engineering would attach to hepatocyte monolayers. How-

ever, the assembly of heterotypic cells into complex tissues such as duct-like con-

structs also presents a challenging technological barrier, even for cell sheet engi-

neering. Another difficulty is to spatially control the positioning of target cells.

Mironov et al. [89] have developed a computer-aided jet-based cell printer that

Fig. 8.12. (A and B) Construction of liver-like structure by Mag-TE.
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could place cells at specific sites on thermo-responsive gels, and termed this ‘‘or-

gan printing’’. This technology seemed to overcome the difficulties with spatial

control. However, printed cells can only form monolayers, which must be stratified

layer-by-layer to assemble 3D organs. Here, we developed a new method using

magnetite nanoparticles and magnetic force, which we refer to as Mag-TE, to over-

come these difficulties.

Co-culture systems with nonparenchymal cells maintain hepatocyte functions

for long periods [90–92]. To examine the feasibility of the layered co-culture system

using magnetic force, we used the liver model of hepatocytes and endothelial cells.

We seeded 1:2� 105 HAECs, which corresponds to the number at confluence in

24-well cell culture plates, onto hepatocyte monolayers and positioned a 22 mm

magnet that could apply 4000 G uniformly throughout the plates. This caused an

almost uniform upper layer of HAECs. Albumin secretion by hepatocytes was en-

hanced in this double-layered co-culture system. The precise mechanisms that reg-

ulate increases in liver-specific function in hepatocyte co-cultures have not been

elucidated. Bhandari et al. [93] have reported that 3T3 fibroblast cells persist in

co-cultures with hepatocytes, but 3T3 cell conditioned medium could not substi-

tute for viable co-cultured 3T3 cells in preserving hepatocyte function, suggesting

that cell–cell interaction is essential for modulating hepatocyte functions. Potential

mediators of cell–cell interactions include soluble factors such as cytokines [94]

and insoluble cell-associated factors such as ECMs [95]. We surmise that the tight

and close interaction of overlaying HAECs and monolayer hepatocytes using mag-

netic force caused ECMs and cytokines to be deposited between the layers, thus

powerfully enhancing liver function. In contrast, cellular interaction was very

weak in co-cultures without the magnetic force and HAECs hardly attached to the

hepatocytes. The mechanism by which close cell–cell distance enhances cell to cell

interaction, such as gap junction formation, remains to be elucidated.

8.4.5

Construction of Tubular Structures using MCLs

Tissues and organs in vivo have unique shapes, and are often composed of several

types of cell layers required to maintain the normal physiology of organ systems.

In one study [96] we investigated whether we could use Mag-TE to form tubular

structures such as ureters (which consist of monotypic urothelial cell layers) and

blood vessels (which consist of heterotypic layers of aortic endothelial cells, smooth

muscle cells, and fibroblasts).

First of all, Mag-tissue engineered cell sheets were constructed. After incubation

with MCLs, human aortic endothelial cells (ECs), human aortic smooth muscle

cells (SMCs), mouse NIH/3T3 fibroblasts (FBs), or canine urothelial cells (UCs)

were seeded into low-attachment plates. A cylindrical neodymium magnet (diame-

ter, 30 mm; magnetic induction, 4000 G) was then placed on the reverse side of the

low-attachment plates to provide magnetic force vertical to the plate, and the cells

were cultured for 24 h. Figure 8.13(A) illustrates the procedure used to construct

tubular structures. A cylindrical magnet with magnetic poles on its curved surface
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was used (diameter, 3 mm; length, 10 mm; magnetic induction, 1300 G). The mag-

net was inserted into a silicone tube (outer diameter, 5 mm; inner diameter, 3 mm;

length, 25 mm). The 5 mm outer diameter was chosen to construct small-diameter

blood vessels (inner diameter, <6 mm). The cylindrical magnet in the silicone tube

was then rolled over the magnetically labeled cell sheet. To construct a tissue-

engineered ureter, a UC sheet only was used. To construct a blood vessel, an EC

sheet was used first, followed by addition of an SMC sheet and an FB sheet. Colla-

gen was injected and allowed to gelate around the cell sheets, to support the cell

constructs.

When the cylindrical magnet in the silicone tube was rolled over the magneti-

cally labeled UC sheet, UCs were attracted onto the silicone tube by magnetic

force. UCs ultimately covered the entire surface of the silicone tube. The sheets

formed from ECs, SMCs and FBs in the construction of blood vessels were thicker

than the UC sheets. When the silicone tube and magnet were removed, we ob-

tained tubular constructs of tissue engineered urothelial and vascular tissue. Histo-

Fig. 8.13. (A) Scheme for the construction of tubular

structures by Mag-TE. (B and C) Ureter and blood vessel,

respectively, produced by Mag-TE.
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logical observation revealed that the constructed urothelial and vascular tissues

formed contiguous tubular structures with a lumen of 5 mm; Fig. 8.13(C) shows

a macroscopic view of the vascular tissue. The urothelial structure consisted of

five- to seven-layer monotypic urothelial tissue that formed on the collagen gel

(Fig. 8.13B).

In this study, for the construction of magnetically labeled cell sheets using mag-

netic force, four types of cells (UCs, ECs, SMCs, FBs) were used. In general, it is

difficult to fabricate 3D tissue constructs without using 3D scaffolds, due to the

lack of cell adherence via cell–cell junctions, particularly in the vertical direction.

We developed a novel methodology for fabrication of cell sheets, which we have

termed ‘‘Mag-TE’’.

For clinical applications, tubular constructs of urothelial and vascular tissue can

be cultured for long periods in tubular tissue-oriented bioreactors, such as those

that provide biomechanical stimuli similar to those that occur in vivo [97–99], to

induce these cells to express differentiated phenotypes. For cultivation using bio-

reactors, because the tubular tissues constructed by Mag-TE contain a sufficient

amount of suitably placed cells, culturing for cell proliferation may not be re-

quired. Consequently, only culturing for expression of differentiated phenotypes

and deposition of ECMs (e.g., collagens and elastins of vascular tissues [100])

would be required. This suggests that use of tubular constructs created using

Mag-TE can shorten the culture period required before treatment. In this study,

collagen gel was used as a support to reinforce the mechanical strength of tubular

tissue constructed by Mag-TE; there has been no quantitative analysis of the me-

chanical properties of such tissue constructs. Several groups are working to im-

prove the mechanical properties of collagen-gel-based vascular grafts. Control of

collagen gel fibril orientation has been investigated in an effort to maximize the

mechanical strength of collagen-gel-based scaffolds [101, 102].

8.5

Conclusion

In this chapter, we have only been able to highlight magnetic nanoparticles and

Mag-TE as ‘‘metallic nanoparticles for tissue engineering’’. These techniques for

tissue engineering are based on biochemical engineering, cell biology, magnetics,

nanotechnology, and many other scientific fields. Currently, magnetic techniques

complement other methods presently used in medical applications, and this com-

bination therapy should result in more effective medical treatment, including tis-

sue engineering and regenerative medicine. Greater understanding of the proper-

ties of magnetic particles will increase their potential for medical application.

When considering the use of metallic nanoparticles, toxicity is an important is-

sue in clinical applications. For magnetite nanoparticles, no toxic effects against

proliferation of several cell types were observed within the range of magnetite con-

centrations tested (e.g., human keratinocytes, <50-pg magnetite/cell; human endo-

thelia cells, human smooth muscle cells, mouse fibroblast cells, canine urothelial
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cells, human mesenchymal stem cells [MSCs], <100 pg cell�1), and no effect on

the differentiation of MSCs was observed. Moreover, in a preliminary study [103],

we investigated the toxicity of systemically administered MCLs (90 mg, i.p.) in

mice; none of the 10 mice injected with MCLs died during the study. Transient ac-

cumulation of magnetite was observed in the liver and spleen of the mice, but the

magnetite nanoparticles had been cleared from circulation by hepatic Kupffer cells

and/or fixed macrophages in the spleen by the 10th day after administration [103].

However, further study is required to assess the toxicity of residual magnetic nano-

particles in grafts before Mag-TE can be used for clinical applications.
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Applications and Implications of Single-walled

Carbon Nanotubes in Tissue Engineering

Peter S. McFetridge and Matthias U. Nollert

9.1

Introduction

The discovery of single-walled carbon nanotubes (SWNT) by Iijima in 1991 [1] ini-

tiated a surge of interest that continues to grow as our understanding of these

unique materials evolves. The extraordinary mechanical [2, 3] and electrical proper-

ties [4] of SWNT have fueled continued interest as the spectrum of potential appli-

cations grows that can take advantage of these unique nano-scaled materials.

Applications encompass a wide range of composite materials from electrically con-

ducting polymers and biopolymers, and nanoelectronics, to biosensors and materi-

als that interface directly with biological systems [5–7].

A rapidly growing discipline that may take advantage of SWNT unique proper-

ties is the area of regenerative medicine in the field of tissue engineering [8].

The broad concept, as the name implies, is the regeneration of diseased or dam-

aged tissues such that complications of using transplant tissue can be avoided.

Central to this theme is the use of 3D scaffolds that provide support for adhesion-

dependent cells in a manner that guides tissue regeneration by the host, or other

transplanted cells. The aim is that the preformed scaffold (in the shape of the end

product) will guide cellular regeneration to result in the development of neo-tissue.

Importantly, not only the physical parameters of the scaffold are critical to allow

the correct structural and biochemical development, but also the environment in

which the cells are cultured. It is the combination of these factors that are funda-

mentally important if fully functional tissue is to be developed.

Although the number of peer reviewed published articles on SWNT has been in-

creasing dramatically (both in terms of material processing and its applications) as

interest grows, there has been little published in the area of tissue engineering. In

this chapter we will discuss general applications of SWNT in the field of tissue en-

gineering, paying particular attention to the preparation of these nano-materials

and how they interact with cells. We first review some of the history behind the

electrical stimulation of cells and the reasoning behind the use of SWNT as a

conductive material to support or promote organ regeneration. We then review
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purification and preparation processes, and then take a closer look at cellular inter-

actions, and how functionalizing or modifying SWNT surface chemistry can mod-

ulate cell function. The chapter concludes by reviewing specific applications of

SWNT in tissue engineering and the current pertinent literature.

9.2

Electromagnetic Fields for Tissue Regeneration

The particular attributes of carbon nanotubes that are of special interest to regen-

erative medicine are their mechanical and electrical properties. The importance of

electrical properties in modulating biological processes has been recognized since

the mid-1700s. In fact, by the end of the eighteenth century the injury potential,

which is a direct current voltage gradient induced within an injured tissue space

by current flowing into and around an injured nerve, had been recognized and

measured. In recent times, these currents have been shown to be essential for re-

generation [9, 10]. Within a hundred years of the early work of Galvani and Volta

in describing and characterizing electric currents and fields, many others pro-

moted bioelectricity for a wide variety of dubious medical applications [11], includ-

ing insomnia, migraine and baldness among others. The dubious scientific work

and downright charlatanism from this period tainted perceptions that last to this

day regarding bioelectric phenomena.

There are now several systems that clearly demonstrate that electrical field mod-

ulation promotes tissue regeneration, for which the unique properties of carbon

nanotubes may be exploited to develop improved therapeutic options. One such

area is in nerve regeneration. The seminal work demonstrating the influence of

electrical fields on nerve growth was by Borgens et al. [12]. They showed that

injury currents carried by Naþ and Ca2þ ions were driven into the cut ends of sev-

ered lamprey spinal cord axons. Increased branching and faster regeneration of the

axons was observed in the presence of a steady electric field of opposite polarity.

This work has been extended to a guinea pig model in which the spinal cord was

severed and significantly greater axonal growth was observed in the presence of an

applied electrical field compared with the case where no electrical field was present

[13]. In another study, improvements in nerve function were also observed with an

applied electrical field [14].

Another area that has seen extensive work on the interaction between electrical

fields and biomedical applications is in bone growth. Pulsed electromagnetic fields

(PEMF) stimulation has been in clinical use for nearly 30 years on patients with

delayed fracture healing and nonunion and has been demonstrated in a multitude

of clinical case reports [15–17]. Double-blinded studies have confirmed the clinical

effectiveness of pulsed electromagnetic fields stimulation on osteotomy healing

[18, 19] and delayed union fractures [20]. Brighton et al. [21] conducted a multi-

center study of the nonunion and reported an 84% clinical healing rate of non-

union with direct current treatment. Recently, Schaden et al. [22] reported 76% of
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non-union or delayed union patients treated with one time extracorporeal shock

wave therapy resulted in bony consolidation with a simultaneous decrease in

symptoms.

Both of these applications have led investigators to develop electrically conduct-

ing materials that have favorable biocompatibility characteristics. The most widely

studied conducting biomaterial is the polymer polypyrrole. The biocompatibility

properties of this material were first studied by Wong et al. [23]. They showed

that extracellular matrix proteins could adsorb on a thin film of polypyrrole and

could support attachment and spreading of cells. In the presence of an electrical

potential, cell growth and DNA synthesis were altered. A range of inherently con-

ducting polymers has been developed and they have been reviewed [24]. Potential

applications of polypyrrole based electrically conducting biomaterials include glu-

cose biosensors [25, 26], neural prosthetics [27, 28], and bone tissue engineering

[29–31]. Taken together, these studies demonstrate that there is great potential in

developing novel biomaterials and biomedical devices with the capacity to be elec-

trically conducting. Since carbon nanotubes can act as conductors, there is im-

mense interest in exploring their potential in biomedical applications.

9.3

Tissue Engineering

As a discrete discipline, tissue engineering is little more than a decade old; how-

ever, growth of cells on synthetic materials as a means to improve the performance

of implantable materials dates back to the 1970s [32–35]; in particular, in the

development of small diameter vascular prosthetics where it became obvious that

these materials need to be more than just immunologically inert, rather they need

to functionally integrate with surrounding tissues to enhance performance. As

such, there has been continuous development of these materials to understand

and improve interactions with cell systems.

In addition to the many biological molecules that enhance cellular interactions,

such as growth factors and adhesion peptides, magnetic and electrical stimulation

(as described above) has a strong influence on cellular growth, cellular phenotype,

and tissue regeneration [36–42]. As such, designer materials that allow modulation

of mechanical, electrical and thermal properties may produce materials that can be

fine-tuned to suit specific applications. For example, when a diseased and occluded

blood vessel is to be excised and a prosthetic tube implanted, if the mechanical

compliance between a patient’s existing blood vessel and the new implant do not

match, the chance of graft failure increases significantly [43]. By varying the con-

centration of SWNT within an appropriate polymer a wide range of compliance

values can be obtained, then specifically matched to each patient. Although most

polymer additives will allow control over the material’s bulk mechanical proper-

ties, few materials offer the combined influence of mechanical and electrical

modulation.

Incorporating conductive additives into a bulk material allows the gross conduc-
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tive properties to be modulated such that electrical stimulation can be used to en-

hance tissue repair and/or regeneration [44]. One distinct advantage that SWNT

have over other conductive additives is the dual capability of varying the material’s

conductivity and enhancing the material’s mechanical properties. One biopolymer

that has seen a wide range of clinical successes is the extracellular matrix (ECM)

molecule collagen [45–49]. Typically collagen is hydrolyzed and stored in an acidic

solution that is returned to a neutral pH to initiate polymerization. Unlike most

synthetic polymers this method allows living cells to be added during the polymer-

ization step, to produce preformed, homogenous, cell dense materials. This is par-

ticularly important as it reduces the time and cost of construct development. By

starting with a cell dense material one can avoid having to wait several weeks for

the cell populations to proliferate and fully populate the matrix. The earlier work of

Weinberg and Bell, who developed the first collagen-based de novo blood vessel in

1986 [50], had shown the potential of these natural polymer scaffolds; however, the

major draw back was poor mechanical strength and stability. Collagen in its natu-

ral form is composed of similarly repeating amino acids, where glycine is repeated

every third amino acid, with many of the remaining amino acids being proline and

hydroxyproline. As collagen is hydrolyzed, collagen bundles dissociate creating a

mass of disorganized fibers that absorbs a significant amount of water to form

what is called a hydrogel. Cells remodel the collagen and these disorganized fibers

are realigned back into their original form as functional tissue is created. As the

fibers realign, a significant amount of shrinkage occurs as the fibers condense

and water is expelled.

The most common method used to enhance mechanical properties of collagen-

based hydrogels is the addition of chemical crosslinks that bind, strengthen and

minimize enzymatic digestion of the long-chain polymer [51–54]. Many cross-

linkers, such as glutaraldehyde, are toxic and often leave residual toxins in the scaf-

fold after processing. A further drawback of this approach is that it renders the

material impervious to cellular infiltration. The barrage of ECM degrading and re-

modeling enzymes, secreted by cells, have little effect on many of these chemically

induced crosslinks, and as such there is little cell penetration or remodeling of the

scaffold. The result is stable, but inert, materials. From a tissue engineering per-

spective, cell migration into the scaffold and subsequent remodeling are funda-

mentally important if functional neo-tissue is to be formed. By using conductive

additives, which also enhance the material’s mechanical characteristics, the oppor-

tunity exists to develop off-the-shelf, high-performance materials that may improve

repair and regeneration of diseased tissues.

However, with the current state of technology, single-walled carbon nanotubes

(SWNT) cannot be used for medial applications straight from the production plant.

In general the production of SWNT results in a high percentage of contaminants

that must be removed prior to application. Purification technologies are diverse,

and often change the surface chemistry of the SWNT, which in turn changes the

way biological systems respond to the presence on SWNT. As often is the case

with nano-scale materials, the particle’s surface chemistry dominates the interac-

tions between the nanotube and the surrounding environment. Changing func-
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tional groups on the surface of SWNT can dramatically alter the way in which they

interact with hydrophobic and hydrophilic materials; we can use this property to

improve dispersion and function within various different polymers. In the next

section we discuss the purification and dispersion of SWNT in relation to tissue

engineering scaffolds for tissue regeneration.

9.4

SWNT Preparation: Purification and Functionalization

As a potentially implantable material, not only will the SWNT be exposed to the

body, but also any contaminants from the manufacturing process not removed

through purification processes. If a SWNT composite is non-degradable with nano-

tubes bound within the material, any negative biological effects of the nanotubes

will likely be minimized compared with materials that degrade over time. As in

the case with degradable tissue engineering scaffolds, SWNT and contaminants

would come into direct contact with host tissue at higher concentrations. Conse-

quently, compatibility with cells and surrounding tissue is crucial, particularly if

the SWNT are not eliminated through normal bodily function. For these new

materials to be successful they must be biologically, mechanically, and chemically

compatible with the host tissue, and, as such, a comprehensive understanding of

how SWNT interact with living systems is required. This is important from not

only a materials perspective, but also as an airborne contaminant, or any other in-

teraction these nano-materials may have with biological systems.

Various different methods are used to produce SWNT, including chemical vapor

deposition, laser pyrolysis, pulse laser vaporation, and carbon arc-discharge. Each

of these methods results in differing qualities of nanotubes with yields containing

different types and amounts of production contaminants. Different production

methods will result in a different elemental composition, and as such the efficiency

of purification techniques will have a strong bearing on biological interactions. By

understanding these processes we can gain insight into what the dominant mode

in which SWNT (or production contaminants) interfere with cell function. This

may lead to determining the critical parameters of SWNT preparations that must

be modulated to improve cell interactions and thus develop enhanced biomaterials.

To date, few investigations have assessed SWNT–cell interactions and those that

have shown a toxic response by cells and tissues [55–59]. A study by Warheit et al.

(2004) observed the formation of a series of multifocal granuloma in rats when

SWNT were instilled intratracheally [59]. Interestingly these results were not dose-

dependent as other studies have shown. Oberdörster et al. (2004) found that oxida-

tive stress was induced when juvenile Largemouth Bass were exposed to C60 full-

erenes within brain tissue, with the fullerenes localizing in lipid-rich regions such

as cell membranes [57]. Schuler et al. (2004) expressed concern that, due to the

small dimensions of nanoparticles, they might penetrate the skin and possibly

reach the brain by eluding the immune system [60]. Similarly, in a study by Shve-

dova et al. (2003), using unpurified SWNT produced by the HiPCO process with a
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30% iron mass, (NASA-JSC, Houston TX), caused changes in cell ultrastructure

and morphology, a loss of cell integrity and apoptosis, accelerated oxidative stress,

an accumulation of peroxidative products, and depletion of antioxidants in immor-

talized human epidermal keratinocytes (HaCaT) [61].

Although the exact mechanism that causes these deleterious interactions with

cell systems is unknown, a comprehensive understanding of how SWNT interact

with living systems is, clearly, required. By understanding the mechanism(s) that

causes these effects on cell function (such as production contaminants, mass trans-

fer limitations, hydrophobic interactions etc.) it will be possible to modulate SWNT

chemistry to improve SWNT–cell interactions, and as such develop improved

materials.

A recent publication by Nimmagadda et al. (2006) describes how purification and

SWNT surface chemistry variation effects the function and viability of 3T3 fibro-

blasts [62]. In these investigations SWNT were obtained from CarboLex Inc.

(Lexington, KY), manufactured by a modified electric-arc technique. In this

method a plasma discharge is induced at high temperatures onto a cathode con-

taining graphite powder, metal catalysts, and adhesives. The deposit that forms

contains the SWNT. This process results in 40–60% amorphous carbon, as well

as non-carbon contaminants including, Ni, Y, Co, and others [63–65]. The study

aimed to determine if SWNT themselves, or the production contaminants, were

responsible for the toxic responses observed, and to assess if variation in SWNT

surface hydrophobicity would improve cellular interactions. Three different prepa-

rations of SWNT were assessed, including ‘‘as purchased’’ nanotubes (AP-NT),

nanotubes purified by acid washing to remove catalyst residue (PUR-NT), and pu-

rified nanotubes functionalized with the small hydrophilic carbohydrate, glucos-

amine (GA-NT). SWNT that were purified by nitric acid oxidation resulted in disso-

lution of much of the metal contaminants, but also functionalized the damaged

(or defect) ends of the SWNT with carboxylic acid groups reducing the material’s

hydrophobicity. With the additional functionalization step of added glucosamine,

a small sugar molecule, to the SWNT, the overall hydrophobic nature of these NT

is further reduced.

An assessment of the effects of these different SWNT preparations has shown a

dose-dependent relationship between the viability of mouse 3T3 fibroblasts and

concentration of SWNT, where increasing concentrations of SWNT resulted in

decreased cell viability. The effects of ‘‘as-purchased’’ SWNT on 3T3 mouse fibro-

blasts are similar to other reported data, where cell viability was significantly dimin-

ished [55, 58, 66]. The observed effects are strongly influenced by contaminants in

the preparation, as well as by soluble and non-soluble components. Improved cell

viability occurs with PUR-NT and GA-NT over AP-NT preparations (at a given con-

centration), emphasizing that purity alone (and thus production method) plays an

important role in biocompatibility of SWNT. These investigations have shown sig-

nificant variation of 3T3 fibroblasts viability and metabolic function (after three

days in culture) compared with control values. At the lowest concentration of AP-

NT (0.001% w/v), cell viability was reduced to 55% of control values (Fig. 9.1a). In

the same cell cultures 3T3 fibroblasts demonstrated dramatic changes in their met-
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abolic activity (Fig. 9.1b), illustrating a nonlinear effect dependent on NT concen-

tration. The variation observed in metabolic activity is consistent with results from

a recent study by Cui et al. (2005) [55]. In their study, the ability of human HEK293

cells to adhere and proliferate when cultured in the presence of SWNT was also

diminished. Cui et al. also assessed gene expression profiles for several specific

genes and showed that variation in metabolic activity could in part be explained

by the variation in gene expression profiles. Unfortunately, neither the elemental

composition nor the purification process (if any) of the nanotubes purchased

from Carbon Nanotechnologies, Inc. was described. As such the effect, or compar-

ative effect, of residual contaminants was not assessed.

SEM analysis of 3T3 cells cultures in AP-NT, gives further insight into cellular

interactions with NT, where spherical bodies ranging from 5 to 15 mm in size

Fig. 9.1. (a) AP-NT/3T3 cultures

demonstrated a negative dose-dependent

relationship with increasing AP-NT

concentration. At the lowest tested

concentration of AP-NT (0.001%) only 55% of

fibroblasts remained viable (p < 0:05).

(b) At lower concentrations, cells in AP-NT

preparation reduced Alamar Blue dye as much

as 200% more than the cells under control

conditions (0:78� 10�4 fluorescence units).

No metabolic activity was observed at and

above 0.0625% NT (n ¼ 3). (c) SEM displayed

spherical bodies dispersed throughout AP-NT/

3T3 cultures. These were hypothesized to be

detached cells encased with nanotubes, where

cells may have coalesced to form the larger

spherical bodies. In this analysis 3T3 cells were

cultured with an AP-NT concentration of

0.0625% NT (wt./vol.), with a cell viability of

19.65% compared with control values (100%)

[62].
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have been observed (Fig. 9.1c) [62]. These spherical bodies were hypothesized to be

detached, or semi-detached, cells encased in nanotubes that may, in some cases,

have coalesced to form the larger spherical structures.

Purification and functionalization of AP-NT reduces the negative effect on cell

viability and metabolic activity, demonstrating that as-purchased NT contain

impurities/contaminants that may be responsible for the variation in cell viability

and function seen in Fig. 9.1. The effect of these components was assessed by acid

washing and chemical surface modification of AP-NT. This suggests that the

removal of production contaminants and SWNT hydrophobicity both play an im-

portant role in cell-SWNT interactions. The overall trend shows cells incubated in

GA-NT preparations having a higher cell viability with less deviation in metabolic

activity (from control values) compared with cell/PUR-NT cultures. This suggests

the surface properties of SWNTmay have a profound effect on cell function. How-

ever, the dose-dependant relationship still exists as increasing concentrations of

both PUR-NT and GA-NT preparations still reduce cell viability (Fig. 9.2).

At the concentration of 0.0625% w/v 3T3 fibroblasts cultured in the presence of

glucosamine functionalized SWNT (GA-NT) for 6 days were found to migrate to

the upper surface of the GA-NT to form sheets of cells over the nanotube prepara-

tion. Figure 9.3(a) shows an enlargement of Fig. 9.2(c) (incubated for 3 days), com-

pared with sheets of cells seen spreading over the surface of the nanotube prepara-

tion after 6 days in culture (Fig. 9.3b).

Because of the small size of these particles, the surface properties dominate the

overall chemistry of the molecule and, as such, the addition of functional moieties

can dramatically alter the manner in which these particles interact with the sur-

rounding solution. The basic structure of SWNT is a graphene sheet of carbon

atoms linked by non-polar covalent bonds. Since electrons are equally shared there

is no charge separation and these molecules cannot enter into a charge interaction

with water [67]. They are therefore hydrophobic, resulting in minimal solubility

in aqueous media. In an investigation by Nimmagadda et al. all NT preparations

aggregated to some degree, although the purified nanotubes with carboxylic acid

groups and the SWNT functionalized with glucosamine displayed varying degrees

of solubility [62]. SEM analysis of AP-NT (the most hydrophobic of the three NT

preparations) cultured with 3T3 fibroblasts displayed spherical structures encased

in NT-like particles. This led us to the hypothesis that the hydrophobic NT were

penetrating, and aggregating within the hydrophobic cell membrane leading to

cell rupture (Fig. 9.1c). These effects were not seen with NT functionalized with

glucosamine where the hydrophobic nature of SWNT was reduced.

Evidence for the translocation of nanotubes through cell membranes has been

confirmed by fluorescence imaging, with [68, 69] and without [70] functionalized

markers or molecules. These studies clearly show the nanotubes entering cells,

and the potential of nanotubes localizing in hydrophobic regions of the cell mem-

branes. A study by Cherukuri et al. (2004) using a pluronic surfactant that dis-

perses the nanotubes suggests an active mechanism of SWNT uptake. In this

study, mouse peritoneal macrophage-like cells were used whose function is the

active uptake of targeted particles. However, this may be a secondary uptake path-
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way, whereas in normal stromal cells uptake may be passive translocation driven

by hydrophobic/hydrophilic interactions. The results presented by Cherukuri et al.

(2004) do not show any toxicity effects at SWNT concentrations of 3.8 mg mL�1,

where they estimated an uptake rate of 1 nanotube per cell per second (total of

70 000 nanotubes ingested) over the incubation period of approximately 20 h [70].

By comparison, at the lowest SWNT concentrations assessed by Nimmagadda

et al. [62], 0.000976 w/v, or 9.76 mg mL�1, fibroblast viability was reduced to

50.08G 3.74% for ‘‘as purchased’’ nanotubes (AP-NT), with 83.58G 6.22% viabil-

ity with ‘‘purified’’ nanotubes (PUR-NT). Only glucosamine functionalized nano-

tubes (GA-NT) had no effect on cell viability at these concentrations (Fig. 9.2).

Cherukuri et al. have shown a 40% reduction of SWNT internalization when in-

cubated at 27 �C compared with 37 �C, which is consistent with the temperature

Fig. 9.2. (a) Cells incubated with GA-NT

showed the highest viability followed by cells/

PUR-NT cultures, and cell/AP-NT cultures

have the lowest viability at SWNT concentra-

tions below 0.125%. Preparations and

concentrations below 0.125% NT (wt./vol.)

show a statistically significant difference

(p < 0:05), with the exception of concen-

trations above 0.125%, where no significant

difference between each preparation was

found (n ¼ 3). (b) 3T3’s in GA-NT and

PUR-NT preparations show metabolic activity

similar to 3T3’s in control cultures. There was

no significant difference (p < 0:05) between

preparations or concentrations between 0.5

and 1.0% NT (wt./vol.). (c) SEM displays 3T3

cells dispersed throughout the 3D GA-NT

matrix. No spherical bodies were observed as

seen with 3T3 cells incubated with AP-NT [62].
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dependence of phagocytosis [71]. By contrast, Pantarotto et al. (2004) used amino-

modified SWNT functionalized with the fluorescent probe fluorescein isothiocya-

nate (FITC) and SWNT functionalized with a peptide responsible for G-protein

function (also covalently bonded to FITC) to show that uptake by human 3T6 and

murine 3T3 fibroblasts was not affected by temperature variation or the use of en-

docytosis inhibitors. They concluded that the method of translocation appeared

similar to cell penetrating peptides, which is not associated with the endocytosis

pathway, but the exact mechanism was unclear [72, 73]. Recently, Monteiro-Riviere

et al. (2005) have shown that multi-walled carbon nanotubes (MWCNT) were pres-

ent in cytoplasmic vacuoles of human epidermal keratinocytes [56]. Our investiga-

tions have shown that, depending on the hydrophobicity state of the SWNT, these

nano-particles appear to aggregate on the surface of cell-like structures. Although

several different mechanisms of SWNT translocation are likely, we hypothesize

that due to the hydrophobic nature of these nano-particles they tend to aggregate

within hydrophobic regions of the lipid bilayer to form focal points. As yet there

is no clear evidence that hydrophobic nanotubes move from the lipid bilayer and

back into the aqueous environment (either cytoplasmic or extracellular) and as

such there is some question as to whether these nanotubes remain within hydro-

phobic lipid membranes or as postulated enter the cells aqueous environment. The

fluidity of these lipid membranes, which interact with other cell membranes, may

transport SWNT into the cell, though not necessarily out of the lipid membranes.

From our observations, as concentrations increase, the likelihood of the small focal

aggregations enlarging in size increases; it is therefore quite possible that, at suffi-

ciently high concentrations, SWNT interfere with membrane integrity, resulting in

rupture and cell death.

In our investigations SWNT within each preparation settled out of solution over

Fig. 9.3. (a) 3T3 fibroblasts cultured in the

presence of GA-NT at 0.0625% (w/v) for 3

days, showing an enlargement over Fig. 9.2(c).

(b) Similar magnification of 3T3 cells cultured

under the same conditions for 6 days that have

migrated to the upper surface of the GA-NT to

form sheets, with (c) (inset) showing a lower

magnification of cells covering the surface of

the nanotube preparation [62].
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the 3 day incubation period to form layers directly on the cell cultures. Light mi-

croscopy illustrates how the differentially treated nanotubes tend to aggregate as a

function of hydrophobicity, GA-NT layers appeared more dispersed compared with

AP-NT and PUR-NT preparations (Fig. 9.4a–c), with SEM images showing variable

surface topography as NT dispersion increases (Fig. 9.4d–f ). The presence of

glucosamine molecules functionalized on the surface of SWNT improved SWNT

interactions with the aqueous media, allowing SWNT bundles to disperse more

uniformly with less aggregation [74].

It is unlikely that tissue engineered scaffolds would be made solely of SWNT,

rather they will be formed as a composite material where the bulk polymer will be

chosen for selected characteristics pertinent to its endpoint application. Materials

designed for use in soft tissue repair applications will be vastly different from

bone, or artificial limbs, and as such properties such as elasticity, biocompatibility,

porosity, charge, etc. need to be considered.

From a materials perspective, carbon nanotubes used as an additive within a

bulk polymer need to be dispersed uniformly, ideally as aligned, individual tubes

rather than large random aggregates. Without uniform dispersion we will not be

able to take full advantage of the unique properties of SWNT, and as such is a crit-

ical issue. Significant effort has focused on full-length SWNT and MWNT disper-

Fig. 9.4. Images (A–C light microscopy, D–F

SEM) displaying SWNT preparations dispersed

in aqueous cell culture media inoculated on

3T3 fibroblasts after 3 days incubation.

(A) AP-NT displaying large aggregates of

nanotubes, (B) SWNT aggregates are

progressively dispersed through purification

steps (PUR-NT), and (C) further reduced

hydrophobic interactions of SWNT within the

aqueous environment by functionalization with

glucosamine. Lower SEM images show

(D) AP-NT, (E) PUR-NT and (F) GA-NT

surface topography as the SWNT become

less hydrophobic, with improved dispersion.
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sion, with several approaches being taken to improve dispersion and alignment.

Both chemical and mechanical dispersion methods have been used, including,

but not limited to, sonication, surfactants, and functionalization with different

moieties or macromolecules. Improving alignment of SWNT has been equally

challenging and several methods have been investigated, including mechanical

shear [75, 76], anisotropic flow [77], and magnetic fields [78, 79].

As discussed, the surface chemistry of these nano-particles dictates the manner

in which SWNT are prepared to interface appropriately with the bulk polymer.

Clearly, SWNT dispersion within aqueous hydrogels requires a different approach

than dispersion in non-polar polymers. Sennett et al. (2003) mixed both SWNT and

MWCT in molten polycarbonate (PC) using a twin-screw extruder to disperse the

nanotubes, then used a melt-spinning technique to align the NT with the PC fi-

bers. MWCT and SWNT displayed different dispersion characteristics, with larger

individual MWCT dispersing uniformly; however, SWNT dispersion was limited

to bundles of nanotubes rather than single tubes [76]. This effect will in part be

due to the mixing characteristics of different sized particles but dispersion will

again be dominated by the nano-particle’s surface chemistry. MWCT and SWNT

that are produced using different production methods will have different contami-

nants and will require different purification strategies, most of which can alter the

surface charge/chemistry. As such the two materials will likely behave very differ-

ently under similar solution conditions.

Other methods of dispersion include functionalization of nanotubes to alter their

surface chemistry and/or provide secondary chemical bonding sites. These func-

tional moieties range in chemistry and function, and include (amongst others)

biological polymers, including DNA and other large macromolecules. One of the

more common methods to functionalize nanotubes is the formation of carboxylic

acid groups as either a final process or as an intermediate in a process called defect

functionalization using a strong oxidant such as nitric acid (HNO3) [80–83]. Fu et

al. (2002) functionalized SWNT with oligomeric poly(ethylene glycol) to solubilize

SWNT and MWNT in aqueous solutions. They then added serum albumin using

surface-bound ester linkages, citing an ester to amide transformation as the mech-

anism of adsorption [83]. These preparations were shown to have a high solubility

in water and suggested this method to conjugate fragile biological species. Of the

biological polymers used, Zheng et al. (2003) have shown effective dispersion of

SWNT in water when sonicated in the presence of single stranded DNA (ssDNA),

suggesting binding through p-stacking of ssDNA wrapping in a helical fashion

around the SWNT [84]. Baker et al. (2002) oxidized SWNT to form carboxylic acid

groups then reacted with thionyl chloride and then ethylenediamine to generate a

terminal amine group to which (after several intermediate steps) single-stranded

DNA oligonucleotides were functionalized to the SWNT. These investigations

have shown the ability of DNA to be covalently bound to SWNT, then for com-

plementary DNA sequences to hybridize with minimal interaction from non-

complementary sequences [81]. Bianco et al. (2005) have discussed several strat-

egies for using, and functionalizing, nanotubes in biomedical applications. The

paper focuses on nanotube functionalization for specific applications in drug, vac-
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cine, and gene delivery and provides an excellent overview of different functionali-

zation strategies [85].

As a material with potential biomedical applications the absorption pattern of

these and other molecules to the surface of SWNT is important to further our un-

derstanding of how SWNT are likely to interact with not only the bulk polymer but

with surrounding cells and tissues. The inherent hydrophobic nature of SWNT has

been hypothesized to play a dominant role in the non-specific molecular binding of

various molecules to the surfaces of SWNT [69, 72, 86–88]. In addition to these

direct effects of SWNT on cells, it is also possible that SWNT aggregates may indi-

rectly alter cell function by limiting mass transfer of substances either to or from

the cell surface. We investigated this possibility by examining the interactions of

differentially functionalized SWNT on glucose and protein transfer through SWNT

membranes [62]. These investigations were designed to assess any mass transfer

limitation that might occur as the SWNT settled onto the cell layer and potentially

affected cell function. At sufficiently high concentrations, all SWNT preparations

(AP-NT, PUR-NT and GA-NT) resulted in a reduced rate of glucose transfer, com-

pared with controls. However, because the glucose mass transfer rate was still in

excess of cellular demand it was concluded that there was no inhibition of cell

function. Although no conclusions can be drawn regarding glucose adsorption

from the data available, the three preparations clearly had a different topography

and porosity (Fig. 9.4), which would be the likely cause of variation in mass trans-

fer rate. Similarly, protein (balanced salts with 10% serum) transfer through the

membrane displayed mass transfer variation, indicating inhibition. At lower con-

centrations of SWNT there was no significant variation in mass transfer across

any of the three SWNT preparations. At higher SWNT concentrations (0.25% and

1%) a significant decrease in protein transfer was noted across the PUR-NT prepa-

ration compared with AP-NT and GA-NT preparations (Fig. 9.5b) [62].

The results of this study clearly demonstrate that chemical composition and na-

ture of nanotube preparation is of fundamental importance for biological applica-

tions. Furthermore, choice of supplier, manufacturing method, and the effective-

ness of NT purification will strongly influence the overall composition, including

contaminants within the raw material. These impurities will have a range of effects

on cellular viability and metabolism, depending on the contaminants involved and

their concentration; however, the mechanism by which either the contaminants or

the SWNT alter cell viability or metabolism is yet to be resolved. SWNTpurification

is therefore a critical step and it is important to note that these processes can alter

the surface chemistry of the nanotubes and thus their interactions with cells and

tissues. We have hypothesized that when SWNT remain strongly hydrophobic

(AP-NT and PUR-NT preparations) these nanoparticles interfere with the lipid bi-

layer of the cell membrane by aggregating within these hydrophobic regions and

disrupting cell membrane. Although other mechanisms presumably also occur,

SEM evidence points strongly to these hydrophobic interactions as playing a domi-

nant role in early cell failure.

The nanotubes used in the above investigations showed significant effects on in
vitro cellular function that cannot be attributed to one factor alone, but are likely
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the result of several unfavorable interactions. These interactions were significantly

reduced by comprehensive purification processes, and by modifying NT surface

chemistry to reduce hydrophobicity and/or the introduction of functional groups.

With high purity SWNT the end application will dominate the requirement to

modify NT surface chemistry.

Fig. 9.5. (a) A decrease in glucose transfer

rate was observed at higher concentrations of

NT preparations (1%). From the transfer rates

observed and the cell consumption rate

(1:368� 10�6 mg dL�1 h�1 cell�1), no

apparent mass transfer limitation is likely to

have occurred. (b) Analysis of total protein

(human plasma) transfer through NT layers

showed no significant difference (p < 0:01)

between AP-NT, GA-NT and control values,

whereas PUR-NT layers displayed a significant

reduction at higher concentrations [62].
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9.5

Specific Applications of Carbon Nanotubes in Tissue Engineering

Carbon nanotubes offer a unique potential to develop smart materials that can be

tailored to meet specific mechanical and electrical properties. These properties can

be optimized to suit specific applications in areas such as bone development where

materials must be rigid yet retain a degree of elasticity. The ability to alter the ma-

terial’s conductivity also provides the opportunity to modulate cell interactions/

function by applying electrical fields. The same process can be used for most

tissues, especially those that respond in a positive way to electrical stimulation.

Some of the more obvious applications include bone, nerve, and cardiac tissue en-

gineering; however, other areas, including skin wound healing, have been shown

to respond to electrical fields and are thus candidates for SWNT scaffolds.

There are three primary drivers for the use of SWNT as additives in tissue engi-

neering scaffolds: first is to fine tune scaffold mechanical properties (application

specific); the second is to use the NT conductive properties to modulate the materi-

als electrical properties so electrical fields can be used to stimulate the growth and

development of tissue engineered constructs; and the third is to promote pheno-

type specific cellular regeneration by varying the scaffold’s conductivity and modu-

lating an applied electrical field. Clearly, a significant amount of basic research is

required to verify these goals, but the potential is there given the current status of

our knowledge.

In this last section we review several recent publications that focus directly on

tissue applications using NT as a component of scaffold materials. Due to the rela-

tive infancy of this research area, publications are limited but they clearly show the

direction and potential of these novel materials. In a series of investigations inter-

facing structural biological polymers with SWNT, MacDonald et al. (2005) have

assessed the interactions between cell-loaded collagen hydrogels dispersed with

varying concentrations of SWNT (0.2, 0.4, 0.8, and 2.0 wt.%) (Fig. 9.6). Figure 9.7

shows progressive enlargements of the composite scaffolds using SEM image anal-

ysis of the cartoon given in Fig. 9.6 [89].

The overall goal of these investigations is to enhance the mechanical and func-

tional properties of these hydrogels for potential use in areas such as orthopedic,

cardiac and neuronal tissue engineering. Collagen hydrogels have been used in a

wide variety of medial implants with excellent results; however, from a purely

structural perspective these gels lack the mechanical stability that more demanding

applications such as blood vessels and bone replacement require.

The potential to improve the material’s mechanical attributes while at the same

time adding functionality to the matrix will undoubtedly prove to be a productive

avenue of research for both hard and soft tissue replacement or repair. As one of

the few investigations that use a degradable polymer with NT dispersed at concen-

trations as high as 2.0 wt.% it is promising that the authors show no loss in cell

viability (rat aortic smooth muscle cells) over the 7 day culture period. Although

there was a general reduction in cell number at day 3, by day 7 there was no statis-
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tical difference in total cell number between controls (hydrogels less NT), and NT

treated constructs [89].

This data contrasts the reduced cell viability seen in our own investigations [62]

where at 1.0 wt.% SWNTno cells were viable. In our investigations the SWNTwere

dispersed directly in the cell culture media, eventually coming out of suspension,

and as such where in direct physical contact with cells. The increased cell viability

in the studies by MacDonald et al. (2005) is likely due to the interaction between

NT and collagen fibers, where collagen fibers may bind the NT, reducing the direct

interactions/contact with cells seen in our investigations. This adds weight to our

hypothesis that non-bound hydrophobic NT localize in hydrophobic regions of the

cell membrane, resulting in mechanical disruption of the cell membrane (Fig. 9.1).

Not surprisingly, bone and neuronal engineering have been an early focus for

several tissue engineering groups. In one of the earliest publications using NT in

a tissue engineering application, Supronowicz et al. (2002) assessed cellular inter-

actions with NT composite materials. In these investigations the interactions of

Fig. 9.6. Diagrammatic representation of the process by which

CNT can be incorporated firstly into collagen fibrils then form a

collagen–CNT composite material [89].

Fig. 9.7. Progressive enlargement of the same section of a

composite scaffold (A–C), using scanning electron microscopy,

showing examples of nanotubes and nanotube bundles

incorporated into the collagen fibrils, identified by their typical

banding pattern [89].
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murine osteoblasts seeded onto poly(lactic acid) (PLA)/MWNT composites were as-

sessed while stimulating cells with alternating current. PLA, normally an insulator,

was made conductive with the addition of 20% (w/w) NT, resulting in a resistivity

of 0.2 ohms (W). Osteoblasts seeded at a density of 7500 cells cm�2 were exposed to

an alternating current of 10 mA at a frequency of 10 Hz with a 50% duty cycle. Re-

sults show a significant increase in cellular proliferation, type I collagen deposi-

tion, and calcium content although no expression of alkaline phosphatase or bone

sialoprotein was recorded. Using only the MWNT/PLA composite, samples were

either subjected to the alternating current, or not. Unfortunately, there was no

control using PLA alone (no MWNT additive), and as such we cannot determine

whether the effects noted were the result of the applied current or the presence of

MWNT [90]. The translation of this polymer composite to a tissue engineering

scaffold requires a degree of porosity be built into the initial material; however, at

such high MWNT concentrations (20% w/w) the structural properties may be neg-

atively effected.

A different approach by Zhao et al. (2005) used differentially functional SWNT as

a scaffold template aiming to mimic collagen fibrils at the nanoscale such that

nucleation is initiated and crystallization of hydroxyapatite (HA) occurs to encour-

age bone formation. Various functional groups were explored to expose negatively

charged surfaces that are believed to promote supersaturation of local ions leading

to mineralization. Unlike carboxylic acid functionalized SWNT, the paper shows

that sulfonate- and phosphonate-functionalized nanotubes lead to nucleation of

HA on their surfaces [91]. This is a promising approach to a complex issue where

the defined orientation of HA in natural mineralization processes may be mim-

icked using SWNT to enhance the regeneration capacity of newly formed bone.

The mechanical and rheological properties of poly(propylene fumerate) (PPF)/

SWNT composites were investigated by Shi et al. (2005) as a potential injectable

scaffold for bone repair. This work again draws attention to the importance of

SWNT dispersion within any polymer matrix. Although the mechanical properties

were enhanced at lower concentrations (0.02, 0.03, 0.05 wt.%), higher concentra-

tions (0.1 and 0.2 wt.%) resulted in air bubble formation and SWNT aggregates

within the polymer matrix [92]. Interestingly, functionalization of the NT or the

addition of surfactants did not improve dispersion in PPF, underscoring our earlier

observation that NT surface chemistry may need to be specifically tailored for im-

proved dispersion in this particular polymer.

A second area of specific interest in SWNT composite materials is as a substrate

for neuronal growth and development [93, 94]. Lovat et al. (2005) describe the use

of MWNTneural signal transfer whilst supporting cell adhesion and dendrite elon-

gation. These results show adhered hippocampal neuronal cells spontaneously fire

action potentials with an increased frequency. The authors suggest that growing

neuronal circuits on NT substrates promotes an increase in network operation

[95]. Also using NT as substrates for neuronal growth, Hu et al. (2005) have pre-

pared polyethyleneimine (PEI) functionalized SWNT films deposited on glass sur-

faces as a copolymer to assess hippocampal neuron function. These investigations

assessed neurite outgrowth and branching as a comparative investigation to sub-
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strates of PEI (a widely used substrate for neuronal culture) and as-purchased

MWNT. Results show that neuronal cells cultured on SWNT-PEI substrates pro-

duce out growths and branching intermediate between PEI (alone) and as-

purchased MWNT, suggesting that the ratio of NT to PEI could be titrated to pro-

duce neurons with specific characteristics [96]. In an earlier paper, Webster et al.

(2004) showed the potential of carbon nanofiber reinforced polycarbonate urethane

(PU) as a scaffold to promote adhesion and growth of cell-specific phenotypes com-

pared with cells grown on glass or 100% PU substrates. Using different cell types

on increasing concentrations of NT (NT with a diameter 60 nm), it was shown that

the adhesion of astrocytes and fibroblasts generally decreased with increasing con-

centrations of NT (ratio of PU:NT wt.%); conversely, osteoblast adhesion increased

under the same conditions [97]. The authors see the potential of either PU/NT

coated or bulk materials being used that offer reduced fibroblast adhesion, and

thus reduce the soft tissue formation on orthopedic implants, while at the same

time increasing the opportunity for osteoblast adhesion leading to new bone

growth. Correa-Duarte et al. (2004) have discussed the generation of thin films of

MWNT to form 3D sieve architectures [98]. Using specific treatments and lengths

of NT, SEM analysis shows NT forming in perpendicular alignments, pyramid-like

formations, and also honeycomb structures. In addition to scaffold surface treat-

ments to modulate cell function, this technology would also be useful in determin-

ing the effect of physical patterning and cell adhesion at the nanoscale with identi-

cal materials with different structures.

9.6

Conclusions

Clearly, cell survival on a biomaterial is not adequate, in itself, for functional tissue

regeneration. The use of NT offers several unique opportunities to develop nano-

textured surfaces, variably conductive materials, and materials with adjustable

mechanical properties that can be tailored to meet specific design considerations.

As these investigations continue to test and further understand cell interactions at

macro, micro, and nano-scales the promise of smart, functional materials will be-

come a reality. Ultimately, it is likely to be a combination of multiple stimuli, in-

cluding mechanical, chemical, and electrical factors that will enhance the develop-

ment of new functional tissue engineered devices.
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Nanoparticles for Cell Engineering –

A Radical Concept

Beverly A. Rzigalinski, Igor Danelisen, Elizabeth T. Strawn,

Courtney A. Cohen, and Chengya Liang

10.1

Introduction and Overview

Nanotechnology holds great promise for the treatment of disease through cellular

engineering. Engineering has made substantial advances in materials science and

construction of nanoscale devices over the last decade. Movement of this emerging

technology into the realm of cell biology and medicine involves applying these ad-

vances to biological systems, providing novel opportunities to intervene in the pro-

gression and pathology of disease. To accomplish this, scientists must develop the

ability to work and reason in a manner that merges previously distinct disciplines;

applying the principles of physics and engineering to cell biology and physiology.

This chapter is directed towards achieving this goal.

It is of critical importance to address this merging of disciplines in our written

discussions of nanotechnological inroads into the biomedical sciences. The present

chapter discusses such a progression in an interdisciplinary manner for the first

time, by examining the role of engineered nanoparticles as free radical scavengers

at the cellular level and their potential use as pharmacological agents for free

radical-mediated disorders.

We begin with a brief discussion of free radicals and their role in cellular func-

tion and dysfunction, followed by examination of the role of oxidative stress in

aging and disease. The current pharmacology of oxidative stress will be addressed

along with its limited efficacy. Comparisons will be made regarding free radical

processes in biological vs. industrial and chemical processes. Next, we will examine

an alternative, nanotechnological approach to oxidative stress at the cellular level

and examine the emerging potential for the utilization of different nanoparticles

in the treatment of disease.
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10.2

Free Radicals and Oxidative Stress

Free radicals are highly reactive compounds, lacking the full complement of elec-

trons necessary for molecular stability. In biological organisms, unstable free radi-

cals can strip electrons from cellular macromolecules, rendering them dysfunc-

tional. Free radical species encountered within the cell include superoxide (O2
�),

the hydroxyl radical (OH.), nitric oxide (NO), peroxynitrite (ONOO�), lipid hydro-

peroxides, and others [1–5]. Importantly, many free radical reactions in the cell are

self-propagating [6]. An example of this is the lipid peroxidation chain reaction, in-

itiated by the hydroxyl radical (OH.). The reaction is initiated by interaction of the

hydroxyl radical with a membrane lipid (L):

LH2 þOH. ! LH. þ OH� þHþ

In the second phase of the propagation process:

1. LH. þO2 ! LHOO

2. LHOO. þ LH2 ! LHOOHþ LH.

Thus, the free radical species is regenerated to propagate the peroxidation reaction.

In hydrophobic areas such as the plasma membrane, chain reactions of lipid per-

oxidation can damage membrane structure and induce cell death [6–8]. One of the

end products of peroxidative damage to cellular lipids is the destructive aldehyde 4-

hydroxy-2-nonenal (4HNE), a highly reactive electrophile that interacts with protein

constituents such as cysteine, histidine, and lysine [9, 10]. 4-HNE has been impli-

cated as a damaging factor in many human disease states, by virtue of disruption

of protein function. Formation of prostaglandin-like compounds, termed isopros-

tanes, by free radical-mediated lipid peroxidation has also been implicated in nu-

merous pathological conditions [11]. In addition to lipid peroxidation, cellular

sugars and proteins can also undergo free radical mediated oxidation, which may

induce loss of catalytic function, destruction of cellular architecture, increased deg-

radation or accumulation of damaged cellular constituents, as occurs in many neu-

rodegenerative, ischemic, diabetic, and other disorders (Table 10.1). Engineering

and materials science readers should note that these biological free radical pro-

cesses are similar to those encountered in industrial and materials science

applications – the players are somewhat different but the game remains the same.

10.2.1

Sources of Intracellular Free Radicals

Free radicals arise from many sources within the cell, as described in several good

reviews [5, 12–16]. Mitochondria and the oxidative phosphorylation process are

considered to be a primary site of free radical production, giving rise to superoxide
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radicals during the passage of electrons through the electron transport chain

[17–19]. Free radicals are also formed at sites of inflammation, released by neutro-

phils and macrophages to destroy invading bacteria [1, 18]. However, cells of the

immune system also generate free radicals in inflammatory disorders such as Alz-

heimer’s disease, arthritis, and cardiovascular disease, where they initiate or prop-

agate tissue damage [5].

Free radical production is also a by-product of certain normal cellular enzymatic

reactions. The cyclooxygenase enzyme produces free radicals during prostaglandin

synthesis [20, 21]. NAPDH oxidase and xanthine/xanthine oxidase are also intra-

cellular enzyme systems associated with generation of free radicals during normal

metabolic function [1, 6, 21]. NO is a free radical produced by nitric oxide synthase

(NOS) and is commonly utilized in cell signaling in the nervous and cardiovascular

systems [22]. However, overproduction of NO in inflammatory and disease states

such as atherosclerosis can result in formation of the highly reactive peroxynitrite

radical (ONOO.), which can subsequently induce nitrosylation of critical cellular

proteins and damage their function.

In addition to endogenously generated free radicals, organisms are exposed to

numerous exogenous sources of free radicals and free radical generating agents

during a typical life span. These include environmental toxins such as pesticides,

radiation, pharmacological agents, industrial pollutants, food additives, cigarette

smoke, and many others. In summary, the typical cell is exposed to numerous

free radicals from both endogenous and exogenous sources during a lifetime.

Such free radical exposure, if unchecked or excessive, may induce considerable

damage to cellular constituents necessary for survival and function.

Tab. 10.1. Human disease states that generate oxidative stress

or of which oxidative stress is a known component.

Organ system Disease

Brain, CNS, PNS Alzheimer’s, Parkinson’s, Huntington’s, Multiple Sclerosis Trauma,

Stroke, Ischemia, Other Neurodegenerative disorders

Circulatory Atherosclerosis, Hyperlipidemia, Cardiovascular diseases Vascular

disorders, Hypertension

Endocrine Diabetes, Metabolic Syndrome

Musculoskeletal Arthritis, Physical injury, Joint disorders

Immune Allergic disorders, Autoimmune disorders, Inflammatory disorders

Respiratory Asthma, emphysema, COPD, Bronchitis

Digestive Inflammatory bowel disease, Crohn’s disease
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10.2.2

Oxidative Stress

Healthy cells are able to counteract the damaging effects of free radicals via innate,

natural, enzymatic or molecular mechanisms. Superoxide dismutase (SOD) cata-

lyzes the conversion of the superoxide radical into H2O2 þ O2. Although H2O2 is

also damaging to biological systems, catalase and glutathione peroxidase enzymes

convert H2O2 into O2 þ 2H2O. Other endogenous reductants that ameliorate cel-

lular free radicals include n-acetyl cysteine, vitamin E, vitamin C, carotenes, mela-

tonin, and lipoic acid derivatives, and are the subject of many recent reviews [1,

23–27].

Although excessive free radical production can be damaging, production of free

radicals in low amounts is necessary for normal cell function and signaling. For

example, the free radical NO is necessary for normal signal transduction pathways

in the vasculature [28] and neurotransmission in the brain [23]. Phagocytic cells

routinely utilize free radicals for destruction of invading bacteria or cells infected

with viruses. Regulation of cell signaling pathways such as phosphatase activity,

calcium signaling, and transcription factors have all been implicated in having reg-

ulatory links with free radical production within the cell [22, 29, 30]. Hence a low

amount of free radicals appears to be important to normal cell function and the

healthy cell achieves a biological balance between free radical production and deg-

radation.

Cellular havoc arises when the production of free radicals exceeds the capacities

of cellular defense mechanisms or when cell defense mechanisms are compro-

mised by aging and other pathological states, disturbing the biological balance. In

this case, production of free radicals far exceeds their normal signaling functions

and damage to cellular macromolecules ensues. The burden of free radicals im-

posed upon a cell in such a situation is termed oxidative stress, and often arises

as a prerequisite or result of aging or disease states. For an example of this, let us

return to the subject of the NO free radical. NO is an important neurotransmitter

in regulated, low, amounts. However, when produced in overabundance due to

neuronal damage or in the presence of hydroxyl radicals, oxidative stress can be

imposed upon the brain. The damaging ONOO� radical is formed under these

conditions, which can induce lipid peroxidation and nitration of protein tyrosine

residues [31]. Tyrosine nitration inhibits phosphorylation of tyrosine residues in

proteins, an important signaling mechanism in cell regulation. Other free radicals

may catalyze formation of carbonyl groups on proteins, which can interfere with

tertiary conformation and inhibit or reduce their function [30, 32, 33]. The end re-

sult of such cumulative damage is cell dysfunction or demise.

Within the cell, there is a balance between the rate of free radical production and

the capacity of cellular defense mechanisms to mitigate free radical damage. When

cellular mitigating systems are compromised, high levels of oxidative stress can do

extensive cell damage. Cellular pathologies associated with free radicals include ly-

sosome and proteasome dysfunction leading to cell death [34–36], loss of signaling

cascades mediated by phosphorylation [32, 37], oxidation of DNA bases [38, 39],
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destruction of the membrane lipid environment [40, 41], loss of vascular tone and

responsivity [32, 42], aberrant neurotransmission [16, 43, 44], mitochondrial dys-

function [1, 13, 14], and initiation of cell death pathways [12, 16, 45].

10.2.3

Oxidative Stress and Disease

A multitude of disease pathologies are caused or otherwise related to oxidative

stress, including Alzheimer’s disease, inflammatory disorders, Parkinson’s disease,

diabetes, atherosclerosis, hypertension, and mechanical injury, which are summa-

rized in Table 10.1 and are the subject of numerous works [1, 18, 25, 43, 46–49]. As

with Alzheimer’s disease, free radical production is often not the ultimate caus-

ative factor, but is a byproduct of cellular malfunction initiated by amyloid beta

peptide. Aberrant free radical production by damaged cells can lead to destruction

of uninjured ‘‘bystander’’ tissue, thereby propagating the damage. In Alzheimer’s

disease, excessive free radical production in damaged neurons and inflammatory

activation of microglia leads to free radical injury of healthy, neighboring neurons

[37, 44, 50]. Similar pathologies have been associated with atherosclerosis, arthritis,

and other inflammatory disorders that are prevalent in aging organisms [1, 6,

51–54].

Of particular interest to us all has been the role of free radicals in aging and age-

associated disorders. As described by Harman [55], aging began with the origin of

life, and represents the accumulation of diverse deleterious changes in cells and

tissues that increase the risk of disease and death. Although there are several

theories on aging, the ‘‘Free Radical Theory of Aging’’ appears to have the most

biochemical support [23, 50, 55]. According to this theory, aging is associated with

accumulation of macromolecular free radical damage to lipid membranes, mito-

chondria, protein, and DNA, promoting cell dysfunction and death. Numerous

lines of evidence support this hypothesis and are the subject of several excellent re-

views [1, 45, 49, 50]. Aging is accompanied by an increase in the level of oxidative

damage such as carbonyl groups and tyrosine nitration of cellular proteins, a gen-

eral index of free radical damage [32, 33, 56]. Late onset Alzheimer’s is character-

ized by an accumulation of oxidatively modified proteins [32, 57]. The antioxidant

spin trap n-t-butyl-a-phenylnitrone improved spatial memory of aged rats relative to

untreated controls, and also decreased the level of oxidative damage to cellular

macromolecules in the brain [32]. Lipid peroxidation products have also been

shown to increase with age [58], suggesting that membrane damage accumulates

over the course of a lifespan.

Quality of life, not only life span, is important in the aging process. Once again,

the free radical hypothesis maintains that free radical production is associated with

cognitive deficits, neuronal dysfunction, atherosclerotic conditions, and inflamma-

tory conditions associated with aging. Neural tissue has the highest ATP and oxy-

gen utilization of all the organs in the body. It follows that neural tissue is there-

fore exposed to some of the highest levels of oxidative stress in neurodegenerative

diseases and aging. Several reviews [59–61], suggest that free radical scavengers
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may be useful therapeutic adjuncts in treatment and prevention of age-associated

disorders, improving the quality of life.

Given the widespread involvement of free radicals in aging and disease, the use

of free radical scavengers or antioxidants as pharmacological therapy has been re-

ported in many disorders (reviewed in Refs. [25, 27, 52, 54, 59–61]). Free radical

scavengers such as vitamin E, vitamin C, n-acetyl cysteine, melatonin, SOD mi-

metics, 21-aminosteroids, 2-methylaminochromans and nitrosone spin traps have

been utilized to lessen the severity of disorders associated with free radical produc-

tion. However, many of these free radical scavengers have met with only limited

clinical success. For example, SOD and poly(ethylene glycol)-conjugated SOD

showed promise in the treatment of traumatic head injury, where superoxide radi-

cal production contributes to disease pathology [59, 61, 62]. Yet clinical trials of

these agents yielded far from promising results, likely due to lack of cell or tissue

penetration. On the whole, pharmacological use of free radical scavengers has sev-

eral problematic aspects. The first is lack of penetration to the site of radical pro-

duction, as may be the case with exogenous SOD mimetics. Similarly, vitamin C

is also a free radical scavenger, yet it is thought to function only in aqueous envi-

ronments and has difficulty crossing the lipid membrane of the cell. Additionally,

due to its chemical structure, high concentrations of vitamin C are also reported to

act as free radical generators, so proper dose is critical to antioxidant function. The

second problematic issue is the requirement for repeated dosage. Many of these

scavengers require repetitive daily dosing to replace molecular species that were

utilized in free radical reduction. In the case of vitamins C or E and other antioxi-

dants, one molecule of antioxidant is utilized for each free radical detoxified, and

regeneration is low or non-existent in the case of exogenous agents such as spin

traps and 21-aminosteroids. In summary, although supplementation with free rad-

ical scavengers has shown to be beneficial in several disease states, the overall suc-

cess has been limited at the clinical level.

10.3

A Nanotechnological Approach to Oxidative Stress

Up to this point, our discussion of free radicals and oxidative stress have focused

on events from a biological standpoint. However, if we examine the basic chemis-

try of free radical mechanisms, the engineer will realize that the cellular processes

underlying biological oxidative stress are encountered in many non-biological in-

stances. Let us take, for example, the processes involved in three-way catalysis for

improved combustion and removal of environmental contaminants from engine

exhaust. These processes have much in common with the biological concept of

redox reactions and antioxidants from a chemical and physical standpoint. Like-

wise, the role of coatings in reduction of metal oxidation involves chemical princi-

ples similar to those associated with prevention of oxidation of biomolecules, intra-

cellularly. Nanoparticle formulations added to such industrial catalytic systems

often serve the role of a catalysis promoter or a stabilizer, to improve the efficiency

366 10 Nanoparticles for Cell Engineering – A Radical Concept



of the catalyst. However, looking at this issue from a cross-disciplinary standpoint,

the actions of enzymes and cofactors involved in biochemical reactions can be de-

fined in a similar manner, in that they act at catalysis promoters that are un-

changed by the reaction they catalyze. From an engineering standpoint, nanotech-

nology has provided dramatic improvement in industrial applications related to

efficiency of redox reactions. Cross-disciplinary application of these processes to

cellular redox reactions occurring on the nano-scale intracellularly may provide a

new basis for pharmacological treatment of many diseases related to oxidative

stress.

Three of the most-studied nanoparticle redox reagents, at the cellular level, are

rare earth oxide nanoparticles (particularly cerium), fullerenes and their deriva-

tives, and carbon nanotubes. In the following sections, we discuss the chemistry

and biological properties of these nanoparticles and their potential use in preserva-

tion of cellular redox status and treatment of disease.

10.3.1

Rare Earth Oxide Nanoparticles – Cerium

Rare earth oxides of cerium, neodymium, praseodymium, and ruthenium have

been utilized in three-way catalysts for enhancement of fuel combustion, removal

of soot from engine exhaust, removal of environmental free radical contaminants

such as NO and SO from fuel exhaust, removal of organics from wastewater, pro-

moters of catalysis in environmental clean up, and in development of fuel cell tech-

nologies [75]. These applications are all related to the high redox capabilities of

rare earth oxides; that being their ability to serve as free radical scavengers. Out of

the lanthanide series of elements, oxides of cerium (ceria, CeO2) nanoparticles are

reported to have several unique properties that make them highly efficient redox

reagents (Fig. 10.1). To date, on the intracellular level, ceria has been the most-

studied of this nanoparticle group.

As a rare earth element of the lanthanide series, cerium oxide has a characteris-

tic fluorite lattice structure. Lanthanides exist in the earth’s crust at about 100 ppm,

Fig. 10.1. Electron micrograph of cerium oxide nanoparticles.

(Courtesy of Nanophase Inc., Romeoville, Illinois.)
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with cerium making up approximately 24 ppm [63]. However, cerium has several

unique properties among the rare earths, established by examining microcrystal-

line cerium oxide structures [65]. First, cerium has two partially filled subshells of

electrons, 4f and 5d, with 14 excited sub-states of cerium predicted [66]. The ce-

rium atom can exist in either the þ3 (fully reduced) or þ4 (fully oxidized) state,

and may readily flip-flop between the two in a redox reaction [66–68]. Both the

crystal lattice size and the bond length change when alterations in redox state

occur. It is hypothesized that cerium oxides make excellent oxygen buffers with

high oxygen storage capacities, because of their high redox capabilities [64]. In ad-

dition to alterations in cerium redox state, cerium oxide also exhibits oxygen vacan-

cies, or defects, in the lattice structure, by loss of oxygen and/or its electrons

[66, 67]. Formation of each defect removes a subgroup of ions from the lattice

structure. Thus, creation and annihilation of oxygen vacancies occurs in the ce-

rium oxide lattice during redox reactions [65]. Cerium and its oxides are also

unique, among the rare earths, in that there is a high hydrogen absorbing capacity

on the surface, providing for ease of reactions with H2, O2, or H2O, as compared

with other rare earths.

The valence and defect structure of cerium oxide is dynamic and may change

spontaneously or in response to physical parameters such as temperature, pH,

presence of other ions, and oxygen partial pressure [67–69]. Several groups have

examined the use of cerium oxide particles as metal coatings to reduce oxidation

and as coatings for catalytic converters, to enhance oxidation of carbon monoxide

and hydrocarbons, and reduce nitrogen oxide emissions [70, 71]. A primary role

of cerium oxide under these conditions is to act as an oxygen storage and release

component [69]. The chemical reactions of cerium oxide have been reviewed [68,

72–75] and include oxygen atom transfer and absorption, oxidation of unsaturated

hydrocarbons, electron transfer to hydrocarbon radicals, high catalytic activity in

redox reactions, and reduction of nitrogen oxide. One cannot avoid noting the sim-

ilarities between these uses and the properties necessary for a good cellular anti-

oxidant. Thus, the chemistry of cerium oxide further supports a potential role as

either a biological free radical scavenger or antioxidant.

The atomic and molecular properties of materials at the nanometer scale change

in ways we are just beginning to comprehend. The chemical behavior of cerium

oxide nanoparticles may reflect the chemical properties of its macromolecular

structure to some extent, but altered characteristics are likely at the nanoscale. For

example, Raman spectra of cerium oxide nanoparticles are very different from mi-

croparticles [68]. Creation and annihilation of oxygen vacancies is reported to occur

more rapidly in nano-ceria, making it a more efficient redox center in industrial

applications. Guo and Waser have reported that the electrical conductivity of nano-

crystalline CeO2 is several orders of magnitude higher than its microcrystalline

form [76]. Several other groups report that nanocrystalline cerium oxide shows en-

hanced electrical conductivity as grain size decreases below 100 nm, due to a de-

crease in the enthalpy of oxygen defect formation [67–69]. Thus, oxygen vacancies

are likely to form more readily at the nanoscale, increasing the number of sites

available for free radical scavenging. Additionally, the surface area of cerium oxide
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particles (grain boundary) is dramatically increased at the nanoscale, so greater

oxygen exchange and redox reactions may occur over the increased surface area

[71]. It is precisely these proposed alterations in cerium oxide nanoparticles that

may impart cellular biological effects. Several reports indicate that ceria and its ox-

ides are the only rare earth elements capable of undergoing redox transformations

at ambient temperatures, such as those encountered in the intracellular environ-

ment [77, 78]. However, the chemical properties of cerium oxide nanoparticles

under physiologically relevant parameters remain unknown, as most studies to

date utilize temperatures and pressures well above the physiological range. Thus,

there is a distinct need to further study the chemistry and physics of ceria nanopar-

ticles at physiological temperatures and in medium with ionic composition similar

to the intracellular and interstitial fluid environment.

10.3.1.1 Biological Effects of Cerium

Biologically, cerium has been utilized most often in the form of nitrates or chlor-

ides of cerium. In China, cerium chlorides and nitrates are used in fertilizers, to

increase harvest [74]. Aged rice seed treated with cerium nitrate showed an en-

hanced respiratory rate and increased activities of superoxide dismutase, catalase,

and peroxidase, enzymes associated with reduction of oxidative stress and free rad-

icals [79].

Cerium has been found in humans and other animals, with amounts varying

from several parts per billion to parts per million. In a feeding study conducted in

pigs, feed containing rare earth elements (38% La, 52% Ce, 10% other) increased

weight gain and feed conversion ratios [80], thereby enhancing biomass produc-

tion. No negative health effects were observed. Serum cholesterol, triglycerides,

total protein, albumin and ionic composition were normal and concentration of

rare earths in the tissues was below 52 mg per kg dry weight. Cerium nitrate has

been used in treatment of burns, and improved the outcome of burn patients [81,

82]. Improved outcome was associated with a reduction in the systemic inflamma-

tory response observed in burn victims and improved capacity for tissue repair.

Rare earths in general have potent anti-atherosclerotic, anti-arthritic, and anti-

inflammatory activity. Histologically, the chloride form of cerium has been used to

identify subcellular sites of free radical (superoxide, H2O2) production [83, 84]. It

has also been used to study the location of xanthine/xanthine oxidase in rat liver

cells, an enzyme associated with free radical production [22]. Although these

studies involve the use of nitrates and chlorides of cerium, they support a distinct

role for cerium in interaction with cellular free radicals.

From the few existing reports, cerium is relatively inert from the biological

standpoint of toxicity – but reports are scarce and do not address oxides of cerium,

much less nanoparticles. However, some negative biological effects have been re-

ported, particularly at high concentrations. One report of inhalation pneumoconio-

sis was identified, occurring in a lens grinder exposed to prolonged high inhaled

concentrations or rare earths [85]. Millimolar solutions have been shown to aggre-

gate erythrocyte membranes in vitro, through disulfide bond crosslinks [86]. At

high concentrations and non-physiological pH, cerium chloride served as a catalyst
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for DNA and peptide hydrolysis [87]. Cerium chloride given to rats at 0.2–20

mg kg�1 increased the oxygen affinity of hemoglobin by alteration of the secondary

structure [87]. Based on its redox activities, it appears likely that cerium interacts

with proteins such as hemoglobin and cytochrome P450, which contain heme-

iron centers at the active site. However, once again, these reports represent the

activity of cerium in the chloride or nitrate form, at millimolar concentrations.

The biological properties of cerium oxide nanoparticles are likely to substantially

differ.

10.3.1.2 Biological Effects of Cerium Oxide Nanoparticles

The previous section describes the biological effects of cerium in general; however,

cerium oxide nanoparticles, although having some similar properties, appear to be

quite different on the whole. At the cellular level, cerium oxide nanoparticles have

several potent properties, notably at extension of cellular longevity and as regener-

ative antioxidants.

In several studies, the Rzigalinski laboratory has demonstrated that nanopar-

ticles of cerium oxide, of the size range of 6–20 nm, prolong the lifespan of mixed

brain cell cultures, by 6–8-fold [88–90]. Ceria nanoparticles of greater than 20 nm

were without effect at prolongation of life span, as were ruthenium, titanium, and

neodymium oxide nanoparticles. In these experiments, cerium oxide nanoparticles

were added directly to the tissue culture medium on day 10 in vitro, allowed to re-

main in the medium for 48 h, followed by replacement with fresh medium. Thus,

a 48 h period was allowed for particle uptake. The optimal particle dose was 10 nm

in the tissue culture medium. Figure 10.2 shows representative light micrographs

of mixed brain cell cultures treated with cerium oxide. Importantly, neurons pres-

ent in these aged cultures demonstrated signaling characteristics similar to their

younger, untreated counterparts, demonstrating that normal neuronal function

was also preserved in ceria nanoparticle-treated cultures [88–90].

Based on the industrial uses of ceria nanoparticles in redox reactions, it was hy-

pothesized that the cellular effects of ceria nanoparticles were due to a free radical

scavenging activity. To examine the mechanism of action further, cell cultures were

exposed to free radical generating conditions of UV light, g-radiation, H2O2, and

trauma [88, 90–93]. Cultures treated with ceria nanoparticles showed dramatic re-

sistance to these forms of oxidative stress, and survival exceeded that observed with

the biological free radical scavengers vitamin E, melatonin, and n-acetyl cysteine.
Of critical importance is the dosing regime used in these studies. First, cultures

were only treated once, on day 10 in vitro. At this time in culture, a confluent astro-

cyte monolayer covers the bottom of the tissue culture well, with neurons, micro-

glia, and oligodendrocytes loosely attached to the astrocyte layer. Little cell division

occurs at this time, and most of the cells in culture are terminally differentiated.

A single dose of ceria nanoparticles was responsible for the dramatic extension of

lifespan observed in these cultures. Further, a single dose on day 10 demonstrated

enhanced protection against oxidative stressors through the extended lifespan of

the cultures. This suggests that the antioxidant capacity of ceria nanoparticles in

the cell may be, unlike many free radical scavengers, regenerative. The known
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chemistry of ceria nanoparticles appears to support this hypothesis. Ceria under-

goes rapid, reversible reduction and oxidation and can readily take up and release

oxygen, alternating between CeO2 and CeO2�x [64, 68, 94]. Therefore, it is a redox

cycling agent that does not in itself generate free radicals in the process. Based on

reports from the materials science field, we can only speculate on the actions of

ceria nanoparticles in the physiological milieu. In aqueous medium, it appears

likely that formation of adsorbed OH groups occurs on the surface of the ceria,

with a concomitant reduction of the Ce atom from þ4 to þ3 (Fig. 10.3). This

change in cerium valence alters the structure of the oxide lattice, creating oxygen

vacancies and expansion of the lattice [95, 96]. This electron shuffling in the lattice,

along with the oxygen vacancies generated, provide redox potential for free radical

scavenging [76, 97]. After the scavenging event, the original lattice structure may

be regenerated by H2O and the cerium atom returned to the þ4 state [98]. How-

ever, we would point out that the precise mechanisms responsible for lattice regen-

eration in the intracellular environment can only be speculated (Fig. 10.3). Thus,

Fig. 10.2. Light micrograph of control and

nanoparticle treated rat cortical mixed cell

cultures. (A) 27-day-old organotypic culture

near the end of its in vitro life span. Note the

lack of confluent astrocyte monolayer in the

background and low numbers of remaining,

processed neurons. (B) 27-day-old culture

treated with 10 nm cerium oxide nanoparticles

once, on day 10 in vitro. Note the healthy,

confluent astrocyte monolayer and abundant

neurons with robust processes. (C) 123-day-old

culture treated with 10 nm cerium oxide

nanoparticles on day 10 in vitro. Total

magnification 800�.
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the redox properties of ceria appear to make it possible for the nanoparticles to

both oxidize and reduce molecules, depending on the conditions in the surround-

ing milieu and the level of oxidative stress.

Why then, are micro-sized ceria particles ineffective or weakly effective as biolog-

ical free radical scavengers? First, and probably most obvious, micro-ceria is un-

likely to enter the cell due to its size. As shown in Fig. 10.4, nano-ceria readily

enter mixed brain cell cultures and other cells [99], and hence are able to carry

out redox reactions. Figure 10.4 shows brain macrophage or microglia that has

phagocytosed one nanoparticle, with possibly a second in the process of consump-

tion. Figure 10.5 is an electron micrograph taken from mixed brain cell cultures,

demonstrating the presence of nanoparticles in the cytoplasmic space. Second,

nano-ceria has a dramatically increased surface area as compared with micro-sized

particles, thereby increasing the available redox sites. Last, nano-ceria is capable of

redox behavior at far lower temperatures than its micro-sized counterparts, and has

more oxygen vacancies for scavenging electrons, which may allow for redox cycling

in physiological environs [96, 98, 100].

Fig. 10.3. Hypothesized intracellular mechanism(s) of action

of ceria nanoparticles (see text for description). FR ¼ free

radical.

Fig. 10.4. Electron micrograph of intracellular cerium oxide.

Note that one particle appears to already have entered the cell

(first arrow), while a second may be in the early stages of

phagocytosis (second arrow).

372 10 Nanoparticles for Cell Engineering – A Radical Concept



10.3.1.3 Other Oxide Nanoparticles

Materials science has utilized other oxides of the lanthanide series for redox re-

actions, including neodymium, ruthenium, praseodymium, lanthanum, and tita-

nium. In many cases, ceria nanoparticles are doped with these compounds to en-

hance redox activity or stability. Although pure nano-oxides of these rare earths

were without the life extension and radical scavenging abilities of ceria, mixtures

of ceria-doped nanoparticles remain to be further examined for biological effects.

The stability of ceria nanoparticles within the cell and the persistence during repet-

itive challenges of oxidative stress are presently unknown, and dopants may im-

prove the intracellular half-life. Toxicities of these oxides have not been noted,

with the exception of ruthenium, which can interfere with mitochondrial function

[101]. However, there remains much work to be done regarding biological proper-

ties of ceria-doped nanoparticles.

Nanoparticles of zinc oxide and iron oxide have also received much attention at

the biological level. Zinc oxide nanoparticles are routinely used as UV-absorbing

agents in sunscreens. Their effects as intracellular antioxidants and lifespan ex-

tenders remain to be examined. Iron oxide nanoparticles have several emerging ap-

plications for drug delivery and biomedical imaging. However, problematic issues

arise in that iron oxides may produce free radicals via the Fenton reaction, and

hence may have damaging effects on cells. In this case, the addition of ceria nano-

particles to iron oxide nanoparticle preparations utilized in drug delivery may serve

to abrogate deleterious effects of Fenton-reaction generated intracellular free

radicals.

10.3.1.4 Fullerene Derivatives and Carbon Nanotubes

Ceria nanoparticles are not the only nanoparticles that have future potential as free

radical scavengers. Although experiments on cell lifespan are lacking, numerous

reports suggest that fullerenes and carbon nanotubes may also act intracellularly

as potent free radical scavengers. Corona-Morales et al. [102] have demonstrated

that the water soluble carboxylic acid derivative of fullerene, carboxyfullerene, pro-

longed survival of adrenal chromaffin cells exposed to the free radical generating

Fig. 10.5. Electron micrograph of mixed cortical cultures,

showing intracellular accumulation of ceria nanoparticles

(arrow).
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neurotransmitter dopamine. In a series of papers, Dugan et al. [103–105] showed

that carboxyfullerenes acted as free radical scavengers and dramatically reduced

neuronal death induced by excitotoxic doses of NMDA, amyloid beta peptide, and

H2O2, suggesting a role in neuroprotection. Carboxyfullerenes out-performed sev-

eral other groups of free radical scavengers, including 21-aminosteroid compounds,

vitamin E analogs, and spin trap agents. The extensive double bond system in full-

erenols has led Krusic et al. to characterize them as a ‘‘free radical sponge’’ [106].

In rats, carrying the mutant SOD gene responsible for amyotropic lateral sclerosis,

carboxyfullerenes infusion delayed both functional deterioration and death [105].

Additionally, carboxyfullerene prevented the iron-induced oxidative injury in the ni-

grostriatal dopaminergic system of rats by acting as an antioxidant and suppress-

ing free radical damage [107], suggesting potential use in Parkinson’s disease-like

disorders. The mechanism of action of fullerenes has been hypothesized by Jain

[108], in which a free radical forms a bond with fullerene creating a stable, non-

reactive fullerene radical. Taken together, these reports suggest that like ceria nano-

particles, fullerene derivatives hold great potential in treating oxidative-stress re-

lated degenerative conditions, such as those associated with aging. Their role in

aging, however, remains to be investigated.

The free radical scavenging and generating activities of carbon nanotubes have

also been a subject of great debate. Unpurified single-walled carbon nanotubes

(SWCNT) were shown to stimulate production of free radicals in human keratino-

cytes and bronchial epithelial cells [109, 110]. However, the free radical generating

activities of SWCNT appeared to be due, in part, to metal contamination during

particle synthesis. Muller et al. [111] reported that multi-walled carbon nanotubes

(MWCNT) induced inflammatory and fibrotic reactions in rat lung after intratra-

cheal instillation. They hypothesized that the mechanism of action was via free

radical generation. In a recent subsequent study, Fenoglio et al. [112] directly ex-

amined the effect of MWCNT on free radical generation via electron spin reso-

nance and found that MWCNT did not generate free radicals in physiological buf-

fers. In contrast, they found that MWCNT were excellent scavengers of free

radicals, including hydroxyl and superoxide radicals. In support of a role for CNT

as free radical scavengers, one must consider that functionalization and polymer

grafting onto CNT involves reactions similar to radical addition to the carbon

framework [113, 114].

10.4

Nano-pharmacology

Substantial evidence suggests that nanoparticles comprise a class of materials that

may be potent antioxidants and intracellular redox reagents. However, treatment at

the organismal level is confounded by the need for establishing the behavior of

nanoparticles within the pharmacological parameters of ADME – absorption, dis-

tribution, metabolism, and excretion. Given the novelty of nanotechnology and

the requirement for alternative ways of thinking about chemistry and physics in
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the realm of the very small, traditional pharmacological parameters will no doubt

require additional adjustments.

10.4.1

Absorption

For a nanoparticle to be utilized in pharmacotherapy, absorption into the system is

generally one of the first hurdles to be met. Several reviews address the study of

nanoparticle-assisted drug delivery [115, 116] but much work remains in this

realm, particularly for rare earth nanoparticles such as ceria and carbon derivatives

such as CNT and fullerene compounds. It has been well established that various

nanoparticles can enter an organism via skin absorption, digestive tract, and paren-

teral administration. Many even cross the blood–brain barrier. Our laboratory has

conducted experiments injecting ceria nanoparticles into the tail vein of the mouse

(Fig. 10.6). We found that injection of a 90 nmol total over 3 days via tail vein re-

sulted in an increased accumulation of tissue cerium in brain, heart, and lung at 3

months post injection (Fig 10.6). Interestingly, these three tissues are the most

highly oxidative organs of the body. During the 3 month post injection period, no

overt toxicological effects were noted in these experiments; however, histological

assessments were not conducted (most of the tissue available was utilized to mea-

Fig. 10.6. Distribution of cerium in mouse

tissues. Mice were injected with CeO2

nanoparticles in saline via the tail vein (10 mL,

3 mm stock), every other day for a total of

three injections. Mice were sacrificed 3 months

post injection. Tissues were collected, ashed,

and analyzed for cerium content by inductively

coupled mass spectrometry.
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sure tissue cerium levels). As measured by ashing followed by inductively coupled

plasma mass spectrometry, tissue cerium levels were approximately doubled, but

remained in the ppb range (Fig. 10.6). Six months post injection, tissue cerium

levels were similar. These studies suggest that ceria nanoparticles are readily ab-

sorbed by tissues and tend to accumulate and persist in highly oxidative areas.

One particular difficulty in administration was noted during intravenous injection

in that injection of stock solutions higher than 3 mm appeared to agglomerate at

the site of injection, blocking circulation and resulting in necrosis at the tail.

Thus, agglomeration may be problematic in nanoparticle delivery. Additionally, no-

tably, the long-term effects of accumulated ceria have not yet been examined and

metabolic parameters such as excretion in urine and feces are unknown.

10.4.1.1 Agglomeration

Agglomeration appears to be a primary issue in dosing, as mentioned above. Ceria,

as well as other nanoparticles, have a high propensity for agglomeration, particu-

larly in physiological medium. Agglomeration increases particle size and may

block cellular or tissue uptake mechanisms. At the organismal level, systemic ag-

glomeration of nanoparticles may block capillary circulation, lympathic vessels, al-

veoli, or kidney perfusion. Thus, the use of dilute, well dispersed solutions of nano-

particles is critical. In our studies, care was taken to eliminate pre-administration

agglomeration of nano-ceria by avoiding phosphate buffers and the use of rigorous

sonication prior to delivery [88]. Poorly dispersed ceria solutions or solutions pre-

pared in phosphate buffer, result in poor intracellular delivery of nanoparticles.

However, as can be seen in Figs. 10.4 and 10.5, it appears likely that some agglom-

eration occurs in the cells themselves, since the particle size in electron micro-

graphs appears to be somewhat larger than that in the stock solutions and intracel-

lular particles shown in Fig. 10.5 appear to be associated. In lung cells, Stark et al.

also found agglomerates of ceria [99], which appeared to be localized to vacuole-

like structures.

In addition to agglomeration, contaminants from synthesis of nanoparticle prep-

arations may also cause a range of effects and must be carefully controlled in cel-

lular and animal studies. Metal contaminants from synthesis of carbon nanotubes

may promote free radical generation and toxic effects. Likewise, tailing surfactant

in nano-ceria preparations synthesized via micro-emulsion techniques have also

proved damaging to the cell. Therefore, an assessment of preparation purity is a

critical step that must be considered prior to biological use.

10.4.1.2 Dose

Dose is also a parameter that needs to be addressed in a somewhat non-traditional

pharmacological manner. Traditional pharmacology generally expresses dose in a

molar or mg kg�1 manner. However, nanoparticles are engineered ‘‘mini-reactors’’,

and dose via mass or molar number may be an inappropriate descriptor, since each

individual particle appears to be an entity unto itself. For example, in nano-ceria or

fullerenes, the radical scavenging effect is primarily due to surface area reactions,

which are enhanced at the nano-scale. Based on this premise, Oberdorster et al.
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[117] propose that dose be described in terms of surface area, rather than mass.

Other groups have utilized the descriptor of number of nanoparticles delivered

per cell for in vitro experiments, which works well for nanoparticles of discrete

size. Until further experimentation provides adequate guidelines, both these types

of dose descriptors appear useful for experimental analysis and comparison. In the

cases of carbon nanotubes, additional parameters of particle length and circumfer-

ence need to be considered.

10.4.2

Distribution, Metabolism, and Excretion

Distribution, metabolism, and excretion are parameters that also must be addressed

as nanotechnology moves into the realm of conventional pharmacology. This area

is one in which research is decidedly scarce. Studies with ultrafine particulates

have shown that inhaled doses reach the systemic circulation and penetrate the

blood–brain barrier, and this scenario is likely for many forms of nanoparticles

[118, 119]. However, progress in this area has been hindered by our lack of ability

to detect nanoparticle distribution and excretion. In the case of fullerenes, chemi-

cal detection in tissues is confounded by the fact that carbon is a ubiquitous back-

bone of all organic molecules. With cerium oxide and other rare earth nanopar-

ticles, assessment of distribution is hindered by our ability to extract cerium oxide

from tissues and the lack of chemical assessment of its presence. Of course, it is

certainly possible to measure rare earths in tissue by inductively coupled mass

spectrometry, but this only measures the rare earth element itself, and not the

presence of oxides or other derivatives. Current research directed to the use of flu-

orescent tags may improve our ability to track the distribution of nanoparticles in

living cells and tissues. Additionally, nanoparticles synthesized with heavy metal

cores may permit localization via CT or MRI in the whole animal.

10.5

Nanoparticle Antioxidants and Treatment of Disease

Research to date suggests that nanoparticles may provide the field of medicine

with effective, long lasting antioxidants for the treatment of diseases associated

with free radical production (Table 10.1). Neurodegenerative disorders such as Alz-

heimer’s disease, Parkinson’s disease, multiple sclerosis, amyotropic lateral sclero-

sis, and traumatic and ischemic brain injury all have free radical mediated com-

ponents [1, 3, 5, 6, 120, 121]. Efficient nanoparticle free radical scavengers may

hold great potential in abrogating the functional deficits associated with many of

these neurological disorders. Using an in vitro model for traumatic brain injury

[122–125], our group has shown that pre-treatment of brain cell cultures with ceria

nanoparticles prior to injury, reduces cell death and neuronal dysfunction after in-

jury [91, 92]. Importantly, ceria nanoparticles were effective at reducing neuronal

death and dysfunction even when delivered up to 3 h post injury – an effect not
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reproduced by other free radical scavengers. These effects were due, in part, to a

reduction in the inflammatory reactions in brain microglia [92]. Other work also

supports a role for fullerene derivatives in mediation of free radical damage in the

nervous system [102–106].

Cardiovascular disorders are another realm in which nanoparticle free radical

scavengers may hold great promise. Development of atherosclerotic lesions is pro-

moted by free radical-mediated vascular damage and free radical generation to the

vessel wall increases and promotes the subsequent inflammatory processes. Hence,

effective administration of nanoparticle antioxidants may blunt this process, partic-

ularly in susceptible populations. Percutaneous transluminal angioplasty (PTCA) is

a widely used procedure in treatment of acute and chronic ischemic heart disease.

One of the most serious and reoccurring complications of PTCA is re-stenosis,

leading to further blockage and occurrence of new ischemic events. The patho-

physiology of re-stenosis is multifactorial and consists of inflammation, smooth

muscle cell migration, proliferation, extracellular matrix remodeling, and free rad-

ical damage. Poly(ethylene glycol)-based core shell nanoparticles (NK911) loaded

with the antineoplastic drug doxorubicin were able to prevent re-stenosis after bal-

loon angioplasty in animal models [126]. It appears the core shell nanoparticles di-

rected the doxorubicin to the damaged vascular epithelium. Incorporation of free

radical scavenging nanoparticles into the core shell of such preparations may lead

to further enhancement of endothelial function and reduction in future damage.

Similarly, the use of coronary stents in treatment of chronic and acute coronary oc-

clusion is also complicated by the occurrence of in-stent re-stenosis [127] and is a

clinical problem treatable only by coronary artery by-pass. Stent re-stenosis is a re-

sult of continuing inflammatory reactions within the vascular walls, of which free

radical production is an important component. Coating of vascular stents with

ceria or other nanoparticles may aid in reducing inflammation around the site of

stent insertion and decrease the incidence of re-stenosis.

Oxidative stress and free radical production are also a primary component of in-

flammatory disorders such as arthritis. Accumulation of activated inflammatory

cells within the arthritic joint release high levels of free radicals that promote de-

struction of tissue within the joint. An as-yet unexplored possibility lies in the use

of ceria and other antioxidant nanoparticles in reduction of damage to the arthritic

joint, by direct delivery to the joint itself or via coating of implantable materials. In

support of this potential usage, our laboratory has found that treatment of activated

microglia and macrophages with ceria nanoparticles reduces release of free radi-

cals from these cells and protects bystander cells from damage from activated im-

mune cells [88, 92, 93]. Further, work by our collaborators, Drs. S. Olgun and C.

Reilly, suggests that treatment of lupus mice with ceria nanoparticles decreases

disease severity and inflammatory cell activation (Olgun, Reilly and Rzigalinski,

unpublished results).

Of importance to us all is the association between oxidative stress and aging and

age-related disorders. Can nanoparticles be the fountain of youth long sought by

Ponce de Leon? Although promising, the utility of nanoparticles in retarding aging

are far more complex than to venture an answer to such a question. Ceria nanopar-
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ticles, and possibly others, certainly hold promise for extension of lifespan and ab-

rogation of age related disorders. However, much work is necessary to move the

current work in cellular studies, to the level of organism longevity. In preliminary

studies in the fruit fly, we have found a 30% increase in lifespan in flies fed cerium

oxide nanoparticles, dosed at 10–100 nm in the food. However, doses above 1 mm

appeared to result in a decrease in lifespan. Hence, total cumulative dose to the or-

ganism is likely to be an important parameter. Also, the effect of dosing through-

out the lifespan vs. dosing for a limited time period needs to be examined. Al-

though excessive free radical production contributes to cell damage, free radicals,

as discussed in Section 10.1, also have beneficial effects on survival – particularly

in the vascular and nervous systems. Thus, blockade of free radical production

may reach the level of ‘‘too much of a good thing’’. For example, NO radicals are

critical to maintenance of vascular tone and endothelial function. Satoh et al. [128]

have shown that fullerene nanoparticles interfere with NO-mediated vasodilation

and may have deleterious effects on the vasculature at high concentrations. For

ceria nanoparticles, the vasoactive actions of NO may also be rendered non-

functional at certain concentrations, resulting in disruption of the normal vascular

response in vivo. Thus the question arises as to how much free radical scavenging

is too much, and at which point these highly efficient nanoparticle scavengers in-

terfere with normal cell function. Further engineering of nanoparticle structure

may provide a solution to this problem. However, much work is needed to assess

these parameters.

An additional paradox arises when one considers the increased incidence of neo-

plasia with age. If resistance to free radical damage is conferred to normal cells by

nanoparticles, might not cancerous cells or dysfunctional cells destined for apopto-

sis also receive a degree of protection when nanoparticles are delivered? Such

events might potentially counteract the tumor killing effects of radiation or chemo-

therapy, both of which may act through free-radical mediated cell death. Alterna-

tively, if such nanoparticles could be delivered to healthy cells surrounding the

site of a radiation dose, they may afford protection to healthy bystander cell injury

associated with radiation therapy. Again, further engineering and targeting of

nanoparticles may provide solutions to these issues. Nonetheless, such avenues re-

main to be explored before the full medicinal capabilities of nanoparticles can be

put to use.

10.6

Toxicology

Despite the beneficial potential of antioxidant nanoparticles in the treatment of dis-

ease, there remains a major hurdle that must be surpassed before progress can be

made in this area. Toxicological data is seriously lacking. Presently, there are only

scant reports on the effects of nanoparticles in general on organism metabolism

and function. As discussed in Section 10.3, some nanoparticles appear to have the

potential to induce free radical formation and damage, which may be due to con-
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taminants from synthesis procedures [109, 110, 119]. Several studies have reported

that SWCNT and MWCNT induce granulomas and fibrosis in the lung during in-

tratracheal or inhalation exposure [110, 129]. Oberdorster et al. [130] have reviewed

the potential toxicological effects of fullerenes as free radical generating agents,

particularly after exposure to light. Kamat et al. [131] also report significant lipid

peroxidation due to photosensitized C60. Hussain et al. have reported that oxide

nanoparticles of molybdenum, aluminum, iron, and titanium were toxic, albeit at

high doses [132]. Ueng et al. [133] demonstrated that certain fullerenol derivatives

suppressed microsomal enzymes and mitochondrial oxidative phosphorylation

in vitro, although the compounds were able to scavenge free radicals in brain tissue

[134, 135]. Chen et al. report that SiO2 nanoparticles were taken up into the cell

nucleus, where they caused aberrant clustering of nuclear proteins and inhibited

replication and transcription [136]. Thus, although highly promising, antioxidant

nanoparticles are certainly not a magic bullet as yet and the road ahead is likely

long – but equally likely one worth traveling.

10.7

Summary

Free radicals and oxidative stress are associated with a broad spectrum of human

diseases. Despite their prominence in pathological conditions, antioxidant therapy

has met with only limited success. Nanoparticle technology encompassing rare

earth oxides, fullerene derivatives, and carbon nanotubes show great promise in

antioxidant therapy in a myriad of disease conditions. However, much work is

needed to fully realize their capacity in nanomedicine.
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Nanoparticles and Nanowires

for Cellular Engineering

Jessica O. Winter

11.1

Introduction

The use of nanostructures (e.g., nanoparticles and nanowires) has increased dra-

matically in the last decade. Most applications have exploited the unique optical

properties of mesoscale materials for imaging applications, both in vivo and in
vitro. More recently, nanostructures have been investigated as components of ac-

tuating systems that can interact directly with the cellular environment. Because

of the complementary size-scale of nanostructures and biological components,

these systems provide the opportunity to precisely manipulate cells and proteins.

This ability will produce greater insight into cellular function and pave the way

for novel therapies.

This chapter discusses applications of nanostructures, including nanoparticles

and nanowires, to cellular engineering. While several authors discuss specific as-

pects of nanomaterial interactions with cells (e.g., cell adhesion), this chapter is

one of the first comprehensive investigations of the role of nanoparticles and nano-

wires in manipulating specific cellular components. Most of these approaches are

in nascent stages, and therefore much of this chapter is focused on potential oppor-
tunities. Discussion is confined to semiconductor, metallic, silica, and magnetic

materials, as carbon-based materials, polymeric nanostructures, and protein nano-

particles are discussed elsewhere. This chapter is divided into several subsections.

Section 11.2 describes the motivation for using nanostructures to explore the bio-

logical milieu, their synthesis, and modifications required for biocompatibility. Sec-

tion 11.3 examines nanostructures that interact with the cell exterior. Methods for

modifying cell adhesion, migration and for manipulation of the cytoskeleton are

discussed. Section 11.4 explores techniques for nanostructure delivery to the cell

interior. Upon contact with cells, nanostructures enter the endocytosis pathway.

Methods for eluding this fate are evaluated. Additionally, applications in intracel-

lular tracking and sensing are considered. Section 11.5 describes nanostructure

transport using the cytoskeletal system, including actin- and myosin-based ap-

proaches. Potential use for internal cytoskeletal manipulation and cargo delivery

are evaluated. Section 11.6 considers the use of nanostructures for biomolecule
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delivery, including drug delivery and gene therapy. As applications in the area of

drug delivery are vast, nanotherapeutics for cancer therapy are presented as exam-

ples. Section 11.7 examines the potential of nanostructures to manipulate proteins,

membrane bound receptors, and ion channels. Finally, concluding thoughts and a

look to the future are presented in Section 11.8.

11.2

Biological Opportunities at the Nanoscale

11.2.1

Nanostructures and Cells

Nanoparticles and nanowires have captured the interest of researchers because of

their small size and unique characteristics. Materials in this size regime (i.e., <100

nm diameter [1, 2]) display properties that differ from their bulk counterparts.

These properties, resulting from quantum confinement, include electron transfer,

strong dipole moments, and size-tunable absorbance and fluorescent emission [1,

3]. Applications of these materials have been widespread, particularly in the elec-

tronics field, where there is a constant impetus to uphold Moore’s law [4] and pro-

duce ever smaller electrical components. Nanoparticles have been integrated into

LEDs, solar cells, and lasers [5], whereas nanowires have been used primarily to

create electronic and computational components, including p-n diodes, field effect

transistors, and logic gates [6].

Although the applications have not been as obvious, nanostructures also show

great potential in the biological sciences [7]. Many of life’s most basic functions

occur in the nanometer regime. For example, the diameter of DNA is@2 nm, of a

cell surface receptor is@10 nm, and of a virus is@50 nm [8] (Fig. 11.1). Because of

their similar size scales, nanocomponents easily interface with biological mole-

cules [9], a feature that has already been exploited to create new sensing technolo-

gies, diagnostics, and therapeutics. Nanoparticles have been utilized as fluorescent

dyes for cell labeling [10, 11], biosensors [12, 13], cell sorting aides [14], and che-

motherapy alternatives [15]. Nanowires have been used for biological separations,

biosensing, and gene therapy [16]. Thus, the combination of similar size scales

with unique optical properties has produced several passive applications for bio-

sensing. Future developments will likely exploit biological machinery to manipu-

late cells directly.

Nanostructures hold particular promise in the fields of cell and tissue engineer-

ing. In addition to possessing favorable size scales to many biological components,

nanoparticles and nanowires can be manipulated in external optical [17], electric

[1], and magnetic fields [18]. Their high surface to volume ratios present favorable

sites for chemical reaction, and their optical properties allow for in situ monitoring

of local structures and biochemistry [19]. Because of these capabilities, nanostruc-

tures provide some of the first opportunities to actively manipulate subcellular

components. Some of this work has already been realized ex vivo. For example,
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nanoparticles have been harnessed to kinesin and transported along microtubules

[20]. However, most possibilities for nanostructures in cellular engineering have

yet to be realized.

11.2.2

Nanoparticle and Nanowire Synthesis for Biological Systems

Nanostructures can be synthesized using various techniques, depending on the de-

sired composition and properties. However, developing water-soluble, non-toxic

nanostructures has been challenging. Most synthesis methods were originally de-

signed for optical or electronic applications. Particles are commonly made under

harsh conditions with high temperatures or organic solvents, incompatible with bi-

ological requirements. In fact, the nanomaterials themselves may be toxic (Section

11.2.5). Cadmium, a major component of semiconducting nanostructures, is

known to interfere with DNA mismatch repair [21], can inhibit certain types of

neuronal firing [22], and is a known carcinogen [23]. Carbon nanotubes and full-

erenes can produce asbestos-like lesions in the lung [24]. Carbon [25–27], graphite

[27], and iridium [28] particulates can damage tissues. The difficulties of making

biological relevant, non-toxic nanostructures are great, yet several synthetic strat-

egies have been developed.

11.2.2.1 Nanoparticle Synthesis

Biologically active nanoparticles may be synthesized from semiconducting, metal-

lic, or magnetic materials. Semiconducting particles, also known as quantum dots,

are typically composed of CdX (where X is S, Se, or Te), and have been used pri-

marily in optical applications, as a result of their high fluorescence quantum yields

[19]. Metallic particles are usually made from gold. They have been used for bio-

Fig. 11.1. Comparative diameters of a nanoparticle and

selected biological molecules.
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sensing because they experience a color change with decreasing inter-particle prox-

imity [13]. Additionally, they have formed the basis of several therapeutic treat-

ments, as particles produce a temperature elevation with near-infrared excitation

[15]. Magnetic particles are usually made from iron oxides [18]. Frequently, these

particles are embedded in a micron-sized polymer matrix and used as MRI con-

trast enhancers and for cell and protein separation [18]. The variety of particles

used has resulted in several synthetic techniques, each specific to the particle ma-

terial employed.

Semiconductor Nanoparticles The most common method of semiconductor nano-

particle synthesis is high temperature precursor decomposition [29]. This proce-

dure allows control of nanoparticle growth and nucleation, and thus size distribu-

tion. Depending on the reaction time and final temperature, particles synthesized

using precursor decomposition can vary in size from 1 to 11 nm, with size distri-

butions as narrow as 5% [29]. Regular size distributions are critically important for

the creation of templated nanostructures, which form the basis of many cellular

engineering applications (Section 11.3.2). These structures, created through the or-

dered self-assembly of nanoparticles, require uniform size distributions to develop

patterns over large length scales.

Unfortunately, precursor decomposition utilizes organic solvents, presenting

several difficulties to direct application in biology. Particles synthesized with the

most common passivating ligands, tri-octyl phosphine (TOP) or tri-octyl phosphine

oxide (TOPO), are soluble in chloroform and other organic solvents, but not in

alcohols or aqueous solution [29]. Additionally, TOPO is a weakly bound ligand,

which can disassociate from the particle over time, producing a cytotoxic product

[30]. This loss of passivation exposes the particle core to oxidative attack, which

can release toxic ions into the cellular environment [31], eventually resulting in

particle dissolution. To protect the particle core from photooxidation and surface

reactions, semiconductor particles are often modified with a shell of a wider band

gap (i.e., more insulating) material. Most semiconductor particles employed in bi-

ological applications contain a shell, with the most common material used being

zinc sulfide (ZnS) [32]. ZnS is an ideal shell material as it is substantially less toxic

than cadmium, possesses a larger band gap than CdSe, and does not easily form

alloys with CdSe [31, 33]. CdSe/ZnS capped particles are stable for months, even

in the presence of oxygen and are less toxic than uncapped particles [31].

As an alternative to organic syntheses, nanocrystals have been produced in

aqueous solvents through a process known as arrested precipitation. Bulk CdS is

relatively insoluble in water (Ksp @ 10�29) [34]. However, with the addition of

aqueous thiols, nanometer-sized water-soluble colloids are produced. Briefly, upon

thiol addition, complexes with cadmium ions are formed. Sulfur ions are added

and crystal growth occurs, but it is hindered by the steric presence of the thiol com-

pounds. Eventually, free sulfur anions cannot overcome these steric forces and par-

ticle growth is terminated. If the surface is well passivated, the crystals can remain

suspended in water.

This process is controlled by many factors, including the reactant ratios, the thio-
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lated ligand in question, and the pH of the reacting mixture; all of which contrib-

ute to nanoparticle size and uniformity [35, 36]. Aqueous syntheses are very flexi-

ble. Various materials can be used as reactants. The first CdS nanocrystals were

produced using Cd(SO4) as a cadmium source [37], although Cd(ClO4)2 [38] and

CdCl2 [35, 36] have also been used. Sulfur can be introduced through various

mechanisms, and (NH4)2S [37], Na2S [38], and H2S [39] have all been investigated.

Thiolated ligands can range widely, including mercaptoacetic acid, mercaptopro-

prionic acid, mercaptoethylamine, and b-mercaptoethanol [35, 40, 41]. Although

thiolated ligands are used most frequently, any ligand that binds to Cd2þ ions and

promotes water solubility of the particle may be employed.

Nanoparticles produced using aqueous syntheses offer many benefits for biolog-

ical studies. For example, they can be manufactured using simple bench-top chem-

istry, requiring only a fume hood. Particle surfaces may be readily altered through

the use of cysteine- or thiol-terminated biomolecules, or by performing post-

synthetic conjugation chemistry on a ligand functional group. The main limitation

of this procedure is the large particle size distribution, which can increase with

time, developing a tail at larger sizes, indicating particle instability [42]. This is

likely a result of Ostwald ripening, the growth of larger particles at the expense of

the thermodynamically less stable smaller ones [41]. However, we have observed

that only solutions of larger particles exhibit this behavior; solutions containing

smaller particles (i.e., @3 nm and less) can be stable in aqueous solution for

months. Thus, the particles can exhibit remarkable stability, comparable only to

silica-capped CdSe/ZnS [10, 43].

Metallic Nanoparticles Gold or silver nanoparticles, the most widely investigated,

have a long history, originally being described by Michael Faraday in 1857 [44].

They are normally synthesized by the reduction of metal salts in citrate solution

[45]. Similar to aqueous syntheses for semiconductor nanoparticles, various cap-

ping agents can be added to control particle surface properties and growth [46].

Gold nanoshells can also be created through the reduction of metal salts onto a

pre-existing substrate [47]. Shell growth occurs by the formation of nanoparticles

on a surface (i.e., gold [47] or silica [48]). As nanoparticle growth continues, par-

ticles coalesce to form a shell. These shells exhibit interesting plasmon resonance

shifts, which can produce local heating in the presence of IR irradiation. As an al-

ternative to aqueous routes, gold particles have also been produced in inverse mi-

celle preparations [49]. In this synthesis technique, particle growth is limited by

the size of the micelles formed. Unfortunately, most inverse micelle preparations

utilize organic solutions, which may necessitate ligand exchange to create biologi-

cally stable particles.

Gold particles, in particular, have found application in the biomedical field be-

cause of their easily altered surface chemistry and optical properties. Gold readily

binds thiol-containing molecules [50], offering a wide-range of surface chemistry

options. Additionally, gold colloid solutions change color, from red to purple, upon

particle aggregation [13], and particles can be deposited in self-assembled mono-

layers, facilitating integration into biosensors [51]. The presence of gold particles
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can be detected using various methods, including optical and electron microscopy

and Raman spectroscopy, and gold particles have been used in various diagnostic

methods [46]. Finally, gold particles and nanoshells experience a temperature in-

crease upon near-infrared irradiation that has been used for cancer therapy, e.g.,

hyperthermia (part of Section 11.6.2.2).

Magnetic Nanoparticles Most magnetic nanoparticles are composed of iron oxides.

In general, particles are prepared by the addition of base to an aqueous solution of

iron ions, forming iron oxide [18]. To prevent oxidation, particles are produced under

nitrogen. For example, magnetite (Fe3O4) may be prepared by Reaction (1) [18].

Fe2þ þ Fe3þ þ 8OH� ! Fe3O4 þ 4H2O ð1Þ

Crystal growth proceeds through nucleation of small complexes that grow as a

result of Ostwald ripening. Particles formed range from 6–15 nm and consist of

single magnetic domains. The strategy is very similar to aqueous syntheses for

semiconductor and metallic nanoparticles described above. Reactions

are controlled by passivating surface molecules, which take on an additional impor-

tance because particles are attracted to each other through their magnetic fields in

addition to traditional electrostatic and van der Waals forces [18]. Passivating mol-

ecules can be added to the reactants, during reaction, which forms microemul-

sions, or after the reaction. A wide variety of natural and synthetic polymers, chem-

ical stabilizers, and metallic coatings have been investigated. Typically, the

passivating coating is not magnetic and can be as much as 20 nm thick, effectively

doubling the diameter of the particle [52], which may prove problematic, depend-

ing on the application.

Magnetic nanoparticles are characterized by the nature of their magnetic proper-

ties. Nanoparticles may be ferromagnetic or superparamagnetic. In ferromagnetic

materials, individual atomic dipole magnetic moments align to create permanent

magnetization. This occurs because the internal thermal energy of the material is

not sufficient to overcome the magnetic attraction of the individual dipoles. Par-

ticles in the micron-size range exhibit this behavior [18]. However, as particle size

decreases, an interesting phenomenon is observed. Although the particle still pos-

sess insufficient thermal energy to overcome individual atomic magnetic attrac-

tions, the internal thermal energy of the particle is sufficient to alter the direction

of all aligned dipoles. This produces a fluctuation of the magnetic dipole for the

entire crystal, resulting in a net magnetic moment of zero. Particles below 15 nm

exhibit this behavior [18], known as superparamagnetism. Although they are not

‘‘true’’ paramagnetic materials in that their atomic dipoles are aligned, the entire

crystal exhibits paramagnetic behavior (e.g., temporary polarization).

11.2.2.2 Nanowire Synthesis

Nanowires have been manufactured using various techniques, including templated

synthesis, directed growth in solution, and vapor phase growth [3, 16]. Because of

the range of methods employed, nanowires can created from many substances, in-
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cluding magnetic, semiconducting, and ceramic materials. In templated synthesis,

nanowires or hollow nanotubes are grown inside a porous membrane using elec-

trodeposition or sol–gel techniques. Using this method, magnetic [53], metallic

[16], and ceramic [16] nanowires with aspect ratios of up to 250 have been manu-

factured. Templated synthesis has several advantages. Particles of varying composi-

tion can be created by changing the electric potential or electroplating solution.

The presentation of nanowires may be varied. They can be constructed as sup-

ported arrays or, by dissolving the membrane, free-standing entities.

Solution phase synthesis proceeds through several mechanisms [3, 16]. In sur-

factant driven assembly, surfactants attach to a specific crystal face, limiting growth

in those directions. Alternatively, chemical reaction may occur preferentially at a

specific crystal face, and reduction at this surface produces nanowire growth and

extension. Solution-phase synthesis has the advantage of being scalable (to gram

quantities [3]) and occurring at modest temperatures, which are more amenable

to biological components. The greatest limitation of this technique is that directed

growth in solution is the not well understood and difficult to control.

Vapor-phase synthesis requires high temperatures to create gaseous reactants

that are deposited on a substrate as nanowires or nanotubes. High temperature

syntheses are primarily used to produce carbon nanotubes, but silicon and several

other semiconductor nanowires have also been created using this approach [3, 6].

Nanowire formation is catalyzed by a metallic liquid droplet. As the temperature is

increased, gaseous vapor of the desired component begins to form a eutectic mix-

ture within the droplet, entering the liquid phase. Further increases in temperature

raise the dissolved concentration, favoring formation of a pure solid composed of

the desired component. The size of the droplet restricts crystal growth in a pre-

ferred direction and defines the diameter of the nanowires, with an average of 10

nm [6]. Nanowires produced are frequently contaminated by the seed crystal. Be-

cause many of the seed metals used (e.g., nickel) are toxic, the development of bio-

compatible nanowires may be hindered.

As with nanoparticles, surface functionalization is often required to produce bio-

logically compatible, water-soluble nanowires. Many of the techniques employed

are similar to those for nanoparticles, including the use of thiols, carboxylic acids,

and siloxanes [16]. Because nanowires may be constructed of segments of alternat-

ing materials, several passivation strategies may be required. For example, metallic

nanowires containing segments of nickel and gold can be labeled with distinct flu-

orescent agents using differences in surface chemistry (Fig. 11.2) [54]. Nanowires

have also been functionalized with biological molecules including DNA and pro-

teins [55, 56].

11.2.3

Surface Passivation Strategies

The main limitation of nanostructures produced in organic solutions is their lack

of water solubility. Several techniques have been offered to correct this condition,

all relying on modification of the nanostructure surface. This can be accomplished

by altering the nature of the passivating ligands or augmenting the crystal with a
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shell material that is biocompatible. These techniques have both been used to cre-

ate nanoparticles employed for biological labeling [10, 11]. However, the process

for transferring particles into water can be time-consuming and requires equip-

ment outside the reach of most biological laboratories.

The most common method for rendering particles water-soluble includes an ad-

ditional post-processing step known as ligand exchange. During ligand exchange,

the existing chemical surface coating of the particle is replaced with one that can

alter the solubility of the colloid [57]. There are several variations in the ligand ex-

change technique; however, the basic premise remains the same [29]. The particles

are dried to remove unreacted ligand and the organic solvent, and are introduced

into a solution containing a gross excess of the new ligand. After an incubation of

several hours, exchange occurs. Exchange can be confirmed by altered solubility of

the particles, or through analytical techniques like FTIR (Fourier-transform Infra-

red Spectroscopy) and XPS (X-ray Photoelectron Spectroscopy).

The most common ligand exchange used to produce biologically compatible

quantum dots exchanges TOPO, bound to CdSe/ZnS core–shell particles, for mer-

captoacetic acid (MAA ¼ HS-CH2-COOH) [11, 57]. The binding of MAA occurs

through the sulfur group at the molecule’s terminus, which adheres to Zn atoms

on the ZnS coating [57]. The carboxyl end of MAA provides water solubility. In ad-

dition to MAA, several other thiolated chemicals have been examined, including

mercaptopropionic acid (MPA ¼ HS-(CH2)2-COOH), mercaptoethylamine (MEA,

HS-(CH2)2-NH2), and b-mercaptoethanol (MBE, HS-CH2-CHOH). In fact, any

molecule that binds to the surface of the particle and is water-soluble can be used,

thus allowing a range of surface chemistries to be explored. However, ligand ex-

change is a long, multi-step process spanning as many as three days. The particles

are only stable in solution for 1–3 weeks [57], indicating possible loss of ligand

coverage over time. If the ligands are toxic (e.g., MBE [58]) or bioactive (e.g., MEA

[59]), desorption can have deleterious effects on cells exposed to particles.

Another method to create water-soluble nanoparticles alters the surface by apply-

ing a biocompatible shell material. An example of this technique, developed by Ali-

visatos et al. [10, 43], coats TOPO-capped CdSe/ZnS particles with silica. Particles

were exposed to a gross excess of mercaptopropyltris(methyloxy)silane (MPS), to

which tetramethylammonium hydroxide (TMAH) had been added, producing a

2–5 nm silica shell [43]. This technique is versatile and could be applied to any

TOPO-capped particle. Additionally, silica-coated particles meet several of the crite-

ria for biological applications. Unlike particles that undergo ligand exchange, silica-

coated nanocrystals exhibit stability for months [10, 43]. Also, biomolecules can be

readily conjugated to silica using well-established techniques developed for chro-

matography. The only potential disadvantage of this technique is that silica is in-

sulting and might alter the properties of the encapsulated particle.

11.2.4

Bioconjugation

Once particles have been prepared for aqueous use, it may be desirable to attach

biomolecules to their surface. The range of biomolecules that can be bound to
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nanostructures is staggering, and this is one of the factors that have led to their

broad appeal for biological applications (see Volume 1 of this series for more de-

tail). There are several methods to link biomolecules to nanostructures [60], the

simplest being physisorption on the nanostructure surface (e.g., Zhang et al.

[61]). However, most nanostructures are charged, thus electrostatic attraction is

more frequently used to mediate attachment. For example, DNA will bind to nano-

particles presenting trimethylammonium ligands [62], and layer-by-layer assembly

has been used to create films of alternating-charged nanoparticles and biomole-

cules [63–65]. Additionally, binding affinities between materials have been ex-

ploited to link biomolecules to surfaces. Thiolated compounds bind strongly to

Cd-based and gold nanostructures [50], and biomolecules containing cysteine can

be attached to nanostructures in this way [66]. Nanostructures can also be func-

tionalized with biomolecules through directed recognition. The avidin–biotin sys-

tem has been well studied in this regard. Avidin and biotin display strong binding

to each other. A molecule that has been modified with avidin can be linked to any

biotin-labeled biomolecule. This technique has served as the basis for commer-

cially available fluorescent quantum dot labels [10].

11.2.4.1 Conjugation Strategies to Promote Non-specific Cellular Affinity

Once on a surface, biomolecule-conjugated nanostructures can be directed to a cell

or tissue of interest. In some cases, this occurs on the basis of charge, resulting in

non-specific adsorption. This recognition strategy is the most straightforward, re-

quiring only adjustment of the surface charge, but has the least specificity. Par-

ticles cannot be directed to a specific part of a cell or a specific group of cells. This

Fig. 11.2. Selective functionalization of multi-

component nanowires can be achieved by

taking advantage of the selective surface

chemistry of the nanowire segments. (A)

Reflection image of a two-segment nickel–gold

nanowire. The brighter portion of the nanowire

represents the more reflective gold surface. (B)

The corresponding fluorescence image shows

a nanowire that was modified by coupling

different fluorescent dyes to each segment,

which allowed the Ni segment to emit green

and the Au segment to emit red. (Photo

courtesy of Gerald Meyer, Johns Hopkins

University, Baltimore, MD.)
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method was first used by Alivisatos et al. [10], who investigated CdSe–CdS core–

shell nanocrystals enclosed in a silica shell (Section 11.2.3) [43]. The shell con-

ferred water-solubility on the particle, but also provided functional groups (e.g.,

aminosiloxanes) for bioconjugation. To demonstrate non-specific binding, the silica

coating was modified with trimethoxysilylpropyl urea (urea ¼ NH2-C-NH3
þ at neu-

tral pH), which binds negatively charged acetate groups (-CH2-COO
� at neutral

pH) in the cell nucleus. Nanocrystals introduced to cells were located in the nu-

cleus, as evidenced through fluorescence microscopy measurements. Binding was

suppressed with the addition of a negatively-charged reagent or sodium dodecyl

sulfate (SDS), indicating that binding was primarily caused by non-specific electro-

static interactions.

11.2.4.2 Biomolecular Recognition

Apart from electrostatic interactions, which are non-specific, particles can be di-

rected to cells and tissue using biomolecular recognition, the strong and highly

specific binding that exists between a receptor and its ligand target. This binding

is not completely understood, but arises from a combination of electrostatic attrac-

tions, hydrogen bonding, and hydrophobic/hydrophilic interactions [67]. The cu-

mulative interaction of these forces, which are individually weak, produces tight

binding. Additionally, this affinity is unique to the ligand and its analogs, as only

molecules with a certain conformation can access the binding site and form the

appropriate bonds. Thus, the interfaces formed through biomolecular recognition

are highly specific and controlled.

Several molecules have been identified as biorecognition elements, and can be

used to connect small molecules to components of the cell. Typically, these fall

into three classes: antibodies, proteins, and peptides [67]. Antibodies recognize

components that are foreign to their host system, and can be produced for almost

any cellular component. A wide range of antibodies are commercially available,

and their large size and high number of functional groups allow for ready conjuga-

tion to many surfaces. Antibodies are by far the most commonly used biorecogni-

tion element in conjugate chemistry [68]. However, when antibodies cannot be ap-

plied, alternatives (e.g., proteins and peptides) may be employed. Because protein

or peptide binding will produce a cellular response, these methods are often uti-

lized to impose a specific cellular function (e.g., receptor-mediated endocytosis

[11]) to the attached molecule. Proteins can be linked to these molecules through

chemistry techniques, the success of which depends widely on the nature of the

protein employed. For applications where an entire protein might be too large or

expensive, protein fragments, known as peptides, can be employed. Peptides can

be synthesized with additional amino acids to allow for conjugation to a chosen

molecule.

11.2.4.3 Conjugation Strategies for Antibody-mediated Recognition

Antibody binding is extremely useful for directing nanostructures to particular cell

elements. A wide selection of antibodies is commercially available, and they may
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be easily conjugated to nanostructure surfaces. Antibody–nanoparticle binding was

first demonstrated by Nie et al. [11], using CdSe–ZnS core–shell particles. The par-

ticle surface was altered through mercaptoacetic acid ligand exchange, placing car-

boxyl groups on the surface. Using carbodiimide chemistry (i.e., EDC), carboxyl

groups were conjugated to the reactive amines of IgG antibodies. Because

aggregation is a side-effect of EDC chemistry, conjugates were examined with

transmission electron microscopy and were found to be primarily single particles.

Fluorescence optical microscopy confirmed that conjugated particles maintained

their initial optical properties. To demonstrate biorecognition, IgG conjugates

were shown to aggregate in the presence of a specific polyclonal antibody known

to bind IgG fragments. Antibody recognition has also been demonstrated on live

cells using aqueous CdS quantum dots conjugated to IgG secondary antibodies

through EDC chemistry [66]. Primary antibodies recognized and attached to integ-

rin receptors. Quantum dot–IgG conjugates were then able to bind and recognize

the primary antibodies with no adverse cellular effects.

11.2.4.4 Conjugation Strategies for Protein- and Peptide-mediated Recognition

Proteins and peptides (i.e., protein fragments) have also been conjugated to par-

ticles for cellular recognition. For example, phalloidin protein conjugated to silica-

coated quantum dots was used to bind to actin filaments in fixed cells [10]. Phalloi-

din was attached to the nanoparticle surface using avidin–biotin chemistry. First,

the silica coating of the nanocrystal was modified to include primary amines

using 3-aminopropyltrimethoxysilane. Then, biotinamidocaproic acid 3-sulfo-N-
hydroxysuccinimide ester was introduced. The NHS ester group of the activated

biotin reacts quickly with primary amines to produce amide bonds, linking the

nanocrystals to biotin molecules. The cells were exposed to a separate solution of

biotinylated-phalloidin, which adhered to F-actin filaments in the cytoskeleton.

Then, streptavidin was introduced, binding the biotin component of biotin–

phalloidin. Finally, cells were incubated with the biotinylated-nanocrystals, which

bound to the phalloidin–biotin–streptavidin complexes at avidin sites. Additionally,

particles have been bound to transferrin, a surface protein that promotes uptake of

iron molecules through receptor-mediated endocytosis [11]. EDC chemistry was

used to mediate attachment to CdSe/ZnS particles. Transferrin-conjugated par-

ticles were incubated with living cells, and were found in intracellular vesicles, as

would be expected following receptor-mediated endocytosis.

As an alternative to whole proteins, which can be bulky, a second approach uti-

lizing peptides was developed. Peptides were attached to quantum dots as surface

passivation molecules [66], providing a single-step technique for nanocrystal syn-

thesis and bioconjugation. Aqueous CdS nanoparticles were attached to RGDS

and YIGSR peptides, which bind to integrin receptors [69, 70] through thiolated

ligand-binding using cysteine residues. Peptide–cell binding has several advan-

tages to antibody- or protein-cell binding. The minimum peptide length for recog-

nition depends on the protein selected, but can be as short as 3–5 amino acids (e.g.,

1–1.5 nm) [69, 70]. Additionally, peptides can be manufactured to almost any

length, with each amino acid roughly corresponding to 3 Å (0.3 nm) for a straight-
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chain conformation [71]. Thus, the separation distance between the particle and

the cell surface can be tuned through altering the length of the peptide. Their

small size and tunable length make peptides ideal alternatives to large conjuga-

tion molecules. Given these factors, peptide bioconjugation presents a superior

approach for forming close-range interfaces between semiconductor quantum

dots and cellular receptors.

11.2.5

Toxicity (see also Volume 5 of this Series)

Very few studies have examined the potential health risks of nanostructures. There

is limited evidence that suggests risks are present, particularly through inhalation.

A recently published report demonstrated that inhaled carbon nanotubes can pro-

duce asbestos-like lesions in the lung [24]. Among the highest dose group, the

mortality rate was 55% (N ¼ 9) after only 7 days of exposure. Although these

results were for pulmonary tissue, a separate set of studies examining carbon

[25–27], graphite [27], and iridium [28] particulates established the ability of nano-

materials to damage other tissues, including the immune system [26] and brain

[25, 27]. Particle effects on the brain included an increase in lipid peroxidation

and damage to lipid-rich tissues [25]. The most troubling finding of these studies

is that particle clearance proceeds slowly. A low level (i.e., 6% in lung) of particu-

lates remained in tissue a full six months after exposure [28].

However, it is unclear if these results will apply to nanostructures used in bio-

medical applications. Most of these investigations examined toxicity through inha-

lation, but semiconducting, metallic, and magnetic particles are primarily pro-

duced in solution-phase. A more likely route of exposure is through ingestion or

skin contact [72]. Additionally, the materials studied (i.e., carbon particulates and

nanotubes) bear little similarity to the nanostructures reviewed here other than

size. Several groups have employed semiconducting nanoparticles in vitro and in
vivo without noticeable cell damage [73–78]; however, they did not specifically as-

sess cell viability and function. To date, only a single study [31] has confirmed that

semiconducting nanoparticles may be cytotoxic to cells when presented in aqueous

solution. This was attributed to the release of free Cd2þ ions following oxidation of

the particle core. Nanoparticles are susceptible to oxidation and photooxidation [1,

31, 79–82], particularly with UV exposure. Reaction of oxygen with group VI ele-

ments (e.g., S, Se, Te) produces oxides [1] that can disassociate from the particle

surface. Free Cd atoms are left behind and may eventually enter solution. Elevated

free cadmium levels have been reported for poorly-capped particles and particles

exposed to prolonged UV excitation [31].

Cd2þ ions have well-established health risks [83]. Cadmium is a known carcino-

gen, and has been linked to lung, testicular, adrenal, liver, and kidney cancer [23].

Although the exact mechanism of carcinogenicity is not understood, cadmium has

been shown to interfere with DNA mismatch repair [21]. It also binds strongly to

the sulfhydryl groups of mitochondrial proteins [84], and this is the believed

source of toxicity observed for the primary hepatocytes studied previously [31]. Ad-
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ditionally, cadmium is a commonly used blocking agent in patch-clamp studies

that interferes with neuronal firing [22]. Given all of these factors, the stability of

the nanoparticle core is of great concern. Modifying particles with a strongly-bound

passivating ligand, an inorganic layer (e.g., ZnS), or a polymer coating can increase

particle stability by preventing the entry of oxygen [31, 72]. Most recent reports on

semiconducting quantum dot use for living systems utilize some coating of this

nature [73–78].

Data for metallic nanoparticles and nanowires is even scarcer. Gold, in the bulk

form, is fairly well-tolerated and has been used as an electrode coating in prosthetic

implants for some time [85]. However, gold nanostructures have a dramatically

higher surface area than bulk material. They are much more reactive and can po-

tentially interfere with biochemical syntheses [86]. Reports on silver nanoparticles

are conflicting. Although silver displays toxicity when employed in the nervous sys-

tem, it has been widely used as a biomedical antimicrobial coating [87]. Silver

nanoparticles employed in bone cement exhibited no overt cytotoxicity and a strong

antibacterial effect at 1% loading [87]. However, mouse spermatagonia cells dem-

onstrated a reduction in mitochondrial activity, increases in cell lysis and apoptosis,

and changes in cell morphology when exposed to silver nanoparticles [88].

Uncapped iron oxide (i.e., magnetic) nanoparticles can also be cytotoxic, reduc-

ing cell viability by 20% at concentrations of only 0.05 mg mL�1 and 60% at higher

concentrations (i.e., 2 mg mL�1) [89]. Reduced viability may result from excessive

particle internalization, producing apoptosis and limiting cell migration [90]. This

behavior can be altered by the addition of a surface coating. For example, pullulan-

conjugated nanoparticles showed no statistical difference in cell viability from con-

trol cells at 2 mg mL�1 concentrations [89].

Although the data on nanostructure toxicity is slim, it is apparent that coating

the particles with a biocompatible shell (e.g., silica) or biomolecule (e.g., pullulan)

reduces the risk of adverse reaction. This may result from isolation of a toxic core

material, as in the case of Cd-containing particles, or from reduced protein adsorp-

tion, which limits particle endocytosis. The most effective coatings are likely those

that reduce uptake through the endocytotic pathway [90], allowing the nanoparticle

to remain in the extracellular environment as long as possible. As more research is

performed, additional modifications to prevent toxicity will likely arise.

11.3

Nanostructures to Modify Cell Adhesion and Migration

An area of cellular engineering with great possibility for nanostructure use is the

selective modification of cell adhesion. Cell adhesion is ideal for nanostructure-

based evaluations because most of the salient events occur on the extracellular sur-

face. Thus, nanostructure modifications for intracellular delivery (Section 11.4) are

not required. Additionally, there is much to be gained from nanoscale investiga-

tions of cell adhesion and migration, as these processes are responsible for cancer

metastasis [91], angiogenesis [91], tissue repair [92], and synapse formation [93].
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Selective cell adhesion is also critical to the development of biocompatible implants

and prostheses [94]. Integration with target cells is crucial to the function of the

implant. However, in many cases this adhesion must occur while excluding un-

desirable cell types (e.g., immune cells, glia) that can interfere with device perfor-

mance and tissue compatibility.

At the micron scale, cell responses to both chemical and physical cues are well

established (for a review see Folch and Toner [95]). Surfaces with micron-sized pil-

lars can influence cell adhesion and cytoskeletal protein distributions [96]. Cell ex-

tensions (e.g., neurites) are influenced by both the depth and width of surface

grooves [97]. Chemical surfaces, containing adhesive islands, can confine cells to

regions as small as 10 mm [98]. As area decreases the number of adherent cells,

degree of cell spreading, and even the signal for apoptosis (i.e., controlled cell

death) can be controlled [99]. Physical and chemical patterns can produce a syner-

gistic response. Neurons cultured on micropatterned substrates align their exten-

sions with regions containing both cues (Fig. 11.3). These patterns have been

incorporated into various applications. Physical patterns have been used in biosen-

sors and implants to improve biocompatibility and tissue adherence [100]. Micro-

patterned adhesive regions can create ordered arrays of muscle cells [101, 102], and

guide neurite extension for neural networks [103–106].

11.3.1

Cell Adhesion at the Nanoscale

Although the ability of cells to respond to micron-scale structures has been estab-

lished, there has been doubt as to whether responses would extend into the nano-

Fig. 11.3. (A) PC12 cell micropositioned on

PDMS microfabricated structure. The cross-

shaped pattern was fabricated as a geometry

to analyze neuron responses to multiple

extracellular cues localized on the arms. In this

case, microchannels 2 mm wide and 500 nm

deep were patterned on the right arm for

stimulating the cell via contact guidance, as

evidenced by the extension of an aligned

neurite. (B) Rat embryonic hippocampal cell

(E18) cultured on a PDMS substrate with

microchannels and immobilized NGF.

Microchannels 2 mm wide and 1 mm deep were

patterned in PDMS using replica molding from

silicon masters. NGF was immobilized using

arylazido photolinkers. The substrate provides

a combination of physical and biochemical

cues to accelerate polarization of the cell (i.e.,

determination of an axon). (Photo courtesy of

Christine Schmidt, Natalia Gomez University of

Texas at Austin, Austin, TX.)
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scale [2]. However, the environment surrounding cells is peppered with nanoscale

cues. Cells are surrounded by a lipid bilayer@5 nm thick [8] (Fig. 11.4). Cell adhe-

sion is mediated by 10 nm diameter integrins embedded in the bilayer [8]. These

integrins cluster to create various nanoscale contacts (Table 11.1) [107, 108]. Integ-

rins bind extracellular matrix (ECM) components, which are the primary elements

of the basement membrane surrounding most tissues. Some of these components

display heights of@150 nm and band widths of@60–80 nm (Table 11.1) [2, 109],

and fibrils and pores in ECM structures as small as 5 nm have been reported [109].

On the cell interior, integrins attach to nanometer-sized cytoskeletal elements, in-

cluding microtubules, actin, and intermediate filaments (Table 11.1). These ele-

ments produce cell shape and structure, and may respond to external forces [110].

11.3.2

Cell Adhesion and Nanoscale Physical Topography

However, creating materials with dimensions that could explore these biomole-

cules has been challenging. Unlike microfabricated devices, patterning methods

are just beginning to extend to the nanoscale. Using lithographic techniques, sev-

eral features, including grooves, ridges, steps, pillars and pores, have been investi-

gated (see Flemming et al. [109] for a review). Despite being several times smaller

than a cell diameter (i.e., @10 mm), cell responses were observed. Nanoscale

physical features can create networks of aligned cells [111–113], induce macro-

phage spreading and phagocytotic activity [114], and guide neuronal growth cones

[115].

For example, 350 nm wide nanogrooves have been used to evaluate smooth

muscle cell (SMC) adhesion in vitro [113]. More than 90% of SMCs cultivated on

this surface aligned to the grooves, and proliferation of the cells was significantly

Fig. 11.4. Integrin binding to the ECM and cytoskeleton.

Integrins embedded in the plasma membrane are used to form

contacts with the extracellular matrix (e.g., collagen, laminin)

and cytoskeleton (e.g., actin).
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lower than those grown on control surfaces (Fig. 11.5). Additionally, in a wound

healing assay, SMC microtubule organizing centers (MTOCs) were preferentially

aligned with the cell axis for grooved surfaces, and the wound location for control

surfaces. These studies demonstrate the importance of nanoscale features in guid-

Tab. 11.1. Cell–matrix contacts at the nanoscale. (Adapted from Ref. [107].)

Element Dimensions Description/purpose

Cell–matrix contacts [107, 198]

Filopodium 20–200 mm� 200–500 nm Cell protrusion, actin bundle

connected to syndecans

(proteoglycans)

Focal contact 1.5 mm� 250 nm Cell contact, actin

microfilaments connected to

integrins, substrate adhesion

Hemidesmosome 150� 40 nm Cell contact, intermediate

filaments connected to

integrins

Podosomes 200–400 nm diameter Cell contact, actin bundle

connected to integrins

Microspike 2–10 mm� 200–500 nm Cell protrusion, actin bundle

connected to integrins, NG2

(proteoglycans)

Cell exterior: extracellular matrix proteins [8]

Collagen 1.5 nm triple helix, 10–300 nm

fibers

Structural protein

Fibronectin 2–3 nm arms separated by 100

nm, fibrils 10–1000 nm

Adhesive protein

Laminin 30� 100 nm Adhesive protein

Cell interior: cytoskeletal elements [8]

Actin 5–9 nm diameter Muscle contraction, cell

locomotion, vesicle transport

Microtubules 25 nm diameter Organelle and protein

transport, chromosomal

separation, cell division,

vesicular transport, primary

components of cilia and flagella

Intermediate filaments 10 nm diameter Mechanical strength, compose

nuclear lamina
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ing cell extension and adhesion. Surfaces with smaller features have also been ex-

amined, most notably by direct application of nanoparticles. Silica nanoparticles

with dimensions from 7 to 21 nm were deposited directly onto glass coverslips,

producing amorphous nanoscale features [116]. Fibroblasts cultured on these sur-

faces formed clusters and were much less likely to adhere and spread when com-

pared with plain glass controls.

Interest in the creation of nanoscale patterns has led to the development of a

new technique, known as colloidal lithography, which uses arrays of ordered self-

assembled nanoparticles as a resist (Fig. 11.6) [117]. Metal can be evaporated or

sputtered through the colloidal resist, creating a pattern in the crevices between

the particles. The shape and dimensions of this pattern can be varied by altering

the size and packing of the nanoparticles in question. Particles used are commonly

made of gold, silica, or polymers, with diameters on the order of 10–100 nm [118].

The structures formed can display order over length scales of several microns, with

increasing order for assemblies of larger particles [51].

Colloidal lithography has been applied to cell adhesion only recently, with much

of the work performed by the Sutherland and Curtis research groups (see Dalby

et al. [119] for review). Using polystyrene beads roughly 100 nm, structures with

Fig. 11.5. Smooth muscle cell alignment on

nanopatterned (A) PMMA and (B) PDMS.

Muscle cells orient along the axis of the

pattern, when compared with cells cultured on

(C) unpatterned PMMA and (D) glass control

surfaces. Scale bar ¼ 100 mm. (Photo courtesy

of Christopher Chen, Evelyn Yim, University of

Pennsylvania, Philadelphia, PA.)
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features ranging from@50 to 200 nm have been manufactured. Cellular responses

to these patterns have been varied. Pancreatic epithelial cells [120] cultured on

hemispherical titanium pillars of increasing width (i.e., from 60 to 170 nm) dis-

played less rounded morphologies and increased spreading with respect to flat con-

trol surfaces. However, fibroblasts on 160 nm high by 100 nm wide poly(methyl

methacrylate) (PMMA) nanocolumns seemed to prefer smooth surfaces to nano-

structures. Vinculin adhesions were smaller on nanocolumn surfaces than in the

control group [121], and appeared similar to transient focal adhesion structures ob-

served elsewhere in poor adhesive environments [122]. Cells cultured on nanocol-

umns contained fewer actin stress fibers [121] and displayed more filopodia per

micron of cell perimeter [123] than the controls. These results suggest that the

cells were unable to form solid attachments to nanocolumns and continued to ex-

plore the local environment (with filopodia) for suitable substrates.

The ability of titanium nanostructures to promote cell spreading, in contrast to

PMMA, implies that cells respond not only to the dimensions but also the type of

material used and is consistent with previous findings. In bulk conditions, endo-

thelial cells adhere to bare titanium, whereas attachment to PMMA required pre-

adsorption of ECM factors [124]. Adhesion to titanium also increases with surface

roughness [125], consistent with the finding that cells preferred a rough nano-

pillared surface to the smooth control. Thus, in addition to physical properties, sur-

face chemistry (e.g., metal vs. polymer) plays an important role in producing nano-

scale cell adhesion.

11.3.3

Cell Adhesion and Nanoscale Chemical Patterns

Establishing nanoscale chemical patterns has proven more difficult than creating

physical patterns. Many of the methods used at the micron-scale (i.e., microcontact

printing) do not readily translate to nanometer dimensions [126]. Several inge-

Fig. 11.6. (A) AFM image of colloidal lithography lattice. (B)

Pseudo-3D view of same image. (Photo courtesy of Wolfgang

Frey, University of Texas at Austin, Austin, TX.)
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nious techniques have been developed to overcome these obstacles. Clusters of ad-

hesive peptide sequences, containing the RGD integrin binding fragment, have

been attached to comb polymers with 2 nm monomer chain lengths. Cell adhesion

increased with the number of RGD fragments per cluster and the overall density of

the clusters [127]. Alternatively, arrays of protein-adsorbed spots have been created

using dip-pen nanolithography [128]. An AFM-tip coated with thiolated proteins

was exposed to a gold surface. Utilizing the strong attraction of thiols for gold sur-

faces, proteins are transferred to the gold substrate with tip contact. To examine

cell adhesion, spots of the integrin binding protein retronectin 200 nm in diameter

with 700 nm spacings were constructed against a non-adhesive background. Fibro-

blasts adhesion was demonstrated.

Nanoscale chemical patterning is just beginning to extend to nanoparticles. In a

rather creative approach, polymer micelles containing gold precursors were used to

create ordered arrays of gold nanodots. The micelles were deposited onto sub-

strates and then exposed to oxygen plasma etch to remove the polymer. The re-

maining gold precursors formed nanodots in situ. Dots were then coated with cy-

clic RGD peptide fragments [108, 129]. RGD spots with diameters < 8 nm and

spacings from 28–85 nm were created, with each dot theoretically large enough to

accommodate only one integrin binding domain. Cell adhesion and focal contact

formation was reduced for spacings > 73 nm, suggesting that integrin clusters

separated by <70 nm are required for focal contact formation.

11.3.4

Cytoskeletal Manipulation

Physical and chemical nanopatterns interact with cells passively. They are unable

to directly probe specific cellular components. However, as a result of their unique

optical, electrical, and magnetic properties, nanostructures do possess these capa-

bilities. Most applications of direct cellular manipulation are still in the nascent

stages. However, the use of magnetic particles for cell sorting and cytoskeletal ma-

nipulation has existed since the 1950s when it was pioneered by Crick (of DNA

double helix fame) and Hughes [130]. Manipulation is accomplished using micro-

spheres containing nanometer-sized magnetic colloids encapsulated in a polymer

matrix, which are available from several commercial sources (e.g., Dynabeads,

Dynal Corp., Brown Deer, WI) (Fig. 11.7).

The most common applications of this technology have been for cell sorting.

Biomolecule-labeled magnetic microspheres can be used to isolate specific cells

(for reviews see Chalmers et al. [14] and Zborowski et al. [131]), including rare

cell lines [14, 132], which could be used for tissue engineering constructs or as a

diagnostic tools. More recently, this technique has extended to magnetic nano-

wires. For example, magnetic nickel nanowires can be constructed using templated

electrodeposition. Because of their large aspect ratios, the wires maintain residual

magnetism (i.e., are ferromagnetic) in low magnetic field strengths. They can be

used in sorting applications that traditional magnetite beads cannot, and in some

cases, display superior performance [53, 133].
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These cell sorting methods have been applied to tissue engineering. For exam-

ple, magnetite (Fe3O4) particles with an average diameter of 10 nm can be encap-

sulated into cationic liposomes [134]. These liposomes have been used to create

tissue engineered cell sheets containing multiple cell types [135, 136]. Liposomes

were exposed to cells, accumulating in the cytoplasm. Then, localized magnets

were used to precisely position cells on a substrate. This technique has been used

to create co-cultures of hepatocytes and endothelial cell [135], sheets of keratino-

cytes [137], and retinal pigment epithelium [138]. Similarly, nickel magnetic nano-

wires have also been used to control cell deposition on tissue engineered substrates

[139]. Here, nanowires were coupled to cells through non-specific surface protein

adsorption. Fibroblasts attached to the nanowires aligned with a magnetic field cre-

ating cell–cell chains.

Magnetic structures have also been used to investigate the effects of mechanical

stress in cells. For example, the response of individual integrin receptors to external

forces was examined using 5.5 mm diameter magnetic spheres [140]. The spheres

were coupled to RGD-peptide integrin binding motifs and incubated with cells to

produce extracellular integrin binding. Then, spheres were exposed to magnetic

fields, applying force to the cytoskeleton. Cytoskeletal stiffness was directly propor-

tional to applied stress, demonstrating that integrins are mechanotransducers,

modulating cell behavior in response to mechanical stress. This technique has

also been expanded to allow manipulation of multiple cell culture dishes simulta-

neously, allowing for larger-scale biochemical analyses, including gene expression

studies [141].

11.3.5

Future Applications of Nanostructures for Cell Adhesion and Migration

The potential for nanoparticles and nanowires to modulate cell adhesion is great,

and many of the most exciting applications have not yet been realized. Most cur-

Fig. 11.7. Scanning electron microscopic

image of a 10 mm polystyrene particle labeled

with Immunicon magnetic nanoparticles at

magnifications of (A) 8000� and (B) 50 000�.

Note that the bound particles are on the order

of 100 nm. (Photo courtesy of Jeffery Chalmers,

Ohio State University, Columbus, OH.)
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rent approaches manipulate whole cells rather than examining the effects of indi-

vidual receptors and their ligands. Future methods may be able to compare cooper-

ative and individual responses using micro- and nano-scale patterning techniques.

Additionally, techniques will become increasingly active, directly manipulating cell

receptors and proteins, as opposed to passive patterns on a substrate. These im-

provements will enhance understanding of the mechanisms for cell adhesion and

migration, which may lead to new treatments for spinal cord injury, cancer, and

vascular conditions. Increased knowledge of adhesion at the biomaterial–tissue

interface will also provide improved prosthetic devices, implants, and tissue-

engineered surfaces.

11.3.5.1 Future Physical Nanostructures for Cell Adhesion

Most physical structures investigated to date have features >100 nm. Although this

is useful for investigating the cooperative action of cell surface proteins, it is not

possible to explore individual receptors, with diameters of @10 nm, using these

surfaces. Current technologies have been limited by the difficulty of creating

regular, physical patterns that have structures on the order of 10 nm and repeat

over several microns. Nanoparticle self-assembled monolayers offer several advan-

tages to other physical patterning techniques at the <100 nm length scale. Despite

stacking faults, patterns display much more regularity than randomly oriented sur-

faces (e.g., Fig. 11.8), and at least short-scale order. Synthesis techniques to develop

uniformly sized particles are well developed [51], and pattern roughness and di-

mensions can be easily changed by varying the particle diameter. Although more

rigorous surfaces could be created using advanced lithography techniques (e.g.,

electron beam lithography), many of these techniques are expensive, difficult to re-

produce, and inaccessible to the biologist, whereas many nanoparticles are now

commercially available. Thus, in future applications, nanoparticle self-assembled

monolayers will continue to be used in exploring cell adhesion either directly or

as lithographic templates (Section 11.3.2). However, these techniques will probably

emphasize directed self-assembly, allowing greater control of the pattern created.

For example, magnetic particles may be organized on a surface using magnetic

fields to direct self-assembly [142]. This technique would allow much greater con-

trol of the resulting pattern than traditional self-assembly, which relies on thermo-

dynamic forces to drive pattern formation [51]. When combined with techniques

for specific cell placement (i.e., micropipette manipulation), magnetic assembly

may allow for cells to be aligned with a specific pattern of interest. Extending these

patterns to magnetic nanowires will bring further innovations. Because nanowires

can be multifunctional, with domains of alternating materials, they offer a unique

substrate for investigating cell adhesion. Nanowires produced using templated

synthesis may have diameters from 10 nm to 1 mm and lengths of up to 60 mm.

This compares favorably with receptor dimensions (@10 nm) and cell diameters

(@10 mm) [53].

Other methods of directed assembly will also be explored. For example, Koo et al.

[127] have demonstrated that star polymers can create structures with regularly-

spaced adhesive peptides. The number of peptides bound and their spacing were
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controlled by altering the number of monomers in the star and the monomer

length. Similar techniques could be applied to nanostructures, and may employ

new classes of polymers. For example, dendritic polymers are well-suited for at-

tachment to spherical nanoparticles. Altering the length of the monomer could be

used to control nanoparticle separation distance [143]. The use of various func-

tional groups on the monomer exterior could also provide a method for directed

assembly through electrostatic attractions or controlled crosslinking.

11.3.5.2 Future Chemical Patterns for Cell Adhesion

Applications in Cellular Engineering The extension of the physical patterns dis-

cussed above to chemical patterning is straightforward. Colloidal lithography (Sec-

Fig. 11.8. Slow evaporation of an organic

solvent containing monodisperse 11.5 nm

iron nanocrystals results in the formation of

extended regions of (a) monolayer or

(b) multilayer superlattices. The superlattice

structure can be tuned further through the co-

assembly of two different sizes of nanocrystals,

and provides a method to combine

nanocrystals with different functionality into

ordered arrays. A binary nanocrystal lattice

(c) with a rock salt (NaCl) structure is formed

by evaporating a dispersion containing large

iron nanocrystals (13.3 nm) and small gold

nanocrystals (5.2 nm). (Photo courtesy of

Brian Korgel, Aaron Saunders, University of

Texas at Austin, Austin, TX.)

11.3 Nanostructures to Modify Cell Adhesion and Migration 409



tion 11.3.2) could be used to produce patterned surfaces for chemical adsorption.

Gold substrates, in particular, may be created through vacuum deposition and

modified with thiolated chemicals and cysteine containing peptides. The dimen-

sions of the pattern will be dependant on the size of the particles used and the

method of their assembly. Alternatively, the nanoparticles themselves may be

modified with biomolecules and assembled in situ. Nanoparticle arrays are an at-

tractive substrate for cell adhesion studies because they provide the opportunity to

investigate combined physical and chemical effects as the particles themselves pro-

vide shape, in addition to any chemical signatures.

One interesting possibility of nanoparticle arrays is the use of bimodal particle

distributions. With a combination of small and large particles, ordered assemblies

of alternating particle types can be created (Fig. 11.8) [144]. These assemblies

would provide unique physical topography, but could also be used to create alter-

nating adhesive and non-adhesive domains. For example, one particle size could

be bound to RGD-containing peptide sequences, whereas another particle size

could be passivated with cell resistant molecules (e.g., PEG [145]). Structures of

this type would allow researchers to develop new understandings of the distribu-

tion requirements of adhesive sites. The greatest challenge in developing such as-

semblies will probably be controlling populations of particles that may be alterna-

tively hydrophobic and hydrophilic. Micelles or lamellar sheets may be favored over

monolayer particle structures. However, the use of amphiphilic peptides or par-

ticles of opposing charges may circumvent these difficulties.

Applications in Tissue Engineering Nanoparticles may also be incorporated into ex-

isting tissue engineering substrates to alter their chemical properties. Nanopar-

ticles used in this context have the advantage of increasing the useful binding

area without requiring a great deal of organic chemistry. One area where this

would be of interest is the field of hydrogels. Some hydrogel materials possess

good physical properties for tissue engineering, but are resistant to cell adhesion

or migration [146, 147]. These substrates are modified through complicated bio-

conjugation strategies to contain adhesive binding sequences. The amount of bio-

molecule attached can be difficult to control and may be limited by the number of

modifiable sites in the monomer. Scattered gold particles could be incorporated in

the substrate to provide a thiol-mediated attachment point for biomolecules. Par-

ticles could be included directly in the uncured polymer mixture or could be depos-

ited on the polymer surface and secured through annealing or covalent attach-

ment. A similar approach has already been investigated using micron-sized

particles [148]. Polymer templates composed of layer-by-layer assembled polyelec-

trolyte films were exposed to micron-sized, charged particles, which assembled on

the pattern. These particles were then modified with RGD peptides and examined

as substrates for cell adhesion.

Another exciting possibility is the incorporation of nanoparticles into smart-

substrates. For example, gold nanoparticles have been used to create drug delivery

substrates which expand upon exposure to radiation [17]. This technique could be

adapted to produce active substrates for the evaluation of cell mechanics. For exam-
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ple, a small number of fluorescent nanoparticles (e.g., CdSe) coupled to cellular

integrin-binding domains could be introduced. Upon radiation (preferably in the

IR to avoid cell damage), the substrate would expand. This expansion, and the cel-

lular response, could be observed directly by monitoring the movement of the

fluorescent particles. This approach has the advantage of potentially binding indi-

vidual integrins. Expanding substrates might also aid researchers in constructing

tissue engineering constructs for contractile tissue (e.g., muscle or heart) ex vivo.

11.3.5.3 Active Investigation of the Cytoskeleton

To date, magnetic bead examinations of mechanical force in cells have primarily

been confined to either the cell surface [140, 149] or to phagocytotic vesicles [150,

151]. However, as particles decrease in size and methods for intracellular delivery

improve (Section 11.4.3), it may be possible to manipulate the cytoskeleton directly

from the cytoplasm. This would greatly facilitate understanding of the role of the

cytoskeleton in cell adhesion and cell mechanics. We already know that the cytos-

keleton is a component of an elaborate mechanotransduction system and can influ-

ence cell differentiation, apoptosis, and polarity [110]. Many regulatory proteins are

physically linked to the cytoskeleton, and changes in external force have been

shown to influence local protein expression [110]. Several clinical ailments may

have their basis in defective responses to mechanotransduction [110]. Intense

study of the relationship between the cytoskeleton, external forces, and gene ex-

pression may lead to new treatments for these diseases.

A major challenge of this approach is the ability to develop sufficient magnetic

force to manipulate objects. Microbeads encapsulate numerous nanometer-sized

colloids that cumulatively generate enough force to produce changes in the cytos-

keleton. It is unclear that single, nanometer-sized particles would produce measur-

able changes in cytoskeletal position, although there is some evidence that they

will behave similarly to microparticles [152]. Additionally, cooperative action result-

ing from the attachment of multiple nanoparticles to the same structure can in-

crease effective force. In some ways, nanoparticles may be particularly appropriate

for investigation of the small structures of the cytoskeleton. Along with similar size

scales, it is likely that smaller forces will be required to produce movement/tension

as the size of the target structure declines (i.e., integrin vs. focal adhesion).

11.4

Nanostructure Cellular Entry

Active cell manipulation requires methods to control nanostructure delivery and

targeting. Whereas examination of the extracellular surface is straightforward, ad-

ditional techniques are required to promote intracellular delivery. Nanostructures

may be introduced to cells through endocytosis, but this is a passive technique.

Most objects introduced into the endocytosis pathway are confined to lipid covered

vesicles in the cell interior. Escape is difficult and materials are given little opportu-

nity to interact with external proteins and biomolecules. Thus, direct delivery of
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nanostructures is difficult. In this respect, the field of nanocomponent delivery

shares many challenges with that of gene therapy, and many of the techniques in-

troduced for the latter can be applied to nanostructures.

Controlled delivery is expected to have many applications. Fluorescent nano-

structures could be used for real-time monitoring of intracellular features, which

would greatly improve understanding of signal transduction, the endocytotic path-

way, and intracellular transport. Magnetic and conducting nanoparticles could be

used to control intracellular elements, potentially providing external control of cell

adhesion, cell division, differentiation, gene expression, and apoptosis. Nanostruc-

tures could also be used as drug delivery agents for drugs, DNA, and proteins pro-

viding novel techniques for gene therapy, cancer treatments, and tissue engineer-

ing.

11.4.1

Biology of Molecular Delivery

The cell plasma membrane is an effective method of excluding undesired compo-

nents from the cell interior. This membrane is permeated with several transmem-

brane proteins, some of which serve as pores for small molecules to pass. However,

despite their small size, nanostructures are still too large to enter the cell via this

method (e.g., Rosenthal et al. [153]). Nanostructures are instead subject to endocy-

tosis, a process through which objects are transferred from the local environment

to the cell interior (Fig. 11.9). Endocytosis [8] is initiated by binding to the cell sur-

face, followed by an invagination of the cell membrane. This membrane surrounds

the foreign substance and pinches off from the bilayer, forming a vesicle in the cell

interior, known as an endosome. After@10 min, the endosome migrates from the

edge of the membrane to the Golgi apparatus. Endosomes are slightly acidic, with

pH values near 6. Some proteins contain targeting sequences that are revealed in

the acidic environment, allowing escape from the endosome. Other proteins, most

notably membrane bound receptors, release their cargo and are returned to the

surface by vesicle fusion. Yet other materials are delivered to lysosomes [8], which

have an even lower pH (e.g., pH@ 5) and are filled with acid hydrolases. Lyso-

somes are the primary locations for digestion of proteins. Escape of foreign mate-

rial from endosomes and lysosomes is exceedingly difficult. Endocytosis may be

suppressed with temperature decreases (e.g., 4 �C [154]), but this affects other met-

abolic functions of the cell [155].

11.4.2

Nanostructure Endocytotic Delivery

Internalization of foreign substances occurs through endocytosis, channel trans-

port, or direct passage through the plasma membrane. However, channel transport

is usually confined to ions [8], and, given current nanostructure surface treatments

and size, it is unlikely that nanostructures could traverse the lipid bilayer unas-

sisted. The endocytosis pathway, with an exclusion size of@100 nm [156], is the
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most likely mechanism for nanostructure uptake, and using sugar-coated quantum

dot aggregates [156], uptake of particles as small as 5 nm has been demonstrated.

Endocytosis can be non-specific, resulting from adsorption on the cell surface, or

receptor-mediated, occurring as a consequence of biomolecular recognition bind-

ing events between specific receptors and their ligands.

Nanoparticle internalization has been observed for both the non-specific [74,

157] and receptor-mediated [11, 31, 77, 156] pathways. Using the non-specific path-

way, particles have been internalized directly from cell culture medium [158], the

cell culture substrate [74], and following non-specific binding to the cell surface

[76, 159–161]. Internalization likely results from electrostatic attraction between

the particle surface and the cell membrane [160]. Interestingly, binding can occur

regardless of surface charge, as the plasma membrane exhibits both anion and cat-

ionic domains [18]. Receptor-mediated uptake has been observed using the RGD-

peptide integrin binding motif [160], epidermal growth factor [31, 162] and trans-

ferrin [11, 163]. Remarkably, endocytosis of nanostructures attached to a solid

support (e.g., polymeric nanocolumns) has also been observed [164]. In fibroblasts,

columns were surrounding by cell membrane and were located near newly-formed

intracellular vesicles and clathrin pits. Macrophage-like phagocytotic vesicles, which

increased disruption of the cytoskeleton, were also observed.

Regardless of the mechanism, internalization occurs within 30 min, unless spe-

cific steps are taken to inhibit internalization pathways (e.g., low temperature

[154]). In studies of sugar-coated nanoparticles, the rate of endocytosis was higher

Fig. 11.9. Endocytotic pathway: (A) Following

binding, the cell membrane invaginates to

encompass membrane-bound substances. The

formation of these indentations in the cell

membrane is driven by the binding of clathrin

protein (red) on the cytoplasmic side. The

membrane continues to fold until a vesicle is

pinched off from the membrane bilayer. With

intracellular entry, the clathrin coat is lost.

Vesicles in this stage are known as early

endosomes (B) and have a pH of@6. They are

responsible for sorting vesicle contents, e.g.,

returning membrane-bound receptors

(Y-shaped structures) to the cell surface.

(C) Next, vesicles migrate toward the Golgi

apparatus, where they merge with digestive

proteins (black) and become late endosomes

(pH@ 5.5). Late endosomes attempt to digest

internalized matter. To complete this process,

late endosomes merge with lysosomes (D),

which have a pH of@5.2.
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with increasing particle size, up to 50 nm. Endocytosis was not observed for aggre-

gates larger than 100 nm [156]. Others have shown that macrophage phagocytosis

increases with increasing material size, up to 1.1 mm [165]. Particle endocytosis

rates can also be modulated by local biochemistry. For example, uptake of 35-nm

dextran coated iron oxide particles was enhanced by high concentrations of

interferon-gamma (IFN-g) and interleukin-4 (IL-4), whereas the application of lova-

statin decreased particle uptake [161].

When nanostructures enter the cell, they are found in clathrin-coated pits [162],

as would be expected for endocytosis. Co-staining experiments have confirmed that

particles are confined to endosomes or lysosomes [159, 162, 163]. Generally, par-

ticles remain sequestered in these compartments [18], and are unable to escape.

For example, particles internalized by vero cells accumulated in large storage

vesicles, similar to those found in macrophages [159]. Vesicles appeared to pass to

select daughter cells through asymmetric mitosis. Accumulation of particles can be

a significant problem, as aggregations can potentially disrupt the cytoskeleton and

cell membrane [166]. It is even possible to overload cells with particles, resulting in

apoptosis [18].

Particle endocytosis has been utilized in several applications, the largest area be-

ing cell labeling and tracking. Nanostructures, particularly quantum dots, have sev-

eral advantages in this application. Their fluorescent signals are resistant to bleach-

ing and oxidation over long time scales [11]. Additionally, endocytosed particles

remain fluorescent for weeks and are passed to daughter cells [76]. Internalized

nanoparticles have been used to investigate several systems that organic dyes could

not, including division of HeLa cells [76], formation of aggregate centers in starved

D. discoideum [76], phagokinetic tracks and metastatic potential [74], as endosomal

markers [159], and retrograde transport in filopodia [162]. Particles have also been

used to monitor macrophages in atherosclerotic plaques in vivo [161].
However, for targeted delivery to cytoplasmic elements, endocytosis is an unde-

sired event, as most nanostructures remain sequestered in lysosomes or endo-

somes. Endocytosis can be prevented. For example, particles attached to insulin or

lactoferrin surface molecules were not internalized as frequently as unmodified

controls [157, 167]. Most likely this resulted from binding to ‘‘fixed’’ molecules on

the cell surface that are endocytosed at low rates. Also, endocytosis does not occur

when particle non-specific binding is low. Mercaptoacetic acid-bound and commer-

cially available streptavidin-conjugated CdSe/ZnS particles with low cell binding

potential are not internalized [11, 162] whereas silanized CdSe/ZnS nanocrystals

that have shown high cell binding affinities are [10]. Thus, surface chemistry can

be used to alter the endocytotic potential of nanostructures. Differences have even

been seen for particles with the same surface passivation, but different synthesis

techniques (compare, for example, Gomez et al. [160] and Nie et al. [11]). These

differences indicate that the most important method of preventing endocytosis is

ensuring that the nanocrystal passivation chemistries do not permit non-specific

binding to the cell surface. However, notably, methods to prevent endocytosis also

prevent any cellular entry. Clearly, additional technologies will be required for tar-

geted delivery of nanostructures to the cytoplasm.
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11.4.3

Other Methods of Cellular Entry

To circumvent the difficulties associated with endocytosis, several methods of par-

ticle entry have been devised. Most of these techniques have been extrapolated di-

rectly from the field of gene therapy, the most popular method being the use of

translocation peptides. Although there is still much debate as to the exact mech-

anism of these peptides [168–170] it appears that cell entry begins normally,

through the endocytotic pathway. However, the peptides are able to disrupt the en-

dosomal membrane, releasing its contents to the cell interior. This technique has

been used with various outcomes. The pep-1 sequence, which forms complexes

with quantum dots through its hydrophobic domain, was used to deliver particles

to CHO-K1 hamster epithelial cells [171]. However, quantum dots appeared to re-

main isolated in vesicles, indicating that endosomal escape most likely did not

occur. Other peptides have demonstrated greater success. Adenoviral nuclear local-

ization and receptor-mediated endocytosis sequences were used to introduce gold

nanoparticles to the cytoplasm [172]. Delivery did not occur unless both sequences

were present, with particles targeting the nucleus as expected. Similar results were

reported for iron oxide nanoparticles conjugated to the HIV tat peptide [173, 174].

Particles were distributed throughout the cytoplasm with some increase near the

nucleus. Quantum dots conjugated to trichosanthin protein [175] and R11KC pep-

tides [176] displayed nuclear targeting with aggregation near the nucleolus [175].

Mitochondrial targeting has also been demonstrated using the Mito-8 peptide

[176].

Apart from translocation peptides, other approaches have been examined, with a

rather elegant analysis conducted by Derfus et al. [177]. The researchers compared

intracellular delivery of quantum dots using translocation peptides, cationic lipo-

somes, dendrimers, electroporation, and microinjection. Of the chemical ap-

proaches, cationic liposomes offered the greatest degree of quantum dot delivery,

with over 90% of fluorescence distinct from that of separately labeled endocytotic

vesicles. In contrast, translocation peptides (i.e., pep-1 as Chariot, Active Motif )

displayed fluorescence signals slightly lower than that of the unconjugated control,

possibly indicating fluorescence quenching as a result of aggregation, and were lo-

calized almost entirely in endosomal compartments. These results are similar to

those of Tkachenko et al. [172] who found that pep-1 like peptides produce particle

accumulation in lysosomes/endosomes. Additional translocation peptides (i.e.,

TAT or HA-TAT) were not investigated and may yield different results (e.g., Tka-

chenko et al. [178]). All three chemical techniques yielded particle aggregates that

were on the order of a hundred nanometers in diameter. These aggregates can di-

minish nanoparticle fluorescence, and may interfere with intracellular manipula-

tion and targeting.

As an alternative, Derfus et al. also investigated physical delivery methods, in-

cluding electroporation and microinjection [177]. Electroporation produced signifi-

cant intracellular delivery to the cytoplasm, but particles displayed aggregates with

diameters as high as 500 nm. This effect was not related to a loss of surface passi-
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vation, as highly crosslinked BSA coated particles exhibited similar results [177].

Similar aggregation has been reported with negatively-charged DNA plasmids

[177], and may result from alterations of particle surface charge induced by the

electric field. Alternatively, microinjection techniques delivered monodisperse par-

ticles that were not confined to endocytotic vesicles (Fig. 11.10) [177]. Previously,

these particles were shown to pass to daughter cells during mitosis and retain flu-

orescence for up to 4 days [73]. The primary disadvantage of the microinjection

technique is that it is difficult to scale-up to large populations, as injection is re-

quired for each cell.

11.4.4

Nanoparticle Intracellular Sensing

A direct impact of intracellular delivery has been the ability to visualize internal

components of a cell. Nanostructures have many optical properties that make

them excellent candidates for intracellular labeling. For example, quantum dots

display high quantum yields, narrow emission bandwidths, resist photobleaching,

and can be readily modified with biomolecules to allow targeting [19]. Fluores-

cence persists for days [73] or weeks [76]. Additionally, magnetic nanostructures

can be monitored with existing hospital equipment (e.g., MRI). Using nanostruc-

tures for sensing, it is possible that internal cell functions, including cell signaling

and gene expression could be monitored in real time. This ability would represent

a tremendous advance for diagnostics and treatment.

11.4.4.1 Semiconductor Quantum Dots

Because of their unique optical properties, quantum dots have been widely used in

sensing applications. Unfortunately, delivery of quantum dots to living cells has

Fig. 11.10. Subcellular localization of quantum

dots. A nuclear localization sequence (NLS)

peptide was conjugated to the surface of

PEGylated green quantum dots (emission

maxima 550 nm). These particles were

microinjected into the cytoplasm of 3T3

fibroblast cells, along with a 70 kDa

rhodamine-dextran. After several hours, green

emission from the quantum dots was observed

in the nucleus of injected cells, while the red

signal from high molecular weight dextran

remained in the cytoplasm. (Photo courtesy of

Sangeeta Bhatia and Austin Derfus, MIT,

Boston, MA.)
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been challenging. Quantum dots can be introduced through endocytosis, and have

been used to monitor cells during growth and development [76]. Particles intro-

duced in this way remained in the cell for up to a week; however, targeting was

non-specific, not directed to a particular intracellular component, and particles re-

mained in endosomes. In another study, particles, introduced through microinjec-

tion, were used to follow development of xenopus embryos [73]. In this particular

application, quantum dots were far superior to previous methods. Because quan-

Fig. 11.11. (A) Transmission images of lung

cancer (H1299) tumor. (B) Fluorescence image

of same tumor incubated for 1 h with MPA-

PEG-capped CdTe nanocrystals injected

intratumorally and imaged at an excitation

wavelength of 545 nm. (C) Fluorescence image

of tumor, reverse angle. (Photo courtesy of

Brian Korgel, Felice Shieh, University of Texas

at Austin, Austin, TX.)

Fig. 11.12. True-color fluorescence images of

mesoporous silica beads (5 mm diameter)

doped with single-color quantum dots emitting

light at 488 (blue), 520 (green), 550 (yellow),

580 (orange), or 610 nm (red). A large

population of the QD-beads is confined in a

water droplet. (Photo courtesy of Xiaohu Gao,

University of Washington, Seattle, WA.)
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tum dots remained fluorescent in the daughter cell population for weeks, this tech-

nique allowed researchers to examine the fate of cells in the blastula, an achieve-

ment not possible using fluorescent dyes that photobleach in minutes. This tech-

nique was successful because only a few cells needed to be targeted for delivery; it

would be difficult to use microinjection, a serial technique, in applications that re-

quire observation of multiple cells (e.g., organ labeling).

Both of these studies examined whole cells, and not specific targets. Most subcel-

lular analyses have focused on extracellular targets, highlighting the difficulties of

controlled intracellular delivery. For example, Dahan et al. [179] monitored the dif-

fusion of glycine receptors in the synaptic cleft using semiconductor quantum

dots. Quantum dots are particularly well-suited for this application because of their

resistance to photobleaching. Traditional dyes only allow monitoring for short time

periods, on the order of minutes, whereas quantum dots allowed receptor tracking

for up to 20 min. Additionally, their small size allowed access to the synaptic cleft,

a region that cannot be reached by microbeads (e.g., gold) that might be used in

single particle studies. Alternatively, the diffusion of epidermal growth factor re-

ceptors (EGFR) was followed using quantum dots bound to EGF through avidin–

biotin interactions [162]. Because of their resistance to photobleaching, receptor

dynamics could be followed for long time periods, and a previously unreported

mechanism of retrograde receptor transport was discovered. Quantum dots have

also been conjugated to aptamers, DNA or RNA molecules that have been selected

from populations for their specific binding affinities [180]. Aptamer-labeled par-

ticles were used to identify cancer cells in vitro and in lung cancer tumors (Fig.

11.11).

Applications for intracellular tracking are still in development. In particular, re-

searchers are interested in creating tags that could be used for multiplexed intra-

cellular measurements. Quantum dots are good candidates for these tags because

they can exhibit a range of emission wavelengths under the same excitation, allow-

ing for observation of multiple cues simultaneously (Fig. 11.12) [181]. These tags

have great potential ex vivo as diagnostic tools and for high throughput screening.

However, it may also be possible to observe the expression of several intracellular

proteins concurrently through optical signals. In fixed cells, quantum dots conju-

gated to specific DNA sequences have been used to label the Y chromosome [182].

They have also been used to examine the intracellular expression of eNOS, a car-

diovascular enzyme that converts nitrates into NO [183]. If successfully introduced

into the cytoplasm, labeling of individual DNA strands or mRNAs may be possible.

One limitation of quantum dots for intracellular tracking is the high blinking

interval [184], which may prevent the tracking of intracellular components with a

high diffusion rate. Nevertheless, with their persistent fluorescence and range of

emission wavelengths, quantum dots will likely increase our understanding of in-

tracellular signaling and could potentially revolutionize the field of diagnostics.

11.4.4.2 Magnetic Nanoparticles

Magnetic nanoparticles have also been employed for whole cell labeling and intra-

cellular tracking. Particles have been conjugated to the tat peptide, a nuclear local-
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ization sequence, and utilized to determine the fate of stem cells [185]. With MRI,

particles were visualized in blood and neuronal stem cells, allowing the location of

those cells to be determined following injection in the rat tail vein. Alternatively,

particles were coated with a combination of tat and Ha2 nuclear localization se-

quences and fluorescent dyes [174]. These particles responded to magnetic fields

in vivo and were used to detect expression of the DEVD peptide, an apoptosis in-

hibitor. Particles have also been used for extracellular protein detection. For exam-

ple, nanoparticles conjugated to transferrin have been used to monitor the expres-

sion of the transferrin receptor in vitro [186].

11.4.5

Future Directions

11.4.5.1 Nanostructure Intracellular Delivery

Existing methods of particle delivery have not yet yielded a technique for large-

scale introduction of monodisperse particles. Biochemical methods can be used to

evade endocytotic vesicles, but reports indicate [171, 172, 177] significant aggrega-

tion of particles. Alternatively, microinjection can produce disperse particle deliv-

ery, but is a serial technique, requiring cell-by-cell injections. Taking cues from

research in gene therapy, researchers will continue to develop methods of particle

delivery. Several new techniques are being explored as possible drug or DNA deliv-

ery methods, and could be extrapolated to nanoparticle delivery.

For example, polymersomes of PEG-polyester have been shown to foster endo-

some rupture and have been used to deliver two anti-cancer drugs [187, 188]. The

low pH of endosomes encourages polymersome degradation. Soluble polymer

components are then free to disrupt the lipid membrane, facilitating cargo escape

into the cytoplasm. Similar polymersomes might be constructed to delivery nano-

particles to the cytoplasm. Likewise, fusogenic liposomes have been created to en-

capsulate polymeric nanoparticles [189]. Liposomes were created by encapsulating

polymeric particles in traditional liposomes whose surface was modified by the

addition of inactivated Sendai virus. The liposomes were able to deliver DNA to

the cytoplasm, technology that could easily be adapted for delivery of magnetic or

semiconducting nanoparticles.

Another potential delivery method uses carbon nanotubes to promote rupture of

endocytotic vesicles [190] or directly penetrate the cell membrane [191, 192]. For

example, nanotubes can be internalized through endocytosis, and then irradiated

in the near-infrared to produce endosomal release. The primary limitation of this

method is ensuring that heating levels remain low enough to prevent cell death.

It is also possible that magnetic particles in a magnetic field could be used for

this purpose (see, for example, Won et al. [174]), and a similar technique has

been developed by Cai et al. using the Ni catalyst at a carbon nanotube tip for mag-

netic manipulation [192]. A rotating magnetic field allowed the nanotubes to pen-

etrate the cell plasma membrane, where they remained. Soluble factors (i.e., DNA)

bound to the surface were released from the nanotube surface through an un-

known mechanism. Alternatively, carbon nanotubes functionalized with ammo-
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nium permeate the cell membrane without the aid of magnetic fields [191]. The

hydrophobic nanotubes can insert into the lipid bilayer of the plasma membrane,

possibly transversing it. Any of these techniques might be adapted for nanostruc-

ture delivery; however, adjustment may be challenging as the surface chemistry

and size of nanostructure cargos are significantly different from the DNA normally

transported.

11.4.5.2 Intracellular Sensing

An interesting possibility for sensing subcellular components is the use of fluores-

cence resonance energy transfer (FRET). This simple method for detection em-

ploys fluorescent molecules to produces an on or off signal upon binding. FRET

occurs when an excited electron dissipates its energy by transferring it to a second

molecule rather than through photon emission. This quenches the fluorescence of

the first molecule. FRET is a distance dependant event. As the FRET donor and ac-

ceptor move away from each other, transfer no longer occurs and fluorescence in

the donor is restored [193]. If a binding-induced conformational change separates

two fluorescent molecules, e.g., attached to different portions of a protein, a fluo-

rescent on/off signal can be produced.

This has been accomplished in several systems. A combination of gold quantum

dots (which do not fluoresce) and organic fluorophores have been utilized to create

DNA sensors [194]. Gold quantum dots were bound to single-stranded DNA se-

quences, which were terminated with fluorescent molecules, or fluorophores. The

fluorophores formed an arched structure that interacted with the nanoparticle sur-

face, quenching fluorescence (Fig. 11.13). However, when the complement DNA

was introduced, binding occurred and the conformation changed. The fluorophore

migrated away from the quantum dot surface and its fluorescence was restored.

This technique is very accurate, the mismatch of a single base pair in a 30 amino

acid DNA sequence could be detected [194].

A second, similar system utilized fluorescent CdSe/ZnS quantum dots to detect

sugar binding [195]. The initial configuration contained cyclodextrin molecules

Fig. 11.13. Detection of DNA binding through

FRET. (A) Fluorophore-conjugated single-

stranded DNA is bound to a quantum dot,

forming an arched structure with the

nanoparticle surface. Fluorophore fluorescence

is quenched through FRET with the

nanoparticle. (B) When the complement DNA

is added, the DNA structure changes, moving

the fluorophore away from the nanoparticle

and restoring fluorescence.
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conjugated to a non-fluorescent FRET acceptor. The cyclodextrin adhered to malt-

ose (i.e., sugar) binding protein, which was present on the quantum dot surface.

FRET between the nanoparticle and the acceptor molecule quenched quantum

dot fluorescence. However, when maltose was introduced, the cyclodextrin was dis-

placed, restoring fluorescence to the quantum dot. Although maltose sensing was

demonstrated, these sensors could eventually be adapted to detect glucose, a cru-

cial molecule to monitor in the management of diabetes.

Finally, systems need not be hybrids, incorporating nanoparticles and fluores-

cent dyes; homogeneous systems have also been constructed [196, 197]. Two types

of CdTe quantum dots were bound to model proteins. Red-emitting quantum dots

were conjugated to bovine serum albumin (BSA), while green-emitting quantum

dots were conjugated to an antibody that binds BSA (i.e., anti-BSA). When the

two quantum dots were incubated together, the green fluorescence was quenched,

as excited electrons transferred their energy to the red-emitting particles. Further,

the red fluorescence was enhanced because energy transferred from the green-

emitting quantum dots was dissipated through the red-emitting quantum dot.

Similarly, the fluorescence of biotinylated-CdTe nanowires has been extinguished

by the presence of streptavidin-coated gold nanoparticles (Fig. 11.14). Biotinylated-

wires exposed to streptavidin alone displayed no change in fluorescence over time

(Fig. 11.14A); however, upon addition of streptavidin-coated gold, fluorescence was

increased in the CdTe acceptors (Fig. 11.14B).

FRET-based quantum dot sensing is elegant, and in theory can provide analyte

detection of as few as 10 parts per trillion [196]. Additionally, the signal is easy to

interpret: fluorescence indicates the presence of an analyte. FRET-based sensing

can also provide quantitative information, as fluorescent intensity can be correlated

to the number of molecule binding events. Although FRET systems could be con-

structed entirely from fluorescent dye molecules, quantum dots provide an excel-

lent alternative. They display high quantum yield; and their acceptor energy and

emission wavelengths can be tailored by changing the size of the particle.

11.5

Intracellular Transport of Nanostructures

Nanostructures that evade endocytosis have the potential to interact with intracel-

lular structures, including components of the cytoskeleton. The cytoskeleton is re-

sponsible for the movement of proteins and vesicles through the cytoplasm, as well

as cell mitosis, locomotion, and signaling. Nanostructures have been used to ma-

nipulate and interact with the cytoskeleton from the cell exterior (Section 11.3.4),

but numerous additional possibilities exist for intracellular interactions. Perhaps

the most intriguing potential application is the use of cytoskeletal elements to con-

trol intracellular nanostructure transport. This line of inquiry will not only improve

biologists understanding of motion through the cell interior, but may aid in assem-

bly of nanoscale structures ex vivo. To date, nanostructure-cytoskeleton research

has focused on ex vivo applications, including sensing and molecular assembly.
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The primary focus has been on kinesin-microtubule structures, but actin–myosin

interactions have also been examined. Direct translation of these methods to the

clinic is not expected. However, the techniques developed for ex vivo studies might

be adapted to nanostructures in the cytoplasm. The ability to perform cytoskeletal

manipulations would allow researchers to explore internal mechanotransduction

and manipulate intracellular transport, providing new insight to gene regulation,

protein expression, vesicular transport and mitosis.

11.5.1

Biology of Intracellular Transport

The cytoskeleton is composed of a network that includes actin filaments, interme-

diate filaments, and microtubules [8]. Intermediate filaments, which are about 10

Fig. 11.14. (A, B) Transient luminescence

spectra of bioconjugated nanowires in

solution. (A) Nanowire-biotin with streptavidin

(without Au) monitored for 40 min after

mixing, (B) Nanowire-biotin with streptavidin-

Au monitored for 65 min. Excitation

wavelength for both (A) and (B) is 420 nm.

(C) Cross section of closely packed model

arrangement of CdTe nanowires and Au

nanoparticles in the bioconjugate. (Photo

courtesy of Nicholas Kotov, University of

Michigan, Ann Arbor, MI.)
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nm in diameter, provide the cell with mechanical strength and form the nuclear

lamina, whereas motion primarily occurs along 5–9 nm actin filaments or 25 nm

microtubules. Actin filaments interact with myosin proteins and are responsible

for muscle contraction, cell locomotion, and vesicle transport [198]. Myosins con-

tain heavy and light chains, with the heavy chain mediating attachment to actin

filaments and the cargo. Motion is driven by the hydrolysis of ATP (i.e., adenosine

triphosphate), which initiates conformational changes in the myosin protein, pro-

ducing a stepping motion along the actin filament. Microtubules interface with

kinesins and dyneins and are responsible for organelle and protein transport, chro-

mosomal separation, cell division, vesicular transport, and are the primary compo-

nents of cilia and flagella [198]. Microtubules are directional, continuously growing

at their plus ends and slowly dissociating at their minus ends. Kinesin contains

two heavy chains that include microtubule binding sites, whereas the structure of

dynein is not well understood, but includes heavy chains and intermediate chains.

Both kinesin and dynein movement occur through ATP hydrolysis. However,

kinesin moves from the minus to plus end of the protein in discrete 8 nm steps,

whereas dynein moves from the plus to minus end of the track [198]. Dyneins are

primarily associated with cilia and flagella, cellular elements which produce cell

movement.

11.5.2

Actin-based Nanostructure Transport

Movement in actin networks is initiated by ATP-binding to myosin proteins. The

myosin II form, which is responsible for muscle contraction, is the most common,

but myosin V may be the best suited for hauling cargo because of its processive

motion [198]. Several nanostructure cargos have been attached to myosin. For ex-

ample, quantum dots have been conjugated to myosin V heads [199]. Fluorescence

signals from the particles allowed direct visualization of the ‘‘hand-over-hand’’

mechanism of myosin movement down the actin filament. Also, rabbit muscle my-

osin was conjugated to magnetic nanoparticles obtained from bacteria [152]. Using

magnetic force, it was possible to alter the velocity of a myosin molecule along the

actin filament. It is envisioned that such a system could be used to analyze single

molecule interactions between myosin and actin filaments.

Alternatively, actin has been conjugated directly to nanostructures. Biotinylated

phalloidin (which binds actin strongly) was attached to quantum dot surfaces and

used to link nanoparticles to actin [200]. Proposed applications of this system in-

clude the creation of in vitro networks of actin filaments or delivery of specific

cargos. Actin has also been attached to the surface of gold nanoparticles, a system

used as a template for gold nanowire formation [201]. Gold nanoparticles bound to

actin monomers could be connected to form nanowires on either side of an ex-

posed actin protein core. Additionally, when placed on a myosin substrate, actin–

myosin interactions directed nanowire movement. This technology is primarily in-

tended for the creation of nanoelectronic networks, but might be used to assemble

or transport nanostructures in cells.
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11.5.3

Microtubule-based Nanostructure Transport

In contrast to actin filaments, microtubules have been more extensively studied for

nanostructure transport, probably because they move a wider variety of natural

cargos in vivo. Again, much of the work to date has been performed ex vivo, with
proposed applications in nanoassembly and nanoelectronics. For example, micro-

tubules have been organized in microfabricated channels using electric fields

[202, 203] and their motion has been directed by absorbed kinesins [204]. Al-

though this method does not apply directly to cellular engineering, many of the

tools to adapt these techniques in vitro are in place. Silica microbeads were at-

tached to kinesin as early as 1990 [20]. Ex vivo binding or transport of microchips

[205], 1–10 mm glass, gold, and polystyrene microbeads [206], CdSe quantum dots

[207], CdSe nanorods [208], and gold nanowires [202] have all been demonstrated

using the kinesin-microtubule system. The wide variety of cargos transported sug-

gests that various nanostructures can be moved with ease. Techniques to control

cargo motion have been developed. Photo-caged ATP can be activated with the ap-

plication of light, permitting control of kinesin movement [209]. Collectively, these

advances should allow for intracellular manipulation of the cytoskeleton in the

near future.

11.5.4

Future Directions

Future research will focus on adapting ex vivo techniques to cell studies. For exam-

ple, motor proteins without nanostructure modification have already been used ex
vivo to transport and manipulate DNA [210]. The addition of nanostructures to

these systems could provide the ability to control (e.g., magnetic manipulation)

and monitor (e.g., fluorescent signal) biomolecule interactions in situ. Develop-
ment of these assays would allow researchers to directly measure the force, speed,

and dynamics of protein–cytoskeleton interactions. Additionally, nanostructure

transport could be used for controlled delivery of drugs, proteins, vesicles, or even

organelles (Section 11.6). A limitation of previous attempts to use nanostructures

for this purpose has been the inability to control cargo release. One possibility is

the use of photocleavable linkages [211]; however, the use of photo-caged ATP

may limit the wavelengths available for this chemistry. An alternative approach

might be to use the heat generated by excited magnetic particles to promote release

of an attached biomolecule.

In addition to intracellular transport, cytoskeletal systems in whole cells may be

harnessed to transport and manipulate objects. For example, the flagella of close-

packed bacteria grown on a solid surface can be used to manipulate beads sus-

pended in fluid [212]. Flagellated algae (e.g., Chlamydomonas reinhartii) were used

to move polymer beads through solution [211]. Algae were directed to specific loca-

tions using phototaxis, and bead attachment did not appear to significantly impede

algae movement. It is unlikely that flagella or cilia could be harnessed directly to
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nanostructures, as they are significantly larger (@1 mm). However, these whole-cell

systems could be used for controlled delivery of nanostructures amongst a popula-

tion of cells. For example, it might be possible to deliver toxic nanostructures to

cancer cells using ‘‘safe’’ bacteria to transport particles into a specific organ.

11.6

Biomolecule Delivery Using Nanostructures

One of the most promising applications of nanostructures is their use to deliver

biomolecules to specific cells and cellular locations. Nanostructures with diameters

from 10 to 100 nm can be introduced intravenously, and remain in the blood for

significant periods of time [18]. Their surfaces may be modified with drugs, biomo-

lecule cargos, and sequences to promote recognition by certain cell types (Section

11.2.4), resulting in specific targeting. The magnetic and heat-generating proper-

ties of nanostructures may be used to control biomolecule release. Nanostructures

with these features have been incorporated into traditional drug delivery constructs

to produce ‘‘smart’’ drug delivery devices (e.g., Sershen et al. [17]). Although much

work has focused on extracellular delivery, intracellular delivery is also possible

(Section 11.4). Nanostructure–DNA binding has been well-established [13], and

gene therapy is a logical extension of this work. With their small size and flexible

surface chemistry, nanostructures are ideal candidates for biomolecule delivery to

cells.

11.6.1

Biology of Controlled Delivery

11.6.1.1 Drug Delivery

Therapeutic drugs typically display half-lives on the order of minutes to hours

[213]. To control release and prolong the effectiveness of these molecules, drug de-

livery systems have been developed. Drug delivery devices may target any compo-

nent of the cell interior or exterior and have been investigated as treatments for var-

ious conditions, including cancer [214], diabetes [215], and neurological disorders

[216, 217]. In many cases, the desired treatment requires controlled release of a

biomolecule over time, possibly many years [215]. Several systems have been devel-

oped to fine tune release, including polymer coatings and degradable hydrogels

[218].

Drug delivery systems must operate in vivo, where the environment can be

harsh. Introducing drugs targeted to specific cell types without direct implantation

of a drug delivery system is difficult. Drugs may be administered orally or through

direct injection, but the primary method is through intravenous injection [219].

Once inside the body, these molecules must evade the natural defense mecha-

nisms of the body, including the reticulo-endothelial system (RES). Components

that are too large (>200 nm) will be isolated in the spleen, whereas molecules

that are too small (<10 nm) are removed from blood vessels by diffusion to sur-
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rounding tissues or the kidneys [18, 145]. Some drug delivery applications require

release to a specific target (e.g., gene therapy, cancer treatment), and achieving this

is challenging. For example, the endocytotic pathway (Section 11.4.1) presents a

significant barrier to controlled intracellular delivery (e.g., for cancer treatment).

With their readily functionalized surfaces and small size, nanocomponents provide

a unique method to address these issues.

11.6.1.2 Gene Therapy

In contrast to most drug delivery applications, gene therapy focuses primarily on

nuclear delivery of DNA in a one-time application. The concept behind gene ther-

apy is straightforward. Many diseases result from defective copies of a particular

gene. Gene therapy attempts to incorporate functional copies of those genes into

the genome of affected individuals. For this to take place, the defective genes must

be identified in the individual. New, working copies of these genes must be synthe-

sized, delivered to the nucleus, and incorporated into the existing genome. This is

usually achieved with the aid of transcription agents, which may use viral or non-

viral mechanisms (for review see Johnson-Saliba et al. [220]). Viral vectors have

been the most successful, but can provoke an immune response. Additionally, vi-

ruses do not infect all cell types equally, and targeting specific cell types can be dif-

ficult [221]. Non-viral delivery has been plagued by the difficulties of traversing the

plasma membrane and directed targeting to the nucleus. Transfection efficiencies

have remained low (0.01–10% [220]). Some of the greatest barriers to clinical gene

transfection have been the long times required to achieve transfection and the low

concentrations of available transfection agents [222]. For gene therapy to become a

viable clinical option, these barriers must be surmounted.

11.6.2

Drug Delivery

Applications for nanostructures in drug delivery are vast (see Volume 10 of this se-

ries for more detail). Although usage of metallic and semiconducting materials has

been more recent, nanostructured ferrofluids have been investigated since the

early 1970s [223, 224]. Drug delivery systems have been envisioned to treat diabe-

tes [215], cardiovascular diseases [225], and cancer [214]. As a result, this section

will focus on several of the challenges facing drug delivery systems, and how nano-

structures are poised to meet them. This will be illustrated with a few examples of

targeted drug delivery applications, primarily in the area of cancer treatment. These

applications are not intended to be comprehensive, but represent general cases

where nanostructures improve upon existing technology.

11.6.2.1 Cell Targeting In Vivo

For optimal control, nanostructures for drug delivery usually display three separate

functionalities: a core material, drug or therapeutic element, and a targeting ele-

ment [213]. The core material provides physical stability, controls size, and pro-

vides a template for drug attachment/encapsulation. In some cases, the core mate-
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rial may serve multiple purposes, incorporating an additional targeting or sensing

function. For example, magnetic particles may be manipulated with a magnetic

field [18]; gold particles can be detected using Raman spectroscopy [47]; and quan-

tum dots can be seen using fluorescence microscopy [19]. The drug or therapeutic

element may be attached directly to the nanostructure, or encapsulated in its inte-

rior. Targeting molecules (e.g., biorecognition elements, see Section 11.2.4.2) can

be added to the nanostructure surface to direct interactions with the cell of interest.

Many systems also include a component to increase circulation time and reduce

RES recognition. Early efforts to use micro- or nano-sized particulates for drug de-

livery were plagued by short circulation lifetimes. Attachment to a carrier molecule

can prevent these difficulties. For example, a significant improvement in delivery

occurred with the addition of poly(ethylene glycol) (PEG) to particle surfaces [213].

PEG prevents the adsorption of proteins, which might be recognized by the RES

[145]. Additionally, small nanoparticles (<10 nm) coated with specific targeting

peptides accumulate in the tissue of interest while evading the RES [75]. Thus, par-

ticle surface modification can facilitate drug targeting and prevent RES clearance.

Nanostructures offer several advantages to traditional drug delivery systems.

Nanostructures may be loaded with vast quantities of drug through encapsulation

or binding to the particle surface. They can be further modified with specific

targeting molecules. For each binding event, an entire nanostructure payload

may be delivered, in contrast to the single molecules delivered using direct drug–

biomolecule conjugation schemes [213]. Additionally, nanostructures can reach

some target sites that are not accessible by therapeutic agents administered via tra-

ditional routes. For example, they have demonstrated the ability to cross the blood–

brain barrier [213]. Unlike traditional systems, nanostructures can also be targeted

to specific elements through external manipulation (e.g., magnetic fields), and

those same signals can be used to trigger controlled release.

11.6.2.2 Drug Delivery for Cancer Treatment

The possibilities for nanostructures in cancer therapy are staggering (also Volumes

6 and 7 of this series for more detail). Nanostructures can provide imaging capabil-

ities, allowing detection of cancer in early stages [213, 226]. Therapeutics may be

administered using nanostructure carriers [213]. If these particles are combined

with imaging modalities, drug distribution can be monitored in real time. Delivery

vehicles could be coupled to biorecognition elements that target only cancerous,

and not healthy, cells [213]. Most research to date has focused on magnetic thera-

pies to deliver cytotoxic agents; however, new materials and new approaches are be-

ginning to be investigated. In some cases, the nanomaterial itself becomes the cy-

totoxic agent, activated by a remote optical source. Because of the ease of surface

modification, size selection, and tunable optical, electrical, and magnetic proper-

ties, these drug delivery systems will likely become powerful additions to current

clinical cancer treatments.

Molecular Approaches For recovery, cancer treatment requires complete removal

of the cancerous cells [227]. In many cases, tumors cannot be fully excised surgi-
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cally and traditional chemotherapy is either not possible or undesirable. Targeted

cytotoxic drug delivery to the tumor provides one alternative to these standard

treatments, and it was for this purpose that therapeutic nanostructures were first

investigated [223, 224]. The concept is straightforward. Magnetic particles are con-

jugated to cytotoxic drugs. External magnetic fields are then used to concentrate

the particles near the tumor. Particles are internalized, and the drug payload is re-

leased by physiological change (e.g., temperature, pH, enzymatic activity) [228].

Magnetic targeting has been used in many environments. Magnetic micro-

spheres have been utilized to deliver drugs to the brain, with concentrations 100–

400� higher than those of mice exposed to drug solution alone [229]. In brain

tumor-bearing rats, similar systems administered 41–48% of the dose directly to

the tumor, in comparison to 23–31% of dose in the absence of the magnetic field

[230]. Particle localization in the vasculature has been controlled with magnetic tar-

geting in a swine model [231]. Starch-coated particles, administered to rabbits intra-

arterially, were concentrated in invasive squamous cell carcinomas following appli-

cations of magnetic fields up to 1.7 T [232]. Magnetic liposomes were delivered to

osteosarcomas, suppressing tumor growth [233].

Nanostructure magnetic therapies have also been applied in the clinic. Lübbe

et al. [227, 234] investigated the efficacy of magnetic particle bound-epirubicin to

advanced tumors. Tumors were less than 0.5 cm from the magnet source and

were subjected to magnetic fields of 0.5–0.8 T. No adverse reactions to the mag-

netic particles were observed, although toxicity was seen at high epirubicin doses.

Results were mixed, as particle accumulation in tumors was not successful in 50%

of patients [227]. Physiological parameters played a great role in this variability and

must be addressed in future attempts to develop successful therapies.

One difficulty in implementing magnetic therapies is that magnetic field

strengths high enough to overcome natural body forces (e.g., blood vessel flow)

are difficult to develop and maintain, particularly for deep tissue targets [227]. In

addition, optimizing particle size to provide the highest level of particle concentra-

tion at a tumor site is difficult. Magnetic susceptibility is inversely related to particle

size, but larger particles are more likely to be removed from circulation by the RES

[227].

Magnetic fields can be used to produce particle accumulation in a chosen tissue,

but specific targeting sequences are required to promote selective internalization

by cancerous cells. These surface agents are designed to prevent macrophage endo-

cytosis (i.e., immune reaction), while increasing endocytosis in target cancer cells.

Several coatings have been investigated. Poly(ethylene glycol) increased uptake in

breast cancer cells, while reducing internalization by macrophages [235]. Modifica-

tion with folate also produced selective internalization by breast cancer cells, but

not other cell types [235]. Amino-poly(vinyl alcohol) (PVA) coatings encouraged en-

docytosis of magnetic particles by melanoma cells, whereas PVA, carboxylate-PVA,

and thiol-PVA did not [236].

Once inside the cell, the drug must be released, enter the cytoplasm, and diffuse

to its target (in most cases the nucleus or mitotic spindle). Drug release must

be precisely controlled. Once the drug payload has detached from the magnetic
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particle it can no longer be manipulated by a magnetic field. Drug escape from

endosomal/lysosomal compartments is possible. The release of drug payloads

from nanoparticles in lysosomal environments has been documented and corre-

lated to observed cytotoxicity in breast and cervical cancer cells [237]. Additionally,

oleic acid/pluronic coated-particles containing doxorubicin were internalized by

prostate and breast cancer cells, producing dose-dependent cytotoxicity [238].

Apart from magnetic materials, researchers have investigated other nanostruc-

tures as nanochemotherapeutics, including colloidal gold [239] and silica [240].

Colloidal gold has been used to deliver tumor necrosis factor (TNF) [239] in a

mouse model. Native TNF has been used as an anti-cancer therapy before but,

however, was found to be toxic at therapeutic doses [239]. Particles bound to TNF,

and containing PEG modifications to reduce RES clearance, accumulated in MC-38

colon carcinoma tumors and produced 50–90% reduction in tumor volume. Addi-

tionally, toxicity was drastically reduced. None of the animals examined demon-

strated adverse reactions, whereas 25–100% of animals exposed to native TNF

died. Development of silica nanoparticle carriers, though, is still in early stages.

Silica has been attached to cefradine, a broad spectrum antibiotic [240]. Silica par-

ticles demonstrate drug release profiles that are likely tunable with particle size,

but have yet to be tested in vitro or in vivo.

Hyperthermia Apart from their use as drug delivery vehicles, nanostructures can

also provide the toxic moiety, treating cancer directly. Because of their unique

optical properties, certain types of nanomaterials can produce local temperature

elevations. This process, known as hyperthermia, has been investigated by several

groups. As a result, this discussion is limited in scope, for more detailed informa-

tion the reader is directed to recent review articles (e.g., Moroz et al. [241], Rama-

chandran et al. [242]). Hyperthermia is a result of particle Nèel relaxation [243] in

an AC magnetic field [228] (e.g., 5–30 kA m�1 at 100–500 kHz [242]), producing a

temperature elevation. When the temperature is maintained at 42 �C or higher for

30 min, cell death, primarily through necrosis, will occur [228, 242]. The exact

mechanisms of cell death are not completely understood, but the effects of heat

on DNA repair and protein expression are well-documented [244].

The use of magnetic particles to locally heat tumor tissue was first proposed in

1957 by Gilchrist et al. [245]. In that study, 20–100 nm magnetite particles were

directly injected into the intestines of dogs. Since that time, several alternatives to

direct injection have been developed [241]. Arterial embolization employs the

tumor vasculature to deliver particles to the tumor interior. Particles may be surgi-

cally implanted, although this technique tends to focus on macroscopic structures

(@1 mm) [241]. Finally, particles can be conjugated to appropriate biomolecules

and may enter the cell (intracellular delivery).

The most limiting features of magnetic hyperthermia have been poor AC field

control, temperature control, and cell targeting. High AC fields are not tolerated

well, as they can lead to muscle response (e.g., spasms). The advent of nanometer-

sized magnetic particles [246, 247] has allowed for the use of lower, more compat-

ible AC fields [242], which may alleviate this concern. However, a clear understand-
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ing of the relationship between AC field strength and the resulting temperature

profile has not yet been obtained. Temperature control is critical because if body

tissues are heated above 56 �C undesired tissue ablation results [242]. Modeling is

helpful to address these concerns, but extensive modeling of magnetic hyper-

thermia systems has not been performed [242]. Additionally, it is difficult to target

nanometer-sized particles to tissues of interest using magnetic fields. In this size

regime, Brownian motion becomes dominant [242] and substantial force is re-

quired to manipulate particles to regions of interest. For this reason, biomolecular

targeting may be a superior approach for directing magnetic particles to particular

cells. In addition to these factors, magnetic hyperthermia must compete with other

better established, approaches, including whole-body hyperthermia and thermis-

tors, to deliver heat [244].

More recently an exciting new material, gold nanoshells, has demonstrated the

potential to produce local hyperthermia (Fig. 11.15) [248]. These nanoshells exhibit

unique optical properties, which are tunable, based on their size. Nanoshells ab-

sorb light in the near-infrared (NIR), and convert this energy into heat, primarily

through vibrations of the crystal lattice (i.e., plasmon-resonance) [249]. Nanoshells

offer several advantages to magnetic hyperthermia because of the excellent tissue

penetration in the NIR and the small number of particles needed to produce a tem-

perature increase [248]. Small particle size allows facile penetration of tumors

through the vasculature [249], which is known to be more permeable in cancerous

than healthy tissue. Particles introduced in this way may accumulate in tumors

Fig. 11.15. Side-by-side co-culture of SKBR-3

breast carcinoma cells and hamster dermal

fibroblasts. Anti-HER2 (a tumor marker

overexpressed on the breast carcinoma cells)

targeted nanoshells were incubated with the

co-culture. After rinsing, the cells were exposed

to a near-infrared laser (808 nm, 1 min), then

stained for viability with calcein AM (green),

indicating live cells, and ethidium homodimer

(red), indicating cell death. The laser spot is

indicated by the yellow circle. The targeted

breast carcinoma cells were ablated while the

‘‘normal’’ cells were unharmed. (Photo

courtesy of Jennifer West, Rice University,

Houston, TX.)
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non-specifically, or through direct, antibody-mediated targeting [250]. This effect

has been used to create selective, local tissue ablation targeted specifically to

tumors [249]. Additionally, the presence of nanoshells can be confirmed using op-

tical techniques (e.g., using optical coherence tomography), allowing in situ moni-

toring of nanoshell targeting and therapy [15].

Photodynamic Therapy Another interesting application of nanomaterials in cancer

therapy is the generation of cytotoxic singlet oxygen. In this process, known as

photodynamic therapy (PDT), photosensitizers (PS) are encapsulated in or conju-

gated to the surface of nanostructures. Additionally, nanostructures can be conju-

gated to targeting molecules that direct them to local tissues. Upon absorption of

light, the photosensitizers excite molecular O2 to the singlet state, causing cell

damage, most notably through disruption of cellular membranes [251]. Singlet

oxygen can also cause tissue damage through disruptions of the vasculature, result-

ing in tissue starvation [251]. Although application of nanomaterials to PDT is re-

cent, several materials have been investigated, including silica, gold, and quantum

dot nanoparticles.

Silica nanoparticles are easily modified to allow encapsulation of PS, which are

largely hydrophobic. For example, native silica was modified with aminosilanes to

promote encapsulation of meta-tetra(3-hydroxyphenyl)-chlorin PS [252, 253]. When

excited, the PS-silica nanoparticles produced more singlet oxygen than free PS

[253], possibly as a result of increased PS concentration. Silica nanoparticles have

also been used to entrain 2-devinyl-2-(1-hexyloxyethyl) pyropheophorbide (HPPH)

PS [252]. When exposed to cells, nanoparticles entered the cell interior, most likely

through endocytosis. Upon excitation singlet oxygen was produced, resulting in

cell death.

Similarly, gold nanoparticles have been prepared as carriers for PS; however, in

this case the molecules are linked to the particle surface rather than entrained in

particle pores. Using the strong binding affinity between gold and thiol groups,

mercaptoalkyl-modified phthalocyanine PS were tethered to the surface of gold

nanoparticles [254]. Singlet-oxygen generation was enhanced when compared with

that of free phthalocyanine, possibly as a result of the phase transfer agent (i.e.,

tetraoctylammonium bromide) also tethered to the nanoparticle surface.

An interesting possibility for PDT is the use of semiconductor quantum dots

[255]. CdSe quantum dot surfaces (~5 nm) conjugated to Pc4 PS produced excita-

tion and singlet-oxygen generation through fluorescence resonance energy transfer

(FRET) [256]. Additionally, unconjugated CdSe quantum dots produced singlet

oxygen [256]. Although the efficiency of singlet oxygen generation through this

mechanism was very low (5% quantum dots vs. 43% Pc4 PS), quantum dots are

extremely resistant to photobleaching and could potentially produce singlet oxygen

over longer time periods than traditional PS [255]. The greatest effects on cell via-

bility appear to occur when quantum dots are combined with tethered traditional

PS [e.g., trifluoperazine (TFPZ), sulfonated aluminum phthalocyanine (SALPC)]

[257]. The exact mechanism for the loss of cell viability in the presence of quantum

dots is unclear. It may be attributed to the generation of reactive species, including
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singlet oxygen, but could also result from the liberation of Cd ions, which are cyto-

toxic [31, 257].

11.6.3

Gene Therapy

Gene therapy can be thought of as a specific subset of drug delivery. The agent de-

livered is DNA, instead of a pharmaceutical; and the release of the agent occurs

one time rather than at a controlled rate. The ability of nanostructures to bind

DNA is well known and was initially investigated for sensing and high throughput

screening applications [13]. Recently, several investigators have expanded this re-

search to examine potential applications in gene therapy. There are several poten-

tial advantages to nanostructure-based vectors. Like other non-viral systems, they

can minimize adverse immune responses. Additionally, nanostructures can be

readily modified with biomolecules to promote targeting and uptake. Some nano-

structures can also be targeted using external fields and monitored optically.

Initially, nanoparticles were investigated as passive carriers. Silica nanoparticles

and gold nanoparticles, in particular, have been examined because of the numerous

surface modification strategies available. These systems use nanoparticles to in-

crease presentation of DNA to the cell surface and to couple transfection agents

with targeted recognition molecules. Conversely, magnetic nanoparticles have

been used as active transfection agents, with magnetic fields directing cell target-

ing.

11.6.3.1 Silica Nanocarriers

Silica nanocarriers are good candidates for DNA delivery because they are biocom-

patible, present concentrated DNA to the cell surface, and are easily synthesized.

Normally, silica nanoparticles are negatively-charged and will not interact with

DNA, which is also negatively-charged. However, their surfaces may be modified

with aminosilanes to provide cationic surfaces, and zeta potentials of up to@50

mV have been observed [258]. These surfaces bind up to 90% of available DNA,

primarily through electrostatic attraction [259], and have produced transfection ef-

ficiencies 30% as high as those of polyethylenimine (PEI) (60 kDa), a standard cat-

ionic carrier. Successful transfection has also been demonstrated in vivo (e.g., in

the brain), with transfection efficiencies equivalent to those of some viral vectors

[260]. Additionally, silica nanocarriers demonstrate far less toxicity than cationic

delivery systems [261] or viral vectors [260].

Apart from improvements in biocompatibility, it has been suggested that nano-

particles may enhance transfection efficiencies by concentrating DNA near the cell

surface [222]. Traditional transfection systems rely on diffusion to initiate contact

between the DNA carrier and cell membrane. Many transfection agents are toxic

to cells, and contact time must be limited. Most of the DNA complexes in solution

never reach the cell membrane. Because of their increased bulk, nanostructures

can overcome these difficulties. In one study, dense silica nanoparticles, coupled

to dendrimer transfection agents, sedimented on cell surfaces, increasing transfec-
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tion efficiencies by almost eight-fold over traditional dendrimers [222]. In another

study, the chain length of the dendrimer transfection agent used could be reduced

when coupled to silica particles. This is advantageous because long chain (e.g.,

G > 5) dendritic polymers have been found to be effective gene transfection

agents; however, they are difficult to synthesize and isolate [262]. When coupled

to mesoporous silica, short-chain (i.e., G2) poly-amidoamine (PAMAM) den-

drimers were able to deliver gene with transfection efficiencies of 35% [262], com-

parable to unconjugated long-chain variants.

11.6.3.2 Gold Nanocarriers

Like silica, gold nanocarrier surfaces can be readily modified, in this case using

thiolated molecules. However, much smaller sizes can be obtained with gold than

silica nanocarriers (e.g., 1–10 nm vs.@30 nm). Smaller nanocarriers potentially in-

crease complex internalization and DNA cargo release [263]. Transfection efficien-

cies of DNA bound-gold nanocarriers are dependant on the surface charge or hy-

drophobicity and the chain length of the surface coating. The most successful

nanocarriers display efficiencies up to 8� that of PEI (60 kDa) [263].

Gold particles also enhance the efficacy of existing agents. For example, PEI (2

kDa)-bound gold displayed an eight-fold transfection increase over PEI alone

[264]. When combined with chemically modified PEI treatments, transfection of

up to 50% of cells was possible [264]. The mechanism for this enhancement is un-

certain. Physical concentration of DNA molecules through increased sedimenta-

tion may play a role, as hypothesized for silica particles [222]. However, the effi-

ciencies of gold nanocarriers are much greater than those of silica (30% of PEI vs.

800% of PEI) despite being almost an order of magnitude smaller. Thus, additional

factors likely contribute to transfection enhancements. Studies of endocytosis have

shown an increase in internalization for particles in the 50 nm region [156], and it

is possible that the smaller size of DNA–gold complexes enhances their uptake.

11.6.3.3 Magnetic Nanocarriers

By far the most widely studied non-polymeric nanocarriers have been magnetic

particles. Magnetic particles can improve the effectiveness of traditional vectors by

promoting specific targeting to the cell surface, and possibly the cell interior [265].

In a technique similar to that used for cell sorting, magnetic nanoparticles have

been used to concentrate retroviral vectors, which were isolated in concentrations

up to 4200 times that of the control [266]. Using a magnetic field, these particles

were then directed to certain portions of a cell culture dish, producing extremely

efficient, patterned in vitro transfection. In a more comprehensive study, cationic

magnetic nanoparticles were examined with non-viral (i.e., PEI, AVET, lipofect-

amine, geneporter, and DOTAP-cholesterol) and viral (i.e., recombinant adenovirus

and a retrovirus) transfection agents in vitro and in vivo [265]. Using magnetic

fields, transfection could be confined to specific regions of a cell culture plate, in

agreement with Hughes et al. [266].

The application of a magnetic field produces an extraordinary reduction in trans-

fection times, from 2–4 h to as little as 10 min [265]. This is most likely explained
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by an increase in vector concentration near the cell surface, resulting from direct

magnetic targeting and increased sedimentation [221, 222]. As many vectors dem-

onstrate chronic toxicity in cell culture, a reduction in required transfection time is

an important innovation. Additionally, the required DNA dose declined, potentially

allowing the use of retroviral transfer agents, which are difficult to isolate in high

concentration. Further, targeting of magnetic nanocarriers is extremely specific.

Few receptors for the transfection agents employed were required, allowing trans-

fection of cell types that previously did not respond to the viral vectors investigated.

A modest increase in transfection was evident for viral agents bound to magnetic

particles, and transfection drastically increased (e.g., 20� that of control) the pres-

ence of a magnetic field.

Magnetotransfection also shows great promise in vivo. Magnetic particle-bound

viral agents produced transfection in the gut and stomach, normally inhospitable

environments for viral agents and DNA [265]. Transfection has been achieved in

primary endothelial cells (i.e., human umbilical vein endothelial cells) that nor-

mally display remarkable resistance to DNA and might be used as stem cells [267].

Magnetic nanospheres conjugated to the vascular endothelial growth factor (VEGF)

gene have been examined as a treatment for limb ischemia [268]. Using magneto-

transfection, overexpression of VEGF was produced, resulting in an increase in

capillary formation. This treatment method offers great improvements over either

systemic delivery of VEGF or delocalized gene therapy. Systemic delivery has not

been very successful because the VEGF half-life is very short, whereas traditional

untargeted vector delivery does not target the limb in question and can produce

unwanted angiogenesis in alternative locations. Although these studies used exter-

nal magnets to guide particles, existing MRI technology may also be used for this

purpose, reducing one barrier to clinical implementation.

11.6.4

Future Directions

11.6.4.1 Drug Delivery

Nanostructures offer several advantages that will encourage their future use in

drug delivery. One benefit is the ability to encapsulate large amounts of drug in a

small space. Recent work has highlighted the increased storage potential of mag-

netic nanotubes/wires in particular. Nanowires possess many of the size advan-

tages of nanoparticles, while having an increased length along which diffusion can

occur or drug can be encapsulated. Electrospun nanofibers containing magnetic

particles have been manufactured, providing potential MRI targeting ability while

increasing available drug storage area [269]. Alternatively, magnetic nanoparticles

were deposited on the inner surface of silica nanotubes using templated synthesis,

and the controlled release of ibuprofen, 5-FU, and 4-nitrophenol drugs was eval-

uated [270].

Another interesting system to increase storage is the use of hollow polymeric

nanospheres. In a technique similar to colloidal lithography (Section 11.3.2), nano-

particles may be used as templates to self-assemble nanometer-sized degradable
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polymer shells [271]. Known as layer-by-layer assembly, this technique systemati-

cally adds oppositely charged molecules [e.g., polyelectrolytes, including poly(so-

dium styrenesulfonate) and poly(allylamine hydrochloride)] to a surface through

electrostatic attraction. Once the shell is assembled, the core material, usually a

polymer nanoparticle (e.g., polystyrene latex [271] or poly(lactic acid)/poly(lactic

acid-co-glycolic acid) [272]), can be dissolved. Permeability of the resulting shell is

dependant on the polyelectrolytes selected and on the solution pH [272], allowing

for specific drug release in pH-altered environments (e.g., endosomes, gut, and

stomach). As well as drug, shells can also encapsulate nanostructures, including

magnetic particles [273, 274], CdTe [275, 276], CdxHg1�xTe [276] and HgTe [276]

semiconductor quantum dots, and gold-cobalt nanoparticles [277]. The shells pro-

vide a protective coating that may facilitate intracellular delivery of nanoparticles

and their cargos.

Nanostructures also provide ideal drug delivery agents because their surfaces

may be altered with multiple agents: drugs, targeting molecules, and chemicals

to facilitate intracellular delivery. For example, one system, conceived by Ferrari

[213], would use nanoparticles to treat large tumor masses. Traditionally, drugs

must access the tumor from its periphery. However, in Ferrari’s system, elaborate

mechanisms are used to avoid these barriers. First, the nanoparticle encapsulates

actin monomers and myosin-bound therapeutic agents. The nanoparticle surface

would be bound to molecules that target appropriate cells (e.g., endothelial cells

forming the neovascular tumor barrier). The nanoparticle would also be attached

to molecules that enhance permeation of the endothelium, allowing nanoparticle

access to the tumor interior. Once inside the tumor, the nanoparticle would release

its actin cargo, forming filaments along which the myosin-bound drug payload

can travel. The drug would then be delivered to tumor cells beyond the tumor pe-

riphery.

Nanostructures can also be used to create ‘‘smart’’ delivery vehicles, with trig-

gered release produced by an environmental change. For example, the polymeric

nanospheres described above can encapsulate nanoparticles that alter their perme-

ability, actuating release. Au-coated cobalt nanoparticles were able to disrupt poly-

meric capsules in the presence of a magnetic field, releasing FITC molecules [277].

Another example of selectively triggered release is the use of CdS nanoparticles as

capping agents for mesoporous silica storage spheres [278]. CdS nanoparticles

were used to block surface pores of mesoporous silica. Upon addition of chemicals

that disrupt disulfide bonds, the CdS particles were removed, allowing controlled

release of the drug cargo. Alternatively, gold nanoshells have been encapsulated in

thermoresponsive hydrogels [17]. When the nanoshells are exposed to infrared

light, the temperature increased [Section 11.6.2.2 (Hyperthermia)], causing the

polymer to collapse and release its drug cargo.

Future nanoscale drug delivery devices will likely incorporate many of these tech-

niques. Nanocavities, as found in nanotubes or polymeric nanospheres, may pro-

vide space for increased drug storage. Nanostructure surfaces may be altered to tar-

get release to a specific location. Additional adaptations may allow for safe passage

of molecules through tissue barriers and into the cell interior. Once in place, optical
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or magnetic excitation may be used to actuate drug release. Ultimately, these sys-

tems will provide heretofore unseen control in drug delivery.

11.6.4.2 Gene Therapy

Multifunctional Systems Similar to drug delivery, multifunctional systems will

likely form the cornerstone of improved nanostructure–DNA delivery. Nanostruc-

tures can be attached to several types of biomolecules, creating modular DNA de-

livery systems that include DNA, cell membrane transporters, and endosomolytic

agents. For example, researchers have combined hybrid viruses conjugated to

nanoparticle surfaces with magnetic force to create novel gene delivery systems

[279]. Previously, the envelope of the hemagglutinating virus of Japan (HVJ) was

modified to transfer DNA through cell fusion; however, efficiency remained slow

and untargeted. To improve transfection, the virus was coupled with magnetic par-

ticles modified with either protamine sulfate or heparin. Successful transfection

was achieved using protamine sulfate in vitro, whereas heparin was needed to max-

imize transfection in vivo. It is unclear whether these factors enhance direction by

promoting cell binding through specific receptors, or simply by altering the zeta

potential of the particle surface. In another example of composite systems, re-

searchers combined DNA-covered gold nanoparticles with electromigration and

electroporation to enhance delivery. Up to 82� the amount of DNA was delivered

when gold particles were subjected to electric fields, promoting electromigration

and subsequent electroporation. Although not compared directly with electropo-

ration of free DNA, it is probable that the addition of conductive gold particles

enhanced delivery. Although much work is in the early stages, combination ap-

proaches can, clearly, merge two mediocre delivery systems to create powerful

transfection systems.

Nanorods Polymeric microparticles are by far the most common nanostructures

studied for gene therapy. However, nanorods offer some distinct advantages as

combination transfection agents. Metallic nanorods can be constructed from alter-

nating material segments (Section 11.2.2.2). Through specific surface chemistry

interactions, these segments can be chosen to promote selective attachment of bio-

molecules to each element [280]. For example, rhodamine dye and DNA were at-

tached to segments of Au-Ni nanorods, respectively. The rhodamine was used to

locate nanorods, which were found in acidic organelles, probably cytoplasmic

vesicles. Alternatively, DNA and transferrin were attached to nanorods, and trans-

fection efficiencies improved by 2–3-fold [280]. This method represents an advan-

tage to nanoparticle-based systems, which attach multiple elements to the same

molecule. In single material systems, kinetic considerations may favor binding of

one molecule over that of another.

Another advantage of nanotubes is their potential ability to penetrate the cell

membrane directly, reducing dependence on the endocytotic pathway for vector de-

livery. There is some evidence that magnetic particles may be forced through the

cell membrane under the influence of a magnetic field [221]. Also, carbon nano-
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tubes with a magnetic cap can penetrate the cell in a magnetic field [192]. This sys-

tem was examined as a method of gene delivery, with up to 85% of cells displaying

the gene of interest. Transfection was not evidenced in the absence of the magnetic

field, demonstrating that the mechanism of infection was active spearing, and not

passive diffusion of vectors to the cell surface. However, both rotating and static

fields were required for optimal gene delivery. Because of their surface modifiable

segments and high aspect ratios favorable for cell penetration, nanotubes may

prove to be superior materials for forming composite delivery systems.

Frontiers of DNA Delivery One of the greatest difficulties in assessing in vivo gene
therapy success is ascertaining whether the intended target has been transfected.

Magnetic particles have been used for some time as diagnostic agents in magnetic

resonance imaging (MRI). The combination of magnetic particles as gene delivery

agents and imaging modalities may allow researchers to monitor transfection in
vivo [281, 282]. In addition, it may be possible to monitor gene expression. Genes
that encode for ferritin formation have been used to synthesize metallic particles

directly inside cells [283]. If linked to a transfected gene, ferritin molecules could

serve as reporter molecules, indicating the transcription level of the gene of inter-

est. Using existing MRI systems, these exciting developments could allow external

observation of transfection and subsequent gene expression in vivo.
Also, the potential ability of nanostructures to deliver large quantities of DNA is

creating new possibilities for therapeutic treatment. The initial focus of most gene

therapy approaches has been delivery of a working copy of a deficient gene. How-

ever, in many cases the gene in question overexpresses a protein, and it would be

desirable to ‘‘turn-off ’’ the gene. It has been proposed that complimentary oligo-

nucleotides may bind mRNA, preventing protein synthesis [284]. However, as op-

posed to the one-shot delivery of vectors, silencing genes will require large

amounts of DNA to be delivered continuously. Initial reports indicate that transfec-

tion using magnetic particles may provide high levels of these oligonucleotides

[285]. Ammonium-modified gold nanoparticles bound DNA, preventing RNA

polymerase attachment and subsequent DNA transcription [62]. Reversible hybrid-

ization has also been demonstrated on a gold nanocrystal platform [286]. DNA

conjugated to gold nanoparticles denatured in the presence of a radio-frequency

magnetic field. When the magnetic field was removed, DNA appeared to return to

the native configuration. Although the exact mechanism is uncertain, it is likely

that heating effects produced by the presence of a magnetic field [Section 11.6.2.2

(Hyperthermia)] caused the loss of hybridization.

11.7

Protein Manipulation

Another potential therapeutic use of nanostructures is the active manipulation of

proteins. Enzymes and proteins can be directly conjugated to a nanostructure sur-

face, and, in many cases, activated or deactivated through optical or magnetic ef-
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fects. Alternatively, substrate molecules can be linked to nanostructures, and used

to indirectly manipulate bound proteins, including cell surface receptors or ion

channels. Although the applications of nanostructures in this field of cellular engi-

neering are the least developed, they offer the ability to directly control cellular sig-

naling pathways and responses. As techniques continue to advance, nanoscale

protein manipulation will lead to new therapies, a greater understanding of cell

function, and external systems for large-scale biochemical synthesis.

11.7.1

Biology of Protein Manipulation

Most cell functions, including signaling, replication, and metabolism, are dictated

by proteins. Most proteins are globular structures containing positively- and

negatively-charged hydrophobic and hydrophilic residues [8]. Upon folding, the hy-

drophobic residues are confined to the center of the protein, producing secondary

structure. The secondary structure frequently contains an active site, a series of

charged residues that recognize and bind substrates. Protein–substrate binding af-

finities result from a combination of electrostatic, hydrogen bonding, and van der

Waals interactions [8]. Substrate binding often produces a conformational change

in the protein, which activates a signaling pathway or catalyzes a chemical reaction

[8].

Proteins may be free or bound to the cell membrane. Proteins embedded in the

membrane usually contain several hydrophobic residues, arranged in alpha helices,

which span the membrane [8]. These proteins contribute to intercellular signaling,

cell motility and adhesion, and the flow of components into and out of the cell. Ion

channels, in particular, represent one class of membrane-bound proteins that can

respond to electrical, mechanical, or chemical signals [8], and therefore are an in-

teresting target for nanostructure manipulation.

11.7.2

Manipulation of Free Proteins: Enzymes

Nanostructures can be bound to free proteins using many of the techniques dis-

cussed previously (Section 11.2.4). The most widely-studied nanostructure system

for enzymatic manipulation consists of mesoporous silica containing enzymes im-

mobilized in the particle matrix. This technique has been used to entrap butyryl-

cholinesterase, an enzyme that cleaves ester bonds, with retention of over 90% of

activity [287]. Enzymes bound to silica were more resistant to temperature changes,

preserving 100% of activity versus an 85% decrease for free enzyme in solution.

Enhanced stability most likely resulted from enzyme interactions with the nano-

particle support, as others have found that enzyme–nanoparticle binding lowers ki-

netic barriers for conformational rearrangements that may prevent denaturization

[288]. Enzymes have also been encapsulated in hollow silica nanoparticles; how-

ever, these systems were less successful. Enzyme activity was reduced when com-

pared with free enzyme, most likely as a result of diffusion limitations [289].
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Control of the amount of enzyme encapsulated has been obtained using layer-by-

layer techniques. Films or shells containing alternative layers of electrolyte and

silica nanoparticle or enzyme have been constructed [290, 291]. The amount of en-

zyme incorporated is controlled by adjusting the number of layers constructed.

This technique can also prevent unanticipated enzyme desorption from the particle

[292]. Although most of the envisioned applications of this technique are for bio-

sensing or the development of large scale reactors [293], it is possible that layer-by-

layer assemblies could be used to construct prosthetic elements that contain a

missing or inactive enzyme in the patient.

In addition to silica particles, other materials have been investigated. Trypsin en-

zyme has been linked to dextran-modified gold through supramolecular interac-

tions [294], and chymotrypsin has been bound to mixed-monolayer protected gold

clusters through electrostatic interactions [295]. For chymotrypsin, binding was de-

signed to occur at the active site, and inhibited the enzyme completely with a 1:5

nanoparticle to chymotrypsin ratio. Chymotrypsin has also been attached to CdSe

quantum dots with varying surface functionalities. Capping ligands terminated

with hydroxyl groups did not interact with enzyme, whereas carboxyl-terminated

ligands inactivated enzyme [296]. Enzymes have been coupled to magnetic par-

ticles as well, which have the potential benefit of targeting using magnetic fields;

however, these are most commonly used in bioreactors, not living systems [297].

Also, nanoparticles have been trapped in the pore of certain proteins, chapero-

nins, which are responsible for repairing defects in protein folding [298]. Normally,

these proteins encompass misfolded proteins, providing a permissible environment

for reconfiguration. After folding has been corrected, the protein is released in an

ATP-driven process. CdS nanoparticles were complexed with chaperonin proteins

with the aid of dimethylformamide. Particles displayed unusually long-lived fluo-

rescence, indicating that chaperonins were able to shield nanoparticles from ad-

verse reactions (e.g., oxidation) in much the same way that misfolded proteins are

protected. Further, upon ATP addition, colloids were released and could be isolated

through centrifugation.

11.7.3

Manipulation of Bound Proteins: Receptors and Ion Channels

Utilizing nanostructures to manipulate cell surface receptors and ion channels is

in many ways easier than the manipulation of free biomolecules. The exterior of

the cell is much more accessible than its interior, and introducing nanostructures

to an extracellular in vitro or in vivo environment is straightforward. Although en-

docytosis may still be an issue, particularly if nanostructures are designed to

remain on the cell surface for long periods, performing experiments at low temper-

atures can alleviate these concerns [154]. This section focuses primarily on nano-

structure manipulation of cell surface receptors and ion channels, as nanostructure

cytoskeletal manipulation was discussed previously (Section 11.3.4).

Nanoparticle binding to cell surface receptors can influence cell function, partic-

ularly the internalization of substances. Magnetic nanoparticles, conjugated to in-
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sulin, prevented endocytosis and increased cell proliferation and viability [167].

Gold nanoparticles bound to certain glycoproteins, may inhibit cellular HIV virus

transmission [299]. CdSe quantum dots attached to serotonin were used to inacti-

vate serotonin transporters [153], a class of receptors that remove excess transmit-

ter from the extracellular environment following a synaptic event. The particles in-

hibited serotonin in a dose-dependant manner, most likely because transporters

became obstructed when attempting to internalize serotonin-bound nanoparticles.

Nanoparticles have also been employed to investigate ion channels, proteins re-

sponsible for signaling in nerve cells. Collagen- and laminin-coated magnetite par-

ticles were used to non-specifically coat cell surfaces. When exposed to a magnetic

field, an increase in intracellular calcium was observed [300]. These increases re-

sult from activation of mechanosensitive ion channels, found often in cardiac

tissue. Alternatively, nanoparticles were bound to neuron cell surface receptors,

near ion channels of interest. CdS nanoparticles conjugated to integrin-binding

peptides were used to explore the potential of electrically exciting ion channels

with nanoparticle electrical fields [66, 301]. Ion channels have even been directly

linked to nanoparticles. For example, ion channels entrained in silica nanoparticles

displayed activity for over a month [302].

11.7.4

Future Directions

The potential of nanostructures to manipulate biomolecules continues to emerge.

For example, it is possible that nanostructures could be used to investigate prion

proteins, which have recently been identified as potential sources of transmission

for mad-cow disease. Defective prions propagate by converting normal prions into

the abnormal structure, forming structures similar to amyloid complexes found in

Alzheimer’s and Parkinson’s disease [303]. Gold nanoparticles have been linked to

prions, which were used to create self-assembled arrays [304]. Although the main

focus of this work was to create stable nanowires, it may be possible to use nano-

structures (e.g., magnetite) to manipulate prions and prion propagation, forming a

basis for therapeutic treatment. At the very least, manipulation of this new class

of biomolecules could provide valuable insight into structure, folding, and prion–

prion interactions.

Additionally, future nanostructure–protein systems will expand the ability to ma-

nipulate ion channels. For example, organic dyes have been linked to a mechano-

sensitive channel in such a way that the channels become activated with light

[305]. Given their optical and magnetic properties, it is likely that a similar design

could be constructed with nanostructures. Although this system was constructed

ex vivo, it demonstrates the possibility of direct cell manipulation using optical

and mechanical elements. Along these lines, gold nanotubes have been used to

create artificial ion channels [306]. Nanotubes were embedded in an artificial

plasma membrane, composed of polymers, and linked to a DNA molecule. The

DNA molecule was used to provide rectification (e.g., on and off states), and was

electrophoretically driven to block the mouth of the pore, preventing ion flow. It is
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likely that nanostructures will continue to be used in this way, possibly being inte-

grated into cells for control of ion flow, signaling, and protein binding.

11.8

Summary and Conclusions

11.8.1

Summary

Nanostructures present several advantages for biological research. They are of sim-

ilar size to many biological materials. Nanostructure surface areas are high and

easily altered through various surface chemistry techniques, allowing for easy bio-

molecule addition and presentation. Combined with the unique optical and elec-

trical properties of nanostructures, these features have heightened interest in the

use of nanostructures for biological investigation. Nanostructures may be com-

posed of many different materials, including semiconductors, metals, and mag-

netic materials, and may be fashioned into particles, wires, tubes, and shells. Syn-

thesis techniques vary depending on the material employed and the desired shape,

but generally include solution-phase synthesis, templated electrodeposition, and

deposition from the vapor phase. Once manufactured, nanocomponents can be

modified with a range of biomolecules using physisorption, electrostatic attraction,

material specific affinities, or biomolecular recognition. These bioconjugates can

be used to attach nanostructures to specific components of cells. Although there

is some evidence that nanostructures may be cytotoxic, these risks can be mitigated

through the application of surface coatings, and nanostructures have already been

employed successfully in several in vivo and in vitro applications.

Nanostructures can be used easily for external investigation of cells. For exam-

ple, they are ideal for the exploration of cell adhesion, migration, and mechanics,

primarily as a result of their small size, similar to that of many components that

mediate cell attachment. Interactions with physical topography have chiefly been

achieved using structures created through optical lithography. However, colloidal

lithography offers a facile technique to create nanostructures much smaller than

those produced previously. Additionally, nanoparticles themselves may be orga-

nized in self-assembled sheets to create roughened physical surfaces with nano-

scale dimensions. Chemical patterns can be produced using many of these same

methods. For example, gold-thiol binding affinity may be exploited to assemble

proteins on nanoparticles or surfaces created through colloidal lithography. In ad-

dition to these passive investigations, magnetic nanostructures can be used to di-

rectly manipulate cells. These methods have been implemented for cell sorting

and to construct tissue engineering substrates. Also, direct cytoskeletal manipula-

tion is possible, and magnetic nanostructures have been utilized to study the role

of integrins in mechanotransduction. Future work will likely focus on integrating

physical and chemical cues into multifunctional devices, as well as the creation of

active substrates to directly manipulate cells.
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Whereas it is straightforward to interface nanomaterials with external structures

that govern cell adhesion and migration, controlled intracellular delivery of nano-

structures is difficult. Materials can be introduced easily through endocytosis, but

remain sequestered in endosomes or lysosomes and are unable to interact with the

intracellular environment. Several techniques have been developed to elude this

fate, including the addition of translocation peptides, liposomes, dendrimers, elec-

troporation, and microinjection. However, most of these techniques produced sig-

nificant particle aggregation, which can reduce optical signals and impede interac-

tions with subcellular components. Among these techniques, only microinjection

has produced discrete intracellular delivery, but this is a serial technique, difficult

to adapt to large numbers of cells or in vivo delivery. Despite the limited tech-

niques, several researchers have successfully delivered nanostructures to the cell

interior. The primary applications have been for cellular and subcellular tracking.

Future research will likely concentrate on improving targeting and delivery of

nanostructures, perhaps using biomimetic rather than natural methods.

If controlled delivery can be achieved, it presents the opportunity to directly ma-

nipulate internal cellular components, including the cytoskeleton. The cytoskeleton

is responsible for cell division, signal regulation, transport, and mechanical proper-

ties. Movement along the cytoskeleton is mediated by transport proteins, which

bind to specific components, including actin filaments and microtubules. It is pos-

sible to conjugate nanostructures to both cytoskeletal components and transport

proteins, providing a method for nanostructure movement. These systems have

been demonstrated ex vivo, primarily for self-assembly and electronics applications;

however, it is possible that these techniques may also be explored in vitro. Future
work will likely adapt ex vivo methods for in vitro studies. If successful, nanostruc-
tures could be used to manipulate the cytoskeleton, increasing understanding of

mechanical stimuli in cell signaling and division. Additionally, nanostructures

may be transported along cytoskeletal elements, providing a method for directing

nanostructures to an organelle of interest, with potential applications in drug de-

livery and gene therapy.

Additionally, internalized nanostructures could be used for controlled cellular de-

livery of biomolecules, with applications in drug delivery and gene therapy. The

half-lives of drugs are very short, and in many cases, sustained long-term delivery

is required for optimal therapeutic effect. Several polymeric release systems have

been designed, but these lack targeting ability to specific cells or cell components.

Also, many delivery agents are quickly removed from the body through the reticulo-

endothelial system. Because nanostructure surfaces can be modified easily, they

can surmount these challenges. Biorecognition molecules can be added for selec-

tive cell targeting; stealth molecules, e.g., poly(ethylene glycol), can be added to in-

crease particle circulation times.

The greatest immediate potential impact lies in the field of cancer therapy, where

discrimination between healthy and diseased cells is essential for treatment. Nano-

structures have been used for direct molecule delivery, primarily through magnetic

targeting. However, they have also been used for triggered release, actuated by an

external event or environmental change. For example, gold and magnetic nano-
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structures experience temperature elevations in the presence of near-infrared irra-

diation. This effect, hyperthermia, can be used to produce local tissue damage. Al-

ternatively, nanostructures have been linked to photosensitizers for photodynamic

therapy. In response to optical excitation, these chemicals catalyze the reaction of

nearby molecules to create cytotoxic substances.

Nanostructures have also been used for gene therapy, which is in effect a subset

of the field of drug delivery. Nanocarriers for DNA delivery have been created using

silica, gold, and magnetic particles. Even in passive systems, increases in transfec-

tion efficiency were seen. Improvements most likely resulted from the density of

the nanostructures, which promoted sedimentation on the cell surface, concentrat-

ing DNA presentation. However, increases were also seen for smaller nanostruc-

tures, indicating that the small size of nanocarriers may enhance cellular uptake.

The addition of active targeting (e.g., magnetic field) further enhanced DNA de-

livery.

Future systems for drug and DNA delivery will likely incorporate multiple func-

tionalities. Carriers may contain the cargo, targeting molecules, agents to enhance

permeation, and means for optical detection. Many carriers include an intrinsic tar-

geting capability (e.g., magnet or electric field response) that can be incorporated to

maximize release. The use of nanorods will likely be investigated, as their larger

surface area increases available storage for cargo. Also, there is some evidence

that magnetic nanorods can directly penetrate the cell membrane, evading the en-

docytotic pathway. These enhancements will provide delivery vehicles that can con-

trol the location and time of release.

Finally, internalized nanostructures may be used to directly manipulate proteins,

an area of huge potential, still in initial stages of investigation. Free proteins, in-

cluding enzymes, can be encapsulated in or attached to nanostructures, and these

composite systems can be used to control enzymatic activity. Most of this work has

focused on the creation of biochemical reactor devices, but may serve as the basis

for the creation of prosthetic elements, which replace a missing enzymatic func-

tion. Additionally, nanostructures may be linked to substrates and used to manipu-

late membrane-bound proteins. These interactions can modulate the internaliza-

tion of substances and ion channel activity. Future research will likely continue to

examine new classes of proteins (e.g., prions) and expand research in ion channel

manipulation.

11.8.2

Conclusions

Nanostructures provide scientists with exciting opportunities to manipulate cells

directly. They possess similar sizes to many biological components, including

DNA, proteins, peptides, and organelles. Nanostructures are easy to synthesize

and can be composed of metallic, semiconducting, ceramic or magnetic materials

(in addition to carbon, polymeric, and peptide materials discussed elsewhere).

Their surfaces are readily modifiable with a range of biomolecules, which provide

a direct means to interact with the cell and its environment. Although there is
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some concern that certain nanostructures may be cytotoxic, they have nonetheless

been employed in several in vitro and in vivo applications.

Because of their unique optical and electrical properties, nanostructures can be

used to manipulate and visualize components of the cell exterior and interior.

Most of these investigations have been passive. However, as technologies, particu-

larly for controlled delivery, continue to advance, experiments will shift to more

active manipulations of cells and their components. This ability will allow scien-

tists to examine intracellular function with increased control. Additionally, these

developments will likely lead to new diagnostic and therapeutic applications, par-

ticularly for gene therapy and cancer treatment.
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H., Novel hollow polymer shells by

colloid-templated assembly of

polyelectrolytes., Angew. Chem. Int. Ed.
1998, 37, 2201–2205.

272 Shenoy, D. B., Antipov, A. A.,

Sukhorukov, G. B., Möhwald, H.,
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285 Krötz, F., de Wit, C., Sohn, H.-Y.,

Zahler, S., Gloe, T., Pohl, U.,

Plank, C., Magnetotransfection – a

highly efficient tool for antisense

oligonucleotide delivery in vitro and in

vivo., Mol. Ther. 2003, 7, 700–710.
286 Hamad-Schifferli, K., Schwartz,

J. J., Santos, A. T., Zhang, S.,

Jacobson, J. M., Remote electronic

control of DNA hybridization through

inductive coupling to an attached

metal nanocrystal antenna., Nature
2002, 415, 152–155.

287 Luckarift, H. R., Spain, J. C., Naik,

R. R., Stone, M. O., Enzyme

immobilization in a biomimetic silica

support., Nat. Biotechnol. 2004, 22,
211–213.

288 Lundqvist, M., Sethson, I., Jonsson,

B.-H., Transient interaction with

nanoparticles ‘‘freezes’’ a protein in an

ensemble of metastable near-native

conformations., Biochemistry 2005, 44,
10 093–10 099.

289 Sharma, R. K., Das, S., Maitra, A.,

Enzymes in the cavity of hollow silica

nanoparticles., J. Colloid Interface Sci.
2005, 284, 358–361.

290 Liu, H., Rusling, J. F., Hu, N.,

Electroactive core-shell nanocluster

films of heme proteins,

polyelectrolytes, and silica

nanoparticles., Langmuir 2004, 20,
10 700–10 705.

291 Ji, Q., Kamiya, S., Jung, J.-H.,

Shimizu, T., Self-assembly of

glycolipids on silica nanotube

templates yielding hybrid nanotubes

with concentric organic and inorganic

layers., J. Mater. Chem. 2005, 15,
743–748.

292 Wang, Y., Caruso, F., Mesoporous

silica spheres as supports for enzyme

immobilization and encapsulation.,

Chem. Mater. 2005, 17, 953–961.
293 Lvov, Y., Caruso, F., Biocolloids with

ordered urease multilayer shells as

enzymatic reactors., Anal. Chem. 2001,
73, 4212–4217.

294 Villalonga, R., Fragoso, A., Cao, R.,

Ortiz, P. D., Villalonga, M. L.,

Damiao, A. E., Supramolecular-

mediated immobilization of trypsin

on cyclodextran-modified gold

nanospheres., Supramol. Chem. 2005,
17, 387–391.

295 Fischer, N. O., McIntosh, C. M.,

Simard, J. M., Rotello, V. M.,

Inhibition of chymotrypsin through

surface binding using nanoparticle-

based receptors., Proc. Natl. Acad. Sci.
U.S.A. 2002, 99, 5018–5023.

296 Hong, R., Fischer, N. O., Verma, A.,

Goodman, C. M., Emrick, T.,

Rotello, V. M., Control of protein

structure and function through

surface recognition by tailored

nanoparticle scaffolds., J. Am. Chem.
Soc. 2004, 126, 739–743.

297 Willner, I., Katz, E., Magnetic

control of electrocatalytic and

bioelectrocatalytic processes., Angew.
Chem. Int. Ed. 2003, 42, 4576–4588.

298 Ishii, D., Kinbara, K., Ishida, Y.,

Ishii, N., Okochi, M., Yohda, M.,

Aida, T., Chaperonin-mediated

stabilization and ATP-triggered release

of semiconductor nanoparticles.,

Nature 2003, 423, 628–632.
299 Nolting, B., Yu, J.-J., Liu, G.-Y.,

Cho, S.-J., Kauzlarich, S., Gervay-

Hague, J., Synthesis of gold

glyconanoparticles and biological

evaluation of recombinant Gp120

interactions., Langmuir 2003, 19,
6465–6473.

300 Niggel, J., Sigurdson, W., Sachs, F.,

Mechanically induced calcium

movements in astrocytes, bovine aortic

endothelial cells, and C6 glioma cells.,

Membr. Biol. 2000, 174, 121–134.
301 Winter, J. O., Gomez, N., Korgel,

References 459



B. A., Schmidt, C. E., Quantum dots

for electrical stimulation of neural

cells., Nanobiophotonics and Biomedical
Applications II, Cartwright, A. N.,
Osinski, M. (Eds.), Proceedings of

SPIE, 2005, Vol. 5705, pp. 235–246.

302 Besanger, T. R., Easwaramoorthy,

B., Brennan, J. D., Entrapment of

highly active membrane-bound

receptors in macroporous sol-gel

derived silica., Anal. Chem. 2004, 76,
6470–6475.

303 Lee, S., Eisenberg, D., Seeded

conversion of recombinant prion

protein to a disulfide-bonded oligomer

by a reduction-oxidation process., Nat.
Struct. Biol. 2003, 10, 725–730.

304 Scheibel, T., Parthasarathy, R.,

Sawicki, G., Lin, X. M., Jaeger, H.,

Lindquist, S. L., Conducting

nanowires built by controlled self-

assembly of amyloid fibers and

selective metal deposition., Proc. Natl.
Acad. Sci. U.S.A. 2003, 100,
4527–4532.
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12.1

Introduction

Cells sample their environment through sensory elements that can discern minute

changes in chemical composition and surrounding mechanical forces. These sen-

sory elements are on the order of tens to hundreds of nanometers, and include

lamellopodia that aid in cell locomotion, and receptor tyrosine kinases that can

bind growth factors. Nanoscale interactions mediated by these elements lead to

the activation of signaling pathways that influence cellular processes at different

levels, ranging from mRNA synthesis and cell cycle progression to apoptosis.

Therefore, it comes as no surprise that biomaterial surface characteristics, namely

chemistry and topography, have a profound influence on the elicited cellular re-

sponse of a tissue engineering construct. Early biomedical devices rarely incorpo-

rated nanoscale surface engineering as part of the design paradigm. However, this

has changed in light of the growing biological evidence that has elucidated poten-

tial therapeutic avenues made possible by the nanoscale presentation of informa-

tion. New approaches seek to reconstruct the natural tissue environment replete

with biochemical and topological cues for the optimum restoration of function. In

this chapter, we review the unique contributions and key examples of traditional

and rapidly-emerging surface engineering techniques directed toward the progres-

sion of biomimetic tissue engineering. As various fundamentally different techni-

ques are discussed, we have grouped biomaterial surface engineering strategies by

their primary enabling features, from which some similarities can be drawn, such

as the utilization of chemically-based or instrument-guided approaches. We discuss

the amenability of these techniques for achieving micro- and nanoscale surface fea-

tures, the applicability toward hard and soft materials and three-dimensional (3D)

geometries, and the future implications of each technology concerning the devel-

opment of clinically-relevant cellular and tissue engineering devices.
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12.2

Conventional Photolithography

The demand for miniaturization strategies in microelectronics long preceded the

need for micro- and nanoscale features in tissue engineering devices prompted by

the elucidation of extracellular matrix (ECM) proteins and signaling mechanisms,

and thus many biomaterial surface engineering strategies are convenient adapta-

tions of these well-established methods. An example is photolithography. The res-

olution limit of this technology is generally the wavelength of the light used for

irradiation, so given the availability of UV excitation sources, photolithography has

been frequently utilized to create organized cellular or biomolecular patterns upon

nanoscale features engineered on planar surfaces. In the conventional scheme, a

patterned photomask is used to control the light-induced decomposition of a spin-

coated photoresist on the substrate, exposing defined regions of the substrate.

These regions can be etched to create topographical features such as grooves, and

can be chemisorbed with compounds such as organosilanes, which promote adhe-

sion to proteins, as well as compounds that resist adsorption. The surface can then

be utilized to site-specifically pattern cells and biomolecules. This photoresist-

based photolithographic technique was employed for the micropatterned, co-

cultivation of hepatocytes and fibroblasts, and cell placement was spatially-

controlled by the patterning of collagen to the glass surface [1]. The topographical

features produced by photolithographic processes have generated potent cellular

responses, such as cell alignment and parallel cytoskeletal filament orientation

along grooved features, as well as several other responses, as reviewed by Flem-

ming et al. [2].

Photolithography-based surface engineering techniques can be modified such

that the biomolecule itself, not the surface, is the photoactivatable conduit for

biopatterning. Variations of photolithography include the use of photoreactive

chemicals conjugated to a biomolecule, such that irradiation directly mediates

site-specific biomolecular immobilization to the surface. Commonly used strat-

egies based on this principle include arylazide, diazirine, benzophenone, and nitro-

benzyl photochemistries [3, 4]. In the first three methods, UV irradiation results in

active groups that insert themselves within chemical bonds, enabling photoimmo-

bilization of the species attached to the photolabile moiety. The first two chemis-

tries have been successfully applied to the attachment of cell adhesion peptides

(RGD-containing) [5, 6] and/or proteins, such as biotin and antibodies [6, 7]. Ben-

zophenone chemistry was applied to covalently attach a laminin peptide fragment

[4]. Thus, these photochemical surface engineering techniques can be employed

to recreate ECM-like environments that are most supportive of natural cellular pro-

liferation and migration patterns. Nitrobenzyl chemistries have been successfully

applied towards the photobiotinylation of polymer surfaces [8].

Photolithographic and photochemical techniques can reproducibly produce

nanoscale features that are critical for influencing cellular behavior. The technology

is well characterized, and facilitates the surface engineering of chemistry, through

adsorption of compounds containing functional groups or biomolecules, and also

462 12 Nanoengineering of Biomaterial Surfaces



provides a conduit for producing certain topographies. However, several elements

of this technology are generally not satisfactory for tissue engineering applications.

First, photolithography is not suitable for patterning nonplanar surfaces, and is

associated with costly, specialized equipment, often using solvents not suitable for

cell and protein patterning [9]. Thus, it is difficult to utilize photolithography for

the ultimate goal of tissue engineering, which is the 3D biomimesis of the natural

tissue environment. Furthermore, for photoreactive chemistries, extensive biomo-

lecule conjugation to the photoactivatable adduct may be involved, UV irradiation

must be used, which is damaging to biomolecules, and most processes cannot be

carried out in aqueous media, all of which complicate tissue engineering device

fabrication strategies that make use of this technology [10]. In addition, illumina-

tion is conventionally conducted through photomasks that do not alter the inten-

sity of incoming light; thus, illumination is said to be ‘‘all-or-none’’, making it dif-

ficult to produce features of non-uniform height. This is a primary limitation in

adapting photolithographic techniques for producing 3D features.

To address shortcomings of photoresist-based photolithographic techniques, sev-

eral modifications in techniques and materials have been reported that have

reinforced the utility of these methods in modern tissue engineering, in which bio-

molecule and cellular sensitivity to the processing environment is of critical impor-

tance. One approach has been the development of biocompatible photoresists. To

expand on the applicability of photoresist-based techniques for protein and cell

patterning, a ‘‘bioresist’’ based on a copolymer of methyl methacrylate and vinyl

pyrrolidone was applied for the alignment of fibroblasts, obviating the need for

potentially-denaturing solvent development steps used to remove photoresist [11].

Another biocompatible photoresist, based on poly(t-butyl acrylate), was utilized to

pattern a polystyrene tubular support with antibodies, with only mild resist re-

moval steps (specifically, 60 �C and exposure to basic media) that were tolerated

by the biomolecules. Features of this technique were comparable with the high res-

olution of photolithographic techniques, with the patterning of 0.13 mm lines with

protein arrangements <10 mm [12–14]. The feature of non-denaturing conven-

tional photolithography is an important step in the transition from established

microelectronics processes to tissue engineering micro and nanofabrication proce-

dures that do not necessitate the use of biologically-incompatible solvents in pro-

cessing steps. To address the all-or-none limitation inherent in the photomask

used, several strategies involving what is called gray-scale photolithography have

been utilized. In this approach, the mask itself contains tunable features, mainly

varying light transmission levels, which control the site-specific degree of photore-

sist irradiation. In one approach, dye-filled microfluidic channels within an elasto-

meric mask consisting of varying concentrations of dye were successful in produc-

ing 3D features in resist, using standard equipment, with resolution in the single

micron range [15].

Recent developments in photochemistry have introduced the possibility of photo-

conjugating biomolecules, and perhaps cells without the use of UV irradiation and

dry environments. Furthermore, complex bioconjugation techniques used to attach

photoactivatable compounds such as caging compounds to the bioactive agent are
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no longer the only option for utilizing light-guided patterning strategies. Holden

et al. have reported a method for the fluorophore-mediated attachment of biomole-

cules such as enzymes to electron-rich surfaces in aqueous, neutral media, using

visible light that is not harmful to proteins [10, 16] (Fig. 12.1). The technique uses

the well-known fluorescein photobleaching reaction to immobilize biomolecules in

patterns as arranged by photomasks and fluorescence illumination. Fluorescein

and similar organic dyes used for patterning are commonly conjugated to proteins

using simple, rapid laboratory techniques [17], thus making the technology acces-

sible to most biological laboratories. One can envision the application of photo-

chemical techniques such as this one for the patterning of biomolecules on com-

plex geometries, simply by controlling the localization of laser irradiation in the

x-y-z plane for site-specific radical-mediated immobilization, although this has not

been explored to any significant degree. In another approach that obviates the need

Fig. 12.1. Schematic for photoimmobilization

of biotin-4-fluorescein to a bovine serum

albumin (BSA)-coated glass surface using

visible-light laser irradiation through a

photomask. Photobleaching of the fluorescent

dye initiates a singlet-oxygen-mediated binding

reaction. (Reproduced with permission from

Ref. [10].)
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for UV-activatable groups, Luebke et al. described a Trp-containing peptide or pro-

tein crosslinking system based on blue excitation light and a ruthenium complex

for specific cell patterning on a poly(ethylene glycol) (PEG)-coated glass surface,

with single-cell resolution enabled by the use of digital micromirrors [18, 19].

These methods, like the advancements in biocompatible photoresists, also facilitate

the use of non-denaturing chemistries in the photolithographically-mediated con-

trolled patterning of tissue engineering scaffolds and implants.

By judicious selection of biomaterials, surface engineering of 3D cellular ma-

trices can be accomplished by photolithographic and photochemical techniques,

thus potentially addressing, at least in part, the difficulties of nonplanar patterning

with conventional approaches. As an example, PEG-diacrylate hydrogels, known to

photopolymerize in the presence of an initiator, were conjugated to nonspecific

and specific cell adhesion peptides and exposed through a transparency-based pho-

tomask to create 3D layered hydrogel patterns, upon which dermal fibroblasts

were specifically attached in specific cell adhesion peptide-defined regions [20]

(Fig. 12.2). The study demonstrated that photolithographic methods can be used

for the surface engineering of complex 3D cell and biomolecule spatial arrange-

ments, with minimum expense, as the mask was printed on a transparency sheet

by laser printer. A photochemistry-based technique for the 3D surface engineering

of agarose hydrogels was demonstrated by Luo and coworkers, who conjugated

Fig. 12.2. Site-specific adhesion of human

dermal fibroblasts to RGDS-immobilized PEG-

diacrylate (PEGDA) hydrogels. (a)–(c)

Hydrogel patterned with RGDS generic cell

adhesion peptide. (d) Hydrogel patterned with

RGDS and REDV (nonspecific) peptide. In all

images, HDF-binding is limited to RGDS-

patterned regions only. Scale bar ¼ 250 mm.

(Reproduced with permission from Ref. [20].)
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photolabile nitrobenzyl-Cys groups to the hydrogel [21, 22]. Upon UV exposure, ex-

posed sulfhydryl functional group channels were then exploited to site-specifically

conjugate RGD-containing cell adhesion peptides, which were patterned to guide

neurite outgrowth. In work by Revzin et al., 3D PEG hydrogels could be engi-

neered to bear immobilized fluorescent proteins, supporting the possibility of

incorporating ECM-signaling cues within hydrogel microstructures [23]. These

findings demonstrate the potential of techniques based on conventional photo-

lithographic and photochemical approaches to construct, with high-resolution and

reliability, complex 3D environments based on tissue-like hydrogels to be poten-

tially applied towards the controlled organization of functional tissue. Thus, photo-

lithography and photochemistry, often suggested to be incompatible for tissue en-

gineering applications, may actually be a potential route to the fabrication of 3D

tissue constructs using a well-established technology.

12.3

Electron-beam Lithography

As previously discussed, we have found that nanoscale interactions are para-

mount to the optimization of a desired cellular response. To this end, nanofabrica-

tion techniques used in high-density storage media and electronics might be

extended for purposes of patterning sub-10 nm features for tissue engineering ap-

plications, given the appropriate material and chemical conduits to enable such an

approach. Electron beam lithography (EBL) is a technology capable of achieving

such a high resolution, and initially has been shown to be potentially applicable to

tissue engineering applications. In this technology, in a manner similar to photo-

lithography, electron beams rather than light are used to irradiate polymer resists

(e-beam resists), such as poly(methyl methacrylate) (PMMA). The resist can then

be developed to produce several nanotopographies. The current resolution limits

of this strategy are as low as 5 nm in the X-Y plane and 1 nm in the Z plane [24],

thus warranting applications of EBL in tissue engineering device fabrication.

Given the advantage of high-resolution, biological applications of EBL have only

recently emerged. While EBL is currently being utilized to first study in detail such

nanoscale interactions between cells and their surrounding chemistry and topogra-

phy [25–27], it seems plausible that such a technology could be also directed to-

wards the precise fabrication of complex tissue engineering scaffolds. The potential

of EBL to create high-resolution protein patterns on conventional substrates, such

as silane-coated silicon wafers, has been demonstrated [28, 29]. In one example,

EBL-patterned 1 mm PMMA grooves were seeded with collagen to control lung fi-

broblast orientation and patterning [30]. Hippocampal neuron perpendicular align-

ment was influenced heavily by EBL-etched nanoscale grooves [31, 32]. In another

application, an EBL method capable of producing 20 nm features surface engi-

neered with poly(caprolactone) (PCL) [33], a biodegradable polymer used in bio-

medical implants, was used to study the filopodial extensions of fibroblasts in

response to different nanotopographies [34] (Fig. 12.3). Thus, as we elucidate the
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specific geometries capable of optimizing tissue organization and function, EBL, at

least on a limited amount of materials, is a candidate for creating such features.

Three-dimensional surface engineering features, while not explored in depth with

EBL, have been at least demonstrated to be achievable, using EBL-enabled amino-

functionalization of a gold surface templated with a self-assembled monolayer

(SAM), upon which proteins are sequentially layered [35]. These preliminary find-

ings suggest the potential utility of EBL in the surface engineering of tissue engi-

neering devices, provided the materials and biological agents are compatible with

the process.

Given the biocompatibility of PCL and PMMA substrates (discussed above for

EBL applications) in tissue engineering, EBL has initially been demonstrated to

Fig. 12.3. (a) Scanning electron micrographs

of nanopit topographies produced by electron-

beam lithography, nickel die fabrication, and

hot embossing. Diameters: (A) 35, (B) 40, (C)

120 nm. (b) Average number of filopodia per

cell on planar and nanopit-containing surfaces.

Results are meanG SD; P < 0:05*, P < 0:01**

(student’s t-test). (Reproduced with

permission from Ref. [34].)
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be relevant to the surface engineering of biomaterials, and it is likely that, in con-

junction with other fabrication techniques, EBL-based nanopatterns can be plated

on other polymeric and metallic biomaterials as well. However, this has yet to be

extensively investigated in a true cellular and protein surface engineering context,

especially since most patterning for tissue engineering applications has been pri-

marily explored on the microscale, where high-resolution EBL was not necessary.

This might be addressed by investigating more biomaterials for their potential util-

ity as e-beam resists. Furthermore, this highly-specialized technique can be both

costly and time-consuming, with the serial drawing nature of the technology, and

the extensive effort (computationally and physically) that is necessitated by patterns

of increasing complexity. Similar to light-based techniques, EBL can require exten-

sive optimization of process parameters, such as beam current, scan mode, and

diameter, as well as resist properties [36]. Pattern reproducibility and resolution,

as well as feature width, can be problems with this technology under various con-

ditions. Nevertheless, the high resolution achievable by EBL warrants its further

investigation concerning the surface engineering of biomaterials, and the method

can still be utilized as an in vitro tool to study the fundamentals of cellular re-

sponses to varying topographies on the order of single nanometers, since that is

the scale of cell plasma membrane features.

12.4

Soft Lithography

The enhanced specialization of biomaterial surfaces required for realistic func-

tional tissue arrays has necessitated the development of new surface engineering

techniques. Photolithography and EBL technologies, for instance, in general are

not suitable for patterning on nonplanar surfaces. As a result, the diversity of bio-

materials available to accommodate specific tissue structures may not be suitable

fabrication platforms using these technologies. Furthermore, these techniques are

time-consuming, can involve denaturing solvents, and require costly equipment

and clean-rooms not accessible to biological laboratories [9, 37, 38]. For biomaterial

surface engineering to complement advances in our knowledge base of optimal

cellular environments, a family of micro- and nanofabrication technologies known

as soft lithography have been developed that are suitable for patterning cellular and

biomolecular arrays, with resolutions comparable to those of photolithography [9,

39–41].

Soft lithographic approaches, such as microcontact printing (uCP), microfluidic

patterning [micromolding in capillaries (MIMIC)], membrane-based patterning

(MEMPAT), and laminar flow patterning [38, 39, 41, 42], are related by the use of

elastomeric stamps or channels for patterning, typically based on the silicone rub-

ber poly(dimethylsiloxane) (PDMS). The polymer is cast against a patterned master

mold generated by conventional photolithography to create a stamp with various

features. PDMS stamps have been used effectively in the patterning of biomole-

cules and cells through uCP, in which the patterned stamp is coated or ‘‘inked’’
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with a functional chemical substance, such as a self-assembled monolayer (SAM),

normally consisting of alkanethiols, and transferred by brief contact to another sur-

face, such as gold, glass, or polymeric materials [37]. Self-assembled films on the

target surface can then be used to create patterns in the nanoscale regime [43–45].

MIMIC involves the use of elastomeric channels, a support (e.g., glass, gold, poly-

mer, metal), and a liquid polymer of low viscosity, to form patterned layers by cap-

illary action [42]. In MEMPAT and related techniques, a thin elastomeric lift-off

membrane with circles and square-shaped features are used to constrain cell and

protein seeding [39, 46, 47]. Laminar flow patterning takes advantage of the low

Reynolds’ number, parallel non-mixing fluid streams of molded capillary chan-

nels to selectively pattern cells and their biomolecular environment [48, 49].

Other novel techniques involve multilayering schemes for the development of

3D elastomeric devices such as microfluidic on/off valves [50]. The variety of soft

lithographic techniques provides significant versatility in surface engineering

applications.

Soft lithographic procedures incorporate versatile materials and procedures that

are readily accessible to biologists [51]. The key component of these technologies,

PDMS, is a biocompatible, inexpensive, oxygen-permeable material that can be uti-

lized for cell culture [52], and, due to its elastomeric nature, it can readily assume

the shape of nonplanar structures, and is a robust material that can be reused as a

stamp for the same application, without leaving residual polymer on the targeting

surface. Furthermore, while PDMS is hydrophobic and non-functional for biocon-

jugation, surface oxidation or polymer grafting procedures can be utilized to make

the surface hydrophilic and surface functionalized [53–55]. A previous drawback

in soft lithography was the photolithographic step used to generate the original

stamp. However, this potentially time-consuming and costly step has been modi-

fied with the development of rapid prototyping (RP) steps that use less expensive

materials and processing equipment, such as transparency-based photomasks [56]

and inexpensive computer-aided design and printing tools [57]. Generally, soft

lithography is a low-cost technique that does not necessitate specialized accommo-

dations such as clean-rooms. Hence, the attractive features of soft lithography are

versatility in the type of surface that can be patterned (including some 3D applica-

tions), low cost compared with other methods, micro- or nanoscale resolution ap-

propriate for tissue engineering applications, and biocompatibility.

Soft lithography is a significant example of a technique that complements the

need to fabricate complex cellular and biomolecular arrays for tissue engineering.

The appeal of this technology for the engineering of surface chemistries and to-

pologies on biomaterials can be illustrated through several examples. Nanoscale

features of varying shape such as lines and circles can be achieved by uCP with

certain modifications [58–60]. Alkanethiol SAMs terminated with fibronectin-

adhesive and resistant groups were patterned by uCP on gold and silver surfaces

to control endothelial cell adsorption on the microscale [61, 62]. uCP techniques

have been used to pattern cells and proteins on gold, silver, glass and polymer sub-

strates. Using SAMs with certain specificities toward a given biomolecule or cell,

control is provided over cell–cell interactions, as well as cell confinement and

12.4 Soft Lithography 469



470 12 Nanoengineering of Biomaterial Surfaces



migration within a microscale area, which is critical to the goal of biomimesis. For

example, by patterning biomolecules in a tight distribution on the nanoscale, sub-

sequently a high density of protein-based information is created, which makes it

possible to mimic the same density of information in living systems, such as integ-

rin clustering. Findings that are a result of the patterning of cells using uCP tech-

niques include the correlation of geometrical and biomolecular surface informa-

tion with several biologically important events, such as cell growth and

differentiation, cell cycle, cytoskeletal arrangement, and cell polarization [9, 37,

40]. For the fabrication of more complex structures, 3D channel networks can be

harnessed by using MIMIC to fabricate multiple patterned arrays of protein gra-

dients and cells, on a diverse pool of surfaces, such as biodegradable polymers

(PLGA, PEG), glass, gold, and silicon [9, 37, 42]. Laminar flow patterning, due to

its ability to deposit multiple cells or proteins in separate streams, adds signifi-

cantly to this functionality, as streams containing distinct information (cells,

growth factors, serum) can be rapidly patterned without the placement of physical

implements to separate the streams. Furthermore, patterning directly over cell cul-

tures, or even certain regions of cells, is possible with this technique, which is per-

haps its major distinguishing feature. For example, Takayama et al. were able to

demonstrate selective labeling of mitochondrial subpopulations, as well as the dis-

ruption of actin filaments in specific cell regions, using a technique known as par-

tial treatment of cells using laminar flows (PARTCELL) [49, 63] (Fig. 12.4). Thus,

soft lithographic patterning can be utilized to specifically influence cellular organi-

zation and function, with the added functionality of biochemical and physical ma-

nipulation on the single cell level, which could be useful for developing regions

within a tissue construct, whereby different cells would require certain nutrients

at distinct spatial and temporal intervals.

Biomaterial surface engineering techniques based on soft lithography have been

shown to provide controlled cellular environments with various biochemical cues

for optimum tissue function and organization. Fundamental information concern-

ing the influence of such signals on cellular phenotype and function have been

made possible by these methods, which can employ SAM and direct cellular and/

or protein patterning strategies to present complex biochemical information with

high resolution. To translate the past decade of patterning cells and biomolecules

on mostly planar surfaces toward work to develop functional tissues and organs,

increased attention is needed regarding the amenability of these approaches on

other biocompatible substrates. The investigation of other elastomeric materials as

Fig. 12.4. (A)–(C) Schematic describing the

partial treatment of cells using the laminar

flow (PARTCELL) technique. A channel network

molded in PDMS (A) is placed on a coverglass

and consists of inlet and outlet ports. (B) The

green inlet channel is injected with a

mitochondrial staining probe (Mitotracker

Green FM, Molecular Probes Invitrogen), while

the other inlets are injected with cell media.

(C) Illustration of non-mixing parallel streams.

(D)–(F) Time-lapse fluorescence microscopy at

5, 11, and 35 min confirms the selective

labeling of the mitochondria within the region

of the cell exposed to the dye-injected port

alone. (Reproduced with permission from Ref.

[49].)

H_________________________________________________________________________________
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stamps with varying properties may enable new approaches. The most commonly

used material currently, PDMS, is a hydrophobic polymer, and thus is susceptible

to protein adsorption unless surface-modified, and can slowly recover hydrophobic-

ity even in that case [64]. Also, in addition to the hydrophobic properties of the ma-

terial, the ability to produce quality patterns on the stamp, as well as the quantity

of different nanopatterns to be produced using the same stamp, are major factors

affecting reproducibility of the pattern and the scope of application of the tech-

nique. In addition, the true nanoscale resolution limit of most of these technolo-

gies has not been ascertained. However, as there is no wavelength-imposed limit

as in other technologies, it is likely this limit will be suitable for nanoscale feature

patterning, if not already suitable. The usefulness of soft lithography for present-

ing topological information has not been explored for the most part, although

PDMS is easy to mold and could be used in studies of cell–substrate interactions

in such a context. In addition, soft lithography could potentially be combined with

other nanofabrication techniques to produce desired features such as grooves if

necessary. Even though some questions the technology may raise, this family of

methods is still a low-cost method of producing quality patterns of cells and pro-

teins at potentially nanoscale resolutions on nonplanar substrates. Furthermore,

improvements have been demonstrated in extending the types of materials that

can be used for pattern transfer. Patterned agarose hydrogel stamps have been

used in inking/stamping procedures, such as in the method employed by Ste-

vens et al. to transfer osteoblasts to hydroxyapatite scaffolds [65]. Thus, soft li-

thography pattern transfer can be accomplished with wet stamps which enhance

cell viability, likely without sacrificing much control over patterns produced. Fur-

ther work will likely improve the resolution provided by rapid prototyping meth-

ods, and continued efforts concerning multilayered, multifunctional surfaces that

present structurally-favorable cellular microenvironments using these techniques,

especially laminar flow patterning of biomolecules and cells using parallel nonmix-

ing streams, are capable of facilitating the development of novel tissue engineering

devices.

12.5

Polymer-demixed Nanotopographies

As discussed previously, highly specialized EBL techniques provide for the repro-

ducible topological patterning of biomaterial surfaces, with biologically-relevant

features such as grooves. However, such methods are time-consuming and expen-

sive, and candidate surfaces and materials for EBL are limited. Accessible tech-

niques for the high-resolution nanopatterning of biomaterial topographies at low

cost are thus necessary to facilitate the progression of surface engineering strat-

egies in tissue engineering fabrication. Recently, methods in surface engineering

have been developed that exploit the bulk interactions between polymeric domains

to produce a desired surface feature upon a substrate. By manipulating these phe-

nomena, it has been demonstrated that surface topologies, in addition to surface
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chemistries, can be patterned upon a surface. Here we discuss a concept known as

polymer demixing, whereby the inherent immiscibility of a binary polymer system,

when cast upon a surface, results in phase separation-induced surface features

[66]. Polymer demixing is a process tunable by polymer selection, relative polymer

proportions and solubilities within the common solvent, and solvent selection, and

can be utilized to produce nanoscale topographies such as pits and hills of tunable

height and depth on the 10s of nanometers. Polymer blends initially explored with

this strategy include poly(styrene) (PS) and poly(methyl methacrylate) (PMMA), PS

and poly(4-bromostyrene) (PBrS), and poly(n-butyl methacrylate) (PnBMA) [66–

69].

Surface engineering strategies of high tunability are highly desirable in the

field for achieving specific, reproducible surface features. With polymer demixing,

polymer fraction composition is a determinant of the type of topology produced,

whereas polymer concentration in the solvent mixture is the parameter governing

topology size. For example, by varying a 60/40 blend of PS/PBrS in total concentra-

tions of 0.5–5% in toluene, nanoscale island features of heights from 13 to 95 nm

were produced [67]. Interestingly, this study showed that positive-phenotyped hu-

man endothelial cells elicited nanoisland height-specific cytoskeletal and morpho-

logical responses, with the slightest grade (13 nm) eliciting the most rapid cellular

spreading, relative to flat surfaces and higher features of the same polymer blend.

Filopodia were observed to be in contact with the nanoislands, and cell shape was

arcuate, in agreement with in vivo morphologies, suggesting that nanofeature-

presenting surfaces may provide a more natural cell phenotype than flattened

surfaces, such as the tissue culture polystyrene commonly employed. The 13 nm

features produced by this method were also tested for fibroblast response, and

again a greater cellular response was observed on the nanoisland-laden surface

compared with the planar surface of the same composition. In addition, gene

expression as assessed by microarrays was significantly enhanced for hundreds of

signals in response to the nanoislands, with the timing of upregulation being con-

sistent with focal adhesion formation upon the surface structures [69]. As an exten-

sion to tissue engineering approaches utilizing tubular constructs, polymer demix-

ing was recently applied to the inner lining of nylon tubing to develop nanoislands

of 40 and 90 nm, which had profound effects on cell spreading and cytoskeletal or-

ganization [70]. Thus, the application of polymer demixing could have implications

for the development of neural growth cone elongation conduits and vascular grafts,

for the control of cell adhesion and morphology, as well as gene expression. In

these preliminary studies it is apparent that nanotopologies on the 10s of nano-

meters directly influence cell shape, proliferation, and signal transduction. Collec-

tively, polymer demixing studies complement EBL studies on cell–biomaterial sur-

face interactions in reinforcing the importance of nanoscale surface information

on cellular response. Also, this work demonstrates that topography as the dominat-

ing feature, rather than chemistry as the primary mechanism, can be tuned to con-

trol cellular adhesion and signaling.

New strategies to present tunable nanoscale topological features will undoubt-

edly be useful in tissue engineering device fabrication as the knowledge base
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concerning optimum cell growth and function conditions is expanded to include

in-depth nanoscale interactions. However, as technologies such as EBL and, in

this case, polymer demixing are rather in their infancy in terms of biological appli-

cations there is considerable uncertainty of the extent of application of these tech-

nologies. The utility of polymer demixing in tissue engineering applications will

depend on the number of biocompatible polymeric blends that can be induced by

phase separation to form the desired structural features at the necessary resolution.

If the ribbon and hill nanopatterns cannot be generated upon well-characterized

biomaterials, it is unlikely that polymer demixing techniques can be utilized for

tissue engineering, other than for the detailed study of cell–surface interactions in

tissue engineering-like 3D constructs. However, phase separation techniques based

on some different principles, such as temperature-induced phase separation (TIPS)

[71], have been reported for developing relevant biomaterial constructs, in this case

porous biodegradable polymer architectures. Therefore, additional parameters

other than polymer–polymer and polymer–solvent interactions should be investi-

gated for families of polymers to identify more relevant phase separations. In addi-

tion, future studies than address the combination of surface chemistries with these

nanotopographies would be helpful and likely provide new insight on detailed

nanoscale biochemical interactions, and also enable added features to this plat-

form. For instance, while tall features were shown to be relatively inhibitory to

cell adhesion, the grafting of cell adhesion peptides to the same feature might

evoke a drastically different response in terms of cell spreading and growth rate.

Nevertheless, polymer-demixed surfaces provide an interesting platform towards

the study of nanotopography and its influence on cellular responses. The capability

of reproducing in vivo-like cell phenotypes on an in vitro platform, as suggested by

the arcuate morphology and structural changes of endothelial cells and the molec-

ular expression profiles of fibroblasts on nanofeatures produced by this technology,

could establish this technique as a correlative study tool to predict, for example,

post-implantation responses. Of significance in this technology is the data gathered

from cellular growth patterns on structures of varying height, which has some

relevance should the same cells be patterned on 3D arrays in tissue engineering

applications.

12.6

Star-shaped and other Novel Polymer Structures

In addition to phase separation strategies, novel properties resulting from altera-

tions in the polymeric structural configurations themselves have been of signifi-

cant benefit in surface engineering approaches. Since polymers can be tailored to

present functional groups on their surface, the density of that information on a

given surface can be of critical importance to the evoked tissue engineering re-

sponse, in the form of cell adhesion or spreading, for example. Star polymers, for

example, are such a structure. They consist of a central core from which multiple

branches of varying physicochemical properties emanate. By incorporating star-
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shaped polymers onto biomaterial surfaces, the multivalency of the polymer can be

exploited to present multiple surface chemistries, with a tunable number of

branches and branch length, while the central core can impart its characteristic

properties upon the whole surface.

Star-shaped architectures have been investigated in studies appropriate to tissue

engineering applications. A promising application can be found in PEG-star archi-

tectures within hydrogel constructs. Initial studies by the Peppas laboratory con-

cerning the utility of PEG star polymer hydrogels, for example, indicated that

swelling properties of the construct could be adjusted by branch length, as well as

the incorporation of acrylate moieties within the structure [72, 73], thus suggesting

the utility of this approach in developing controlled-release tissue engineering sur-

faces, perhaps for the timely release of growth factors to encourage functional tis-

sue development prior to or following implantation. In another example, star PEG

coatings on titanium were explored for their utility of resisting nonspecific adhe-

sion while promoting site-specific attachment of cells through a branch-conjugated

RGD sequence [74], which illustrates the benefit of this approach in conferring

added functionality upon titanium-coated implants in enhancing interactions and

tissue integration with the surrounding environment, and reducing the adsorptive

capacity of titanium for proteins, while also taking advantage of its mechanical

stability in bioimplants. In other work to highly-tune cell adhesion on bioimplant

surfaces, Griffith and coworkers investigated the utility of a ‘‘comb’’ copolymer con-

sisting of a PMMA backbone with PEO branches, conjugated with varying RGD

peptide densities. Surface film clustering of comb-presenting films either modified

or unmodified with the peptide was demonstrated to be tunable for controlling

cell–surface interactions [75–77]. The multifunctionality of star and comb poly-

mers allows for incorporation of adsorption-resistant and adhesive surfaces within

the same construct, and parameters such as the number and length of branches,

and backbone/branch polymer composition, can be tuned, albeit with some diffi-

culty, depending on the desired configuration, to develop complex surface arrange-

ments of optimum density and spacing.

The degree of tunability of star-shaped polymer configurations appears to be

very extensive, and the approaches used to make such modifications are diverse.

In one example, such modifications are used to reversibly change the surface prop-

erties of a self-assembled film. Using a heteroarm star block copolymer of poly(2-

vinylpyridine) and polystyrene, a self-assembled ‘‘brush’’ developed that could be

tuned by solvent and pH-induced environments to present core–shell micelles

with one of the two polymers on the surface. In addition to unimicellar interac-

tions, lateral phase segregation was also observed for the monolayer, creating ‘‘dim-

ple’’ and ‘‘ripple’’ morphologies, thus illustrating the development of an intelligent

polymer coating with tunable, switchable surface chemistries and morphologies

[78]. In another application, an amphiphilic diblock copolymer consisting of poly-

styrene and poly(ethylene oxide) (PEO) was synthesized in various star-shaped con-

figurations, resulting in relative spreading and compaction of each polymer along

the surface that were different that the linear form of the copolymer [79]. An excit-

ing tuning approach highly relevant to star-shaped and dendrimer-branching poly-
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mers is the concept of molecular imprinting. In this process, the polymerization

step is accompanied by a ‘‘templating’’ step, in which the polymer and template,

such as a biomolecule or metabolite-binding probe, are crosslinked. Extraction of

the template, for example by hydrolysis, creates highly-specific complementary

binding sites for the templating structure. The presence of multiple surface func-

tionality sites on star and other multibranched polymers thus facilitates this ap-

proach to developing highly-sensitive recognitive networks, and has been exploited

in the specific imprinting of porphyrin and glucose-based recognition systems [80,

81]. These works are interesting precursors to the development of smart multi-

functional biomaterial surface constructs that are responsive to the changing con-

ditions of the microenvironment. While molecular imprinting is generally consid-

ered a technology for drug delivery and biosensor applications, it is conceivable

that such imprinting technologies incorporated into hydrogels could serve as

specific biomolecule-recruitment devices that sort out serum proteins to capture

the proper growth factors for the cells that are entrapped within the construct. Al-

ternatively, such a technique could be used to recruit specific endogenous stem

cells within a construct to generate new tissue in vivo, although the technology is

in its infancy. Nevertheless, the versatility of star and other hyperbranched, nonlin-

ear polymers makes them promising candidates for several tissue engineering ap-

plications in which the presentation of surface chemistries on the nanoscale level

is required. Manipulation of the biomaterial itself in this manner may avoid the

time-consuming optimization of process parameters used in other methods to

achieve desired surface chemistries within biomaterial constructs.

12.7

Vapor Deposition

In tissue engineering scaffolds or cellular and protein arrays for biosensor applica-

tions, patterns have been generated using the aforementioned photolithographic

and soft lithographic techniques. These approaches may have limitations in the

equipment and procedures involved, and/or the range of biomaterials that can be

patterned. For instance, photolithographic equipment can be expensive, and soft

lithographic fabrication techniques have been carried out primarily on gold and

silicon substrates. Furthermore, PDMS, a common building block of microfluidic

devices, nonspecifically adsorbs proteins via hydrophobic interactions, and does

not express native functional groups for bioconjugation techniques [54, 55]. Thus,

techniques adapted from the semiconductor industry have evolved that permit the

thin film deposition of a wide variety of materials. Chemical vapor deposition

(CVD) and related strategies, for example, are essentially a family of techniques

that involve the chemical transformation of volatile gaseous precursors into thin

films upon a substrate. The highlights of CVD that are relevant to biomaterial

surface engineering are the capability of this technique to deposit various coatings

(including multiple surface functionalities) on several substrates of varying compo-

sition and geometry. The process can be performed without catalysts and poten-
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tially-denaturing solvents at room temperature. These advantages have encouraged

the exploration of CVD technologies in the patterning of defined chemistries on

substrates of complex geometries that might be considered candidate tissue engi-

neering constructs.

We now illustrate the versatility of CVD-based approaches for the patterning of

surface chemistries on various biomaterial surfaces. Lahann and coworkers have

employed CVD polymerization of poly(2-chloro-para-xylylene) to homogenously

coat metallic stents, which permitted subsequent plasma treatments to signifi-

cantly reduce platelet adhesion [82]. In addition, polymer deposition enabled the

immobilization of a thrombin inhibitor on the strent to further reduce thromboge-

nicity [83]. This process addressed several shortcomings with previous attempts to

coat Nitinol-based stents with polymers, such as the use of solvent-based defects,

and the difficulty of evenly coating thin films below the micron scale. Thus, CVD

is a potentially powerful technique for the coating of potentially thrombogenic or

non-biocompatible metal surfaces with stable, evenly distributed functional poly-

mer coatings for improving the performance and expanding the scope of applica-

tion of existing materials. In other work by Lahann, CVD polymerization of func-

tionalized poly(xylylenes) was applied for the thin film coating of steel, glass, gold,

silicon, Teflon, and polyethylene surfaces, and, in conjunction with uCP, layer by

layer (LbL) self-assembly was permitted for the controlled deposition of endothelial

cells [84]. Therefore, the synergy of CVD with other patterning techniques for the

spatial patterning of surface information is particularly of interest, as the benefits

of soft lithographic pattern transfer techniques can be combined with the ability of

CVD to pattern chemical functionalities on various surfaces. As further support

that soft lithography and CVD polymerization can complement each other in the

development of novel tissue engineering constructs, PDMS-based microfluidic

devices themselves were functionalized on the luminal surface with the same func-

tionalized paracyclophanes [85]. Reactive or nonreactive polymeric coatings of sub-

100 nm thickness were homogenously-deposited within the luminal surface of

both straight and curved PDMS microchannel geometries [86] (Fig. 12.5), suggest-

ing the potential of this technique in the ultrathin patterning of biofunctional

groups within complex tissue constructs.

In addition to the capability of CVD techniques to deposit a given material on

various substrates, the properties of the materials and surface chemistries that

can be patterned are diverse as well, and are highly-relevant to bioimplant and

tissue engineering applications. As a first example, by the CVD-based deposition

of a photoactivatable surface chemistry upon a microfluidic channel, a template

was provided for the spatially-controlled functionalization of both hydrophilic

(PEG) and protein coatings in discontinuous arrangements [87]. In a second exam-

ple, CVD-based thin film formation of poly(2-hydroxyethyl methacrylate) (HEMA),

a biocompatible polymer with extensive biomedical applications, was observed to

be a swelling property-tunable process by adjusting the partial pressure of a cross-

linking agent incorporated into the vapor phase [88]. As a result, the deposited film

had tunable crosslinking properties and could function as a hydrogel. Recently,

the utilization of CVD for the deposition of thin films with chemically-tunable top-
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ographies suitable for biological applications was demonstrated by the fabrication

of aligned carbon nanotube arrays on a silicon substrate for the promotion of fibro-

blast growth [89]. This example suggests that CVD can serve as the patterning

method for powerful, exciting nanotechnologies, to allow exploitation of their

unique properties, and thus CVD can play an important role in the fabrication of

complex 3D architectures for tissue engineering scaffolds.

CVD techniques provide a mechanism for the homogenous deposition of thin

films presenting surface chemistries for the specific patterning of cells and biomo-

lecules. While its application has primarily been directed towards in vitro diagnos-

tic assays, the variety of compatible substrates and deposition candidate materials

suggest the substantial applicability of CVD for biomaterial surface engineering for

in vivo devices. While many of the polymer coatings investigated for CVD of stents

Fig. 12.5. Chemical vapor deposition (CVD) of

straight and curved PDMS microchannel

geometries of a hydrazide-reactive coating. The

channels were exposed to biotin-hydrazide

followed by TRITC-streptavidin. Channel depth

is 75 mm, channel width is 100 mm.

(Reproduced with permission from Ref. [86].)
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and cellular patterning surfaces have not been associated with apparent cytotoxic-

ity, more extensive in vivo studies would be welcomed concerning the biocompati-

bility of deposited polymer coatings, particularly with metallic stents, given the

better characterized nature of that application. Given the well-deserved appeal of

hydrogels in tissue engineering applications, it would also be desirable to attempt

to expand the list of candidate polymer films that can be tuned to behave as hydro-

gels using CVD processes with suitable co-polymerization agents. The versatility of

CVD for the solvent/catalyst-free deposition of multiple coatings and surface chem-

istries on various materials and geometries make it an attractive option for surface

engineering applications, either alone or in conjunction with other known tech-

niques such as photopatterning and soft lithography.

12.8

Self-assembly

We have discussed the utility of soft lithography in the patterning of cells and

proteins on complex geometries. A technology that has facilitated this application

(as well as photolithographic approaches) is the use of self-assembled monolayers

(SAMs), namely alkanethiols, for patterning on gold and silver surfaces. These

SAMs are known to pack onto a gold surface with nearly crystalline density. Thus,

the properties of the SAM itself are assumed by the new surface, allowing for

chemical tuning of the biomaterial. For example, through organic synthesis modi-

fications, alkanethiols can be modified to present bioconjugation sites, such as car-

boxylic acid, or protein-resistant sites, based on the hydrophilic PEG moiety. Using

uCP, alkanethiols have been patterned with resolutions of 200 nm [90]. uCP tech-

niques have been routinely used to create alternating patterns of ECM proteins and

cells, with adsorption-resistant surfaces in between them conferred by PEG groups.

The surface properties of SAM-adsorbed surfaces can be analyzed by a host of tech-

niques, such as ellipsometry, X-ray photoelectron spectroscopy, electron micros-

copy, and quartz crystal microbalance, thus enabling many standard quality control

procedures in the development of biosensors and cell/protein arrays. In addition

to nanoscale resolution, when combined with the molding properties of PDMS

stamps, SAMs can be utilized in conjunction with soft lithography and other stan-

dard techniques to produce complex features of varying chemistry and topology

[61].

Despite the highly-useful features provided by SAMs on these substrates, the

overall utility in tissue engineering applications is unclear. While chemisorption

of alkanethiols on gold is useful in studying fundamental interactions of proteins

and cells on the nanoscale, there is limited application in using SAMs to produce

patterns on other surfaces that are not noble metals. Furthermore, organic synthe-

sis techniques are complex, with each functional group requiring its own set of

synthesis protocols. Other SAMs, such as alkylsilanes on hydroxyl-presenting sur-

faces have been applied, but their synthesis is especially complex and its use is far

less than alkanethiols for biological surface engineering applications. However,
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the biocompatible aspects of gold make it suitable in several tissue engineering ap-

plications, and should a host of biomaterials, such as titanium, be modified with

gold surfaces where needed for SAM-assisted surface engineering, then SAM

associated-strategies can conceivably be employed to create high-definition patterns

for in vivo applications.

The nanoscale assembly of cells, proteins, and biomaterials such as polymers

achieved by multiple nanofabrication processes has been also accomplished by the

exploitation of alternating layers of materials containing opposing charges or hy-

drogen bond donor–acceptor pairs. Layer by layer (LbL) assembly techniques have

emerged as low-cost nanopatterning strategies upon which various surface chemis-

tries and topographies have been patterned. The method is simple, can be used

to pattern stable films upon various hard and soft surfaces of varying geometries,

and can bear biological information at varying heights within the film, without dis-

turbing the overall assembly of the LbL network [91]. The use of electrostatically-

complementary building blocks has also facilitated the use of other nanofabrication

technologies, such as soft lithography, by enhancing pattern transfer from a

stamped mold.

Several examples indicate the potential utility of LbL for the development of

complex tissue engineering devices. In a co-culturing application, negatively-

charged hyaluronic acid (HA), deposited by lithography, and the adhesive protein

fibronectin were co-adsorbed to a glass substrate, followed by the specific attach-

ment of cells to the fibronectin. A second adsorption medium consisted of

positively-charged poly(l-lysine) (PLL), which bound electrostatically to the non-

cell-coated HA layer to ‘‘switch’’ the originally non-adhesive chemistry to a cell-

adhesive moiety that was permissive for the attachment of a secondary cell type,

thus demonstrating the simplicity of LbL for patterned co-culture applications

[92]. In another application, discrete, multiprotein regions were patterned within

the same substrate using LbL in conjunction with photolithography, demonstrating

the utility of LbL for facilitating hierarchical assemblies of distinct information

[93]. Another LbL-based technology, colloidal lithography, has shown to be a prom-

ising, versatile application. In this technique, nanospheres are self-assembled on

any number of surfaces, and can be the template for lithographic or vapor deposi-

tion processes, or themselves can contain functional groups for patterning. Since

the nanoparticles are highly uniform and size-tunable, and can be tightly-packed

if needed, they are highly-versatile materials for several surface engineering appli-

cations in a tissue engineering context. Additionally, the capability of this technol-

ogy for the simultaneous presentation of surface texture and chemistry has been

demonstrated. Shastri et al. investigated a functionalized nanoparticle-based sys-

tem for simultaneously modifying surface chemistry and roughness (topology)

without altering bulk substrate properties, on hard and soft materials such as tita-

nium and polyurethane [94]. In another study involving microparticles electro-

statically adsorbed on multilayer polyelectrolyte films, adjustments involving RGD

peptide density on the microparticles and the packing density of the microparticles

on the film surface, a function of the patterning area, were used to tune surface

chemistries and roughness, with profound effects on cellular morphology [95].
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LbL-based approaches obviate the need for substrate-specific bonding agents,

such as SAMs based on alkanethiols and organosilanes [96]. The compatible mate-

rials, be it the thin film to be deposited or the substrate, are endless due to the

availability of oppositely-charged polyelectrolytes, and with colloidal assemblies,

both surface chemistry and surface texture can be presented to the cellular environ-

ment on microscale dimensions. This is a rare feature in biomaterial surface

engineering techniques, which typically can present surface chemistry or surface

topology, but not both simultaneously. The technique can be inexpensive compared

with existing nanofabrication techniques, and/or can complement them. The size

of nano/microparticles chosen for the application can be selected to modify thick-

ness and surface area available for bioconjugation. Surface chemistries can be

confined to different depths of a 3D multilayered construct, which enables the de-

velopment of complex environments needed for tissue engineering applications as

the library of matrix biology expands to define ever more complicated cell–ligand

signaling processes.

The self-assembly phenomena observed for alkanethiols and polyelectrolytes on

surfaces can also be observed for biomolecules. Here, the monomeric building

blocks of the biomaterial surface chemistry and topology are peptides or proteins,

which associate with each other through various non-covalent interactions. This

has been very useful for biological surface engineering, since proteins do not have

the same biocompatibility issues associated with polymers or other synthetic mate-

rials. Furthermore, protein structure and alignment is of great interest to the

biological community, and the fact that this field has developed extensively will

enable tissue engineering applications that take advantage of protein structural

morphology to present high-resolution information to cells. Proteins themselves

are the nanoscale messengers of information to cells, providing signals in the

form of chemistry and topology, and thus techniques that directly apply this infor-

mation to surfaces are desirable.

Nanoscale features from biomolecules can be created by hierarchical, irreversible

systems, such as those based on avidin–biotin stacking systems, or interchange-

able complexations. Such strategies have been used to develop beta-sheet mono-

layers [97, 98], as well as peptide-based nanotube architectures [99, 100]. Spontane-

ous formation of porous networks by a set of peptide families yielded filaments of

10–20 nm, with pores 50–100 nm in size, with complex geometries [101]. Thus,

various nanoscale chemistries and topologies are achievable with this strategy.

Self-assembling peptides can be patterned using uCP, to control cell–cell interac-

tions by modulating the peptide sequence and surface density. The self-assembled

peptides may be further conjugated to cell-signaling peptides, such as RGD for ex-

ample, to allow for methods that are focused on presenting a surface topology and

chemistry simultaneously. As an alternative to hydrogels based on synthetic poly-

mers, Mi [102] and colleagues have developed RGD-incorporated hydrogels by the

self-assembly of proteins with the included sequence, in a process dictated by

temperature and pH. The RGD incorporation enabled the binding and spreading

of fibroblasts on the surface. While this is a feat achievable by other approaches,

this work illustrates that it is possible to encode biological signals within proteins
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that naturally assemble into modules, each consisting of similar or varying

information. One can envision the modular construction of natural self-assembled

polymeric architectures on a host of biocompatible surfaces to direct multiple pro-

cesses such as cell proliferation, migration, and cytokine secretion, at the same

time. Further tuning is possible, such as the mechanical properties of the self-as-

sembled species, and the degree of self-assembly. For example, a peptide-

amphiphile complex on the order of 6 nm developed by Hartgerink and coworkers

have provided for a pH-tunable (and reversible) self-assembly mechanism, with

reversible crosslinking of the complex tunable by disulfide bridges [103]. These

features enabled the mineralization of hydroxyapatite on the complex surface in

an orientation that resembled the collagen–hydroxyapatite alignment in bone. thus

illustrating the advantage of using biomimetic structures based on biomolecule-

based monomers.

As the enabling technology in this mode of self-assembly are the peptides them-

selves, then there is no particular substrate specificity. Any surface that allows the

desired nanoscale self-assembly is then a candidate substrate for this approach,

which makes the scope of application potentially quite extensive in tissue engineer-

ing applications. The ease with which biologists can synthesize recombinant pro-

teins and peptides with functional domains, all without an appreciable reduction

in normal protein function, makes self-assembled biomolecule arrays an exciting

prospect that is also readily accessible.

In general, nanoengineering of surfaces based on self-assembly can be a very

convenient approach. Ambient temperatures, no need for organic solvents, and

the use of well-characterized films or biofilms for predictable, reproducible results

are all potential features of this technique. As the number of bioactive agents that

influence cellular and tissue function are elucidated, the number of potential bio-

molecular self-assembling candidates will likely expand as well. Future studies that

investigate the synergistic effect of bioactive agents and surface topology (as ini-

tially achieved with colloidal-based approaches above) are warranted, as is the tran-

sition from protein patterning to viable tissue engineering constructs by extensive

in vivo studies.

12.9

Particle Blasting

An important challenge of surface engineering strategies for biomaterials is the

modification of a surface to achieve sufficient surface free energies that are re-

quired for adequate cell adhesion, motility, and proliferation. Surface engineering

of implants, commonly in the orthopedic and dental implant arenas, often employ

sandblasting technology for the attainment of certain tunable surface morpholo-

gies. By varying the physical properties of the blast material itself, and the pressure

with which it is ejected, surface topographies can be achieved for modulating vari-

ous biological responses similar to those observed for topographies produced by
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other methods. These techniques are generally applicable to a wide variety of bio-

materials, and are relatively inexpensive.

Sandblasting techniques, while simple, can be readily applied to several well-

characterized biomaterials and biomedical applications to modulate their biological

response. An example can be seen with the sandblasting of PMMA, a widely-used

material in bone cements and ocular applications, with alumina microparticles

[104]. Compared to smooth PMMA, vascular and corneal cell adhesion was higher

on roughened PMMA surfaces. The simplicity of sandblasting can also be applied

toward the deposition of films in addition to surface texturing. By loading a sand-

blaster with hydroxyapatite powder, Ishiwaka et al., produced a high-strength bond

between the powder and the titanium surface that was higher than titanium coated

by electrochemical and electrophoretic deposition processes [105].

These examples illustrate the principle that surface roughness alone, whether

patterned by the previously-mentioned techniques, or randomly distributed by sim-

ple sandblasting techniques, has a profound influence on the affinity of cells for

biomaterial surfaces. Furthermore, to generate such topology to evoke the desired

cellular response in terms of adhesion and organization, it may not be necessary

to employ expensive, time-consuming steps, if simple and rapid techniques such

as sandblasting can achieve the same effect. However, this technology is generally

not suitable for advanced tissue engineering applications that require precise con-

trol of biomolecule and cell placement, since it does not provide for surface chem-

istry modifications, is random in topography distribution, and has not thus far of-

fered fine nanoscale resolution. Furthermore, blasting particles can be embedded

within the target surface, which may complicate biological applications. Neverthe-

less, there is utility of sandblasting for creating microscale surface topography at

room temperature, without the need for chemical modifications (although acid

etching steps often accompany it), and surface chemistry can also be deposited

onto a surface using this technology. While its main applicability is directed toward

orthopedic and implant dentistry techniques, and has not been extensively per-

formed on most biomaterial surfaces not relevant to those fields, it is conceivable

that particle blasting could be utilized for a broad range of tissue engineering de-

vices. For example, controlled-release microspheres could be used as the blast ma-

terial for a deformable hard substrate, to serve as a cell-supportive nutrient reser-

voir during cell seeding on titanium or polymer-coated implants, thus potentially

providing both surface roughness and chemistry in the form of released biomole-

cules or surface functionalities (e.g., RGD).

12.10

Ion Beam and Plasma-guided Surface Engineering

These are surface engineering techniques that provide mechanical and chemical

alteration of a biomaterial surface, without negatively affecting the overall bulk

properties of the original material. For decades, ion beam-related technologies,
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such as ion implantation, plasma immersion ion implantation, and ion beam-

assisted deposition, have been highly reproducible techniques for the modification

of surface properties due to the degree of control provided over the process. Fur-

thermore, these techniques and variations on these techniques have been utilized

to modify the properties of many biomaterials in many ways, including the overall

response of the biomaterial to in vivo environments. A plasma is generally defined

as a mixture of gas in a reactor containing one or more charged and uncharged

species, which can be energized/accelerated with an applied electric field. Ion im-

plantation involves the bombardment of a surface with accelerated ions from an

excited plasma. Superficial layers of the target material (generally <1 mm) are dis-

rupted by the ions, and a host of physicochemical modifications occur as a result,

depending on process parameters and intrinsic material and ion properties. The

modifications generally do not ‘‘strip’’ material off the surface as may chemical

treatment-based approaches or reactive ion etching, which makes this technique

useful for enhancing biomaterials selected for their intrinsic properties. The ion–

polymer interactions can strengthen the resultant material properties by the for-

mation of crosslinks. Similarly, for metallic biomaterials, ion implantation can

strengthen the original material without bulk modifications by the formation of al-

loyed species, such as that produced by titanium modification by nitrogen.

A main application of ion implantation strategies has been directed toward the

improvement of titanium implants for integration with bone, a major tissue engi-

neering arena. Titanium has long been utilized as a biomaterial due to its rigidity

and biocompatibility. Several techniques such as those discussed previously have

been carried out to enhance the bone–Ti interaction, such as with hydroxyapatite

deposition. These endpoints can also be achieved with ion implantation methods.

For example, implantation into Ti with sodium ions resulted in a complex that

enhanced hydroxyapatite precipitation from a pretreatment solution, which led to

improved cell densities relative to untreated surfaces [106]. An alternative route to

hydroxyapatite deposition has been realized with ion implantation for enhancing

osteointegration. Implantation of carbon (Cþ) and carbon monoxide (COþ) ions

into titanium dental implants significantly improves bone integration, with stron-

ger contacts between bone and implant made possible by covalent bonds not

observed in the standard titanium oxide–bone interface [107]. Ion implantation

techniques are also suited to the enhancement of other biomaterial interactions.

Vascular smooth muscle cells seeded on fluorine-treated polystyrene was observed

to have improved adhesion and survival characteristics. Ion implantation has

also improved the endothelialization properties of polyurethane, polystyrene, and

poly(ethersulfones) for the construction of vascular grafts [108–110].

Other related technologies are useful for surface engineering of biomaterials, by

other mechanisms. Ion beam-assisted deposition (IBAD) directs the acceleration of

ions toward a simultaneously-generated, vapor-deposited thin film on the surface.

The deposited film then reacts with the ions, resulting in modified properties such

as film density, texture, interfacial properties, and stress. This technique has been

utilized to deposit bacteriostatic silver films on catheters, as well as sealant and
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electrode coatings on polymeric substrates [111]. In response to the ‘‘line-of-sight,’’

serial modification limitations imposed by conventional ion beam technologies,

a technique called plasma immersion ion implantation (PIII) was developed in

the 1980s. This method enables the rapid implantation of complex geometries,

and has been used to enhance the hydrophobicity of various polymers such as

poly(tetrafluoroethylene) (PTFE), PDMS, and polyurethane, and to improve mate-

rial properties of various metals [112–117]. Another technology, reactive ion etch-

ing (RIE), utilizes both ions and chemically-reactive species, to impart a chemical

component to the primarily physical process. When the reactive species formed by

the chemical component and the substrate surface is created, the byproduct can be

removed by various means, such as the physical ejection of atoms from the sub-

strate. For surface patterning applications, inductively-coupled plasma reactive ion

etching (ICP-RIE) was utilized to etch 3D features in PMMA blocks for protein

patterning and modification of the surface to resist nonspecific binding, thus obvi-

ating a nonspecific adsorption blocking step [118]. This variation on RIE allows for

independent control of ion density and ion energy, to address the tradeoff between

substrate damage and etching efficiency. RIE allows for tuning of both chemical

and physical components, which are generally isotropic and anisotropic, respec-

tively, to influence the detail of the etching process. Other plasma-based techniques

for the etching, sterilization, and surface property modification of biomaterials are

extensively reviewed elsewhere [119]. Of note are tetrafluoromethane plasmas for

hydrophobic treatment of a surface, and oxygen and nitrogen plasmas for enhanc-

ing surface hydrophilicity.

Plasma-based techniques are a versatile method for the modification of many

biomaterials, and are suited for developing new surface properties without sub-

stantially changing those of the background material, due in general to the low

penetration of the bombardment species. Processes can be performed in dry

conditions without harsh chemicals to tailor to a specific tissue engineering appli-

cation, and the engineer has multiple tunable process parameters that can be

modified to achieve desired surface properties. The technique is applicable to met-

als, ceramics, and polymers that may be used as biomaterials; in general, plasma

treatments can enhance the biomaterial surface in terms of biocompatibility, bio-

chemistry, tissue function, and mechanical properties, and are thus a key technol-

ogy. However, caution must be exercised in process parameter optimization, such

that undesired stripping of the surface and underlying layers does not occur. This

is especially the case with new technologies such as deep RIE, with have etch rates

far beyond single microns. In addition, these processes can be both expensive

and hazardous, due to the equipment needed and the plasma compositions (e.g.,

Cl2), respectively. Furthermore, ion interactions with a surface create a chemically-

different species that must be independently evaluated (from the original polymer)

for typical features, such as biocompatibility, etc. Nevertheless, this technology, due

to the myriad of tunable parameters and candidate substrates, makes plasma-

based treatments important for the development of biomaterial surfaces with novel

properties.
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12.11

Sol–Gel Technology

In addition to a biomaterial featuring certain metrics, such as satisfactory biocom-

patibility criteria and appropriate tissue interactions (cell adhesion, low thromboge-

nicity, etc.), in many cases the porosity of the structure within specific macropo-

rous and mesoporous ranges are critical to the success of the bioimplant. Cells

and tissues require specific porous architectures characteristic of their in vivo envi-
ronment for tissue ingrowth and fully functional regeneration. For bone tissue re-

generation, long a main focus of tissue engineering, specific porous architectures

are essential for cellular migration and vascularization with a steady influx of nu-

trients and molecular cues to facilitate the process. Sol–gel technology has served

as a promising route to achieving such structures for various tissue engineering

applications. This processing technique can be utilized to enhance the biocompati-

bility of biomaterial surfaces, can readily coat a number of surfaces, and forms

chemically-stable coatings in physiological environments. Of particular interest

are the sol–gel derived bioactive glasses. Several incorporations of sol–gel pro-

cesses are described elsewhere in detail, but they generally involve the gelation of

a nanoparticulate suspension into a continuous network. Following an ‘‘aging’’

step, the gel is dried to produce a glassy solid. The process enables the synthesis

of materials with various physical properties, made possible by allowing the mix-

ture of organic and inorganic materials within the same process.

Several applications of bioactive glasses illustrate the importance of this tech-

nique in creating mechanically stable, highly-functional tissue engineering con-

structs. Scaffolds based on bioactive glasses were shown to have compressive

strength similar to trabecular bone, with pore diameters within the microscale suf-

ficient to allow vascularization of regenerated tissue, as well as cell migration [120].

Furthermore, it was determined that the sintering temperature of the process was

a determinant of mesoscale pore size, which had profound effects on the dissolu-

tion rate and hydroxyapatite layer formation, as well as the compressive strength

of the material. The tuning of surface area, and thus dissolution rates, in tissue

engineering scaffolds for bone is highly powerful, as it allows for a mechanism of

tuning the implant to the natural bone resorption rate in the body. In another

example, sol–gel processing was utilized to develop bioactive foams presenting

amine and mercaptan groups to allow for biomolecule incorporation with similar

mesoscale and macroscale porosity as the previous application [121]. Thus, these

networks supportive of natural tissue ingrowth and vascularization can also be bio-

functionalized to allow for appropriate molecular signaling throughout the inter-

connected matrix. In other applications, sol–gel processing has provided a method

of making conventional biomaterial surfaces more biocompatible. Titanium sur-

faces coated with hydroxyapatite sol–gel layers were shown to exhibit a higher

activity of osteoblast-like cells compared with bare titanium, with tunable surface

dissolution rates achievable by the incorporation of fluor-hydoxyapatite [122]. Other

coatings, such as PLGA and titanium oxide, have also been patterned on titanium
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substrates using sol–gel processes, with cell adhesion on the sol–gel coated hy-

droxyapatite layer being higher than the plasma-sprayed substrate [123].

The low cost, favorable mechanical properties, and tunable nano and macropo-

rous architectures made possible by sol–gel technology using a wide blend of

organic and inorganic materials make it a promising surface engineering tech-

nique. With the added advantage of introducing chemical functionalities within

the sol–gel processing steps, bone tissue engineering devices that utilize bioactive

glasses and other sol–gel derived materials will benefit from the advances in bone

tissue biology, which are already elucidating key molecules such as bone morpho-

genic protein (BMP-2), which have spatial and temporal distribution profiles that

could be tuned by an implant for optimum tissue regeneration [124]. However, tis-

sue engineering applications utilizing sol–gel processes would be enhanced by

more extensive studies of the effects of process parameters on porosity of manufac-

tured architectures for various composites. Further studies should also investigate

the type of chemical functionalities that can be incorporated within porous archi-

tectures produced by sol–gel processes.

12.12

Nanolithography

A family of surface engineering technologies has been developed to produce high-

contrast and high-resolution nanoscale patterns for the purpose of readily integrat-

ing this information within novel BioMEMS and tissue engineering applications.

Collectively known as nanolithography, these strategies include soft lithography,

which has been discussed previously, as well as dip-pen lithography (DPN) and

nanoimprint, or nanoindentation lithography (NIL). In DPN, an atomic force mi-

croscope (AFM) scanning probe is ‘‘inked’’ analogous to a PDMS stamp with spe-

cific information, in the form of SAMs, peptides, oligonucleotides, or other biomo-

lecules, and patterned upon a solid substrate by capillary transport, to produce

features as low as 30 nm [125]. Substrates tested with DPN have primarily in-

cluded silicon and gold, with multiple inks. The major advantage of DPN is not

only its nanoscale resolution appropriate for biology, but also its direct-writing ca-

pability inherent in the probe-based technology, which allows for single cell and

potentially single biomolecule manipulations.

DPN is not an old technology, and thus direct tissue engineering applications

have not yet been reported at the time of this writing. Most studies are focused on

determining the species that can be successfully patterned using DPN, and have

been reviewed by Mirkin et al. [126]. Of particular interest is the development of

SAMs that function as DPN-sensitive resists for forming features on solid sub-

strates as low as 25 nm. Proteins have been successfully patterned with DPN,

with features as small as 45 nm, and cells have specifically-adhered to patterned

protein recognition sites [127, 128] (Fig. 12.6). To address the serial nature of the

process inherent in other techniques, several studies are in place to develop mul-
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tiprobe arrays for higher throughput DPN. While these developments are exciting

for semiconductor and biosensor applications, the applicability of this technique

for the surface engineering of biomaterials is not clear. However, gold-plated bio-

materials, such as Au pits within titanium implants, can be readily manufactured

using previously discussed techniques, thus enabling AFM probe access if an

application is found. Also, it seems likely, based on the variety of inks that can

coat an AFM tip, that DPN could conceivably be utilized to pattern living tissues

or tissue scaffolds to construct cell–protein arrays with nanoscale precision. If

such a feat was achieved, then single biomolecules and cells could be manipulated

and oriented toward appropriate functional locations within a tissue engineering

construct, not unlike that achieved with LGDW as discussed previously. Regardless

of whether such a transition is made, further investigations concerning the dynam-

ics of inking and ink transfer to a substrate are warranted to optimize the technol-

Fig. 12.6. Fibroblast adhesion to dip-pin

lithography (DPN)-patterned retronectin (cell

adhesion protein) arrays. (A) Fibroblasts were

adsorbed onto a retronectin-patterned area of

6400 mm2. (B) Retronectin protein array. (C, D)

Optical images of intact cells adsorbed on

retronectin-patterned area. (Reproduced with

permission from Lee et al. [126].)
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ogy. Various parameters govern this process, not limited to chemistry and geome-

try, which allow for some tunability in the process. However, the specialized equip-

ment and conditions necessary to apply the technique will limit its accessibility to

biological laboratories seeking patterning tools for hypothesis testing, although the

embracing of DPN by industry carries with it the potential vision of developing

high-throughput, accessible DPN methods for nanofabrication on order.

Similar to DPN technology, NIL is capable of resolutions down to 10 nm [129,

130]. In this technology, a silicon template generated by conventional patterning

techniques serves as the template for a polymer (e.g., PMMA) elevated beyond its

glass transition temperature, such that it is elastically deformable. Following a

cooling step, the polymer assumes the pattern transferred by the mold. Several

features make this technology very attractive over existing techniques, including

DPN. The technology is not limited in resolution by beam parameters, requires

no expensive equipment, and can be utilized in high-throughput processes for re-

producible quality patterns. This was furthered by the development of air cushion

press (ACP) technology to create more uniform pressures during mold imprinting

(Nanonex Corp.). Furthermore, NIL is not as time-consuming as DPN and other

beam-based serial technologies, and, like DPN, it is conceivable that single biomo-

lecules could be manipulated with this technique. Thus, NIL is generally a user-

friendly biocompatible technology that can be readily applied to surface engineer-

ing applications. Applications have included nanoscale protein patterning with

preserved activity and high signal to noise ratios [131]. NIL has been combined

with further processing steps such as self-assembly and RIE to create defined bio-

active regions, thus demonstrating the synergy of NIL with various existing tech-

niques [132]. Given the ultimate resolution of 10 nm for this technique, it could

replace electron beam lithography for tissue engineering applications on a cost

and biomaterial flexibility basis alone. However, not all materials can be manipu-

lated by NIL, and until the full scope of candidate molding materials is investigated

the true utility of the technique will not be fully realized. Furthermore, stamp fab-

rication can be a tedious process; in addition, the 10 nm resolution limit has not

yet been realized for biological applications, and its suitability for most biomateri-

als has not been determined. Nevertheless, the NIL technique promises to be a

flexible, low-cost, high-throughput technique for producing nanoscale features.

12.13

Laser-guided Strategies

The wide range of technologies discussed thus far have been associated with their

own unique advantages and limitations, as there is no one size fits all approach in

biomaterials surface engineering, in terms of patterning any surface with repro-

ducible chemistries and topologies of perfect resolution for the application of inter-

est. For example, EBL, plasma/ion beam, and photolithography are constrained by

specialized equipment costs and lengthy procedures, whereas sandblasting tech-

niques generally do not produce precisely repeatable features. We now discuss a
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family of technologies based on lasers, which is a promising alternative to the

above techniques for the tuning of various biomaterial surface properties. Potential

advantages of this approach include high reproducibility, the potential for auto-

mated guidance systems, and various sources to choose from of different excitation

wavelengths and power densities, which immediately suggests the potential of gen-

erating patterns of varying intensity in a manner not unlike a ‘‘maskless’’ gray-

scale photolithography. The wide availability and familiarity with lasers is also an

enticing aspect in incorporating this technology in tissue engineering applications,

as well as the potential to incorporate into existing methods, recalling the method

of Holden et al. for laser patterning of multiple dye-labeled biomolecules using

photomasks [10]. Lasers have been successfully applied to the surface texturing

and patterning of polymers, biomolecules, and even cells, to a host of material sur-

faces.

The generation of surface topologies is possible with multiple laser types, due

mainly to the material properties of the target surface. First, since many substan-

ces absorb strongly in the ultraviolet range of the spectrum, UV-emitting lasers can

thus be used to successfully modify biomaterial surfaces without altering bulk

properties, since the penetration depth is limited by the high surface absorption

of energy. This feature enables two surface modification routes: (a) the etching of

material through photoablation and (b) the nanopatterning of topologies, made

possible by the low UV wavelengths of the lasers. Photomasks can be incorporated

in patterning steps if necessary to facilitate the formation of certain surface fea-

tures as described elsewhere. Technically, this process could be performed on any

geometry, since the only requirements of this technology is that the laser beam is

in contact with the surface to be patterned, and that the surface has chemical

bonds that are photolabile at the illuminating wavelengths. Excimer lasers have

been used for the photoablation of polymeric surfaces for over two decades [133,

134], and thus an extensive library is available concerning candidate materials and

their responses to texturing. Other (higher-emitting) lasers for the patterning of ei-

ther non-polymeric or low UV-absorbing materials have also been employed. An

example is the Nd:YAG laser texturing of titanium surfaces [135]. In general photo-

ablation does not require chemicals or specialized equipment other than the laser

to achieve the basic task, although the technology seems capable of incorporating

multiple added functionalities, such as computer guidance (discussed below), com-

plex masks, and incorporation into device fabrication assembly lines for rapid, si-

multaneous patterning of multiple features. Despite the scope of applicability of

photoablative techniques, recent studies have demonstrated that they do not pos-

sess the resolution necessary for BioMEMs applications when compared with dry

etching methods [136], and thus, as with any technique, the geometrical features

required of the application must be assessed for suitability with the method used

to pattern them.

The same ablative nature of laser irradiation of surfaces has also been exploited

to deposit polymer and other biomaterial films, using pulsed laser deposition

(PLD) techniques. Laser light is directed inside a vacuum chamber, and several

process parameters such as wavelength, power, and duration can be tuned to con-
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trol the vaporization of the surface material. Potential advantages of this technique

are similar to those for texturing/etching using photoablation, such as the broad

range of materials that can be ablated with laser irradiation. Furthermore, the tun-

ability of process parameters and the high resolution (small spot size of irradiation)

provides for an important control mechanism over the vaporization process. No

chemicals or other catalysts (such as exogenous heating of substrate) are needed

for PLD. This approach has been successfully applied to the layering of PTFE (Tef-

lon) [137] and PMMA films [138, 139]. In addition, using protective detergent cap-

sules, thin films of glucose oxidase were also formed by PLD, with preservation of

activity [140]. While PLD provides for some biomaterial surface engineering appli-

cations, especially with polymer thin film deposition on complex geometries, it is

difficult to extend its applications to keep up with the need for different scaffolds

and bioimplants. Each PLD specimen requires optimized process parameters such

that heating of the substance is not too substantial such that the polymer architec-

ture is irreversibly damaged. Even more caution is required in the PLD-based ma-

nipulation of biomolecules and cells, and it is unlikely protective substances can

safely encapsulate all such species while facilitating high-quality surface pattern-

ing. The lack of compatibility between biomolecules and UV irradiation is a limit-

ing aspect. Nevertheless, the laser positioning outside of the vacuum chamber may

provide for a favorable alternative to other film deposition techniques, in that the

source orientation can be adjusted as needed, in addition to the other previously

discussed process parameters that are user-tunable.

Recent approaches have been developed to circumvent some of the limitations of

PLD. To improve laser-assisted film deposition methods, a technique called matrix-

assisted pulsed laser evaporation (MAPLE) and its related direct-write counterpart

(MAPLE DW) were devised, whereby the material to be deposited is dissolved in a

judiciously-selected solvent and frozen; the complex is then irradiated to deposit

the film of interest with removal of the solvent in vacuo [141]. With this system,

exposure to laser irradiation is generally limited to the solvent capsule, which aids

in preserving the integrity of the dissolved species. As an example, PEG films,

which were damaged by direct UV irradiation, deposited using MAPLE were of fa-

vorable structural integrity for typical applications [142]. Interestingly, by encapsu-

lating cells in a glycerol-based matrix, successful deposition with acceptable cell

viability can be achieved with features <10 mm [141]. In a fundamentally different

approach to enhance the biocompatibility of laser-based processes with cells with-

out the use of UV light, the exploitation of optical forces have been used to laser-

guide cells to specific locations on substrates. Near-infrared light irradiation can ex-

ert tiny forces on the cells, the net effect of which is for cells to move toward the

center of the beam and away from the light source. This technique, called laser-

guided direct writing (LGDW) is capable of single-cell resolution patterning, and

has been employed for the co-patterning of endothelial cells and hepatocytes

within Matrigel constructs to create self-assembled 3D constructs with similar mor-

phology to hepatic sinusoids [143] (Fig. 12.7). This technique has the advantage of

‘‘point and shoot’’ control of single cells to create multicellular arrays without a

compromise in cell viability, as the irradiation source is not ultraviolet. Further-
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more, optical trapping could likely pattern cells on multiple surface types, provided

there is an aqueous medium to support light guidance. Although the method is

time-consuming, involving a cell-by-cell manipulation technique, theoretically,

multiple laser arrays could be utilized for the guidance of multiple cells at once to

form hierarchical organization of tissue. This method could be incorporated into

advanced schemes that seek to optimize tissue structural and functional properties,

for instance by the enhanced migration of a slow-moving cell type by added optical

guidance.

Future applications of lasers in biomaterial surface engineering could potentially

be in areas in which scale-up for mass production is necessary. Laser-based ap-

proaches could be exploited for the capability of modifying surface texture with

one laser type, and performing film and biomolecule deposition with other wave-

lengths, in an assembly line-style fashion. This readily-accessible technology has

already been successfully applied to the surface engineering of biomaterials with

promising results in producing nanoscale and microscale features. However, a

much more detailed investigation of the interface between lasers and biological

materials/environments is necessary to expedite such a transition.

12.14

Rapid Prototyping Techniques

The future of biomaterial surface engineering for tissue regeneration and bioim-

plant applications is highly dependent on the development of procedures for the

nanofabrication of 3D cell-protein arrays that can be scaled-up for mass produc-

tion. Early techniques that constituted the primary methods of scaffold fabrication,

such as salt/porogen leaching, fiber bonding, and gas foaming, were not capable of

Fig. 12.7. Laser-guided direct writing (LGDW)

of cell patterns approximating liver sinusoids

in vitro. (A) HUVECs deposited by LGDW. Cell

elongation along the pattern was observed.

(B) 24 h post-deposition, added hepatocytes

surrounded HUVECs to form sinusoid-like

structures. (Green – albumin, red – CD31

staining; bar ¼ 200 mm.) (Reproduced with

permission from Ref. [141].)
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high-throughput, reproducible construction of multilayered, highly interconnected

porous architectures of consistent structural and morphological characteristics

[144, 145]. To this end, several rapid prototyping (RP) or solid freeform fabrication

(SFF) techniques, some of which have already been described (such as MAPLE

DW), have emerged to meet the need for high-throughput, reproducible construc-

tion of functional tissue architectures. Various RP approaches are related by the

use of computational design and fabrication guidance, using CAD-based software.

The 3D model of interest is designed on computer using CAD software, and linked

instrumentation translates this data into a physical model on a layer-by-layer basis.

The building blocks can be powders, liquids, or crystalline materials, depending on

the instrumentation employed. RP, if proven to be (a) flexible in the candidate bio-

materials that can be used, (b) reproducible in the patterns produced, and (c) capa-

ble of achieving tissue engineering-relevant features, will undoubtedly constitute

one of the most significant milestones in the field, as it will enable the application

of numerous designs and concepts gathered from decades of multi-disciplinary re-

search into clinical practice using high-throughput, reliable manufacturing pro-

cesses. Here, we discuss four interesting RP technologies that in initial stages

have demonstrated utility in their potential to recreate useful tissue architectures:

stereolithography (SLA), selective laser sintering (SLS), three-dimensional printing

(3DP), and fused deposition molding (FDM).

Computer-guided manufacturing of tissue engineering devices has been ex-

plored for some time as the need to not simply design devices but to manufacture

them was anticipated by many groups. One route to this goal has been achieved

through laser-mediated technologies. For example, Mikos et al. have adapted com-

mercial stereolithographic (SLA) technology for the 3DP of a scaffold using servo-

motor controlled, laser-based crosslinking of a polymer-photoinitiator composite

layers upon a movable stage [146]. While the features produced were on the order

of hundreds of microns, nevertheless the utility of CAD-CAM approaches for

the manufacturing of clinically-useful biodegradable tissue scaffolds was demon-

strated. SLA (and its improved-resolution derivative technology mSLA) has been

applied with promising results in the manufacture of scaffolds incorporating poly-

mers (e.g., PCL) [147] or ceramics [148] with improved microscale resolution,

although the use of lasers presents potentially degradation problems as discussed

below. Another laser-based commercial manufacturing technology applied to bio-

material surface modification is SLS. In this technology, a laser is directed upon a

thin layer of powdered polymer. The heat generated at the surface, which is ele-

vated beyond the polymer’s glass transition, is capable of particle fusion, with

some control over the pattern and microstructure generated. The 3D model within

the CAD software contains slice-by-slice information that guides the laser raster-

ing, scan speed, and intensity, while fresh powders are deposited above the fused

layer for the formation of a new one. Early results concerning the use of SLS for

polymeric scaffolds are mixed. SLS (as well as SLA) is a laser-based technique

and, thus, the same issues concerning polymer degradation observed in laser appli-

cations discussed previously are equally applicable here. Degradative effects can

include chain scission as well as photo-oxidation. Degradation was observed in the
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application of SLS for the manufacturing of polyethylene (PE)-based implants

[149]. However, SLS has yielded useful results in the fabrication of ceramic and

hydroxyapatite-based devices [150]. For example, SLS process parameters such as

laser scan speed and laser intensity were tuned to successfully fabricate polyether-

ketone (PEEK)–hydroxyapatite constructs for bone tissue engineering applications

[151]. Thus, while the same precautions necessary in other laser-based nanoengi-

neering strategies are applicable to SLA and SLS, the flexibility of the technique

in accommodating a wide variety of materials and substrates is of particular signif-

icance, as well as the potential of the technique to be incorporated in computer-

automated high-throughput and high-reliability manufacturing of tissue engineer-

ing scaffolds. For this technology to be successful in the surface engineering of

biomaterials for clinical usage, work to study the influence of laser tuning parame-

ters on the resulting morphology (e.g., porosity) and mechanical characteristics of

the construct produced is necessary. The resolution of the technique will be limited

by the wavelength of the laser used, and thus optimization of laser choice should

be carried out to achieve the necessary spatial control during the production pro-

cess. Additionally, the compatibility of these processes with existing methods to en-

gineer surface chemistries is unclear, and should be addressed in future work. It

seems feasible, however, to layer functionalized polymer microparticles as needed,

or to possibly surface engineer functionalized moieties using other methods as

each layer is constructed. The ability of the laser to not only crosslink polymers

but to also initiate chemical reactions should be useful in developing SLS and

SLA-based processes that incorporate biofunctionalization into scaffold construc-

tion. A potential advantage of this technique, which would allow such possibilities,

is the amenability of this method for constructing tissues layer-by-layer, using local

heating of the polymer in a room temperature environment, thus avoiding heating

chambers, although ‘‘part bed’’ temperature is an adjustable parameter as needed

[151]. Furthermore, organic solvents used in casting procedures are not necessary

by this technique, which needs only a steady supply of deposited polymer micro-

particles as the starting material. The applicability of these techniques for manu-

facturing using the broad spectrum of biocompatible polymer-based biomaterials

(i.e. those that can be synthesized in a powder form), followed by extensive in vivo
investigations of scaffold performance, is certainly warranted given the promising

results in preliminary work.

Another RP method that can be utilized in ambient temperatures is 3D printing

(3DP), which uses essentially a specialized inkjet printer to deposit a binding solu-

tion layer-by-layer upon pre-deposited powder beds. Thus, any material that can be

obtained in a powder form is a candidate for this technique if a compatible binder

can be identified. Upon drying of the bed, unbound powder is removed. Key pro-

cess control parameters in this technology are the size of the deposition nozzle and

polymer microparticles (which dictate layer thickness), the type of binding solution

utilized (biocompatibility, hydrophilicity), as well as the resolution step of the

printer head. The binding material can be biocompatible, although several studies

have used organic solvents as the binder [152]. Early work demonstrated the poten-

tial utility of 3DP for the manufacturing of biodegradable, functional polymeric
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scaffolds for cell adhesion [153]. A multilayered osteochondral scaffold intended

for tissue engineering of articular cartilage based on PLGA, PLA, and CaP was

fabricated using 3DP with bone and cartilage-like regions of suitable porosity and

layer mechanical characteristics within acceptable ranges for hard and soft tissues

[154]. This study demonstrates the benefits of a high-throughput multilayering

approach for building hierarchically-organized hybrid materials, with sections dele-

gated to specific functions. A problem with 3DP that is especially relevant to

the creation of porous scaffolds has been a difficulty with removing internally-

embedded compounds, and due to incomplete fusion of polymer particles during

the process, undesired micropores can develop that compromise the resulting in-

tegrity of the construct [152]. However, future investigations into optimal binders

and polymers will likely overcome these issues. The success of 3DP technologies

for the surface engineering of biomaterials will depend on work to study the capa-

bility of the technique to accommodate micro- and nanoscale features as needed

for multiple applications, such as bone tissue engineering (for ingrowth, cell mi-

gration, and vascularization), as well as elucidation of polymers (and binder mate-

rials) that are compatible with this technique in a tissue engineering context. As

with SLS, traditional surface chemistry modifications could be performed after

the deposition of each layer to impart bioactivity or mechanical characteristics

within the model, but efforts to incorporate such steps during 3DP would be wel-

comed. Also, as with SLS, the polymers must be supplied in powder-form to be

compatible with the process. However, in contrast to SLS, because the whole pro-

cess is performed without heat, it is possible that bioactive molecules or cells could

be incorporated within the constructs, although this has not been extensively inves-

tigated. The capability of cell or protein co-deposition will depend on the use of

biocompatible binders. This young technology has been licensed to several compa-

nies (http://web.mit.edu/tdp), and will certainly yield therapeutically useful con-

structs of sufficient mechanical and biochemical properties should the scope of

compatible biomaterials be expanded.

Reproducible, porous scaffold architectures have also been generated by a related

nozzle-based technique known as fused deposition molding (FDM). In this tech-

nology, a thermoplastic material is pumped through a heated nozzle to fabricate

the device layer-by-layer. A z-axis stepper facilitates the process, and the nozzle di-

ameter as well as the polymer melt thickness influences thickness (z-resolution).
An advantage of this technique is the ability to deposit architectures that are po-

rous in three dimensions by adjusting the horizontal distance between deposited

filaments (fill gap). Initial studies are supportive of the utility of the approach.

FDM was used for the fabrication of 3D interconnected porous and resorbable

PCL scaffolds, with satisfactory biocompatibility and mechanical properties [155,

156]. Furthermore, tissue formation was demonstrated with osteoblast-like cells

and fibroblasts within the construct, and the mechanical properties and porosity

were controllable by process parameters. Similar positive results have been ob-

tained with PCL/CaP and other polymer hybrid systems [157, 158]. However, the

scope of FDM is limited by the amount of biomaterials that can be deposited in

the manner described. Compatible materials must have the proper melt character-
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istics that allow it to be extruded through the nozzle. Furthermore, FDM likely can-

not be used to simultaneously deposit proteins or cells due to the melting process,

as well potential viscosity modifications and nozzle clogging that would make the

application very difficult. Z-resolution, as mentioned, is limited by the size of the

extruded polymer filament. Nevertheless its application for PCL-based scaffolds

warrants its further investigation, due to the favorable aspects of the polymer, such

as its FDA-approved status and numerous tissue engineering applications that

have already been investigated.

While each RP/SFF approach has its characteristic advantages and disadvan-

tages, they each constitute major steps in the effort to rapidly and reliably produce

functional tissue architectures. Given the wide variety of synthetic polymeric con-

structs that are compatible with these processes, the next step is to integrate these

methods with natural polymers, such as ECM, which is underway in several labo-

ratories. Furthermore, as many modifications such as surface chemistry are per-

formed post-processing, the technology would greatly benefit from methods to

incorporate such steps within the process itself when possible. Lastly, the further

integration of SFF with established nanoengineering approaches discussed in this

chapter will expand the capabilities of the constructs produced, especially if such

nanoengineering can be performed following the deposition of each layer to de-

velop highly-customized architectures. If these steps can be incorporated to some

extent within these processes, the result will be a highly-tunable system for the de-

velopment of ‘‘made to order’’ tissue engineering constructs that can be fabricated

using CAD-based modeling that incorporates features specific to the patient’s needs.

12.15

Conclusions

We have described both established and emerging biomaterial surface engineer-

ing technologies for the molecular-level presentation of information to cells. Each

approach makes an overall contribution to the tissue engineering field by serving

as a potential tool to tune the interfacial characteristics of a biomaterial for the

optimal reconstruction of the tissue environment. The future will witness further

advances in the effort to construct functional tissues with nanoscale precision

through integrative strategies that control biochemical and topographical signal-

ing, as nature-inspired developments in materials science continue to adapt to the

criteria imposed by biology for recreating complex living systems.
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52–53

cardiovascular disorders, nanoparticle

antioxidants 378

cardiovascular tissue, formation 208

cartilage

– engineered tissues 171

– nanofibers application 102

– tissue engineering 54–55

– tissue formation 205–206

cartilage associated genes, reverse

transcription-polymerase chain reaction

171

cartilage oligomeric matrix protein (COMP)

149

aCD105-AMLs 314

cell-matrix contact types 17

cell adhesion 400–411

– colloidal lithography 404

– cytoskeletal manipulation 406–407

– extracellular matrix (ECM) 15, 402

– future applications 407–411

– human mesenchymal bone marrow 22

– integrin-mediated 18

– magnetic particles 408

– PC12 micropositioning 401

– peptides 321, 408

– titanium 272, 405

cell adhesion molecules, adsorption 146–147

cell attachment, tissue formation 202

cell behavior

– ECM mechanisms 15

– nano-based matrices 39–43

cell-cell interactions, magnetic nanoparticles

326

cell-ceramic scaffold interactions, scaffold

processing 244–247

cell culture techniques 4

cell-ECM interaction, electrospun scaffolds

147–148

cell engineering 361–387

cell functions, competitive 265

cell fusion 11

cell isolation, magnetic nanoparticles 310

cell-matrix contacts 403

cell-matrix interactions, scaffold processing

244, 248

cell orientation, ECM 15

cell pellet (CP) culture, tissue engineering 56

cell phenotype, electrospun scaffolds 148–

149

cell plasma membrane 412

cell-polymer interactions, scaffold processing

247

cell printing, synthetic scaffolds 10

cell proliferation 40

cell-seeding

– magnetic nanoparticles 316

– mag-seeding 317

cell sheet engineering 318–321

cell sheets, magnetic nanoparticles 328

cell signaling pathway, electrospun scaffolds

150

cell sorting, cytoskeletal manipulation 406

cell surface receptors, ECM mechanisms 15

cells, nanostructures 389–390

cellular affinity 396

cellular engineering 388–460

– chemical patterns 409

cellular entry 411

– alternative routes 415

– endocytosis 412

– particle size 414

– receptor-mediated uptake 413

cellular havoc, free radicals 364

cellular recognition 259

– nanoparticle synthesis 398

cellular response

– functionalized hydroxyapatite 300

– nanotopographies 473

cellular scaffold 136

cellular viability, carbon nanotubes 350

cellulose acetate (CA) 167

central nervous system (CNS) 94
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DPN see dip-pen nanolithography

drug delivery

– electrospun polymers 114

– growth factors 113

– RES recognition 427

– smart delivery vehicles 435

Index 509



drug delivery systems (DDS) 425–432, 434

– cancer therapy 427–432

– magnetic nanoparticles 308

– polymer nanofibers 112

drug release, inorganic composites 201

dyes, intracellular sensing 417

dynamic collection grids, scaffold fabrication

192

e
e-beam resists 466

ear, tissue engineered 11

EBL see electron-beam lithography
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313

– retinal pigment epithelium (RPE) 324

– synthesis 393

magnetic susceptibility, functionalized

hydroxyapatite 301

magnetic targeting, cancer treatment 428

magnetically labeled cell sheets 330

magnetite (Fe3O4) particles 308

magnetite cationic liposomes (MCL)

– cell sheet engineering 319

– liver-like structure 326–328

– magnetic nanoparticles 308, 310–313

– tubular structure construction 328

magnetotransfection, gene therapy 434

MAPLE see matrix assisted pulsed laser

evaporation

mass transfer alteration, carbon nanotubes

350

matrices, nano-based 39–43

matrix assisted pulsed laser evaporation

(MAPLE) 491

MCL see magnetite cationic liposomes

mechanical stress, cytoskeletal manipulation

407

mechanochemical route, hydroxyapatite 233

membrane-based patterning, soft lithography

468

mesenchymal stem cells (MSC) 45–47, 221,

310–316

– histological analysis 172

– see also stem cells

– magnetic nanoparticles 313–316

mesengenic process, stem cells 222

mesoporous silica beads 418

metabolism, nano-pharmacology 377

metal coatings, cerium 368

metallic nanoparticles 390

– synthesis 392

– toxicity 400

metals

– orthopedic tissues 261, 270

– scanning electron micrographs 271

microcontact printing, soft lithography 468

microencapsulation, synthetic scaffolds 10

microfiber, polymer 77–78

microfluidic patterning, soft lithography 468

microtubule-based nanostructure transport

424–425

microtubule organizing centers (MTOC) 403

microwave processing, hydroxyapatite 233

migration 400–402

– future applications 407–411

– tissue formation 204

mineral-organic composite materials, bone

tissue 285

mixed cortical cultures, oxide nanoparticles

373

molecular self-assembly

– pore spaces 194

– scaffold fabrication 193

morphogenesis, cell behavior 40

morphogenesis promotion, nano-based

matrices 42

MSC see mesenchymal stem cells

MTOC see microtubule organizing centers

multicomponent nanowires, selective

functionalization 395

multifunctional systems, gene therapy 436

multipotent stem cells 220

muscle, engineered tissues 173

myocardium, regeneration 174

n
nano-based matrices

– cell behavior 39–43

– stem cells 43–47

nano-pharmacology 374–377

nano-structured implants, biocompatibility

82–87

nanobiomaterials 223–237

– classification 228

nanofiber matrices, non-woven 31

nanofiber scaffolds 74–76

– innovations 111

– polymeric 23

nanofibers

– advantages 83

– classification 69–70

– conductivity 81–82

– electrospinning 79–80

Index 513



nanofibers (cont.)

– fabrication 70

– polymeric 66–134
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methacrylate)

photodynamic therapy, cancer treatment

431
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– scaffold fabrication 195
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– morphology 148

– neural tissue 97–98

PLLA/nHAP composite scaffolds 199

pluripotent stem cells 220

– see also stem cells

PMMA see poly(methyl methacrylate)

– smooth muscle cell alignment 404

PNS see peripheral nervous system
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poly(e-caprolactone) (PCL) 146

poly(dimethylsiloxane) (PDMS) 69

– soft lithography 468

– vapor deposition 478
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Pavel Brož and Patrick Hunziker

5.1 Introduction 189

5.2 Basic and Special Pharmacology 192

Contents XI



5.2.1 Outline 192

5.2.2 Basic Pharmacology 193

5.2.2.1 Absorption 193

5.2.2.2 Bioavailability 196

5.2.2.3 Distribution 197

5.2.2.4 Elimination 198

5.2.3 Special Pharmacology 201

5.2.3.1 Skin Epithelium 201

5.2.3.2 Mucosal Epithelium of the Respiratory Tract 202

5.2.3.3 Mucosal Epithelium of the Gastrointestinal Tract 202

5.2.3.4 Mononuclear Phagocyte System (MPS) 204

5.2.3.5 Endothelial Barrier 206

5.2.3.6 Cell Membrane 207

5.3 Strategies for Targeted Delivery – Observed in Nature 209

5.3.1 Outline 209

5.3.2 Bacteria 210

5.3.2.1 Host Invasion 210

5.3.2.2 Immune System Evasion 213

5.3.3 Viruses 215

5.3.3.1 Immune System Evasion 216

5.3.3.2 Host Cell Invasion 217

5.3.3.3 Viral Vectors for Therapeutic Applications 219

5.3.4 Prions 221

5.4 Strategies for Targeted Delivery – Designed by Man 223

5.4.1 Outline 223

5.4.2 Noninvasive Delivery Systems 223

5.4.2.1 Oral Delivery Systems 224

5.4.2.2 Transdermal Delivery Systems 224

5.4.2.3 Transmucosal Delivery Systems 225

5.4.3 Invasive Delivery Systems 225

5.4.4 Targeted Delivery to the Brain 226

5.4.5 Macrophage Targeting 228

5.4.6 Other Targets 230

5.5 Conclusion and Outlook 233

References 234

6 Nanoporous and Nanosize Materials for Drug Delivery Systems 255

Yoshinobu Fukumori, Kanji Takada and Hirofumi Takeuchi

6.1 Introduction 255

6.2 Nanomaterials for Coating 256

6.2.1 Commercially Available Aqueous Polymeric Nanomaterials 257

6.2.2 Novel Terpolymer Nanoparticles for Coating 259

6.2.3 Core–shell Nanoparticles for Fine Particle Coating 260

6.2.4 Core–Shell Nanoparticles for Thermosensitively Drug-releasing

Microcapsules 261

XII Contents



6.2.5 Chitosan Nanoparticles for Microparticle Coating 263

6.3 Materials for Nanoparticulate Therapy and Diagnosis 264

6.3.1 Inorganic Nanoparticles 265

6.3.2 Polymeric Nanoparticles 267

6.3.3 Other Case Studies 267

6.4 Nanoporous Materials as Drug Delivery System Carriers 270

6.4.1 Inorganic Calcium Compounds 270

6.4.2 Silastic Compounds 271

6.4.2.1 Nanoporous Silastic Materials for Solidifying Oily Drugs 271

6.4.2.2 Nanoporous Silastic Materials for Poorly Absorbable Drugs 275

6.4.2.3 Nanoporous Silica Materials for Controlled Release of Drugs 278

6.4.3 Carbon Nanotubes (CNTs) 280

6.4.3.1 CNTs for Oral Delivery of Protein Drug 280

6.4.3.2 CNTs for Intracellular Delivery of Protein 282

6.4.3.3 Toxicity of CNTs 284

6.4.3.4 Functionalized CNTs ( f -CNTs) for Drug Delivery 285

6.4.3.5 f -CNTs for Gene Delivery 286

6.4.4 CNHs for Drug Delivery 286

6.5 Physicochemical Aspects of Porous Silastic Materials for Drug

Delivery 287

6.5.1 Solid Dispersion Particles with Porous Silica 288

6.5.2 Mesoporous Silica 295

References 299

7 NANOEGG1 Technology for Drug Delivery 310

Yoko Yamaguchi and Rie Igarashi

7.1 Introduction 310

7.2 New Nanoparticles with a Core–Shell Structure: The NANOEGG

System 311

7.2.1 Physicochemical Properties and Action of ATRA 311

7.2.2 NANOEGG Preparation and Characterization 314

7.2.3 Improved Lability of ATRA in the NANOEGG System 317

7.3 NANOEGG for Dermatological Aspects 319

7.3.1 Improved Irritation of ATRA in the NANOEGG System 320

7.3.2 Pharmacological Effects of the NANOEGG System 323

7.3.3 Expression of mRNA Heparin-binding Epidermal Growth Factor-like

Growth Factor (HB-EGF) on Mouse Skin 325

7.3.4 Proliferation and Differentiation of Keratinocytes 326

7.3.5 Production of Hyaluronic Acid (HA) in the Epidermal Layer 328

7.3.6 Hyperpigmentation and Fine Wrinkle Improvements by NANOEGG

Treatment on Animal Skin 330

7.3.7 Clinical Trials of Fine Wrinkles and Brown Spots on the Human

Face 331

7.4 Why does NANOEGG Show the High Performance on the Improvement

of Brown Spot and Wrinkles? 334

Contents XIII



7.5 NANOEGG for Other Indications 335

7.6 NANOEGG for Other Drugs 338

7.7 Conclusion 338

References 339

8 Polymeric Nanomaterials – Synthesis, Functionalization and Applications in

Diagnosis and Therapy 342

Jutta Rieger, Christine Jérôme, Robert Jérôme,
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Preface

From the time the human mind emerged, about fifty thousand years ago, our

understanding of the human body and of ways and means to protect ourselves better

from both natural degradation as well as diseases has been continuously growing.

The human mind has been responsible for triggering creative technological break-

throughs at different intervals, significantly improving our quality of life at each of

these stages. We are again standing on the threshold of yet another technological

mastery with the ability to create nanomaterials akin to natural sub-micron bio-

molecules for the protection of our body and to prolong its life. The purpose of

this book, Nanomaterials for Medical Diagnosis and Therapy, is to reveal for the first

time how man-made nano-sized materials are being judiciously combined with bi-

ological molecules in order to find hitherto unimaginable, superior diagnostic tools

and novel therapeutic approaches to alleviate human suffering. Most of what you

will read here will provide you with a broader perspective to how nanotechnology

is going to revolutionize medicine in the close future. You are unlikely to get such

a perspective reading individual articles from the scientific journals. This is the

final volume in the ten-volume series on Nanotechnologies for the Life Sciences
(NtLS) and in a way reflects the ultimate goal of all life scientists, with the other

nine volumes as guide posts, to improve our health and quality of living. The

book has sixteen chapters, covering all aspects of medical diagnosis and therapy ex-

cept cancer as this subject is covered in volumes six and seven. With over 700 pa-

ges, it is the largest of all the ten volumes. Before I go ahead with giving you de-

tails of individual chapters in this final volume, I would like to take this

opportunity to provide you glimpses of the information contained in the first nine

volumes, which many of you may have already read.

The first volume in the series Biofunctionalization of Nanomaterials, with eleven

chapters, dealt with various approaches to attach biomolecules to nanomaterials

for applications in the life sciences, and the second volume Biological and Pharma-
ceutical Nanomaterials, with twelve chapters, focused on natural nanomaterials that

are relevant to the life sciences. The ability to characterize systems in nanoscale

is pivotal to the success of nanotechnology, and the third volume Nanosystem Char-
acterization Tools for the Life Sciences, with eleven chapters, is a useful source of

information both for life scientists interested in nanoscale systems and for charac-

terization specialists interested in applying their tools in biological systems. The
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fourth volume of the series, Nanodevices for the Life Sciences, contains thirteen chap-

ters and is a compendium of the exciting possibilities that exist in the world of tiny

devices. The fifth volume, entitled Nanomaterials – Toxicity, Health and Environmen-
tal Issues, reviews some of the critical risk assessment issues, which are crucial in

life sciences, that are currently being investigated by the health & environmental

nano researchers, and has twelve chapters. The sixth and the seventh volumes,

Nanomaterials for Cancer Therapy and Nanomaterials for Cancer Diagnosis, with a

total of twenty-two chapters, captured nanotechnological approaches for the treat-

ment of cancer and their utility in developing tools and materials for sensitive and

early diagnosis of this serious affliction. While the eighth volume, Nanomaterials
for Biosensors, containing thirteen chapters, touches upon biomolecular sensing

using a variety of Nanomaterials, the ninth volume Tissue, Cell and Organ Engineer-
ing with its twelve chapters is an encyclopedia on nanotechnological approaches to

the engineering of biologically functional matter capable of serving as tissue or

organ replacement. The ten volume series on Nanotechnologies for the Life Sciences
with 122 chapters contributed by about 150 researchers across the globe totaling

some 4600 pages comes to conclusion with the publication of the tenth volume.

This tenth volume begins with the chapter entitled Nanotechnologies for Diagnosis
– Present and Future, which is a contribution by Gareth A. Hughes of Zyvex Corpo-

ration in Richardson, Texas, USA. In this chapter, a general discussion on various

aspects of diagnostics including in vitro diagnostics (IVDs), implantable sensors

and imaging techniques is presented in addition to touching upon regulatory and

ethical considerations. Moving to a more specific diagnostic tool, authors lead by

Jean-Marc Idée from Guerbet, Aulnay-sous-Bois, France, brings out the importance

of Superparamagnetic Iron Oxide Nanoparticles (SPIONs) as contrast agents in

Magnetic resonance Imaging. The chapter, Superparamagnetic Nanoparticles of Iron
Oxides for Magnetic Resonance Imaging Applications, is a comprehensive source of

information on the unique capability of SPIONs as contrast agents for MRI of the

gastrointestinal tract, liver & spleen, lymph node, blood pool, and atheromatous

plaque.

The third chapter, Carbon Nanotube-based Vectors for Delivering Immunotherapeu-
tics and Drugs, reviews the application of carbon nanotubes in drug delivery and

biosensing. Alberto Bianco and co-workers from the Insititute of Molecular and

Cellular Biology in Strasbourg, France, have done a commendable job in delineat-

ing the pros and cons of utilizing the unique property of CNTs, the penetration

ability with capacity for high loading, for innovative medical diagnosis and thera-

pies. The team lead by Soon Hong Yuk from Hannam University in Taejeon,

Korea, contributed the fourth chapter, entitled Core-Shell Nanoparticles for Drug
Delivery and Molecular Imaging. In this chapter, the authors focus on core-shell

nanoparticle architecture with a layer of polymeric materials surrounding an or-

ganic or inorganic nanoparticle core, and demonstrate that such architectures

provide improved stability and a sustained release pattern of protein drug and

decreased cytotoxicity. In the fifth chapter, Nanotechnologies for Targeted Delivery of
Drugs, various aspects of targeted delivery utilizing different types of nanomaterials

are highlighted. Authors Pavel Brož and Patrick Hunziker from the Medical Inten-
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sive Care unit of Basel University Hospital in Switzerland present successful tar-

geting strategies employed that use both ‘natural nanostructures’ (such as bacteria

and viruses) and ‘artificial nanostructures’ (lipid-based ones such as liposomes and

micelles, protein-based ones such as dendrimers, and polymer-based ones such as

nanoparticles, nanospheres and nanocontainers) in areas other than cancer.

The sixth chapter, Nanoporous and Nanosize Materials for Drug Delivery Systems,
written by Yoshinobu Fukumori, Kanji Takada and Hirofumi Takeuchi from Kyoto

Pharmaceutical University, Japan, covers application of a number of inorganic,

organic and natural nanoporous materials in general and nanoporous silica-based

materials in particular for medical therapy. Continuing on the theme of core-shell

nanoparticles as described in a general way in the fourth chapter, Yoko Yamaguchi

and Rie Igarashi from the Institute of Medical Science of St Marianna University

in Kanagawa, Japan, present their efforts in the seventh chapter towards the devel-

opment of a specific non-spherical core-shell product, NanoEggTM, for dermatolog-

ical applications. The chapter, NanoEggTM Technology for Drug Delivery, describes
the commercialization of these particles for overcoming the limitations of classical

ATRA (all-trans retinoic acid) treatment through controlled release.

Polymeric nanomaterials have been receiving a lot of attention as materials of

choice for both drug delivery as well as diagnostic tools due to their unique physi-

cochemical characteristics that allow for controlling the fate of a drug within the

patient. Three chapters, 8, 9 and 10, have been dedicated to bring out comprehen-

sively the information present in the literature on different facets and types of poly-

meric nanomaterials for application in medical diagnosis and therapy. The eighth

chapter, Polymeric Nanomaterials – Synthesis, Functionalization and Applications in
Diagnosis and Therapy, a contribution from the laboratories of Rachel Auzély-Velty

from the Centre de Recherches sur les Macromolécules Végétales (CERMAV) in

Grenoble, France, focuses on ‘frozen’, non-dynamic polymeric nanomaterials,

where an exchange between individual polymer chains and polymer chains of the

nanoobject cannot take place, unlike the dynamic systems such as micelles and lip-

osomes. On the other hand, the ninth chapter, Polymeric Nanoparticles for Drug De-
livery, authored by P. Kallinteri and M. C. Garnett from the School of Pharmacy of

Nottingham University, UK, brings out the physiology and anatomy underlying the

diseases which may be treatable using polymeric nanomaterials and the way these

are handled by the body. In the tenth chapter, Solid Lipid and Polymeric Nanopar-
ticles for Drug Delivery, the authors José Luis Pedraz and co-workers from the Uni-

versity of Basque Country in Vitoria, Spain, present a comparative analysis of solid

lipid nanoparticles (SLNs) and polymeric nanoparticles with reference to their pro-

duction processes, characterization, and a wide ranging therapeutic applications.

Chapter eleven by Zach Hilt from the University of Kentucky in Lexington, USA,

explores the relatively underdeveloped field of hydrogels. In this chapter aptly titled

as Intelligent Hydrogels in Nanoscale Sensing and Drug Delivery Applications, the

author has done a great job in providing an up-to-date review on the application

of intelligent hydrogels such as ionic and temperature-responsive, biohybrid and

imprinted hydrogels in micro/nanoscale sensing and drug delivery. In the twelfth

chapter, Nanoshells for Drug Delivery, a layer-by-layer self assembly approach to
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nanoshell formation is described in addition to the utility of nanoshells in con-

trolled release of pharmaceutical ingredients. Authors Melgardt M. De Villiers and

Yuri Lvov from the University of Wisconsin and Louisiana Tech University respec-

tively, compare in a systematic fashion two types of nanoshells – metallic nanopar-

ticles composed of a dielectric core (e.g. silica) coated with an ultra thin metallic

layer (e.g. gold) and nanoshells formed by electrostatic layer-by-layer molecular

self-assembling (E-LbL) for drug delivery applications. L. Andrew Lee, Hannah N.

Barnhill and Qian Wang from University of South Carolina provide an overview on

the topic of the programming of the Bionanoparticles (BNPs) and current research

on their biomedical applications in the thirteenth chapter entitled Bionanoparticles
and their Biomedical Applications. This chapter is a must-read for all those inter-

ested in BNPs and how they can be exploited for generating novel biotemplates in

the nanometer range for a myriad of biomedical applications.

As we reach the end of the book, the last three chapters assume special impor-

tance. While chapter fourteen contributed by Hironori Nakagami, Yasuhiko Tabata

and Yasufumi Kaneda from Osaka University, Japan, reiterates the importance of

nanotechnologies in gene therapy, the fifteenth chapter, written by S. M. Moghimi

from the University of Brighton, UK, cautions about the possible toxic effects of a

well-known gene transfer vector. The titles of the two chapters are Nanotechnology
for Gene Therapy – HVJ-E Vector and Nanotoxicology of Synthetic Gene Transfer Vec-
tors: Poly (ethyleneimine) – and Polyfectin-mediated Membrane Damage and Apoptosis
in Human Cell Lines, respectively. The final chapter by Gang Liu and Ping Men

from the University of Utah in Salt Lake City, USA, entitled Nanoparticles for the
Treatment of Alzheimer’s Disease: The Theoretical Rationale, Present Status and Future
Perspectives indicates that nanotechnology has potential to treat Alzheimer’s disease

(AD), the most devastating neurodegenerative disorder with progressive and irre-

versible damage to thought, memory and language. I am very confident that the

information that is presented in these sixteen chapters in this tenth volume will

help in furthering the utility of nanotechnological approaches in medical diagnosis

and therapy. I am, as always, very grateful to all the authors for their scholarly pre-

sentations of their topics, providing timely inputs and corrections in making the

final volume in this series a reality.

As I conclude this ten-volume series, I would like to reinforce some of the com-

ments that I made in my preface to the first volume. As I said, nanotechnology’s

greatest gift to mankind, in my view, is its ability to promote lateral thinking

amongst not only scientists, but all those who are associated with this new

approach, the so called ‘nano thinking’ to problem solving. On behalf of all the

authors who have made contributions to this exciting series, it is my privilege to

play the role of a catalyst in inculcating this new thinking by providing a multi-

pronged base of knowledge in nanotechnologies for the life sciences. It is my

hope that this book series will help in stretching the limits of thinking in all those

who come in contact with it.

It is yet another opportunity for me to convey my thanks to each and every per-

son (unfortunately due to lack of space I am unable to mention all the names) with

whom I had the privilege of interacting and who have helped me directly or in-
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directly during the course of the publication of the whole series. I would like to ex-

press my gratitude to the following people for their support and assistance. My em-

ployer and colleagues at the Center for Advanced Microstructures and Devices,

graduate advisor Prof. N.R. Krishnaswamy who laid the foundation to my career,

family and friends, and the Wiley-VCH publishing team, Martin Ottmar, Esther

Dörring, Nele Denzau and Eva Wille, with whom I had great pleasure in working.

Finally, my special thanks to you, the readers, for ensuring that the knowledge

base provided in this book series will be a building block for further understanding

of nanoscience. I do realize that there is a lot of scope for improvement and need

to add new topics to this book series. I am hoping that I will be able to, with your

comments and suggestions, take this series to a new level in the near future.

October 2006, Baton Rouge Challa S.S.R. Kumar
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1

Nanotechnologies for Diagnosis – Present and

Future

Gareth A. Hughes

1.1

Introduction to Patient Diagnostics

This chapter highlights the capabilities of nanoscale materials and devices for pa-

tient diagnostics. Current state-of-the-art diagnostic applications in development

are reviewed with an extensive list of references provided for further investigation.

The chapter is broken down into four major areas: in vitro and in vivo diagnostics

(optical, electrical, magnetic, mechanical), imaging diagnostics, nanotechnology-

enhanced analytical tools and techniques for diagnostics, and the future for patient

diagnostics. In comparison to other published chapters on the subject of nanotech-

nology for diagnostics, this chapter covers the gamut of diagnostics including in
vitro diagnostics (IVDs), implantable sensors and imaging techniques. Finally, in

addition to covering a variety of diagnostic tools and methods where nanotech-

nology can be implemented, regulatory and ethical considerations are briefly dis-

cussed, providing a foundation on which to build scientifically responsible nano-

technology developments for life sciences.

Patient diagnostics involves more than analyzing the symptoms of disease. Diag-

nostic tools and assays are used to determine tissue type prior to organ transplan-

tation, to determine blood type for patients requiring blood transfusions, and to

monitor the progression of disease and the effects of therapy. Diagnosing a patient

prior to onset of any symptoms would be ideal. Catching a disease early would al-

low the patient to take appropriate precautions to slow, halt or possibly reverse the

progression of the ailment. The ability to combine diagnostic testing with patient

profiling such as a genetic screen could open up the possibility of personalized

therapy. Table 1.1 lists examples of applications for patient diagnostics.

A variety of techniques and testing protocols are available for performing patient

diagnostics. Many times, a combination of techniques or tests are performed to

provide accurate diagnosis. Current diagnostic techniques include immunoassays,

genetic-based tests, cell-based assays, tissue or histological tests and medical

imaging. Immunoassays are used for numerous diagnostic applications including

monitoring levels of endocrine hormones such as estrogen, cortisol and prolactin,

detecting biomarkers following myocardial infarction such as troponin and myo-

globin, diagnosing hepatitis A–E, and searching for various biomarkers for cancer.
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Genetic-based diagnostics involve a variety of analytical techniques and gene ex-

pression profiling to determine susceptibility of disease. Cell-based assays involve

high-throughput cell sorting along with intracellular imaging techniques. Two of

the major focus areas for tissue-based testing are in cancer detection and in tissue

typing for transplant patients. A variety of medical imaging tools exist ranging

from magnetic resonance imaging to ultrasound. Imaging methods provide non-

invasive means to diagnose disease.

There are also numerous specialized diagnostic techniques that are used when

symptoms exist that warrant the use of a particular test. Specialized diagnostic

techniques include electromyography (EMG) for monitoring nerve and muscle

activity, electroencephalograph (EEG) to assess electrical activity of the brain, elec-

trocardiography (ECG or EKG) to monitor electrical activity of the heart, tonometry

for measuring internal eye pressure and spirometry to measure lung function. A

summary of examples for testing protocols and techniques which are used in diag-

nostics are listed in Tab. 1.2. A comprehensive resource for diagnostics is the Merck
Manual of Diagnosis and Therapy [1].

1.2

Nanotechnology and Patient Diagnostics

This chapter will summarize diagnostic applications of nanotechnology currently

being development. Life science and medical applications of nanotechnology are

numerous, ranging from tissue engineering, drug discovery to drug delivery and

diagnostics [2, 3]. Nanotechnology is enabling a variety of diagnostic methods,

including optical, electrical, magnetic, electrochemical and mechanical, and is en-

hancing established methods such as biomedical imaging techniques and spectro-

scopic methodology [4–22]. Handheld, wearable and implantable diagnostic tools

for real-time patient monitoring can be manufactured when comprised of devices

and materials precisely fabricated at the nanoscale [23].

Functionalized nanoparticles can enable multiplexed bioassays for simultaneous

diagnostic screening of multiple diseases [24, 25]. High-capacity screening and

combined molecular and immunological diagnostics will play a role in establishing

Tab. 1.1. List of diagnostic applications.

Diagnose disease susceptibility, risk assessment

Infectious disease assessment

Tissue typing for organ transplants

Screening for blood transfusions

Monitor therapy activity

Check disease progression

Personalized medicine

Genetic screening
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Tab. 1.2. Examples of techniques and testing protocols used in patient diagnostics.

Diagnostic type Tool or technique used Example applications

Immunoassay enzyme-linked immunosorbent

assay (ELISA)

cancer detection

allergy tests, immunoglobulin

(IgA, IgE, etc.) levels

hormone levels

C-reactive protein (CRP)

infectious diseases

autoimmune diseases

diabetes assays

prion disease diagnosis

pancrease function tests

bead-based assays multiplexed assays

cytokine levels

cystic fibrosis testing

blood typing

metabolic disorders

radioimmunoassay (RIA) hormone levels

liver function tests

viral detection

fluorescence polarization

immunoassay (FPIA)

kidney function tests

homocysteine levels

Genetic single nucleotide

polymorphism (SNP) analysis

sickle-cell

cystic fibrosis testing

p53 mutation detection

metabolic disorders

pharmacogenomics

drug efficacy

DNA chips and microarrays multiplexed assays

cancer detection

tuberculosis

drug efficacy

polymerase chain reaction

(PCR)

DNA amplification

infectious diseases

inheritable diseases

Northern blot mRNA detection

gene regulation analysis

Southern blot DNA detection

inheritable diseases

restriction fragment length

polymorphisms (RFLP) for prenatal

diagnostics

1.2 Nanotechnology and Patient Diagnostics 3



Tab. 1.2 (continued)

Diagnostic type Tool or technique used Example applications

Cellular flow cytometry leukocyte analysis

detection of cancer cells in urine

and blood

monitoring HIV therapies

bone marrow transplants

hematology analyzers blood cell count

immunocytochemistry evaluating intracellular activity

fluorescent in situ hybridization

(FISH)

infectious diseases

Tissue immunohistochemical stains

(IHC)

cancer detection

organ transplants

bone marrow transplants

laser capture microdissection cancer detection

dielectric property analysis cancer detection

Imaging magnetic resonance imaging

(MRI)

brain disorders

spinal cord disorders

blood vessel diseases

internal organ diseases

computed tomography (CT) stroke

internal organ diseases

soft tissue diagnostics

X-ray arthritis

osteoporosis

congestive heart failure

respiratory diseases

ultrasound internal organ diseases

blood flow analysis

positron emission tomography

(PET)

cancer detection

monitoring of cancer therapy

coronary heart disease

myocardial infarction

blood flow analysis

memory disorders

seizure disorders

optical coherence tomography

(OCT)

high-resolution tissue diagnostics

retinal diseases

glaucoma
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a broader range of testing capabilities that will allow diagnostics to be not disease-

specific, but patient-specific and support the development of pharmacogenomics

[26, 27]. Ultimately, smart nanostructures such as nanoparticles, nanotubes and

dendrimers could be fabricated with both targeting capability and therapeutic

moieties enabling site-specific delivery of therapy and personalized medicine [28].

Table 1.3 lists diagnostic techniques enhanced or enabled by nanotechnology

which will be described in further detail in this chapter.

Nanoscale entities are abundant in biological systems. Viruses, proteins, small

molecule drugs and fluorescent dyes are all less than 100 nm, as shown in Fig.

1.1. Through the manipulation of organic and inorganic materials at the atomic

level, novel materials, structures and devices can be realized. Thermal, optical, elec-

trical and mechanical properties of materials can be enhanced. Novel properties,

not observed in the bulk form of materials, can be harnessed. Chemical activity of

substances can be tailored to a desired end use such as improving biocompatibility

of implantable materials and developing artificial receptors for targeted analyte

binding. Surface properties of materials, such as adhesion, can be modified. Prop-

erties of materials at the nanoscale can be quite different than bulk material prop-

erties. Due to greater surface area per unit volume, nanomaterials can exhibit

higher chemical reactivity, increased mechanical strength, and faster electrical and

magnetic responses.

The field of nanotechnology brings about the necessary convergence of technical

disciplines such as physics, chemistry, engineering and computer science with the

biological disciplines of molecular and cell biology, genetics, neuroscience, bio-

physics, and biochemistry. Through the convergence of all these disciplines, the

field of nanotechnology is poised to create many breakthroughs across all indus-

tries. Medical applications show particular promise, including building blocks of

Tab. 1.2 (continued)

Diagnostic type Tool or technique used Example applications

optoacoustic tomography

(OAT) or photoacoustic

tomography (PAT)

cancer detection

Specialty electromyography (EMG) muscle activity

nerve conduction

electroencephalography (EEG) brain electrical activity

electrocardiography (ECG or

EKG)

heart electrical activity

tonometry glaucoma

spirometry evaluate lung function
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nucleic acids as structural components as binding agents similar to antibodies

rather than typical genetic maps, nanostructured biosensors for implantable pa-

tient monitoring and nanoparticles as imaging contrast agents.

Patient diagnostics can be broken down into three major modalities: assays, bio-

sensors and imaging. Nanotechnology plays a role in improving these modalities

and also creating novel diagnostic methods. In vitro assays are used extensively

for diagnostics. Three commonly used assay formats are enzyme-linked immuno-

sorbent assays (ELISAs), polymerase chain reaction (PCR)-based genetic assays,

and staining assays such as Giemsa and Gram for viral and bacterial diagnostics.

While many diseases and infections can be diagnosed with such assays, most of

these assays require laboratory equipment. Point-of-care diagnostics are typically

not possible using these assays. Samples are usually shipped to laboratories that

Tab. 1.3. Diagnostic techniques enabled or enhanced by nanotechnology.

Technique Applications

Optical enhanced fluorescence

quantum dots

surface plasmon resonance (SPR)

nanoparticles

nanoshells

bio-barcodes

Probes encapsulated by biologically localized embedding (PEBBLEs)

fiber optics

Electrical amperometric

conductimetric

potentiometric

enzymatic

Magnetic immunoassays

magnetofection

magnetoresistive

Mechanical nanocantilevers

surface acoustic waves (SAWs)

quartz crystal balance

Imaging contrast agents

multifunctional agents

Mass spectrometry nanoparticle pre-concentrator

Raman spectroscopy surface enhanced Raman spectroscopy (SERS)

tip enhanced Raman spectroscopy (TERS)

Genetics nanopore sequencing

Immunoassays luminescent nanoparticles
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specialize in performing these in vitro assays. Nanotechnology can improve these

assays by increasing throughput for rapid diagnostics or by enhancing sensitivity

which could enable catching a disease earlier.

Biosensors provide the ability to perform diagnostics at point-of-care and enable

real-time diagnostics in the form of implantable devices. The general format of a

biosensor, shown in Fig. 1.2, comprises of a biologically receptive site which binds

specifically to the analyte in question and a transducer that translates the binding

event into a measurable signal, which can be optical, electrical, magnetic or me-

chanical. Nanostructures can be used to enhance any of these transduction mech-

anisms. For example, nanoscale semiconductor materials (quantum dots) can be

used in optical biosensors. In comparison to traditional organic fluorophores,

quantum dots are much more photostable, have greater quantum efficiency and

have much narrower emission. Such advantages could be used to develop highly

sensitive optical biosensors and multiplexed assays. Due to high surface area,

nanowires and nanotubes can greatly enhance charge transfer in biosensors based

on electrical mechanisms. Functionalized magnetic nanoparticles can be targeted

to desired analytes and detected with miniature magnetic sensors, creating por-

table diagnostics. Finally, nanocantilevers, modified with antibodies or other bio-

logical receptors, can be sensitive enough to detect a single biomolecule such as

an individual viral particle.

Aptamers make up one particular class of biological receptor structures which

show increasing potential for use in diagnostics. Aptamers are oligonucleotide se-

quences that are structured for high affinity and specificity towards a desired li-

gand, similar to antibodies, but formed from nucleic acids rather than amino acids.

Since their discovery in the early 1990s [30] through the use of an in vitro tech-

nique named systematic evolution of ligands by exponential enrichment (SELEX),

Figure 1.1. Scale of things, from atom to embryo.
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many aptamers have been developed that bind various targets including thrombin,

platelet-derived growth factor (PDGF) and keratinocyte growth factor (KGF). Re-

cently, an anti- vascular endothelial growth factor (VEGF) aptamer was introduced

as a new treatment for macular degeneration. Developing therapeutic applications

for aptamers is an expanding area of research.

Aptamers have several advantages over monoclonal antibodies which have like-

wise generated much interest in therapeutics. Aptamers are fully processed in vitro.
Antibodies require an animal model as a starting point. Therefore, tight process

control and scale-up are much more achievable for aptamer production paving the

way for lower cost therapeutics. Aptamers, especially DNA aptamers, are much

Figure 1.2. Major components of a biosensor.

Figure 1.3. Synthetic noradrenaline receptors [42]. Reproduced

with permission from J. Am. Chem. Soc., Vol. 127, S. Kolusheva

et al., Selective detection of catecholamines by synthetic

receptors embedded in chromatic polydiacetylene vesicles,

p. 10000–10001. 8 (2005) American Chemical Society.

8 1 Nanotechnologies for Diagnosis – Present and Future



more stable than their antibody counterparts, which are large protein molecules

that can readily degrade if appropriate storage conditions are not used. Even if the

aptamer does denature, the structure can be easily regenerated. Furthermore, ap-

tamers have not shown any appreciable evidence of toxicity or immunogenicity.

These same properties show promise for aptamers in the field of diagnostics,

both in vitro and in vivo [30–38].

One strength of aptamer-based diagnostic sensors over antibody- or enzyme-

based techniques is the ability to denature and regenerate the aptamer. This ability

could enable reusable biosensors that match the affinity and specificity of antibody

and enzyme sensors [37, 38]. Combining aptamer recognition with nanoscale sens-

ing capability such as optical, electrochemical or magnetic transduction methods

will enable development of highly sensitive, portable and, eventually, implantable

diagnostic tools [39–41].

Medical imaging for diagnostics comes in a variety of forms including X-ray

imaging such as computed tomography (CT) scans, magnetic resonance imaging

(MRI), positron emission tomography (PET) scans, ultrasound and more recent

optical techniques such as optical coherence tomography (OCT). The advantage of

imaging over assays and biosensors for diagnostics is the elimination of the need

for a patient sample, such as blood or tissue. In the case of implantable biosensors,

imaging has the advantage of being noninvasive. However, most medical imaging

equipment is expensive and requires trained personnel to both operate and inter-

pret. Furthermore, the low resolution of most of these techniques limits sensitivity.

Nanoparticles as contrast agents can be used to increase sensitivity which may al-

low earlier diagnosis of diseases. If sensitivity is greatly increased using contrast

agents, then less-powerful imaging components, such as magnets for MRI, may

be used reducing size and cost.

1.3

Optical

1.3.1

Fluorescence

Fluorescent tags, such as fluorescein isothiocyanate (FITC) and rhodamine, have

been used extensively as optical markers for a variety of biological assays. Tradi-

tional fluorophores have a broad user base and are available in many forms such

as voltage-sensitivity dyes, membrane-specific chemistries and pH-sensitive struc-

tures. However, traditional fluorophores typically have broad emission spectra,

exhibit short emission lifetimes and are susceptible to photobleaching. With the

desire for greater sensitivity, multiplexed assays, single-molecule detection and in
vivo diagnostics, enhancement of traditional fluorophores and the development of

novel markers are transforming optical detection methods.

Fluorescent tags can be improved by conjugation with receptor molecules, with

coatings for improved photostability, and by combining with metals for greater

emission. Figure 1.3 shows three synthetic receptors for noradrenaline which
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provide sensitive fluorescent assays when embedded with phospholipid/

polydiacetylene membrane assemblies [42]. By embedding the synthetic receptor

within the phospholipid/polydiacetylene membrane (Fig. 1.4), single micromolar

detection of catecholamines in urine samples was achieved producing a 1000-fold

improvement over existing synthetic receptor-based catecholamine detection sys-

tems. Such a sensitive method could provide an earlier diagnostic for Parkinson’s

disease. Also see Fig. 1.5.

Nanoparticle platforms consisting of surface-functionalized, silica-coated nano-

phosphors can be used for bioimaging applications [43, 44]. Silica coating enhances

aqueous dispersion of nanoparticles, and allows surface functionalization of pepti-

des and nucleic acids for specificity. Fluorescence emission can be tuned by con-

trolling the size of the nanoparticle. A range of nanoparticle sizes can be used

simultaneously for multiplexed assays due to each size of nanoparticle emitting a

different color. Due to little to no autofluorescence, the signal-to-noise ratio can be

quite high, enabling highly sensitive bioimaging techniques for early diagnostics.

Dendrimers are highly branched, monodisperse polymers that have well-defined

size and chemical functionality. Voids and channels within the dendritic structure

can be carriers for drug molecules. Size, composition and morphology of den-

drimer composites can be precisely controlled by pH, temperature and concentra-

tion. In addition to drug molecules, metal ions can be entrapped within dendrimer

voids creating novel fluorescent nanoparticles [45]. Silver/dendrimer composites

absorb in the 300- to 400-nm range with emission from 400 to 500 nm. By using

low concentrations of silver/dendrimer composite (below 1 mM) to minimize

cytotoxicity, intracellular fluorescent assays can be performed due to cellular uptake

of nanoscale dendrimer structures.

Figure 1.4. Synthetic receptor embedded

within a phospholipid/polydiacetylene mem-

brane [42]. Reproduced with permission from

J. Am. Chem. Soc., Vol. 127, S. Kolusheva et al.,

Selective detection of catecholamines by

synthetic receptors embedded in chromatic

polydiacetylene vesicles, p. 10000–10001.

8 (2005) American Chemical Society.
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Fluorescence can also be enhanced using metallic nanostructures such as silver

or gold nanorods and nanospheres [46, 47]. Such phenomenon is termed metal-

enhanced fluorescence (MEF). When a fluorophore is exposed to a nearby metallic

surface, quantum efficiencies can increase due to interactions of the excited-state

fluorophore with free electrons in the metal. At short distances between fluoro-

phore and metal (less than 5 nm), quenching can occur. Highly sensitive in vitro
diagnostic assays may be realized using MEF. Other metals that exhibit enhanced

fluorescence are the Lanthanide series of metals or the ‘‘rare earth’’ elements such

as europium, samarium and terbium [48, 49].

1.3.2

Quantum Dots

Quantum dots are nanometer-size crystals in which electrons are confined in all

three directions. Electron energies are quantized within the nanocrystalline quan-

tum dot enabling an array of emission wavelengths to be produced depending

upon the band gap of the crystalline material and quantum dot size as shown in

Fig. 1.6. Common quantum dot materials include CdSe which emits blue, InP

which emits green and InAs which emits red [50]. Typical quantum dot cores are

3–4 nm in diameter; however, due to water insolubility and possible toxicity of

typical cores, polymeric or silica coatings are added to make them water-soluble

and biocompatible [51, 52]. ZnS is also a commonly used coating for CdSe core

quantum dots for protection against photooxidation [53].

Coatings can increase quantum dot diameter to greater than 30 nm in some

cases, creating a tag much larger than standard fluorescent dyes which poses chal-

lenges for intracellular delivery and creates potential alterations of the very biologi-

cal activity that one may be investigating [55]. In addition to water insolubility and

large size, quantum dots exhibit thermoquenching where emission decreases as

temperature increases. For isothermal bioanalytical applications, thermoquenching

poses no problems. However, for in vitro assays and, possibly, in vivo imaging

Figure 1.5. Example of assay using nanoparticle tags [48].

Reproduced from Nanotechnology, Vol. 15, P. Huhtinen et al.,

Europium (III) nanoparticle-label-based assay for the detection

of nucleic acids, p. 1708–1715, 8 (2004), with permission from

Institute of Physics and P. Huhtinen.
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applications, where temperatures may fluctuate, thermoquenching effect must be

taken into account.

Another limitation of quantum dots is their susceptibility to intermittent emis-

sion (‘‘blinking’’). Due to their high quantum efficiencies and the use of multiple

quantum dots per typical assay, the effects of intermittent emission are negligible.

However, where the ‘‘blinking’’ phenomenon becomes a limiting factor is with

fluorescence intensity studies, single-molecule spectroscopy and flow cytometry

where temporal data is necessary [53, 56, 57].

Despite the larger size, quantum dots are being used for multiplexed in vitro
assays and in vivo imaging applications due to brighter and narrower emission,

broader absorption spectra, and high photostability. Quantum dots have much nar-

rower emission spectra (around 30 nm at half maximal emission) in comparison to

organic dyes (50–100 nm), such as fluorescein and rhodamine. Due to their nar-

row emission and the capability of achieving emission over a broad excitation

range, multiple quantum dots of different color can be imaged simultaneously

using a single excitation source [58–60]. Typical organic dyes limit the ability to

perform multiplexed assays because of their overlapping emission spectra and

their limited absorption capability, requiring multiple excitation sources to be

used when multiple fluorophores are desired.

Through surface functionalization by covalent, noncovalent and chemisorption

modifications, quantum dots can be used in protein and DNA immunoassays. Bio-

tinylated, streptavidin-conjugated and antibody-conjugated quantum dots are now

readily available, enabling a variety of sandwich-based assays. It is the ability to

functionalize quantum dots that make them attractive for diagnostic applications.

Figure 1.6. Emission wavelength as function of quantum dot

size [54]. Reused with permission from H. Mattoussi, J. Appl. Phys.,

83, 7965 (1988). Copyright 1998, American Institute of Physics.
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By encasing the core quantum dot nanocrystal with a biocompatible, hydrophilic,

readily functionalized coating such as silica or polymer and modifying the coating

with biologically specific entities such as antibodies, enzymes and nucleic acids,

sensitive fluorimetric assays and biosensors can be realized. Assays and biosensors

based on quantum dots are being developed for diagnosing breast and prostate

cancer, for simultaneously detecting multiple toxins, and for sensing levels of ace-

tylcholine [61].

For in vivo applications, it is desirable to have quantum dots that emit in near-

infrared (NIR) range of 700–1550 nm, where such energy absorption in tissue is

minimal. Example nanocrystalline materials for NIR quantum dots include CdTe,

InP and InAs. CdTe-based quantum dots consist of a CdTe core with a CdSe shell

which have lower quantum yields and weaker NIR absorption than InP and InAs

quantum dots. InP quantum dots are larger (above 6 nm) than most other nano-

crystalline structures which, after coating, limits their use for in vivo applications.

InAs quantum dots are much smaller (below 2 nm), but have limited absorption

capability in the NIR due to their small size [62]. Alloys and core–shell structures

comprised of nanocrystalline materials improve NIR absorption capability while

keeping the quantum dot to a functional size. Figure 1.7 shows the size distribu-

tions for InAsP, InP and ZnSe alloys, and core–shell quantum dot structures.

Figure 1.8 shows emission spectra for InP, InAs and InAsP alloy quantum dots.

With increasing percentage of arsenic in the alloy, greater NIR luminescence is ob-

served. Figure 1.9 shows the effect of the core–shell structure on emission. As the

InAsP alloy core is coated with shell material, first with InP and finishing with

ZnSe, the emission of the quantum dot is pushed further into the NIR range.

Another interesting phenomenon of quantum dots is the observation of fluores-

cent downshift (‘‘blue’’ shift) when bound to bacterial surfaces [63]. By conjugating

antibodies or aptamers to quantum dot surfaces, specific bacteria can be targeted.

Upon binding of antibody- or aptamer-conjugated quantum dots to bacterial sur-

faces, shifts in fluorescent emission peaks ranging from 60 to 140 nm have been

Figure 1.7. Size distribution for quantum dot

core and core–shell combinations. InAs0:82P0:18
(yellow), InAs0:82P0:18 core and InP shell (red),

and InAs0:82P0:18 core, InP shell and ZnSe

outer shell (blue) [62]. Reproduced with

permission from J. Am. Chem. Soc., Vol. 127,

S.-W. Kim et al., Engineering InAsxP1-x/InP/

ZnSe III–V alloyed core/shell quantum dots for

the near-infrared, p. 10526–10532. Copyright

(2005) American Chemical Society.
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observed which can be readily optically detected. This method could be used to

determine the presence of bacteria in a sample.

1.3.3

Surface Plasmon Resonance (SPR), Nanoparticles and Nanoshells

Molecular-recognition molecules immobilized using self-assembled monolayers

(SAMs) coupled with SPR sensing create sensitive, label-free biosensors [64–74].

Figure 1.8. Emission of InP (614 nm),

InAs0:33P0:66 (652 nm), InAs0:66P0:33 (699 nm),

InAs0:82P0:18 (738 nm) and InAs (755 nm)

quantum dots. Absorbance shown as solid line

[62]. Reproduced with permission from J. Am.

Chem. Soc., Vol. 127, S.-W. Kim et al.,

Engineering InAsxP1-x/InP/ZnSe III–V alloyed

core/shell quantum dots for the near-infrared,

p. 10526–10532. Copyright (2005) American

Chemical Society.

Figure 1.9. Emission of InAs0:82P0:18 core

(738 nm), with a shell of InP (765 nm), with a

second shell of InP (801 nm) and with a final

shell of ZnSe (815 nm). Absorbance shown as

solid line [62]. Reproduced with permission

from J. Am. Chem. Soc., Vol. 127, S.-W. Kim

et al., Engineering InAsxP1-x/InP/ZnSe III–V

alloyed core/shell quantum dots for the near-

infrared, p. 10526–10532. Copyright (2005)

American Chemical Society.
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A typical SPR set-up is depicted in Fig. 1.10, with main components consisting of

a sensor substrate (chip) coated with a thin metal film (typically gold or silver), a

polarized light source and an optical detection unit. Polarized light is directed to-

ward the sensor chip at an angle such that an evanescent wave is created on the

surface of the metal film. Changes in the dielectric constant of the adjacent me-

dium shift the intensity of the evanescent wave, resulting in a change in angle of

reflection from the metal surface. The angular shift is detected with a photodetec-

tor [70].

By modifying the metal film for biological specificity, the SPR sensor can be tai-

lored to respond to a desired analyte. Upon binding of the analyte to the molecular-

recognition site of the modified metal film, the index of refraction changes at the

sensor surface, which results in an angular shift of the reflected light. The metal

surface is typically first modified with alkane thiol or alkyl siloxane chemistry. Sub-

sequent modification defines the biological specificity of the SPR sensor and can

consist of streptavidin for biotinylated analytes, biotin for streptavidin-conjugated

analytes or sandwich assays using free streptavidin followed by biotinylated ana-

lyte, antibodies for antibody–antigen interactions and enzymes or aptamers for

affinity assays.

Using metal nanoparticles and nanoshells with SPR phenomena creates local-

ized SPR (LSPR) which enables field-portable, lower-cost SPR systems with im-

proved capability to detect small molecules, all of which could pave the way for

greater use of SPR in patient diagnostics [69, 71–74]. An example of a LSPR set-

up using gold-coated silica nanoparticles and a fiber optic probe for excitation and

detection is shown in Fig. 1.11.

Optical properties of nanoparticles depend highly on size, shape and local envi-

ronment. When the nanoparticle diameter is much smaller than the wavelength of

light, then the optical interaction of nanoparticles can be described by Mie theory

Figure 1.10. Typical set-up for SPR [68].
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of electromagnetic radiation scattering stated in Eq. (1) [69, 75, 76]. SPR occurs

when er ¼ �wem and ei is small:

EðlÞ ¼ 24pNAa3em3=2

l lnð10Þ
ei

ðer þ wemÞ2 þ ei2

" #

; ð1Þ

where EðlÞ is the optical extinction (sum of absorption and scattering), NA is the

areal density of nanoparticles, a is the radius of nanoparticles, em is the dielectric

constant of the medium, l is the wavelength of the absorbing radiation, ei is

the imaginary portion of the nanoparticle dielectric constant, er is the real portion

of the nanoparticle dielectric constant and w is the aspect ratio of nanoparticles

(w ¼ 2, for a sphere).

Probes encapsulated by biologically localized embedding (PEBBLEs) are optical

nanosensors which can be used to monitor intracellular conditions such as pH and

Figure 1.11. LSPR biosensor set-up [71].

Reproduced with permission from Analytical

Chemistry, Vol. 77, T. Endo et al., Label-free

detection of peptide nucleic acid-DNA

hybridization using localized surface plasmon

resonance based optical biosensor, p. 6976–

6984. Copyright (2005) American Chemical

Society.
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calcium ion levels [77–79]. Fluorescent molecules are entrapped within a perme-

able polymer gel creating PEBBLE nanoparticles typically ranging from 20 to 200

nm, as represented in Fig. 1.12. The polymer gel coating protects the internal fluo-

rophore from nonspecific protein binding and reduces cytotoxicity. Due to the po-

rosity of the polymer coating, small ions such as calcium, oxygen and hydrogen

can penetrate the coating, and reach the entrapped fluorophore. Therefore, pH-

and calcium-sensitive dyes can be encapsulated while maintaining their desired

function.

Single base-pair mismatches in a sequence of DNA can be detected using colori-

metric assays comprised of electrostatic absorption of DNA onto colloidal gold

nanoparticles [80–83]. Such assays eliminate target labeling and do not require

any covalent modifications of DNA or substrate surfaces. Furthermore, sensitivity

is high enough to obviate the need for DNA amplification such as PCR. Color de-

tected is dependent upon degree of aggregation of gold nanoparticles. Due to the

ability to perform the assay in less than 10 min, RNA degradation is minimized

and, therefore, RNA sequences can also be determined.

Another technique which results in high sensitivity without the need for target

amplification is the Bio-Barcode Assay (Fig. 1.13), which can be used for both

nucleic acid and protein analysis [84–89]. The Bio-Barcode Assay uses both gold

nanoparticles and magnetic microparticles functionalized with the same antibody

specific for the particular analyte to be detected. Antibody-functionalized gold

nanoparticles are further modified with oligonucleotide strands of a known se-

quence, giving the gold nanoparticles a unique identity or barcode. When ex-

posed to the target analyte, both gold nanoparticles and magnetic microparticles

bind to the analyte creating complexes of gold nanoparticle–analyte–magnetic

microparticle.

Figure 1.12. Diagram of PEBBLE nanosensor

[79]. Reproduced with permission from

Analytical Chemistry, Vol. 76, Y.-E. L. Koo et al.,

Real-time measurements of dissolved oxygen

inside living cells by organically modified

silicate fluorescent nanosensors, p. 2498–2505.

Copyright (2004) American Chemical Society.
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After the complexes are magnetically separated and washed, the barcode DNA is

dehybridized and released from the gold nanoparticles into solution. The single-

stranded barcode DNA is then collected and bound to a microarray containing

oligonucleotides complementary to half of the targeted barcode DNA. Gold nano-

particles functionalized with oligonucleotides complementary to the other half of

targeted barcode DNA are then hybridized to the microarray-captured DNA. Fi-

nally, the gold nanoparticles are coated with silver for amplification and the micro-

array is read using light scattering intensity measurements. The Bio-Barcode Assay

enables detection of molecules down to attomolar sensitivity.

Aptamer-conjugated gold nanoparticles can bind desired protein targets forming

gold-tagged proteins for subsequent analysis [90]. The bound gold nanoparticles

can be enlarged in catalytic solution of gold chloride resulting in higher absorb-

ance at 540 and 650 nm as the size of gold nanoparticles increases. An example

using thrombin as target protein is shown in Fig. 1.14. A greater concentration of

protein binds more aptamer–gold nanoparticle conjugates, which provides a

greater surface density for catalytic solution to deposit more gold. Observed absorb-

ance then is a function of protein concentration. Sensitivity down to single nano-

molar protein concentrations have been achieved with this method.

Figure 1.13. Bio-barcode assay [6]. Reproduced from Clinical

Chimica Acta, Vol. 358, K. K. Jain, Nanotechnology in clinical

laboratory diagnostics, p. 37–54, Copyright (2005), with

permission from Elsevier.
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1.3.4

Fiber Optic Biosensors

Fiber optic biosensors show potential use in intracellular assays and in vivo appli-

cations [91–95]. Modifying the distal tip of the optical fiber to create a biologically

active surface allows for binding events or reactions at the distal tip surface to be

monitored optically through fluorescent or spectroscopic (IR and Raman) methods.

An example of a modified optical fiber tip is shown in Fig. 1.15. Due to contain-

ment of the reactive species to the fiber tip surface, localized detection of the

desired analyte can be achieved. Furthermore, highly sensitive diagnostic devices

could potentially be developed by combining fiber optic biosensors with nanopar-

ticles or nanoshells for amplification of optical response (i.e. LSPR or surface-

enhanced Raman spectroscopy).

1.4

Electrical

Electrical methods to measure analytes include amperometric, conductimetric and

potentiometric techniques (Fig. 1.16) [96]. Amperometric techniques utilize a

working electrode containing chemistry, typically an enzyme, specific to the analyte

being monitored. A voltage potential is set up between the reference electrode and

the working electrode. Products from the binding of the analyte to the surface

chemistry of the working electrode become oxidized or reduced depending on the

voltage potential between the electrodes. Electrical current is measured at the work-

Figure 1.14. Aptamer-functionalized gold

nanoparticles for binding assay amplification

[90]. Reproduced with permission from J. Am.

Chem. Soc., Vol. 126, V. Pavlov et al., Aptamer-

functionalized Au nanoparticles for the

amplified optical detection of thrombin, p.

11768–11769. Copyright (2004) American

Chemical Society.
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ing electrode providing a method to determine the presence and concentration of

the analyte. Conductimetric techniques measure the conductance of the analytical

solution as a function of the analyte concentration. Measurement electrodes can

be modified with biological receptors concentrating the analyte near the electrode

surfaces. Potentiometric techniques are based on field effect transistor devices in

which the current flowing between source and drain is affected by analyte concen-

tration. Voltage is monitored as the current is affected providing a method to mea-

sure analyte concentration.

1.4.1

Nanomaterials for Enhanced Electron Transfer

Nanomaterials, such as nanotubes and nanoparticles, can enhance electron trans-

fer and can be readily modified for biological specificity [97, 98]. Integrating nano-

materials with microfabricated electrodes and circuits, enable portable, miniature

instrumentation. Using electrical methods of detection eliminates the need for en-

zymatic amplification techniques typically used in optical detection assays. Due to

the use of electronics, amplification and signal conditioning can be integrated

within the assay substrate.

Figure 1.15. Surface modification of optical

fiber distal tip [95]. Reproduced with per-

mission from Analytical Chemistry, Vol. 77,

T. Konry et al., Optical fiber immunosensor

based on a poly(pyrrolebenzophene) film for

the detection of antibodies to viral antigen,

p. 1771–1779. Copyright (2005) American

Chemical Society.
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Multiwalled carbon nanotubes (MWNTs) can be functionalized with single-

stranded DNA. When exposed to the complementary DNA, after target hybridiza-

tion, charge conductance through the carbon nanotube changes indicating binding

of the cDNA [99]. MWNTs can be selectively grown on electrode surfaces coated

with nickel catalyst. A conformal SiO2 layer passivates the exposed substrate be-

tween MWNTs. Ethylene glycol-modified siloxanes can be deposited onto the oxide

surface to inhibit nonspecific binding. Finally, siloxanes can be selectively removed

Figure 1.16. Electrical detection methods [96]. Reproduced

from Advanced Drug Delivery Reviews, Vol. 56, R. Bashir, BioMEMs:

state-of-the-art in detection, opportunities and prospects,

p. 1565–1586, Copyright (2004) with permission from Elsevier.
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from the MWNTs through electrochemical etching, exposing the MWNT surface

for subsequent functionalization with single-stranded DNA (Fig. 1.17). The cycle

of siloxane removal from selected MWNTs followed by single-stranded DNA func-

tionalization provides a method to produce dense arrays of different single-

stranded DNA probes.

Target DNA, extended with additional guanine bases, is exposed to the MWNT

array and allowed to hybridize. The additional guanine produces a small cur-

rent when electrochemically oxidized. The current generated is transferred to the

MWNTs, which transfer the charge to the underlying electronic circuit for eventual

signal acquisition. Due to generation of a very small current, electrocatalytic ampli-

fication of guanine oxidation current can be achieved using polypyridyl complexes

of ruthenium (Fig. 1.18) or osmium.

Nanowires fabricated from semiconducting single-wall carbon nanotubes

(SWNTs), silicon and zinc oxide can be integrated into field effect transistors

(FETs) [100], and functionalized for biological specificity enabling rapid, label-free,

detection of small molecules [61, 65, 101, 102]. The ability of FET devices to sense

Figure 1.17. MWNT functionalized with DNA

[99]. Reproduced from Clinical Chemistry,

Vol. 50, J. E. Koehne et al., Miniturized multi-

plex label-free electronic chip for rapid nucleic

acid analysis based on carbon nanotube

nanoelectrode arrays, p. 1886–1893, Copyright

(2004), with permission from American

Association for Clinical Chemistry.
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small molecules is due to a change in surface charge upon adsorption onto the

gate material of target molecules. Nanowire FETs consist of functionalized nano-

wires as the gate material deposited or placed between transistor source and drain

(Fig. 1.19). Such a physical arrangement produces devices highly sensitive to elec-

trical changes. Due to the high surface area to volume of nanowires, extremely

minor surface charge changes may be monitored, possibly enabling detection of

single molecules.

Figure 1.18. Electrochemical detection of

nucleic acids with electrocatalytic amplification

by ruthenium–polypyridyl complex [99]. Re-

produced from Clinical Chemistry, Vol. 50, J. E.

Koehne et al., Miniturized multiplex label-

free electronic chip for rapid nucleic acid

analysis based on carbon nanotube

nanoelectrode arrays, p. 1886–1893, Copyright

(2004), with permission from American

Association for Clinical Chemistry.

Figure 1.19. Nanowire FET sensor schematic.
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1.4.2

Electrochemical Biosensors

Low-cost, portable, fast-response diagnostic systems can be realized with electro-

chemical biosensors [103]. Glucose biosensors based on glucose oxidase are one

of the most common diagnostic tools currently available. Electrochemical DNA

analysis has also been widely investigated [104]. Aptamers can also be immobilized

onto electrode surfaces and be used in electrochemical sensing systems [105–107].

To enhance charge transfer and to improve immobilization of enzyme or target,

nanostructures such as carbon nanotubes and metallic nanoparticles can be used

in conjunction with immobilized enzymes to form high specificity and high sensi-

tivity biosensors. Due to their large surface area, nanoparticles provide enhanced

adsorption of DNA and enzymes over flat surfaces which are typically used in mi-

croarrays and immunoassays [108, 109]. Biosensors can be created by linking silica

or gold nanoparticles carrying immobilized DNA or specific enzyme onto gold

electrodes. Electrochemical impedance analysis can be used to monitor hybridiza-

Figure 1.20. Methods to enhance enzyme

assays using gold nanoparticles [109].

Reproduced with permission from Anal.

Bioanal. Chem., Vol. 382 (2005), p. 884–886,

Gold nanoparticle-based electrochemical

biosensors, P. Yanez-Sedeno and J. M.

Pingarron, Fig. 1. 8 (2005) with kind

permission of Springer Science and Business

Media.
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tion of cDNA or enzyme activity. Several methods for using gold nanoparticles to

enhance enzyme-based diagnostic assays are shown in Fig. 1.20.

Through self-assembly of two or more different polymers with metal ions, thin

films with nanoscale cavities can be formed (Fig. 1.21). These polymer–metal–

polymer (PMP) complexes can be tailored for biochemical specificity and be used

as amperometric transducers for electrochemical assays [110]. PMP complexes can

be readily spin coated onto metal electrodes for biosensor formation. Another ad-

vantage of PMP films is their cellular compatibility. Cells can be cultured directly

on the surface of PMP film allowing for cell-based diagnostics to be performed.

Electrochemical detection of DNA hybridization opens up the opportunity for

low-cost gene mutation and single nucleotide polymorphism (SNP) analysis. The

portability of such genetic sensors (genosensors) provides exciting possibilities for

clinical use. Multifunctional gold nanoparticles is one platform that can be used in

electrochemical genosensors [111]. First, target single-stranded DNA is immobi-

lized onto the working electrode, such as a pencil graphite electrode (PGE), of the

electrochemical cell. Thiol-terminated oligonucleotides, of the sequence to which

the target DNA is to be compared, are then added to solution containing gold

nanoparticles. The DNA-immobilized working electrode is immersed into the solu-

tion which now contains oligonucleotide-functionalized gold nanoparticles and

gold oxidation is measured using differential pulse voltammetry which produces

an electrical current depending on degree of hybridization (Fig. 1.22). A perfect

match produces the highest current. A single point mutation is discernible due to

lower current being generated. The absence of hybridization still produces some

current, but much less than the single point mutation.

Many electrochemical reactions can be enhanced through electrocatalytic am-

plification using electron-transfer mediators. These mediators help transfer of

Figure 1.21. PMP complex [110]. Reproduced from Current

Applied Physics, Vol. 5, T. Haruyama et al., Bio-, nano-

technology for cellular biosensing, p. 108–111, Copyright

(2005), with permission from Elsevier.
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electrons between the working electrode and the enzymatic reactants, essentially

creating a molecular conduit to shuttle electrons. Without electron-transfer media-

tors, many of the electrons produced by enzymatic activity may be lost due to diffu-

sion. Methods utilizing electron-transfer mediators involve coimmobilizing them

with the enzyme in a conductive polymer matrix, inorganic sol-gel or carbon paste

[112–115]. Several frequently used electron-transfer mediators are listed in Tab. 1.4.

Precision assembly of materials is routinely achieved in biological systems

through use of proteins. One particular nanostructure formed by bacteria is a

monolayer of crystalline proteins called an S-layer. These crystalline proteins can

Figure 1.22. DNA hybridization detected

electrochemically with gold nanoparticle

probes [111]. Reproduced with permission

from Analytical Chemistry, Vol. 75, M. Ozsoz

et al., Electrochemical genosensor based on

colloidal gold nanoparticles for the detection of

Factor V Leiden mutation using disposable

pencil graphite electrodes, p. 2181–2187.

Copyright (2003) American Chemical Society.

26 1 Nanotechnologies for Diagnosis – Present and Future



be removed from the exterior of bacteria, resuspended in solution and allowed to

self-assemble on solid support surfaces such as silicon, metal or polymer. The

self-assembled S-layer monolayer can be modified with enzymes or antibodies for

analyte specificity. Optical or electrical measurements can then be used to detect

the presence of binding analyte. One such diagnostic tool is an S-layer dipstick

shown in Fig. 1.23 [116–118].

Tab. 1.4. Examples electron-transfer mediators.

Electron-transfer mediator

Ferrocene C10H10Fe

Promazine C17H20N2S

p-Benzoquinone C6H4O2

Tetrathiafulvalene C6H4S4

p-Dihydroxydiphenyl C12H10O2

Methylene blue C16H18ClN3S
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1.5

Magnetic

Ferrite nanoparticles can be coated with gold (Fig. 1.24) or silica which can then

be functionalized with targeting molecules. Antibody-conjugated magnetic nano-

particles can be used to tag proteins for magnetic immunoassays [119]. Using

magnetic methods to report binding could enable multiplexed assays to be perfor-

mance on chip-based substrates.

Genomagnetic nanocapturers are silica-coated, magnetic nanoparticles function-

alized to bind with RNA or DNA [121]. Molecular beacons, e.g. loop–stem struc-

tures of single-stranded oligonucleotides, can be bound to magnetic nanoparticles

to enable capture of single-base mismatched DNA and target mRNAs for intracel-

lular gene expression analysis (Fig. 1.25) [120, 122]. In comparison to linear single-

stranded DNA typically used in hybridization assays, the loop–stem structure of

molecular beacons provides greater discrimination between perfect match and

single-base mismatched DNA [123].

Combining molecular beacons with magnetic nanoparticles, single-base mis-

matched DNA can be magnetically separated (Fig. 1.26). Genomagnetic nanocap-

turers (GMNCs) colabeled with molecular beacons perfectly complementary and

single-base mismatched to target DNA can be dispersed within a mixture of sam-

ple DNA to be analyzed. Both perfectly complementary DNA and single-base mis-

matched DNA will bind to the molecular beacons on the surface of the GMNCs

which can be magnetically separated from solution. Due to the differences in melt-

ing temperature for each of the DNA complexes, complementary DNA can be

separated from single-base mismatched DNA.

For intracellular applications, magnetic nanoparticles can be coated with cell-

penetrating peptides [124]. One class of protein which has been used for efficient

cellular internalization is membrane translocating signal (MTS) protein which in-

clude HIV-1 tat protein and VP22 herpes virus protein. Other cell-penetrating

peptides include penetratin and transportan. These cell-penetrating peptides and

proteins show promise as effective carriers to transport impermeable nanoparticles

Figure 1.23. Filtration membrane modified with protein A

immobilized on S-layer for antibody functionalization.
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Figure 1.24. Iron oxide nanoparticle with gold coating for

surface functionalization [120]. Reproduced from Materials

Today, Vol. 7, P. Gould, Nanoparticles probe biosystems, p. 36–

43, 8 (2004), with permission from Elsevier.

Figure 1.25. Magnetic nanoparticle tagged with molecular

beacon oligonucleotide structure [120]. Reproduced from

Materials Today, Vol. 7, P. Gould, Nanoparticles probe

biosystems, p. 36–43, 8 (2004), with permission from Elsevier.
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across cell membranes. Functionalized magnetic nanoparticles may also be inter-

nalized through magnetofection – the application of external magnetic to attract

magnetic nanoparticles into the cell (Fig. 1.27) [125–127].

Similar to chip-based electrical methods for biological analysis, sensors based on

magnetic nanoparticles could also be used for benchtop and handheld diagnostics.

For instance, arrays of DNA probes can be immobilized on surfaces as in DNA

chips. Biotinylated complementary target DNA can then be hybridized with the

DNA probes on the chip followed by washing of the substrate to remove unbound

DNA. Streptavidin-functionalized magnetic nanoparticles can then be exposed to

the chip, resulting in the capture of magnetic nanoparticles to target cDNA [120].

The capture sites can be detected with underlying magnetoresistive, spin valve or

magnetic tunnel junction sensors which produce signals based on changes in the

magnetic field [128]. The magnetic field above the sensor is perturbed due to the

presence of bound magnetic nanoparticles. See Fig. 1.28.

1.6

Mechanical

Biosensors based on mechanical transduction methods include cantilevers [129–

133], surface acoustic waves (SAWs) [38] and quartz crystal microbalances [134].

These mechanical structures can be mass-produced using combination of photoli-

Figure 1.26. Genomagnetic capture separation [121]. Repro-

duced with permission from Analytical Chemistry, Vol. 75,

X. Zhao et al., Collection of trace amounts of DNA/mRNA

molecules using genomagnetic nanocapturers, p. 3476–3483.

Copyright (2003) American Chemical Society.
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thographic, micromachining and thin film techniques. As the capabilities of these

techniques continue to be improved, nanoscale mechanical structures, such as

nanocantilevers, can be fabricated. The advantage of making mechanical structures

with nanoscale dimensions is their resulting ability to respond to extremely small

mechanical stimuli such as molecular binding. For example, nanocantilevers can

be used to detect subfemtograms of material. A single viral particle on a nanocanti-

lever produces a measurable response.

Biosensors based on nanocantilever structures can be fabricated by modifying

the cantilever surface with biological receptors such as antibodies, aptamers and

complementary DNA. Upon target binding, the cantilever will deflect if operating

in static mode or its resonant frequency will shift if operating in dynamic mode.

Deflection of the cantilever is typically monitored optically by focusing a laser onto

the cantilever and measuring deflection with a photodetector (Fig. 1.29), similar to

an atomic force microscope (AFM). Although static mode cantilevers perform bet-

ter than the dynamic mode due to mechanical damping of the resonating cantile-

vers, as the cantilevers are reduced to the nanoscale measuring the deflection be-

comes challenging while resonant cantilevers become much more sensitive to

mass loading. Therefore, most nanocantilever biosensors operate in dynamic mode.

Figure 1.27. Magnetofection [126]. Reproduced from Biological

Chemistry, Vol. 384, C. Plank et al., The magnetofection method:

using magnetic force to enhance gene delivery, p. 737–747,

Copyright (2003), with permission from Walter de Gruyter

GmbH & Co. KG and C. Plank.
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In dynamic mode, the resonant frequency of the nanocantilever can be moni-

tored with optical methods as described above or with electrical methods such as

capacitive or piezoelectric. The binding of additional mass results in a downshift of

the resonant frequency as indicated by:

1

f 21
� 1

f 20
¼ Dm

4p2k
; ð2Þ

where f0 is the initial cantilever resonant frequency, f1 is the resulting cantilever

resonant frequency after binding, Dm is the mass of analyte bound to the cantilever

and k is the spring constant of the cantilever. The spring constant for a rectangular

cantilever is expressed by:

k ¼ Ewt3

4L3
; ð3Þ

Figure 1.28. Biosensor based on magnetoresistive arrays [120].

Reproduced from Materials Today, Vol. 7, P. Gould, Nano-

particles probe biosystems, p. 36–43, Copyright (2004), with

permission from Elsevier.
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where E is the Young’s modulus of the cantilever, w is the cantilever width, t is the
cantilever thickness and L is the cantilever length.

Using techniques based on semiconductor fabrication methods, nanocantilevers

can be batch-fabricated in large volumes (hundreds to thousands per substrate)

establishing potential for low-cost manufacturing. Nanocantilevers can be indi-

vidually functionalized such that arrays can be formed providing multiplexing

capability. With the use of electrical readout methods instead of optical methods,

low-power portable cantilever-based diagnostic systems could be realized.

1.7

Imaging Diagnostics

Medical imaging diagnostics include MRI, PET, CT, OCT, optoacoustic or photoa-

coustic tomography (OAT or PAT) and NIR imaging. Nanoparticles containing

hundreds of contrast agents can greatly enhance the sensitivity of these imaging

methods [24, 122, 135, 136]. Examples of MRI contrast agents include gadoli-

nium-diethylene-triamine-pentacetic acid (Gd-DTPA) and superparamagnetic iron

oxide particles (SPIOs). Ultrasound contrast agents are designed to affect the prop-

agation of sound waves in the surrounding sample area by altering the acoustic

properties. Liquid perfluorocarbon nanoparticles and liposomes are examples of

ultrasound contrast agents. Due to the small scale of nanoparticle contrast agents,

the body does not quickly clear them, which prolongs the time that can be taken

during imaging for a more thorough diagnosis.

Noninvasive detection at the single-cell level may be possible with nanocarriers

loaded with contrast agent and functionalized with biological receptors specific to

the desired cell. Such sensitivity could greatly improve early disease detection.

Figure 1.29. Typical optical measurement of cantilever

deflection [130]. Reproduced with permission from Nickolay V.

Lavrik, Review of Scientific Instruments, 75, 2229 (2004).

Copyright 2004, American Institute of Physics.
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Nanocarriers could include liposomes, dendrimers or porous polymeric nanopar-

ticles. Multifunctional nanocarriers combine biological specificity with the ability

to use multiple imaging modalities. For instance, crosslinked iron oxide (CLIO)

nanoparticles have branched structure which facilitates complexing with targeting

entities such as enzymes or aptamers in addition to attachment of fluorophores or

quantum dots [137]. Therefore, magnetic nanoparticles which function as MRI

contrast agents can be modified to target a specific cell type and can be simultane-

ously monitored optically due to addition of optical tags.

An advantage of optical imaging methods over MRI, PET and CT is the potential

of manufacturing lower cost imaging equipment. Lasers and optical (for OCT and

NIR) or acoustic (for OAT/PAT) detectors are relatively inexpensive in comparison

to large magnets and X-ray machines. One drawback of optical imaging is tissue

absorption and reflection of photonic energy. Nanoparticle contrast agents that pos-

sess greater absorption than surrounding tissue or produce enhanced lumines-

cence when irradiated can help alleviate tissue effects. Another advantage of using

optics for imaging is the ability to guide the optical path with fiber optics, as in endo-

scopy, enabling internal imaging of vasculature, deep tissue and possibly the brain.

Optoacoustic or photacoustic tomography uses optical irradiation to induce local-

ized thermal perturbations in the absorbing tissue [138]. Thermal vibrations pro-

duce acoustic waves which propagate from the underlying tissue to the skin sur-

face. Acoustic detectors on the surface of the skin pick up the resulting acoustic

waves. Optically absorbing gold nanoparticles can be used as contrast agents for

optoacoustic imaging [139]. By controlling shape and structure, nanoparticles can

be designed to optimally absorb at a desired wavelength. Simultaneously using op-

tically absorbing nanoparticles of various designs that are each targeted to different

cell or tissue types could provide a means for multiplexed bioimaging.

Gold nanoparticles as small as organic fluorophores can be irradiated with NIR

and produce luminescence from lower excitation intensities than typical bioimag-

ing fluorophores. Gold nanoparticles are also highly photostable (an advantage

over organic fluorophores) and do not produce significant blinking (an advantage

over semiconductor quantum dots). Furthermore, gold nanoparticles are easier to

fabricate than quantum dots, can be readily modified for biological specificity and

exhibit very low toxicity. All of these characteristics show promise for gold nanopar-

ticles as an enabling technology to achieve single-molecule in vivo imaging for

early diagnostics [140].

1.8

Nanotechnology-enhanced Tools

Although nanotechnology promises to develop novel diagnostic methods, current

tools and methods can also benefit. Analytical instrumentation such as IR and

mass spectrometers are widely used tools which are breaking into patient diagnos-

tics. Enhancements of these instruments and techniques using nanotechnology

should further this potential. Genetic-based techniques such as PCR, sequencing

and gene chips are being made more affordable and more portable. Even standard
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immunoassays can be improved upon using multivalent nanoparticles to improve

the signal-to-noise ratio.

1.8.1

Analytical Tools

Analytical chemistry techniques such as IR and Raman spectroscopy and mass

spectrometry are widely used in life sciences – from pharmaceutical process mon-

itoring to drug discovery. Due to the versatility of these techniques, diagnostic ap-

plications are being developed. As discussed earlier, IR spectroscopy, especially in

the near IR region, is being used in diagnostic imaging. Raman spectroscopy, with

its ability to perform analysis in aqueous samples and less-stringent requirements

on sample preparation, is especially promising for diagnostics with the potential

for single-molecule detection using Raman enhancement techniques. Finally,

mass spectrometry as the gold standard in analytical chemistry and proteomics

is already being investigated for use in breath diagnostics and shows potential for

diagnosis progression of disease based on protein profiles.

One drawback with using IR, Raman or mass spectroscopy for diagnosis is the

need for specialized equipment and trained personnel to operate the equipment.

Such equipment is typically situated in separate laboratories, requiring samples to

be shipped for analysis. Lower-cost and easier to use equipment may open up the

possibility of having analytical spectroscopic techniques at the patient bedside. One

advantage of these techniques over biosensor or assay-based diagnostics is their

nonspecialization. Biosensors and assays are typically formulated to detect a partic-

ular analyte of interest. Enzymes, antibodies, aptamers and complementary DNA

strands are all used in biosensors and in vitro assays, making the sensors or sub-

strates specific to the target in question. This specificity limits the ability of such

diagnostics to detect a multitude of targets unless an array of sensors or substrates

are prepared, each with their own specificity. Furthermore, one needs to have an

idea of what to target for the biosensor or assay to be useful. Spectroscopic tech-

niques are not target specific, but provide a fingerprint, or spectral signature, based

on the chemical profile of the sample. The resulting fingerprint is compared to a

database to find matches which delineate the chemicals that exist in the sample.

This provides a powerful mechanism to analyze unknown samples and to simulta-

neously detect a multitude of analytes.

1.8.2

Raman Spectroscopy

One of the challenges using Raman spectroscopy is the weak Raman signal that

is generated from the sample being interrogated. The use of more powerful lasers

for excitation combined with sensitive detectors has helped Raman spectroscopy

become more widespread. For diagnostic use, powerful lasers are not always prac-

tical, so another way to improve the Raman signal is to enhance the interaction

between the optical excitation and the sample. Two techniques used to enhance
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Raman signal are surface-enhanced Raman spectroscopy (SERS) and tip-enhanced

Raman spectroscopy (TERS) [141–147].

For SERS, gold or silver nanoparticles are most commonly used to amplify the

Raman signal. These nanoparticles can be used within living cells to amplify

weak Raman signals from intracellular moieties, enabling the tracking of such en-

tities without the need for fluorescent tags. Nanostructured tips, typically less than

50 nm in tip radius, are used in TERS. These tips can be AFM cantilever tips or

scanning tunneling microscope (STM) tips coating with thin gold or silver film.

SERS and TERS techniques amplify the Raman signal by establishing resonance

between the applied optical field propagating through the sample and the surface

plasmon waves propagating through the metallic nanostructures. The potential for

single-molecule detection within living cells using SERS or TERS could open up

the opportunity for early detection of disease.

1.8.3

Mass Spectrometry

Two of the challenges of using mass spectrometry for diagnostics are sample deliv-

ery and sensitivity. For mass spectrometer analysis, samples must be analyzed in

an ionized, gaseous form. Therefore, biological samples must be prepared prior to

delivery. Two methods are predominantly used for biological sample preparation

and delivery with mass spectrometers. The first method involves spotting of the

sample onto a substrate. A laser is used to desorb and ionize the sample which is

then passed into the mass spectrometer. Matrix-assisted laser desorption and ion-

ization (MALDI) and surface-enhanced laser desorption and ionization (SELDI) are

the two commonly used substrate-based techniques. The second method involves

use of a fine capillary to deliver the liquid sample towards electrodes situated near

the tip of the capillary. The liquid sample aerosolizes upon emission from the cap-

illary and a high field across the electrodes ionizes the aerosol, which travels into

the vacuum chamber of the mass spectrometer and transforms to vapor phase.

Nanostructured materials and surfaces can help enhance MALDI and SELDI

techniques. By enabling smaller spot sizes, dense arrays could be nanofabricated,

helping increase the throughput of MALDI and SELDI systems [148]. Nanoscale

surfaces functionalized with an array of biological receptors could be used to bind

with desired targets within the protein population of the sample providing a pre-

sorting mechanism prior to mass spectrometry analysis. Many proteins of clinical

relevance are overshadowed by more abundant proteins and can be difficult to

detect. Nanoparticles specific for these lower-abundant proteins could be used as

harvesting agents in preparation for mass spectrometry analysis [149].

Finally, protein quantification and binding analysis can be performed in con-

junction with fingerprinting and structural elucidation by combining binding-

based assay with mass spectrometry. One technique amenable to coupling with

mass spectrometry is SPR (Fig. 1.30) [150]. Using immobilized receptors on the

SPR substrate, binding of targeted proteins can be detected. Once SPR detection

is complete, the substrate can be coated with matrix and used for MALDI mass

spectrometry or microfluidics could be used to draw the sample from the SPR sub-
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strate for electrospray ionization (ESI) mass spectrometry. An enhancement of this

combination technique would be the use of nanoparticles establishing localized

SPR to increase the sensitivity of quantifying low-abundance proteins prior to

mass spectrometry.

1.8.4

Genetics

Traditional bacterial diagnostics involve culturing followed by identification

and often another confirming step which can take days to weeks for results to be

achieved. ELISAs can provide faster results due to higher sensitivity so that fewer

cells are required for analysis. However, immunoassays do not necessarily provide

information on the particular strain of a pathogen. Here is where strain-specific

tests are performed using genetic-based assays. Such assays typically involve ampli-

fication of the nucleic acids, such as PCR, to provide enough genetic material to

perform the assay. Nanotechnology is enabling even quicker results by speeding

up the PCR process or even by obviating the need for amplification altogether.

One nanostructure being investigated is the nanopore for DNA sequencing

[151–154]. Nanopores fabricated from organic materials, such as proteins, or inor-

Figure 1.30. SPR mass spectrometry [150]. Reproduced from

Trends in Biotechnology, D. Nedelkov and R. W. Nelson,

Surface Plasmon resonance mass spectrometry: recent

progress and outlooks, p. 301–305. Copyright (2003) with

permission from Elsevier.
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ganic materials, such as semiconductors, could be designed to allow only single-

stranded DNA to file through (Fig. 1.31). Electrical or optical methods could be

used to detect each DNA base as it transcends through the pore, providing a direct

readout method for sequencing without the need to amplify the DNA. The result-

ing sequence can then be analyzed to determine mutations for genetic screening

or can be compared to pathogen sequences for diagnosing infections.

Nanopores can be machined within semiconductor materials using focused ion

beam (FIB) milling [155]. With FIB milling, a high-energy ion beam is finely fo-

cused onto the sample to be machined. Arrays of nanopores can be machined by

manipulating the sample stage and alternating the ion beam on and off. Isolated

organic structures may also have the capability of nanopore sequencing. One par-

ticular biological structure that has an internal pore diameter of 1.5 nm, which will

allow only single-stranded DNA to pass through, is the a-hemolysin ion channel

shown in Fig. 1.32.

Figure 1.31. DNA nanopore.

Figure 1.32. a-Hemolysin ion channel, approximately 10 nm

long with 1.5 nm internal pore diameter.
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1.8.5

Immunoassays

Immunoassays are routinely used for diagnostics due to their high sensitivity and

high selectivity. With the growing desire for smaller sample sizes and earlier dis-

ease capture, improvements in immunoassays would be welcome. One method to

enhance sensitivity of immunoassays is through the use of antibody-conjugated

nanoparticles [156]. For instance, lanthanide-based chelate complexes can be at-

tached to antibody-conjugated nanoparticle carriers creating dense luminescent

particles with biological specificity. Lanthanide ions, such as Eu(III) and Tb(III),

exhibit narrow emission spectra in the visible wavelength range. Therefore, in-

creasing the density of the chelate complexes by nanoparticle immobilization

will produce greater emission to enhance sensitivity. A capture probe can be im-

mobilized onto the substrate surface which targets the desired analyte. The detec-

tion antibodies conjugated to the nanoparticle carrying the Lanthanide com-

plexes then bind to the captured analyte, if present. Luminescence is then

measured to determine the presence of the analyte. Other small molecule dyes

could also be used if nanoparticle immobilization of such dyes could be achieved.

See Fig. 1.33.

Figure 1.33. Immunoassay enhanced with

antibody-conjugated nanoparticle containing

luminescent lanthanide complexes [156].

Reproduced with permission from Anal.

Bioanal. Chem., Vol. 380 (2004), p. 24–30,

Detection strategies for bioassays based on

luminescent lanthanide complexes and signal

amplification, T. Steinkamp and U. Karst, Fig.

10, Copyright (2004). With kind permission of

Springer Science and Business Media.
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1.9

Nanotechnology and the Future of Patient Diagnostics

1.9.1

Multifunctional Platforms

An area of future impact of nanotechnology for patient care is the development of

in vivo modular, multifunctional platforms to target, detect and react [157–160].

Dendrimers, due to their highly branched structure, are potential multifunctional

nanostructured platforms. Crosslinking to two or more different types of nanopar-

ticles could also create a multifunctional platform. For targeting, biological recep-

tors such as aptamers or antibodies could be immobilized onto the nanostructured

platforms. Reporting moieties such as quantum dots or contrast agents could be

attached to a separate branch within the dendrimer or attached to or embedded

within the crosslinked, nontargeting nanoparticle. This will allow for tracking of

the multifunctional platforms with noninvasive imaging methods. Therapeutics

could be harbored within the dendrimer core or coated onto the nontargeting

nanoparticle enabling targeted drug delivery in conjunction with imaging for com-

bination diagnosis and therapy.

Figure 1.34 shows a multifunctional dendrimer carrying folic acid as a targeting

agent, fluorescein as a reporter and methotrexate as the therapeutic. Folic acid, or

folate, has a high affinity for folic acid receptors which many cancer cells overex-

press. FITC is a widely used fluorophore. Methotrexate (MTX) is an effective anti-

cancer drug, but with high toxicity. By adding targeting capability to drugs such as

MTX, less amounts of drug should be necessary for therapy. Also, systemic side-

effects should be minimized. The use of a multifunctional carrier platform not

only enables transport of the drug to its desired destination, but also allows for

tracking with the addition of reporter entities.

1.9.2

Real-time Monitoring

Implantable sensor technologies that can be remotely monitored enable on-

demand and real-time patient monitoring. In vivo nanoscale sensors may also

provide feedback, based on physiological status, as part of replacement biological

systems, such as an artificial kidney or pancreas [161]. Due to the ultraminiature

form factor, identical sensors may be implanted for redundancy as a safeguard

against sensor failure. Multiple sensors for different targets may also be implanted

to simultaneously monitor patient condition.

1.9.3

Multiplexed Diagnostic Assays

Nanoscale sensing platforms combined with microfluidic systems for sample deliv-

ery offer the potential to simultaneously perform large numbers of analyses and

increase sample throughput [162–164]. Also, biomimetic molecular constructs,
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such as peptide or aptamer structures, have the potential to be derived with high

affinity for numerous analytes [165]. Being able to analyze a single sample for a

number of disease biomarkers at one time could lower the cost of diagnosis and

enable a more accurate assessment of the patient’s condition.

1.9.4

Point-of-care Diagnostics

Bringing the diagnostic tool to the patient, i.e. point-of-care, as opposed to sending

samples to a laboratory has the potential to benefit everyone in the healthcare

chain. The doctor or nurse will be able to perform quicker diagnoses. The health-

care institution may reduce operating costs due to less need to take and process

patient samples. The insurance company or other third-party payer may reduce

their costs due to fewer reimbursable events that are typically involved in diagnos-

tic procedures, such as drawing patient samples, using laboratory time and pur-

chasing diagnostic reagents. Finally, the patient should also benefit from faster,

more accurate and less-costly diagnosis.

Figure 1.34. Fifth-generation dendrimer

simultaneously functionalized with MTX,

folic acid and FITC [157]. Reproduced with

permission from Molecular Pharmaceutics,

Vol. 2, X. Shi et al., Capillary electrophoresis of

(poly)amidoamine dendrimers: from simple

derivatives to complex multifunctional

nanodevices, p. 278–294. Copyright (2005)

American Chemical Society.
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Sample handling is one technical hurdle that must be overcome for point-of-care

diagnostics to truly reach the clinic. Micro/nanofluidics will likely play a major role

in delivering the patient sample to the sensing portion of the diagnostic tool. How-

ever, sample delivery is only one of the challenges in getting a sample, such as

blood, to the biologically sensitive area of the tool. For instance, in the case of blood

analysis, the sample may need to be filtered and desired analytes separated out, all

automatically within the portable diagnostic tool. Without filtering and separation,

the sensor surface may quickly become saturated with nonspecific proteins.

1.9.5

Regulations, Risks and Ethics

Although a through discussion is beyond the scope of this chapter, the risks and

benefits of nanotechnology for patient diagnostics must be carefully addressed.

Nanotechnology enables the construction of materials and devices that can inti-

mately interact with biological systems. Such interaction has its benefits, as exhibited

by the various opportunities described in this chapter and fromnumerous other sour-

ces. However, we must proceed diligently to understand the effects of artificial nano-

structures on biological systems. The benefits of nanotechnologymust be understood

along with the risks. Early and close interaction with regulatory agencies, such as the

Food and Drug Administration (FDA) and the Environmental Protection Agency

(EPA), should be part of the technology development process [166, 167].

Currently, additional or special regulatory handling of biomedical nanotechnol-

ogy products is not being anticipated, although new toxicological testing and stan-

dards may need to be developed. For regulatory purposes, the FDA defines nano-

technology as ‘‘research and technology or development of products regulated by

FDA that involve all of the following:

(1) the existence of materials or products at the atomic, molecular or macro-

molecular levels, where at least one dimension that affects the functional be-

havior of the drug/device product is in the length scale range of approximately

1–100 nm;

(2) the creation and use of structures, devices and systems that have novel proper-

ties and functions because of their small size; and,

(3) the ability to control or manipulate the product on the atomic scale.’’

With the potential of multifunctional capability, many biomedical nanotechnology

products will likely not fall into a single FDA category, but may be handled as com-

bination products [168]. Examples of existing combination products are listed in

Tab. 1.5. To regulate combination products, the FDA established the Office of Com-

bination Products (OCP) in 2002. As defined by the FDA in Section 3.2(e) of 21

CFR (Code of Federal Regulations) Part 3, a combination product includes:

(1) A product comprised of two or more regulated components, i.e. drug/device,

biologic/device, drug/biologic or drug/device/biologic, that are physically,

chemically or otherwise combined or mixed and produced as a single entity.
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(2) Two or more separate products packaged together in a single package or as a

unit and comprised of drug and device products, device and biological prod-

ucts, or biological and drug products.

(3) A drug, device or biological product packaged separately that according to its

investigational plan or proposed labeling is intended for use only with an ap-

proved individually specified drug, device or biological product where both are

required to achieve the intended use, indication or effect and where upon ap-

proval of the proposed product the labeling of the approved product would

need to be changed, e.g. to reflect a change in intended use, dosage form,

strength, route of administration or significant change in dose.

(4) Any investigational drug, device or biological product packaged separately that

according to its proposed labeling is for use only with another individually

specified investigational drug, device or biological product where both are re-

quired to achieve the intended use, indication or effect.

For nanotechnology diagnostic products used in vitro, the FDA Office of In Vitro
Diagnostic Device Evaluation and Safety has regulatory control. As defined by the

FDA in 21 CFR 809.3, an in vitro diagnostic product includes:

In vitro diagnostic products are those reagents, instruments and systems

intended for use in diagnosis of disease or other conditions, including a

determination of the state of health, in order to cure, mitigate, treat or pre-

vent disease or its sequelae. Such products are intended for use in the col-

lection, preparation and examination of specimens taken from the human

body.

Scientists must not only weigh the health risks, but also the ethical risks. Scien-

tists should be concerned with public perception and ethical issues of nanotechnol-

ogy [169–175]. With the potential to perform highly sensitive, multiplexed and

rapid diagnostics, guidelines and protocols should be established to aid clinicians

and patients to make sense of all the data and proceed with the most appropriate

course of action. A diagnostic test may be developed and used to which no counter

treatment is available. If patients are willing to take such tests, then they should be

made well aware of the possible quandaries.

Nanotechnology has the potential to revolutionize medicine as we know it today.

Nanostructured materials and devices may make possible the ability for targeted

drug delivery, real-time patient monitoring, high-resolution noninvasive imaging,

high-throughput screening and multiplexed diagnostics. Such an arsenal of tools

Tab. 1.5. Examples of combination products.

Drug-eluting stents

Catheter with antimicrobial coating

Antibody combined with therapeutic

Transdermal drug delivery patches

Orthopedic implant with growth factors
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and techniques could enable the ability to capture a disease at its earliest onset,

specifically target the diseased site and rapidly treat the patient before any physio-

logical damage is done and without any detrimental side-effects.

References

1 Beers, M. H., R. Berkow (Eds.),

The Merck Manual of Diagnosis and
Therapy. 17th edn. Merck, West Point,

PA, 1999.

2 Wilkinson, J. M., Nanotechnology

applications in medicine. Med. Device
Technol. 2003, 14, 29–31.

3 Sprintz, M., C. Benedetti, M.

Ferrari, Applied nanotechnology for

the management of breakthrough

cancer pain. Minerva Anestesiol. 2005,
71, 419–423.

4 Heath, J. R., M. E. Phelps, L. Hood,

NanoSystems biology. Mol. Imaging
Biol. 2003, 5, 312–325.

5 Jain, K. K., Nanodiagnostics:

application of nanotechnology in

molecular diagnostics. Expert Rev. Mol.
Diagn. 2003, 3, 153–161.

6 Jain, K. K., Nanotechnology in clinical

laboratory diagnostics. Clin. Chim.
Acta 2005, 358, 37–54.

7 Kubik, T., K. Bogunia-Kubik, M.

Sugisaka, Nanotechnology on duty in

medical applications. Curr. Pharm.
Biotechnol. 2005, 6, 17–33.

8 Walt, D. R., Chemistry. Miniature

analytical methods for medical diag-

nostics. Science 2005, 308, 217–219.
9 Emerich, D. F., C. G. Thanos, Nano-

technology and medicine. Expert Opin.
Biol. Ther. 2003, 3, 655–663.

10 Roco, M. C., Nanotechnology:

convergence with modern biology and

medicine. Curr. Opin. Biotechnol. 2003,
14, 337–346.

11 Jianrong, C., et al., Nanotechnology

and biosensors. Biotechnol. Adv. 2004,
22, 505–518.

12 Emerich, D. F., Nanomedicine –

prospective therapeutic and diagnostic

applications. Expert Opin. Biol. Ther.
2005, 5, 1–5.

13 McNeil, S. E., Nanotechnology for the

biologist. J. Leukocyte Biol. 2005, 78,
585–594.

14 Wiley, C., Nanotechnology and mole-

cular homeostasis. J. Am. Geriatr. Soc.
2005, 53 (9 Suppl.), S295–S98.

15 Guetens, G., et al., Nanotechnology

in bio/clinical analysis. J. Chromatogr.
2000, 739, 139–150.

16 Ferrari, M., Cancer nanotechnology:

opportunities and challenges. Nat. Rev.
2005, 5, 161–171.

17 Sahoo, S. K., V. Labhasetwar,

Nanotech approaches to drug delivery

and imaging. Drug Discov. Today 2003,
8, 1112–1120.

18 Silva, G. A., Introduction to nanotech-

nology and its applications to medicine.

Surg. Neurol. 2004, 61, 216–220.
19 Weis, R. P., et al., Calcified nano-

structured silicon wafer surfaces

for biosensing: effects of surface

modification on bioactivity. Dis.
Markers 2002, 18, 159.

20 Bogunia-Kubik, K., M. Sugisaka,

From molecular biology to nano-

technology and nanomedicine.

Biosystems 2002, 65, 123–38.
21 Csaki, A., R. Moller, W. Fritzsche,

Gold nanoparticles as novel label for

DNA diagnostics. Expert Rev. Mol.
Diagn. 2002, 2, 187–93.

22 Leary, S. P., et al., Toward the

emergence of nanoneurosurgery:

part I – progress in nanoscience,

nanotechnology, and the compre-

hension of events in the mesoscale

realm. Neurosurgery 2005, 57, 606.
23 Hood, E., Nanotechnology: looking as

we leap. Environ. Health Perspect. 2004,
112, A740–A749.

24 Buxton, D. B., et al.,

Recommendations of the National

Heart, Lung, and Blood Institute

Nanotechnology Working Group.

Circulation 2003, 108, 2737–2742.
25 Fortina, P., et al.,

Nanobiotechnology: the promise and

reality of new approaches to molecular

recognition. Trends Biotechnol. 2005,
23, 168–173.

44 1 Nanotechnologies for Diagnosis – Present and Future



26 Barathur, R., et al., New disc-based

technologies for diagnostic and

research applications. Psychiatr. Genet.
2002, 12, 193–206.

27 Carella, M., S. Volinia, P.

Gasparini, Nanotechnologies and

microchips in genetic diseases.

J. Nephrol. 2003, 16, 597–602.
28 Jain, K. K., Applications of biochips:

from diagnostics to personalized

medicine. Curr. Opin. Drug Discov.
Dev. 2004, 7, 285–289.

29 Wilkinson, J. M., M. H. Kuok, G.

Adamson, Biomedical applications of

optical imaging. Med. Device Technol.
2004, 15, 22–24.

30 Proske, D., et al., Aptamers – basic

research, drug development, and

clinical applications. Appl. Microbiol.
Biotechnol. 2006, 69, 367–374.

31 Achenbach, J. C., R. Nutiu, Y. Li,

Structure-switching allosteric

deoxyribozymes. Anal. Chim. Acta
2005, 534, 41–51.

32 Le, X. C., V. Pavski, H. Wang, W. A. E.

McBryde, Award Lecture – Affinity

recognition, capillary electrophoresis,

and laser-induced fluorescence

polarization for ultrasensitive

bioanalysis. Can. J. Chem. 2005, 83,
185–194.

33 Shaw, B. R., et al., Reading, writing,

and modulating genetic information

with boranophosphate mimics of

nucleotides, DNA, and RNA. Ann. NY
Acad. Sci. 2003, 1002, 12–29.

34 Vaish, N. K., et al., A Novel,

modification-dependent ATP-binding

aptamer selected from an RNA library

incorporating a cationic functionality.

Biochemistry 2003, 42, 8842.
35 Brody, E. N., L. Gold, Aptamers as

therapeutic and diagnostic agents.

J. Biotechnol. 2000, 74, 5–13.
36 Brody, E. N., et al., The use of aptamers

in large arrays for molecular diag-

nostics. Mol. Diagn. 1999, 4, 381–388.
37 Jayasena, S. D., Aptamers: an

emerging class of molecules that rival

antibodies in diagnostics. Clin. Chem.
1999, 45, 1628–1650.

38 Thompson, M., A. K. Deisingh,

Biosensors for the detection of

bacteria. Can. J. Microbiol. 2004, 50,
69–77.

39 Danke, X., et al., Label-free

electrochemical detection for aptamer-

based array electrodes. Anal. Chem.
2005, 77, 5107–5113.

40 Kawde, A.-N., et al., Label-free

bioelectronic detection of aptamer-

protein interactions. Electrochem.
Commun. 2005, 7, 537–540.

41 Radi, A.-E., et al., Reusable impedi-

metric aptasensor. Anal. Chem. 2005,
77, 6320–6323.

42 Kolusheva, S., et al., Selective detec-

tion of catecholamines by synthetic

receptors embedded in chromatic

polydiacetylene vesicles. J. Am. Chem.
Soc. 2005, 127, 10000–10001.

43 Holm, B. A., et al., Nanotechnology in

biomedical applications. Mol. Crystals
Liquid Crystals 2002, 374, 589–598.

44 Prasad, P., Emerging opportunities

at the interface of photonics,

nanotechnology and biotechnology.

Mol. Crystals Liquid Crystals 2004, 415,
1–7.

45 Lesniak, W., et al., Silver/dendrimer

nanocomposites as biomarkers:

fabrication, characterization, in vitro
toxicity, and intracellular detection.

Nano Lett. 2005, 5, 2123–2130.
46 Aslan, K., J. R. Lakowicz, C. D.

Geddes, Metal-enhanced fluorescence

using anisotropic silver nanostruc-

tures: critical progress to date. Anal.
Bioanal. Chem. 2005, 382, 926–933.

47 Aslan, K., et al., Metal-enhanced

fluorescence: an emerging tool in

biotechnology. Curr. Opin. Biotechnol.
2005, 16, 55–62.

48 Huhtinen, P., et al., Europium(III)

nanoparticle-label-based assay for the

detection of nucleic acids. Nanotechnol-
ogy 2004, 15, 1708–1715.

49 Valanne, A., et al., A sensitive

adenovirus immunoassay as a model

for using nanoparticle label tech-

nology in virus diagnostics. J. Clin.
Virol. 2005, 33, 217–223.

50 Lakhtakia, A., Nanometer Structures:
Theory, Modeling, and Simulation. The
Handbook of Nanotechnology. ASME

Press, New York, 2004.

51 Ethiraj, A. S., et al., Synthesis and

investigation of ZnS nanoparticles

adsorbed on functionalised silica

particles. Surf. Eng. 2004, 20, 367–372.

References 45



52 Ozkan, M., Quantum dots and other

nanoparticles: what can they offer to

drug discovery? Drug Discov. Today
2004, 9, 1065–1071.

53 Riegler, Jr., T. Nann, Application of

luminescent nanocrystals as labels for

biological molecules. Anal. Bioanal.
Chem. 2004, 379, 913–919.

54 Mattoussi, H., et al., Electrolumines-

cence from heterostructures of

poly(phenylene vinylene) and inorganic

CdSe. J. Appl. Phys. 1998, 83, 7965.
55 Cottingham, K., Quantum dots leave

the light on. Anal. Chem. 2005, 77,
354A–357A.

56 Kuno, M., et al., Nonexponential

‘‘blinking’’ kinetics of single CdSe

quantum dots: a universal power law

behavior. J. Chem. Phys. 2000, 112,
3117–3120.

57 Kuno, M., et al., ‘‘On’’/‘‘off ’’

fluorescence intermittency of single

semiconductor quantum dots. J. Chem.
Phys. 2001, 115, 1028–1040.

58 Goldman, E. R., et al., Multiplexed

toxin analysis using four colors of

quantum dot fluororeagents. Anal.
Chem. 2004, 76, 684–688.

59 Gao, X., W. C. Chan, S. Nie,

Quantum-dot nanocrystals for

ultrasensitive biological labeling and

multicolor optical encoding. J. Biomed.
Opt. 2002, 7, 532–7.

60 Gao, X., S. Nie, Quantum dot-

encoded beads. Methods Mol. Biol.
2005, 303: p. 61–71.

61 Wang, Y., Z. Tang, N. A. Kotov,

Bioapplication of nanosemiconductors.

Mater. Today 2005, 8, 20–31.
62 Sang-Wook, K., et al., Engineering

InAsxP1�x/InP/ZnSe III–V alloyed

core/shell quantum dots for the near-

infrared. J. Am. Chem. Soc. 2005, 127,
10526–10532.

63 Dwarakanath, S., et al., Quantum

dot–antibody and aptamer conjugates

shift fluorescence upon binding

bacteria. Biochem. Biophys. Res.
Commun. 2004, 325, 739–743.

64 Disley, D. M., et al., Covalent

coupling of immunoglobulin G to self-

assembled monolayers as a method

for immobilizing the interfacial-

recognition layer of a surface

plasmon resonance immunosensor.

Biosensors Bioelectron. 1998, 13, 1213–
1225.

65 Jain, K. K., The role of nanobiotech-

nology in drug discovery. Drug Discov.
Today 2005, 10, 1435–1442.

66 Haes, A. J., R. P. Van Duyne, A

unified view of propagating and

localized surface plasmon resonance

biosensors. Anal. Bioanal. Chem. 2004,
379, 920–930.

67 Haes, A. J., R. P. V. Duyne,

Preliminary studies and potential

applications of localized surface

plasmon resonance spectroscopy in

medical diagnostics. Expert Rev. Mol.
Diagn. 2004, 4, 527–537.

68 Cooper, M. A., Label-free screening of

bio-molecular interactions. Anal.
Bioanal. Chem. 2003, 377, 834–842.

69 Haes, A. J., R. P. Van Duyne, A

unified view of propagating and

localized surface plasmon resonance

biosensors. Anal. Bioanal. Chem. 2004,
379, 920–930.

70 Homola, J., Present and future of

surface plasmon resonance biosen-

sors. Anal. Bioanal. Chem. 2003, 377,
528–539.

71 Endo, T., et al., Label-free detection

of peptide nucleic acid–DNA

hybridization using localized surface

plasmon resonance based optical

biosensor. Anal. Chem. 2005, 77,
6976–6984.

72 Dahlin, A., et al., Localized surface

plasmon resonance sensing of lipid-

membrane-mediated biorecognition

events. J. Am. Chem. Soc. 2005, 127,
5043–5048.

73 Haes, A. J., et al., Detection of a bio-

marker for Alzheimer’s disease from

synthetic and clinical samples using a

nanoscale optical biosensor. J. Am.
Chem. Soc. 2005, 127, 2264–2271.

74 Chanda Ranjit, Y., et al., A compara-

tive analysis of localized and propagat-

ing surface plasmon resonance

sensors: the binding of concanavalin A

to a monosaccharide functionalized

self-assembled monolayer. J. Am.
Chem. Soc. 2004, 126, 12669–12676.

75 Link, S., M. A. El-Sayed, Optical

properties and ultrafast dynamics of

metallic nanocrystals. Annu. Rev. Phys.
Chem. 2003, 54, 331.

46 1 Nanotechnologies for Diagnosis – Present and Future



76 Link, S., M. A. El-Sayed, Shape and

size dependence of radiative, non-

radiative and photothermal properties

of gold nanocrystals. Int. Rev. Phys.
Chem. 2000, 19, 409–453.

77 Clark, H. A., M. Hoyer, Optical

nanosensors for chemical analysis

inside single living cells. 1. Fabrica-

tion. Anal. Chem. 1999, 71, 4831.
78 Clark, H. A., et al., Optical

nanosensors for chemical analysis

inside single living cells. 2. Sensors

for pH and calcium and the

intracellular application of PEBBLE

sensors. Anal. Chem. 1999, 71,
4837–4843.

79 Koo, Y.-E. L., et al., Real-time

measurements of dissolved oxygen

inside live cells by organically

modified silicate fluorescent

nanosensors. Anal. Chem. 2004, 76,
2498–2505.

80 Li, H., L. Rothberg, Detection of

specific sequences in RNA using

differential adsorption of single-

stranded oligonucleotides on gold

nanoparticles. Anal. Chem. 2005, 77,
6229–6233.

81 Li, H., L. Rothberg, Colorimetric

detection of DNA sequences based

on electrostatic interactions with

unmodified gold nanoparticles. Proc.
Natl Acad. Sci. USA 2004, 101,
14036–14039.

82 Li, H., L. J. Rothberg, DNA sequence

detection using selective fluorescence

quenching of tagged oligonucleotide

probes by gold nanoparticles. Anal.
Chem. 2004, 76, 5414–5417.

83 Li, H., L. J. Rothberg, Label-free

colorimetric detection of specific

sequences in genomic DNA amplified

by the polymerase chain reaction.

J. Am. Chem. Soc. 2004, 126,
10958–10961.

84 Nam, J.-M., A. R. Wise, J. T. Groves,

colorimetric bio-barcode amplification

assay for cytokines. Anal. Chem. 2005,
77, 6985–6988.

85 Georganopoulou, D. G., et al.,

Nanoparticle-based detection in

cerebral spinal fluid of a soluble

pathogenic biomarker for Alzheimer’s

disease. Proc. Natl Acad. Sci. USA.
2005, 102, 2273–2276.

86 Nam, J.-M., S.-J. Park, C. A. Mirkin,

Bio-barcodes based on oligonucleotide-

modified nanoparticles. J. Am. Chem.
Soc. 2002, 124, 3820.

87 Nam, J.-M., C. S. Thaxton, C. A.

Mirkin, Nanoparticle-based bio-bar

codes for the ultrasensitive detection

of proteins. Science 2003, 301,
1884–1886.

88 Thaxton, C. S., D. G.

Georganopoulou, C. A. Mirkin,

Gold nanoparticle probes for the

detection of nucleic acid targets. Clin.
Chim. Acta 2006, 363, 120–126.

89 Li, Y., Y. T. Cu, D. Luo, Multiplexed

detection of pathogen DNA with DNA-

based fluorescence nanobarcodes. Nat.
Biotechnol. 2005, 23, 885–889.

90 Pavlov, V., et al., Aptamer-

functionalized Au nanoparticles for

the amplified optical detection of

thrombin. J. Am. Chem. Soc. 2004,
126, 11768–11769.

91 Monk, D. J., D. R. Walt, Optical fiber-

based biosensors. Anal. Bioanal. Chem.
2004, 379, 931–945.

92 Vo-Dinh, T., Nanobiosensors: probing

the sanctuary of individual living cells.

J. Cell Biochem. Suppl. 2002, 39,
154–161.

93 Vo-Dinh, T., Optical nanosensors for

detecting proteins and biomarkers in

individual living cells. Methods Mol.
Biol. 2005, 300, 383–401.

94 Vo-Dinh, T., P. Kasili, Fiber-optic

nanosensors for single-cell monitor-

ing. Anal. Bioanal. Chem. 2005, 382,
918–25.

95 Konry, T., et al., Optical fiber immuno-

sensor based on a poly(pyrrole-

benzophenone) film for the detection

of antibodies to viral antigen. Anal.
Chem. 2005, 77, 1771–1779.

96 Bashir, R., BioMEMS: state-of-the-art

in detection, opportunities and

prospects. Adv. Drug Deliv. Rev. 2004,
56, 1565–1586.

97 Sotiropoulou, S., N. A. Chanio-

takis, Carbon nanotube array-based

biosensor. Anal. Bioanal. Chem. 2003,
375, 103–105.

98 Yemini, M., et al., Peptide nanotube-

modified electrodes for enzyme-

biosensor applications. Anal. Chem.
2005, 77, 5155–5159.

References 47



99 Koehne, J. E., et al., Miniaturized

multiplex label-free electronic chip for

rapid nucleic acid analysis based on

carbon nanotube nanoelectrode arrays.

Clin. Chem. 2004, 50, 1886–93.
100 Huang, Y., C. M. Lieber, Integrated

nanoscale electronics and optoelec-

tronics: exploring nanoscale science
and technology through semiconduc-

tor nanowires. Pure Appl. Chem. 2004,
76, 2051–2068.

101 Yuqing, M., G. Jianguo, C.

Jianrong, Ion sensitive field effect

transducer-based biosensors.

Biotechnol. Adv. 2003, 21, 527–534.
102 Friedrich, M. J., Nanoscale

biosensors show promise. J. Am. Med.
Ass. 2005, 293, 1965–1965.

103 Castillo, J., et al., Biosensors for life

quality: design, development and

applications. Sensors Actuators B 2004,

102, 179–194.
104 Drummond, T. G., M. G. Hill, J. K.

Barton, Electrochemical DNA sensors.

Nat. Biotechnol. 2003, 21, 1192–1199.
105 Ikebukuro, K., C. Kiyohara, K.

Sode, Electrochemical detection of

protein using a double aptamer

sandwich. Anal. Lett. 2004, 37,
2901–2909.

106 Ikebukuro, K., C. Kiyohara, K.

Sode, Novel electrochemical sensor

system for protein using the aptamers

in sandwich manner. Biosensors
Bioelectron. 2005, 20, 2168–2172.

107 Bang, G. S., S. Cho, B.-G. Kim,

A novel electrochemical detection

method for aptamer biosensors.

Biosensors Bioelectron. 2005, 21,
863–870.

108 Zhang, D., et al., Silica-nanoparticle-

based interface for the enhanced

immobilization and sequence-specific

detection of DNA. Anal. Bioanal.
Chem. 2004, 379, 1025–1030.

109 Yanez-Sedeno, P., J. M. Pingarron,

Gold nanoparticle-based

electrochemical biosensors. Anal.
Bioanal. Chem. 2005, 382, 884–886.

110 Haruyama, T., et al., Bio-, nano-

technology for cellular biosensing.

Curr. Appl. Phys. 2005, 5, 108–111.
111 Ozsoz, M., et al., Electrochemical

genosensor based on colloidal gold

nanoparticles for the detection of

Factor V Leiden mutation using

disposable pencil graphite electrodes.

Anal. Chem. 2003, 75, 2181–2187.
112 Shinkai, S., M. Takeuchi, A.-H. Bae,

Rational design and creation of novel

polymeric superstructures by oxidative

polymerization utilizing anionic

templates. Supramol. Chem. 2005, 17,
181–186.

113 Covington, J. A., et al., Conductive

polymer gate FET devices for vapour

sensing. IEE Proc. Circuits Devices Syst.
2004, 151, 326–334.

114 Guang-Ming, Z., et al., Deter-

mination of trace chromium(VI) by an

inhibition-based enzyme biosensor

incorporating an electropolymerized

aniline membrane and ferrocene as

electron transfer mediator. Int. J.
Environ. Anal. Chem. 2004, 84, 761–
774.

115 Jin, L., et al., Amperometric bio-

sensor with HRP immobilized on a

sandwiched nano-Au/polymerized m-

phenylenediamine film and ferrocene

mediator. Anal. Bioanal. Chem. 2003,
376, 902–907.

116 Volkel, D., et al., Immunochemical

detection of prion protein on dipsticks

prepared with crystalline bacterial cell-

surface layers. Transfusion 2003, 43,
1677–1682.

117 Sleytr, U. B., et al., Applications of S-

layers. FEMS Microbiol. Rev. 1997, 20,
151–175.

118 Sleytr, U. B., M. Sara, Bacterial and

archaeal S-layer proteins: structure–

function relationships and their

biotechnological applications. Trends
Biotechnol. 1997, 15, 20–26.

119 Jain, K. K., Current trends in

molecular diagnostics. Med. Device
Technol. 2002, 13, 14–8.

120 Gould, P., Nanoparticles probe

biosystems. Mater. Today 2004, 7, 36.
121 Zhao, X., et al., Collection of trace

amounts of DNA/mRNA molecules

using genomagnetic nanocapturers.

Anal. Chem. 2003, 75, 3476–3483.
122 LaConte, L., N. Nitin, G. Bao,

Magnetic nanoparticle probes. Mater.
Today 2005, 8, 32–38.

123 Wang, Y., et al., Polyacrylamide gel

film immobilized molecular beacon

array for single nucleotide mismatch

48 1 Nanotechnologies for Diagnosis – Present and Future



detection. J. Nanosci. Nanotechnol.
2005, 5, 653–8.

124 Josephson, L., et al., High-efficiency

intracellular magnetic labeling with

novel superparamagnetic–Tat peptide

conjugates. Bioconjug. Chem. 1999, 10,
186–191.

125 Krotz, F., et al., Magnetofection

potentiates gene delivery to cultured

endothelial cells. J. Vasc. Res. 2003, 40,
425–434.

126 Plank, C., et al., The magnetofection

method: using magnetic force to

enhance gene delivery. Biol. Chem.
2003, 384, 737–747.

127 Scherer, F., et al., Magnetofection:

enhancing and targeting gene delivery

by magnetic force in vitro and in vivo.
Gene Therapy 2002, 9, 102.

128 Wang, S. X., et al., Towards a

magnetic microarray for sensitive

diagnostics. J. Magn. Magn. Mater.
2005, 293, 731–736.

129 Sepaniak, M., et al., Microcantilever

transducers: a new approach in

sensor technology. Anal. Chem. 2002,
74, 568.

130 Lavrik, N. V., M. J. Sepaniak, P. G.

Datsko, Cantilever transducers as a

platform for chemical and biological

sensors. Rev. Sci. Instrum. 2004, 75,
2229–2253.

131 Ziegler, C., Cantilever-based

biosensors. Anal. Bioanal. Chem. 2004,
379, 946–959.

132 Majumdar, A., Bioassays based on

molecular nanomechanics. Dis.
Markers 2002, 18, 167.

133 Myhra, S., A review of enabling

technologies based on scanning

probe microscopy relevant to

bioanalysis. Biosensors Bioelectron.
2004, 19, 1345.

134 Hianik, T., et al., Detection of

aptamer–protein interactions using

QCM and electrochemical indicator

methods. Bioorg. Med. Chem. Lett.
2005, 15, 291–295.

135 Wickline, S. A., G. M. Lanza,

Nanotechnology for molecular

imaging and targeted therapy.

Circulation 2003, 107, 1092–1095.
136 Morawski, A. M., G. A. Lanza, S. A.

Wickline, Targeted contrast agents

for magnetic resonance imaging and

ultrasound. Curr. Opin. Biotechnol.
2005, 16, 89–92.

137 Thrall, J. H., Nanotechnology and

medicine. Radiology 2004, 230,
315–318.

138 Wang, X., et al., Photoacoustic

tomography of biological tissues with

high cross-section resolution:

reconstruction and experiment. Med.
Phys. 2002, 29, 2799–2805.

139 Copland, J. A., et al., Bioconjugated

gold nanoparticles as a molecular

based contrast agent: implications for

imaging of deep tumors using

optoacoustic tomography. Mol.
Imaging Biol. 2004, 6, 341–349.

140 Farrer, R. A., et al., Highly efficient

multiphoton-absorption-induced

luminescence from gold nanoparticles.

Nano Lett. 2005, 5, 1139–1142.
141 Zhenjia, W., et al., The structural

basis for giant enhancement enabling

single-moleculeRamanscattering.Proc.
Natl Acad. Sci, USA 2003, 100, 8638.

142 Pettinger, B., et al., Nanoscale

probing of adsorbed species by tip-

enhanced Raman spectroscopy. Phys.
Rev. Lett. 2004, 92, 096101–096101.

143 Pettinger, B., et al., Surface-

enhanced and STM tip-enhanced

Raman spectroscopy of CN� ions at

gold surfaces. J. Electroanal. Chem.
2003, 554–555, 293–299.

144 Dootz, R., et al., Raman and surface

enhanced Raman microscopy of

microstructured polyethylenimine/

DNA multilayers. Langmuir 2006, 22,
1735–1741.

145 Kneipp, J., et al., Optical probes for

biological applications based on

surface-enhanced Raman scattering

from indocyanine green on gold

nanoparticles. Anal. Chem. 2005, 77,
2381–2385.

146 Kneipp, K., et al., Single molecule

Raman detection of enkephalin on

silver colloidal particles. Spectroscopy
2004, 18, 433–440.

147 Kneipp, K., H. Kneipp, Ultrasensitive

chemical analysis by Raman spectros-

copy. Chem. Rev. 1999, 99, 2957.
148 Geho, D. H., et al., Opportunities

for nanotechnology-based innovation

in tissue proteomics. Biomed.
Microdevices 2004, 6, 231–239.

References 49



149 Petricoin, E. F., et al.,

Toxicoproteomics: serum proteomic

pattern diagnostics for early detection

of drug induced cardiac toxicities and

cardioprotection. Toxicol. Pathol. 2004,
32 (s1), 122–130.

150 Nedelkov, D., R. W. Nelson, Surface

plasmon resonance mass spectrome-

try: recent progress and outlooks.

Trends Biotechnol. 2003, 21, 301–305.
151 Kasianowicz, J. J., Nanometer-scale

pores: potential applications for

analyte detection and DNA charac-

terization. Dis. Markers 2002, 18, 185.
152 LaVan, D. A., D. M. Lynn, R. Langer,

Timeline: moving smaller in drug

discovery and delivery. Nat. Rev. Drug
Discov. 2002, 1, 77.

153 Fologea, D., et al., Detecting single

stranded DNA with a solid state

nanopore. Nano Lett. 2005, 5,
1905–1909.

154 Li, J., et al., DNA molecules and

configurations in a solid-state

nanopore microscope. Nat. Mater.
2003, 2, 611–615.

155 Tong, et al., Silicon nitride nanosieve

membrane. Nano Lett. 2004, 4,
283–287.

156 Steinkamp, T., U. Karst, Detection

strategies for bioassays based on

luminescent lanthanide complexes

and signal amplification. Anal.
Bioanal. Chem. 2004, 380, 24–30.

157 Shi, X., I. J. Majoros, J. R. Baker,

Jr., Capillary electrophoresis of

poly(amidoamine) dendrimers: from

simple derivatives to complex

multifunctional medical nanodevices.

Mol. Pharmac. 2005, 2, 278–294.
158 Choi, Y., et al., Synthesis and func-

tional evaluation of DNA-assembled

polyamidoamine dendrimer clusters

for cancer cell-specific targeting.

Chem. Biol. 2005, 12, 35–43.
159 Ferrari, M., G. Downing, Medical

nanotechnology: shortening clinical

trials and regulatory pathways?

BioDrugs 2005, 19, 203–210.
160 Tkachenko, A. G., et al., Multifunc-

tional gold nanoparticle-peptide com-

plexes for nuclear targeting. J. Am.
Chem. Soc. 2003, 125, 4700–4701.

161 Nissenson, A. R., et al., Continuously

functioning artificial nephron system:

the promise of nanotechnology.

Hemodial. Int. 2005, 9, 210–217.
162 Lee, S. J., S. Y. Lee, Micro total

analysis system (micro-TAS) in

biotechnology. Appl. Microbiol.
Biotechnol. 2004, 64, 289–99.

163 Gulliksen, A., et al., Real-time

nucleic acid sequence-based

amplification in nanoliter volumes.

Anal. Chem. 2004, 76, 9–14.
164 Walter, G., et al., High-throughput

protein arrays: prospects for molecular

diagnostics. Trends Mol. Med. 2002, 8,
250–253.

165 Sarikaya, M., et al., Molecular

biomimetics: nanotechnology through

biology. Nature materials. 2003, 2,
577–585.

166 Miller, J., Beyond biotechnology: FDA

regulation of nanomedicine. Columbia
Sci. Technol. Law rev. 2003, 4, E5–E5.

167 Rados, C., Nanotechnology: the size of

things to come. FDA Consumer 2005,
39, 40–42.

168 Donawa, M. E., The New FDA

Combination Products Programme.

Med. Device Technol. 2002, 13, 25.
169 Bruce, D., The question of ethics.

Mater. Today 2006, 1, 6–7.
170 Mills, K., C. Fleddermann, Getting

the best from nanotechnology:

approaching social and ethical impli-

cations openly and proactively. IEEE
Technol. Soc. Mag. 2005, 24, 18–26.

171 Gordijn, B., Nanoethics: from

utopian dreams and apocalyptic

nightmares towards a more balanced

view. Sci. Eng. Ethics 2005, 11,
521–533.

172 Grunwald, A., Nanotechnology – a

new field of ethical inquiry? Sci. Eng.
Ethics 2005, 11, 187–201.

173 Berne, R. W., Towards the

conscientious development of ethical

nanotechnology. Sci. Eng. Ethics 2004,
10, 627–638.

174 Einsiedel, E. F., L. Goldenberg,

Dwarfing the social? Nanotechnology

lessons from the biotechnology front.

Bull. Sci. Technol. Soc. 2004, 24, 28–
33.

175 Lopez, J., Compiling the ethical, legal

and social implications of

nanotechnology. Health Law Rev. 2004,
12, 24–27.

50 1 Nanotechnologies for Diagnosis – Present and Future



Nanotechnologies for the Life Sciences Vol. 10
Nanomaterials for Medical Diagnosis and Therapy. Edited by Challa S. S. R. Kumar
Copyright 8 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31390-7

2

Superparamagnetic Nanoparticles

of Iron Oxides for Magnetic Resonance

Imaging Applications

Jean-Marc Idee, Marc Port, Isabelle Raynal, Michel Schaefer,

Bruno Bonnemain, Philippe Prigent, Philippe Robert,

Caroline Robic, and Claire Corot

2.1

Introduction

Superparamagnetic nanoparticles of iron oxides have become a major tool for med-

ical imaging with a wealth of applications. This chapter will first describe their

physicochemical characteristics, which are of paramount importance for their in-

teraction with macrophage-like cells and, more broadly, for their biodistribution.

The general pharmacological properties of these nanoparticles (including their in-

teraction with macrophages and pharmacokinetic behavior) will subsequently been

reviewed. Nanoparticles of iron oxides are currently marketed or undergoing clin-

ical trials for cancer imaging applications, which will be described, but also for in-

dications related to their blood pool characteristics and their unique potential for

interaction with inflammatory cells. Since inflammatory infiltrates are found in a

vast number of diseases (from atheromatous plaques to degenerative diseases

such as multiple sclerosis), it appeared of clinical interest to numerous researchers

to investigate the relevance of nanoparticles in such indications. The results of

these studies will be presented for each of these potential new indications. Last,

the noninvasive tracking of stem cells with superparamagnetic nanoparticles,

which has attracted much attention in both neurological and cardiologic research

over recent years, will be detailed.

For nearly 20 years, research in the field of magnetic resonance imaging (MRI)

contrast agents has been oriented towards the study and development of superpar-

amagnetic nanoparticles. These are iron oxides – magnetite (Fe3O4), maghemite

(g-Fe2O3) or other ferrites that are insoluble in water. Unlike ferromagnetic sub-

stances and because of their size, superparamagnetic agents have no magnetic

properties outside an external magnetic field [1]. These nanoparticles have in com-

mon their specific uptake by macrophages, explaining why, even if they are not en-

tirely captured by the liver and spleen, they are widely evaluated as MRI markers

for diagnosis of inflammatory and degenerative disorders associated with high

macrophage phagocytic activity.
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Superparamagnetic agents are highly effective in MRI as they are strong en-

hancers of proton relaxation.

Superparamagnetic nanoparticles are small coated crystals of iron oxides (Figs.

2.1 and 2.2), characterized by a large magnetic moment in the presence of a static

external magnetic field. This large magnetic moment is caused by a crystal order-

ing (spinels) which induces a cooperativity between the individual paramagnetic

ions constituting the crystal. Consequently, the magnetic moment of superpara-

magnetic particle is greater than the sum of each paramagnetic ions constituting

the crystal. These small superparamagnetic crystals are smaller than a magnetic

domain (approximately 30 nm) and, consequently, they do not show any magnetic

Figure 2.1. General structure of USPIO nanoparticles.

Figure 2.2. Transmission electron microscopy images of

USPIOs (iron oxide crystals diameter: 5–7 nm) (Guerbet,

unpublished data).
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remanence (i.e. restoration of the induced magnetization to zero upon removal of

the external magnetic field), unlike ferromagnetic materials. The interaction be-

tween surrounding protons of water molecules and the magnetic moment of

superparamagnetic particles results in an increase in longitudinal r1 and transverse

r2 relaxation rates.

The T1 relaxation of superparamagnetic particles has been explained by various

models, and Roch and coworkers [2] have proposed a model introducing the aniso-

tropy energy to explain the relaxivity at low magnetic fields while the relaxivity at

high fields is mainly related to the outer-sphere Curie relaxation mechanism. The

nuclear magnetic relaxation dispersion (NMRD) profile of contrast agents shows

the relationship between their relaxivity and the proton Larmor frequency. The

NMRD profile of these particles has been obtained, and shows that the magnetic

field applied has a considerable and nonlinear influence on the signal [3]. These

authors have proposed a new theory which takes account of the magnetic moment

of the monodomains and the saturation of the macroscopic magnetization. This

fact should be taken into consideration when analyzing the imaging data.

In most situations, it is the significant capacity of superparamagnetic nanopar-

ticles to reduce the spin–spin T2 relaxation time and thus reduce the MRI signal

that is used, and such molecules are mostly employed because of their negative en-

hancement effect on T2-weighted sequences. This drop in signal intensity is re-

lated to the field gradients produced by the magnetic particles that dephase nearby

diffusing protons and shorten T2/T2*. This effect is rationalized by outer-sphere

relaxation (Ayant and Freed’s theory).

This predominant effect on the T2 relaxation time does not prevent these agents’

properties from being put to use on the T1 relaxation time if the imaging se-

quences are chosen appropriately [4]. This is why their use in increasing the signal

in the myocardium tissue [5] and in magnetic resonance angiography has been

proposed [6].

The multiple components which govern the efficacy of these agents require

them to be characterized as accurately as possible by information such as the size

of the iron oxide crystals, the charge, the nature of the coating, the hydrodynamic

size of the coated particle, etc. These physicochemical characteristics not only af-

fect the efficacy of the superparamagnetic particles in MRI, but also their stability,

biodistribution, opsonization and metabolism as well as their clearance from the

vascular system.

2.2

Physicochemical Characteristics

The synthesis of superparamagnetic nanoparticles is a complex process because of

their colloidal nature [7]. Consequently, a full set of analytical methods should be

used in order to characterize the efficacy (in terms of magnetization and relaxivity)

and purity of nanoparticles and the reproducibility of the synthesis process. More-

over, since the size, the geometry, the composition of the crystals as well as the

2.2 Physicochemical Characteristics 53



charge of the particles and the nature of the coating strongly influence the physico-

chemical and biological behavior of the particles, an accurate description of the

physicochemical properties of these nanoparticles is crucial in establishing any

structure–activity relationship [8, 9].

2.2.1

Physicochemical Properties of the Crystal

The size of the crystals varies from agent to agent, but also depends on the mea-

surement technique. The core size is generally between 4 and 10 nm (Tab. 2.1).

The size of the crystal can be appreciated by transmission electronic microscopy

(TEM) and needs to be measured on a statistically significant number of crystals.

Moreover, the sample preparation can induce aggregation of the colloids and the

TEM measurements may consequently not reflect the crystal size in solution. The

size of the crystals can also be measured by X-ray diffraction (XRD) by analyzing

the X-ray line broadening. Moreover, XRD can provide information concerning

the crystal composition and structure. A detailed characterization by TEM and

XRD analyses of new nonpolymeric-coated Fe3O4 nanoparticles has been recently

described by Cheng and coworkers [10].

Composition of the crystal can also be analyzed by Mössbauer spectroscopy. The

magnetic properties of the nanoparticles can be studied by the behavior of the

magnetization according to the applied magnetic field (magnetometry) which con-

firms the superparamagnetic property and gives the magnetization at saturation

(MS). Of course, the magnetic properties can also be studied by recording the

NMRD curve. According to the relaxivity theory developed by Roch and coworkers

[2], the fitting of the NMRD curves can provide information on the relaxometric

size and the magnetization at saturation.

2.2.2

Hydrodynamic Particle Size and Charge

The hydrodynamic size of the nanoparticles [i.e. the global size of the particle com-

prising one or several magnetic crystal(s) surrounded by the coating molecules] is

Tab. 2.1. Size of iron oxide nuclei (nm) [8].

X-ray diffraction Transmission electron

microscopy

Ferumoxides 4.96G 0.14 4.8G 1.9

Ferumoxtran-10 5.85G 0.09 4.9G 1.5

Ferumoxsil 8.3G 1.03 8.4G 2.5

Ferumoxytol 6.76G 0.41 –
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usually measured by photon correlation spectroscopy (PCS), which analyses the

quasielastic light diffusion of nanoparticles when illuminated by a monochromatic

laser beam. The intensity of the diffused light is modulated by the Brownian mo-

tion of the particles in solution. Different mathematical analyses of the PCS data

can provide an estimation of the hydrodynamic size and the polydispersity of the

nanoparticles. However, the values obtained by PCS dramatically depend on the

mathematical models and weighting parameters used (unimodal or multimodal

distribution, distribution in number, volume or intensity). Consequently, the hy-

drodynamic size measurements described in the literature for different nanopar-

ticles are very difficult to compare, and any relationship between size and biodistri-

bution should be made with caution.

The size of the particles themselves with their coating varies even more and the

measurement method contributes significantly to this variability (Tab. 2.2).

It is currently agreed that two main categories of superparamagnetic agents

must be distinguished [9]:

Tab. 2.2. Size and coating agent of the nanoparticles currently

marketed or under clinical investigation.

Brand name or

common name

Company Other names Coating agent Size (laser light

scattering) (nm)

Endorem1/
Feridex1

Guerbet

Advanced

Magnetics

Ferumoxides

AMI-25

dextran 120–180

Sinerem1/
Combidex1

Guerbet

Advanced

Magnetics

Ferumoxtran-10

AMI-227

BMS-180549

dextran T-10 15–30

– Advanced

Magnetics

Ferumoxytol

Code 7228

semisynthetic

carbohydrate

30

Lumirem1/
Gastromark1

Guerbet

Advanced

Magnetics

Ferumoxsil

AMI-121

silicon 300

Resovist1 Schering Ferucarbotran

SHU-555A

carboxy-dextran 60

Clariscan1 GE-Healthcare Feruglose

NC100150

pegylated starch 20

Abdoscan1 GE-Healthcare Ferristene sulfonated styrene–

divinylbenzene

copolymer

3500

VSOP-C184 Ferropharm – citrate 7.0G 0.15
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� Superparamagnetic iron oxides (SPIOs), the hydrodynamic size of which includ-

ing coating is greater than 50 nm.
� Ultrasmall superparamagnetic iron oxides (USPIOs) which are less than 50 nm

in size.

This difference in size is reflected by significant differences in the ratio of relax-

ivity constants r2=r1 (Tab. 2.3), but also by a significant difference in plasma half-

life and biodistribution.

Another fundamental characteristic of these agents is the nature and charge of

the particle coating. The charge on the surface of the nanoparticles is usually ap-

preciated by the z potential measurement deduced from the measurement of elec-

trophoretic mobility. Unfortunately, the value of z potential of superparamagnetic

nanoparticles is rarely described in the literature. Although most superparamag-

netic particles are covered by dextran or dextran derivatives (e.g. carboxy-dextran),

they have occasionally been coated with other molecules such as starch, siloxane,

arabinogalactose, amino-functionalized polyvinyl alcohol (PVA), citrate, etc.

Therefore, when referring to superparamagnetic agents, these must be properly

characterized and their characteristics compared with the other agents by using the

same measurement methods. The relationship between the structure, the compo-

sition and the charge of nanoparticles and their potential in terms of efficacy, bio-

distribution and safety is not yet well understood.

2.3

Pharmacology and Metabolism

Iron oxide nanoparticles are internalized into macrophages (Fig. 2.3) and other

phagocytic cells following intravenous administration.

Tab. 2.3. Magnetization and relaxivity measurements [8, 13, 90].

Magnetization (e.m.u. g FeC1) Relaxivity (mM sC1)[a]

0.1 T 5.0 T r1 r2

Ferumoxides 37.7G 0.6 93.6G 1.6 23.7G 1.2 107G 11

Ferumoxtran-10 53.6G 0.4 94.8G 0.7 22.7G 0.2 53.1G 3.3

Ferucarbotran – – 25 164

Ferumoxsil 49.4G 0.1 91.1G 0.2 3.2G 0.9 72G 12

VSOP – – 18.7 30.0

Ferumoxytol – – 38 83

aAt 20 MHz (0.47 T).
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2.3.1

Role of Physicochemical Parameters

The size and physicochemical surface properties of SPIOs and USPIOs strongly

interfere with their capacity to be internalized into macrophages or other phago-

cytic cells following intravenous administration.

Ferumoxtran-10, which has a small hydrodynamic diameter (15–30 nm, see Tab.

2.2), shows a long blood residence time, which allows it to easily access macro-

phages located in deep and pathologic tissues (such as lymph nodes, kidney, brain,

osteoarticular tissues, etc.). Indeed, these tissues are far less accessible than well-

vascularized tissues such as the liver or spleen.

Other USPIOs such as ferucarbotran or very small superparamagnetic iron oxide

particles (VSOPs) have a higher macrophage uptake. This is associated with a

faster blood clearance and, consequently, a more limited access time to the deep

compartments [11, 12]. For example, the elimination half-life of VSOP-C184 in

healthy volunteers is only 0.5–1.5 h after bolus injection [13]. Conversely, feruglose

(Clariscan1), because of the pegylation of the coating starch, can be regarded as

‘‘stealth nanoparticles’’ which are hardly recognized by the macrophage–monocytic

system and probably not suitable for macrophage imaging [14].

It has recently been shown that superparamagnetic nanoparticles with an

amino-functionalized PVA coating can interact with human melanoma cells with-

Figure 2.3. Intracellular localization of the USPIO ferumoxtran-10

(7.1 mmol L�1) following a 24-h incubation with activated THP-1

human monocytes. Iron staining with Prussian blue and counter-

staining with eosin (Guerbet, unpublished data).
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out any cytotoxicity. This interaction of the nanoparticles with melanoma cells was

found to be active, energy-dependent and saturable [15]. It also depended on the

amino-PVA:iron oxide ratio – the increased uptake in the presence of amino

groups is consistent with the well-known uptake of cationic liposomes, mainly for

transfection purposes.

A recent study compared anionic nanoparticles (AN) (coating: meso-2,3-

dimercaptosuccinic acid, hydrodynamic diameter 24 nm) with ferumoxtran-10

[16]. In vitro uptake by the human prostatic adenocarcinoma cells PC3 was found

to be superior with AN than with ferumoxtran-10. In mice grafted with PC3 cells,

the iron concentration inside tumors reached two peaks: first one at 1 h

(ferumoxtran-10 > AN) and second one at 12 h (ferumoxytran-10 ¼ AN). Imaging

studies showed tumor brightening on T1-weighted images with ferumoxtran-10

and darkening on T2-weighted images with both compounds. With ferumoxtran-

10, an early peak at 1 h on T2 imaging and a second peak at 12 h on T1 imaging

suggested an initial intravascular distribution and, possibly, a secondary extravasa-

tion in the interstitium (or, alternatively, some intracellular uptake) at 12 h [16].

2.3.2

Mechanism and Consequences of Interaction with Macrophages

According to their coating (negative charges and hydrophilicity), nanoparticles dis-

play different degrees of uptake by macrophage-like cells, as previously mentioned.

The macrophage is a specialized host defense cell with endocytic properties. Its

involvement in the pathogenesis of numerous diseases is well known and makes it

a very interesting pharmaceutical target.

It has been shown in vitro that ferumoxides endocytosis by mouse peritoneal

macrophages was dose-dependently inhibited by polyinosinic acid and fucoidan,

suggesting that a scavenger receptor SR-A mediated endocytosis is involved for

this contrast agent [17].

On the human activated monocyte THP-1, ferumoxide was shown to undergo a

higher macrophage uptake compared with ferumoxtran-10, probably because of its

larger size [17]. This result was confirmed in another study [18] which also showed

that, apart from particle size, the phagocytic uptake is dependent on the surface

properties of the nanoparticles since, both for SPIO or USPIO categories, ionic

carboxy-dextran coating leads to a higher uptake than nonionic dextran coating

[18].

Another study also found a higher cellular uptake (on hematopoietic progenitor,

mesenchymal fibroblast and epithelial HEP-G2 cell lines) with the SPIO ferucarbo-

tran than with the USPIO SHU-555C (hydrodynamic diameter 30 nm) [19].

Rogers and Basu recently showed that the hydroxymethyl glutaryl coenzyme A

(HMG-CoA) reductase inhibitor lovastatin dose-dependently reduced the uptake of

the SPIO ferumoxides by a murine macrophage-like cell line (J774A) [20]. The

mechanism of this effect is unclear, and may be explained by a downregulation of

class A types I and II receptors, or, alternatively, by interference of lovastatin

in macrophage–receptor binding, reduced receptor recycling or at the level of
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scavenger receptor mRNA expression. The clinical relevance of such in vitro data

for the detection and characterization of atheromatous plaques with USPIOs in

patients treated with HMG-CoA reductase inhibitors remains unclear.

The same authors also demonstrated that the pro-inflammatory cytokine inter-

feron (IFN)-g, but also the anti-inflammatory cytokine interleukin (IL)-4 increased

SPIO uptake at relatively high concentrations [20].

Another study has investigated the biological consequences of the rat macro-

phage labeling with the citrate-coated nanoparticles VSOP [21]. Cell growth and vi-

ability were minimally affected. However, transient oxidative stress was evidenced

by an acute increase in both malonyldialdehyde and protein carbonyls.

In addition to their phagocytic properties, macrophages also possess a high se-

cretory capability leading to the release of growth factors and cytokines. Very low

IL-1 release (comparable to negative control) was observed after incubation of

macrophages with ferumoxides or ferumoxtran-10, even at a high concentration

(500 mg Fe mL�1), thus suggesting a low pro-inflammatory potential for these nano-

particles [17].

2.3.3

Pharmacokinetics

Ferumoxtran-10 is completely degraded in the macrophage lysosomal compart-

ment within 7 days [22]. The plasma elimination half-life is strongly species depen-

dent. It is 2 h in rats (after intravenous injection of a 30 or 45 mmol kg�1 dose),

approximately 6 h in rabbits whereas it is around 24–36 h in humans following in-

travenous administration [11, 23]. In both rats and rabbits, increasing the dose

caused a longer half-life because of the progressive saturation of uptake by liver

and spleen.

Since the access of USPIOs to deep compartments is favored by prolonged blood

residence time, animal imaging experiments are generally performed using high

doses of USPIO (200–1000 mmol kg�1) compared to the human clinical dose of

45 mmol kg�1 [11].

It has been shown that the age of rats significantly influences the half-lives of the

signal intensities in vessels and in the liver following injection of VSOP-C43. In

the younger animals, the intravascular signal decrease was about 50% of the value

seen in older animals [24]. This suggests a higher macrophage uptake in younger

animals. Since pharmacokinetic data are classically obtained during phase I clin-

ical studies in young healthy volunteers, caution seems necessary when it comes

to extrapolating imaging window to elderly patients.

The iron contained in SPIOs and USPIOs is bioavailable, and is incorporated

into the normal body iron pools, such as hemoglobin [25]. This is consistent with

the increase in ferritin levels reported in several articles with various USPIOs [13,

26]. Ferritin is the physiologic storage form of iron. Actually, it is believed that

Küpffer cells degrade dextran-coated iron oxide nanoparticles by incorporating

most of the iron they contain into ferritin and/or hemosiderin (when the intra-

cellular concentration of ferritin becomes relatively high) before exocytosis [27].
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The USPIO ferumoxtran-10 (Sinerem1/Combidex1) is currently under clinical

trial for the detection of nodal metastases (see Section 2.4.3). After intravenous in-

fusion, USPIO nanoparticles are distributed to the lymph nodes by two distinct

pathways: (i) direct transcapillary passage through venules into the medullary si-

nuses of the lymph node, followed by phagocytosis by macrophages, and (ii) non-

selective, endothelial transcytosis into the interstitial space in the body, followed by

uptake of the nanoparticles by draining lymphatic vessels and transport to the

lymph nodes via afferent lymphatic channels [28, 29].

Several routes of administration have been suggested for SPIOs and USPIOs.

The SPIO ferumoxides (Endorem1/Feridex1) is administered using slow intrave-

nous infusion, ferucarbotran (Resovist1) is injected as a bolus. Clinical studies on

ferumoxtran-10 have so far used slow intravenous infusion but preclinical studies

have shown that this USPIO can also be directed to specific lymph nodes via sub-

cutaneous injections at distinct sites [30]. In human volunteers, it was shown that

interstitial administration of ferumoxtran-10 (0.28 mg Fe kg�1) increases the num-

ber of lymph nodes that can be adequately detected with MRI.

The site of injection in the pelvis influenced the location of visualized lymph

nodes, with the largest number of nodes visualized with periprostatic injection.

This interstitial approach may also allow a reduction of the dose when compared

with the intravenous route [31].

The optimal temporal window for imaging lymph nodes with ferumoxtran-10 is

24–36 h after intravenous infusion [29].

2.3.4

Nanoparticle Vectorization

Although it has a good temporal and spatial resolution, MRI displays a relatively

low sensitivity (about three to six orders of magnitude less than that of isotope

techniques). It therefore requires amplification to enable its use in molecular imag-

ing. Molecular imaging includes a large array of applications (study of tissular

blood flow changes, spectroscopic quantification of metabolite concentrations, gen-

eration of pH maps, studies of vascular volume or permeability, pharmacokinetic

studies of chemotherapeutic drugs, denoting of gene expression, specific imaging

of molecules that are overexpressed in pathological states, etc.) [32]. A promising

option for local signal amplification is vectorization of nanoparticles to enable

them to reach their biological target [33]. Several strategies have been selected to

vectorize nanoparticles. One example is the oxidative conjugation producing alde-

hydes on the dextran coating of the particles, at the expense of a substantial loss of

the biological activity of the protein. To reduce this effect, the protein that binds the

biological target has been linked to the iron oxide nanoparticles through a linker

molecule [34].

Nonoxidative strategies have become an interesting alternative method: epichlo-

rhydrin is first coupled to the hydroxyl groups of the dextran coating to provide a

terminal halogen derivative which can subsequently be used to link any molecule

containing an amine function (peptide, protein, antibodies, etc.) [35]. As an exam-
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ple, vectorizing groups [such as the connecting segment-1 fragment of fibronectin,

the peptide GRGD (Gly–Arg–Gly–Asp) or a nonpeptidic small-molecular-weight

RGD mimetic] have been grafted with the dextran coating of USPIO previously

coated with epichlorhydrin [36].

Another approach uses 2,3-dimercaptosuccinic acid (DMSA) and N-succimidyl

3-(2-pyridylthio)propionate (SPDP) [37]. Recent examples of functionalized US-

PIOs used for experimental molecular imaging are shown in Tab. 2.4 [38–43].

2.4

Current Clinical Uses and Future Developments

2.4.1

Gastrointestinal Tract Imaging

As in computed tomography (CT) scanning, it is clinically necessary to improve the

differentiation between the gastrointestinal tract and surrounding organs. Para-

Tab. 2.4. Functionalized USPIOs: some examples.

Biological target Type of functionalized

USPIO

Experimental model Reference

Acute inflammation MION–IgG rat model of myositis 38

Asialoglycoprotein

receptors on hepatocytes

arabinogalactan (AG)–

USPIO

blockade of AG–USPIO

uptake by hepatocytes

with D[þ]-galactose

39

Transferrin receptor on

tumor cells

dextran-stabilized

USPIO covalently

labeled with receptor-

specific transferrin

SMT/2A tumor-bearing

rats

40

aIibb3 integrin USPIO functionalized

with cyclic RGD peptide

specific for the aIibb3
integrin

ex vivo: clot on a glass

tube

in vivo: clots induced in

the jugular veins of

domestic pigs

41

Phosphatidylserine Annexin V-

functionalized USPIO

apoptotic Jurkat cells 42

avb3 integrin USPIO functionalized

with RGD peptide

in vitro: PMA-activated

Jurkat cells

in vivo: ApoE�=�

atherosclerotic mice

43
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magnetic contrast agents, which increase the gastrointestinal tract signal, may also

increase movement artifacts. Specific superparamagnetic contrast agents have

been developed for this reason. A first agent, ferumoxsil (AMI-121), has been

tested in clinical trials by oral administration at 600–900 mL [44–47] and is li-

censed in Europe as Lumirem1 (or Gastromark1 in the USA).

This product is composed of iron oxide particles coated in a layer of inert silicon

and its diameter is 300 nm (Tabs. 2.1 and 2.2). After oral administration, it signifi-

cantly improves the definition of organ boundaries such as the uterus and lymph

nodes [47] (Fig. 2.4). Other agents have been developed for the same application:

WIN-39996 [48], oral magnetic particles (OMPs), also referred as to ferristene

(Abdoscan1) (polystyrene coated) [49–53].

Ferumoxsil has also been used as well in MR enteroclysis in 60 patients with

Crohn’s disease [54]. Aliquots of 600 mL of ferumoxsil associated with 2.5 L of

tide water and methylcellulose were instilled through a transjejunal tube, in order

to reduce the signal intensity of the lumen. Additional rectal instillation of water

for positive contrast improved the distension and identification of large bowel and

terminal ileum.

Similarly, an Italian team [55] used a double-contrast method for evaluating the

inflammatory activity in patients with Crohn’s disease, after darkening the lumen

of the bowel with oral administration of Lumirem1, the gadolinium contrast agent

was injected. Parameters such as wall thickness, wall T2-weighted signal, wall con-

Figure 2.4. Signal suppression of the gastrointestinal

structures in pyelography. MRI prior (A) and after (B) oral

administration of 500 mL ferumoxsil (courtesy Dr A. Blandino,

Policlinico G. Martino, Messina, Italy).
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trast enhancement, amount of fibroproliferation and T2-weighted signal of fibro-

fatty proliferation on fat-suppressed images were evaluated.

These negative contrast agents for gastrointestinal imaging are generally well tol-

erated, with mild side-effects such as nausea, vomiting (1–5% of patients) or flatu-

lence [56]. Oral SPIO are generally administered over 30–60 min, with a volume of

900 mL for contrast enhancement of the whole abdomen and 400 mL for the upper

abdomen [57].

2.4.2

Liver and Spleen Diseases

The first clinical indication for iron oxide nanoparticles was hepatic imaging. Fol-

lowing intravenous injection, SPIOs are rapidly taken up by hepatic Küpffer cells

and the spleen (marginal zone and red pulp) macrophages, resulting in a drop in

magnetic resonance signal intensity, and therefore in hypointense images, mostly

because of a susceptibility effect.

Since Küpffer cells are exclusively located in the healthy hepatic parenchyma

[58], SPIOs increase the contrast between healthy and diseased tissue devoid of

Küpffer cells. The first agent to be developed (and marketed in Europe more than

10 years ago under the name Endorem1) was ferumoxides (or AMI-25) (Feridex1
in the US). These are T10-dextran coated particles and their hydrodynamic size is

120–180 nm (Tabs. 2.1 and 2.2). Many preclinical and clinical trials have demon-

strated the efficacy of ferumoxides in the detection of the focal lesions of the liver

as well as for their characterization [59–64] (Fig. 2.5).

The same product has been studied in terms of its capacity to detect lesions of

the spleen [65, 66]. The most common side-effects reported with ferumoxides are

Figure 2.5. Liver imaging prior (A) and

after (B) injection of ferumoxides (HASTE

sequence) allowing a better depiction of a

cholangiocarcinoma which does not uptake

the nanoparticles and appears in isosignal

intensity pre/postinjection while the signal of

the normal parenchyma becomes dark.

(courtesy Dr C. Matos, Erasmus Hospital,

Brussels, Belgium)
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lower back pain (4%), flushing (2%) and various combined gastrointestinal com-

plaints (5.6%) [67].

Another product was subsequently developed for this clinical application in MRI:

ferucarbotran (SHU-555A) (Resovist1), the particles of which are coated with

carboxy-dextran and are approximately 60 nm in diameter [19, 68]. Safety data ob-

tained during phase I–III trials of this compound revealed a total of 162 side-

effects in 1053 patients, of which 75 (7.1%) were possibly, probably or definitely

drug related. The majority of events occurred within the first 3 h [69].

Chondroitin sulfate iron colloid (CSIC) has also been put forward [70] as well as

MDL (liver-directed nanoparticles) [71], but these particles have not been marketed.

Furthermore, other hepatocyte-specific agents were evaluated but not marketed ei-

ther: asialofetuin-coated USPIO or arabinogalactan-coated USPIO, which are par-

ticularly well recognized by the asialoglycoprotein receptor (ASGPR) present on

the surface of normal hepatocytes [72]. ASGPR is of interest for hepatocyte target-

ing in that it is prototypic of the class of receptors that constitutively enters cells

and allows delivery of molecules to the intracellular compartments [73]. In addi-

tion to their ability to assess focal hepatic lesions, these agents can be used to as-

sess hepatocyte function [57].

In addition to SPIOs, USPIOs such as ferumoxtran-10 can be located in several

compartments of the liver (extracellular space, reticuloendothelial cells and possi-

bly hepatocytes). In the rat, ferumoxtran-10 acts mainly as an extracellular agent

for at least 1 h (increase in liver signal intensity on T1-weighted images) and is

taken up by cells from the reticuloendothelial system at later time points [74]. A

subsequent rat study showed that the USPIO feruglose induced an hepatic T2* ef-

fect at late (up to 133 days after injection for 5 mg Fe kg�1) time-points when the

concentrations of iron oxide nanoparticles in the liver were below method detec-

tion limits. This effect is probably a result of nanoparticle breakdown products

[27].

In a clinical study comparing the SPIO ferumoxides with the USPIO

ferumoxtran-10 in patients with focal hepatic diseases (hepatocellular carcinoma,

metastases, hepatocellular adenoma and focal nodular hyperplasia), Mergo and

coworkers observed that, although both compounds had similar T2 effects (compa-

rable loss of hepatic signal intensity in their study conditions) and improved the

lesion-to-liver contrast when compared with non-contrast-enhanced images, the

USPIO allowed more in-depth characterization of the lesions, because of its addi-

tional blood pool effect [75].

Further studies are needed to better understand the potential utility of USPIOs

for assessment of hepatic vascular structures and clinical benefit in the character-

ization of focal hepatic lesions, notably by optimizing the USPIO injected dose and

the chronology of MRI.

2.4.3

Lymph Node Metastases

Nodal disease is an independent adverse prognostic factor in many types of cancer.

The only widely accepted method for assessing nodal involvement by means of
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imaging so far is measurement of the node size. This preoperative staging will in-

fluence the oncologist’s decision to use neoadjuvant therapy or the surgeon’s deci-

sion to perform nodal dissection [76]. Superparamagnetic agents which can be

taken up by normal nodes following intravenous or subcutaneous injection have

raised great interest. The first agent, and that on which most research has been

carried out, is ferumoxtran-10 (or AMI-227). Its iron oxide core is surrounded by

a 8- to 12-mm layer of T-10 dextran coating [23], leading to a final size of around

30 nm (Tabs. 2.1 and 2.2). It has similar physicochemical properties to the mono-

crystalline iron oxide nanocompounds (MION) which have a monocrystalline crys-

tal core with an approximate diameter of 4 nm and a dextran coating resulting in a

hydrodynamic diameter of 17 nm [77].

Numerous studies on ferumoxtran-10 have shown its efficacy in metastatic

lymph node imaging [78–81] (Fig. 2.6). Schematically, as previously mentioned,

Figure 2.6. MRI (T2* sequence) of lymph node metastases

prior (A) and after (B) ferumoxtran-10 injection in a patient

with head and neck cancer (courtesy Dr M. Mack, University

Hospital, Frankfurt/Main, Germany).
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USPIO slowly extravasate from the vessels into the interstitial space, from which

they are transported into the lymph nodes through lymphatic vessels [28, 29, 82].

Upon USPIO administration, normal lymph nodes will appear dark on the MR im-

ages, while tumor metastases remain isointense with the precontrast image (i.e.

before USPIO uptake by lymph node macrophages). In eighty patients with presur-

gical clinical stage T1, T2 or T3 prostate cancer who underwent lymph-node resec-

tion or biopsy, MRI was done before and 24 h after the intravenous injection of 2.6

mg kg�1 of ferumoxtran-10. Sixty-three lymph nodes, from 33 patients, had histo-

pathologically detected metastases. Of these, 45 (71.4%) did not fulfill the usual

imaging criteria for malignancy. However, the ferumoxtran-10-enhanced MRI cor-

rectly identified all patients with nodal metastases. Nodal metastatic infiltration

measuring 5–10 mm were identified [81].

Several phase III clinical trials using USPIO ferumoxtran-10 for the detection of

lymph node metastases, especially in the head and neck and pelvis regions, are

currently in their final stages. Promising results have also been published for rectal

cancer [76].

2.4.4

Blood Pool Characteristics

Uptake of ferumoxtran-10 and the MIONs or other USPIOs by the liver and the

spleen is quite low because of their physicochemical characteristics. They conse-

quently remain in the blood circulation for a very long time. With their long blood

half-life and T1-shortening effect, these agents have been evaluated as blood pool

agents for indications such as measurement of cerebral perfusion [83, 84], myocar-

dial or renal perfusion [85], angiography [6], or detection of vascular hepatic le-

sions [86]. These compounds are classically referred to as slow-clearance blood

pool agents. Whereas these agents are confined to the vascular compartment, their

molecular volume only allows a slow ‘‘sieving’’ through the glomerular fenestrae.

Their renal clearance is consequently much lower than the normal glomerular fil-

tration rate.

These blood pool characteristics provide a much longer time window for data

acquisition during radiological procedures, with little loss of intravascular signal

intensity.

The potential clinical indications related to these properties are:

� Cerebral imaging : measurement of the cerebral blood volume [87] and functional

imaging [88]. The MR evaluation of stroke and its functional consequences may

benefit from the use of blood pool agents. Even if emergency treatment of cere-

bral vascular accidents is currently limited, there is reason to believe that a diag-

nostic aid which precisely defines the cerebral shadow zone would demonstrate

the value of better managed care, as was the case in myocardial ischemia.
� Cardiac imaging : quantification of the hypoperfused zones and MR coronary an-

giography.
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� First-pass angiography [89, 90].
� Tumor imaging : detection and characterization of the lesion-associated microvas-

cular environment. These agents would enable prediction of the treatment effi-

cacy by evaluating the endothelial permeability and size of neovessels (calcula-

tion of blood volume and vessel size index) [91, 92].
� Optimization of hyperpolarized 3He gas MRI [93].

2.4.5

Characterization of the Atheromatous Plaque

The composition and stage of atherosclerotic plaque are clinically more relevant

than the severity of stenosis for evaluation of the risk of acute ischemic events.

Atherosclerosis is basically an inflammatory disease [94]. Monocytes adhere to the

vascular endothelium and accumulate in lesion-prone arterial sites. This adherence

is facilitated by the endothelial expression of adhesion molecules. Adherent mono-

cytes are subsequently enticed into the arterial intima where they differentiate into

macrophages [95]. Macrophage-rich areas are more frequently found in the athe-

romatous plaques of patients with unstable angina and non-Q-wave myocardial

infarction [96]. This suggests that macrophages are a marker of unstable athero-

sclerotic plaques and that specific targeting of these cells may lead to the character-

ization of atheromatous plaques prone to rupture.

Animal studies have clearly shown that USPIO induce focal signal intensity de-

creases in the aortic wall of atheromatous rabbits [97, 98] or apolipoprotein E

(ApoE) knockout mice [99].

Interestingly, the exposure period of atherosclerotic plaque to circulating USPIO

seems to be critical for the uptake of nanoparticles: in a comparative study in hy-

perlipidemic rabbits, the in vivo MRI signal intensity was found to be significantly

higher with the long half-life agent ferumoxtran-10 than with another USPIO of

similar size, ferumoxytol (T1=2 @ 6 h), whereas in vitro macrophage phagocytosis

was greater with the latter compound [100].

Preliminary clinical studies or case reports using ferumoxtran-10 have also

shown USPIO-induced signal loss in aorta and pelvic arteries [101] or in carotid

atheromatous plaques [102–104]. In one of these clinical trials [102], histological

analysis showed USPIO in 27/36 (75%) of the ruptured or rupture-prone plaques

and 1/14 (7%) of the stable atheromatous lesions. Postcontrast images should sys-

tematically be compared with corresponding precontrast images in order to ex-

clude USPIO-induced signal reduction from other effects such as plaque calcifica-

tion (which can also lead to strong susceptibility effects).

Given the heterogeneity of plaque formation and progression mechanisms, the

macrophages which have endocytosed USPIO could be activated macrophages de-

rived from activated blood-borne monocytes, activated macrophages derived from

smooth muscle cells or foam cells which correspond to macrophages at a later

stage [11]. Further studies are definitely required to better understand the precise

mechanism of USPIO-uptake by atheromatous plaques. Obviously, such prelimi-

nary data open very interesting prospects for clinicians.
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2.4.6

Other Potential Uses

Given the wide spectrum of inflammatory diseases, it is evident that these nano-

particles have a huge clinical potential. Some clinical applications of high interest

are discussed below.

2.4.6.1 Stroke

Ischemic focal lesions are associated with a strong inflammatory local response

that involves microglial cell activation as well as infiltration of hematogenous leu-

kocytes, mostly monocytes [105, 106].

Ischemia-associated inflammation plays a major role in the pathogenesis of neu-

rodegeneration associated with stroke. Activated macrophages produce numerous

cytokines which exacerbate the ischemic tissue damage [107]. Consequently, non-

invasive imaging of inflammation associated with subacute ischemic stroke lesions

could be of predictive value and helpful for the development of cytoprotective

drugs.

When injected in Fisher rats 5.5 h after permanent occlusion of the middle cere-

bral artery, the USPIO ferumoxtran-10 was shown to allow MR visualization of

macrophage infiltration associated with focal ischemic lesions [108].

However, this technique did not allow determination of the specific contribution

of microglia and blood-borne macrophages to USPIO accumulation. These results

were confirmed by a subsequent study in rats where cerebral infarction was in-

duced by photothrombosis of cortical microvessels. In this study, ferumoxtran-10

was injected 5 days after the induction of the cerebral ischemic lesions. Magnetic

resonance imaging performed 24 h later displayed a rim-like signal loss around the

lesion, which was in full spatial agreement with the histological data [109].

In a clinical phase II study, this USPIO was administered at the end of the first

week after symptom onset in a series of 10 consecutive patients with ischemic

stroke [110]. Two follow-up MR scans were performed 24–36 and 48–72 h after in-

fusion. Vessel-associated changes were noticed (as signal loss on T2/T2*-weighted

images) and decreased from the first to second scan. This effect was most likely

related to the blood-pool effect of the USPIO. In addition to this effect, a parenchy-

mal enhancement was noticed, mostly on T1-weighted images. This effect in-

creased over time and matched with the expected distribution of macrophages.

Larger clinical studies are clearly needed to demonstrate the clinical benefit associ-

ated with the use of USPIOs as a MRI surrogate markers for brain inflammation.

2.4.6.2 Cerebral Tumor Characterization

As mentioned above, according to their physicochemical properties, USPIOs can

have a long blood half-life and therefore be found into the vascular compartment

before being progressively endocytosed by tissue macrophages. Therefore, the

nanoparticles can be used both for imaging tumor-associated microvessels during

the early vascular equilibrium phase and, later, as a macrophage imaging agent for

the characterization of the tumor-associated inflammatory lesion.
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Preliminary clinical data [11, 111] have shown that there are distinct contrast

enhancement mechanisms between early Gd3þ nonspecific contrast agent-based

imaging, early USPIO injection, and late (24 h postinfusion) USPIO imaging.

This could be of value for brain tumor characterization. USPIO nanoparticles do

not cross the ruptured blood–brain barrier at early postinjection stages. This may

prove helpful for the assessment of tumoral microvascular heterogeneity. Interest-

ingly, in this preliminary study, the late USPIO-induced tumoral enhancement was

found to be higher in high-grade than in low-grade glioblastomas [111].

In a preliminary study comparing the SPIO ferumoxides to the USPIO

ferumoxtran-10 in 20 patients with primary and metastatic intracranial tumors, it

was found that ferumoxtran-10, in contrast to ferumoxides, can be used as an in-

travenous contrast agent for MRI of intracranial tumors. Tumor enhancement was

found to be comparable to but more variable than that observed with a nonspecific

Gd3þ chelate. Histological examination showed similar distribution of the USPIO

to be similar to that seen on MR images, i.e. primarily at the tumor margin, with

less central localization. Most of the staining within the tumor was found in paren-

chymal cells with fine fibrillar processes, thus suggesting an astrocytic or micro-

glial derivation [112].

2.4.6.3 Multiple Sclerosis

Multiple sclerosis, an idiopathic inflammatory disease of the central nervous sys-

tem, is characterized pathologically by demyelination and subsequent axonal de-

generation. It is currently accepted that MRI with Gd3þ nonspecific contrast agent,

especially during or following a first attack, can be helpful in providing evidence of

lesions in other parts of the brain and spinal cord [113]. Edema formation is de-

tected by T2-weighted MRI, and a second MR scan could be useful at least three

months after the initial attack to identify new lesions and provide evidence of dis-

semination over time [113]. Furthermore, magnetization transfer imaging or T1-

weighted imaging can also be used for investigation of the demyelination process.

However, these parameters can only provide information on the consequences of

the inflammatory process, but not on inflammation itself.

Some USPIOs (ferumoxtran-10, MION-46L) have been shown to be useful for in
vivo macrophage activity imaging on experimental autoimmune encephalomyelitis

(EAE) – a commonly used animal model that mimics human multiple sclerosis in

several aspects [114, 115]. Post-USPIO sensitivity was found to be better than ei-

ther pre-USPIO or post-nonspecific Gd3þ chelate-enhanced images [114].

A phase II pilot study investigated inflammatory lesions in 10 patients with def-

inite relapsing-remitting multiple sclerosis who were included during one relapse

episode. MRI with T1-weighted, Gd3þ-enhanced, T2- and T2*-weighted images

was performed before and 24–48 h post-ferumoxtran-10 infusion. Nine out of the

10 patients studied showed multiple sclerosis lesion enhancement with USPIO.

Some lesions enhanced up to 3 days after USPIO infusion. Seven patients showed

multiple sclerosis lesion enhancement with the Gd3þ chelate.

Several patterns of enhancement were described when comparing USPIO- and

Gd3þ chelate-induced enhancement: lesions enhancing with both contrast agents
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(n ¼ 31 lesions), with Gd3þ chelate only ðn ¼ 24Þ or with USPIO only ðn ¼ 2Þ. In-
terestingly, the enhancement with USPIO was not superimposed on that related to

the Gd3þ chelate [11, 116]. One example of USPIO-enhanced plaque is shown on

Fig. 2.7.

2.4.6.4 Arthritis

Arthritis is characterized by infiltration of CD4þ T cells, B cells and macrophages

that sometimes organize into discrete lymphoid aggregates with germinal centers

[117]. In a rabbit model of unilateral arthritis, MRI at 1.5 T was performed before

and 24 h after intravenous injection of the USPIO ferumoxytol. Significant T1 and

more predominantly T2* and T2 effects were evidenced in the synovium of all ar-

thritic knees. Conversely, no significant changes in MR signal characteristics were

found in the nonarthritic control knees. Histologic examination confirmed iron up-

take in the macrophages within the hyperplastic synovium of the arthritic knees

[118]. USPIO nanoparticles have also been found in macrophages located in syno-

vial inflammatory infiltrates in a rat model of osteoarthritis (unpublished data)

(Fig. 2.8).

2.4.6.5 Infection

Macrophages are activated during infection and migrate to the site of microbiotic

invasion, thus providing a theoretical rationale for testing USPIO in such an indi-

Figure 2.7. Multiple sclerosis: phase II clinical trial –

ferumoxtran-10: (A) T1-weighted MRI images before injection

and (B) T1-weighted MRI images 24 h postinjection of

ferumoxtran-10. (courtesy Professor Vincent Dousset, Pellegrin

Hospital, Bordeaux, France)
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cation. An experimental model of infection was developed in rats (unilateral deep

calf muscle abscess following intramuscular injection of a Staphylococcus aureus
suspension). Animals were imaged before and 3, 24, 48 and 72 h after intravenous

injection of the USPIO ferumoxtran-10. Visualization was more sensitive with a

T2*-weighted gradient echo sequence. The T2* effect was most prominent 3 h

after ferumoxtran injection because of the high amount of intravascular USPIO at

this time-point. A significant decrease in T2* relative signal intensity was found at

24 h, reflecting the intracellular iron accumulation within macrophages. Only a

slight decrease in T2* signal intensity was found at 48 and 72 h. Local signal inten-

sity changes were correlated with macrophagic uptake of the USPIO [119].

In fact, signal intensity characteristics of abscesses on T1- and T2*-weighted se-

quences obtained 24 h following USPIO injection strongly depend upon the ad-

ministered dose. At low dose (50 mmol Fe kg�1), T1 effects were stronger than

T2* effects [120].

2.4.6.6 Kidney Imaging

Intravenous injection of puromycin amino-nucleoside (PAN) in the rat is a good

model of nephrotic syndrome secondary to glomerular epithelial cell lesions asso-

ciated with glomerular and tubulointerstitial infiltration by macrophages. In neph-

rotic rats, the USPIO ferumoxtran-10 injected intravenously (90 mmol kg�1) in-

duced a significant decrease in signal intensity in all compartments of the kidney

in the PAN group, whereas the signal from the control group did not vary 24 h

postinjection. This effect was correlated with the presence of macrophages with

iron oxide nanoparticles at histology [121]. Interestingly, the same USPIO was

also found to decrease signal intensity in the cortex in a model of nephrotoxic

nephropathy (by injection of sheep anti-rat glomerular basement membrane se-

rum). In this model, equivalent to Goodpasture’s syndrome in humans, inflamma-

tory lesions were exclusively located at the level of glomeruli. Conversely, in a rat

Figure 2.8. Representative photomicrographs of Perl’s staining

of iron oxide in macrophagic cells located in rat inflammatory

synovium: (A) low- and (B) high-power magnification view

(unpublished data).
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model of obstructive nephropathy, which is known to induce diffuse interstitial le-

sions with macrophage infiltration in all kidney compartments, the USPIO in-

duced a decrease in signal intensity in all compartments [122].

Renal allograft rejection is associated with a massive inflammatory infiltration

[123]. In a rat renal allograft model, USPIO, when injected on the fourth day fol-

lowing transplantation, induced a decrease in MR signal intensity at 24 h in some

rejecting allografts, whereas isografts and allografts with immunosuppressant

treatment had no signal reduction [124]. Promising results were obtained in a pre-

liminary clinical study performed in seven patients with suspected proliferative

glomerulonephritis and five with suspected renal graft rejection imaged 72 h

following injection of ferumoxtran-10. USPIO-enhanced MRI may allow acute tu-

bular necrosis to be distinguished from other acute nephropathies in native and

transplanted kidneys and may also allow active proliferative nephropathies to be

differentiated from chronic ones [125]. Of course, such preliminary clinical data,

obtained in a small number of patients, need to be confirmed by other studies.

Dextran-coated USPIOs serving as blood pool agent were also used to evaluate

renal perfusion in dynamic MRI in normal and transplanted rat kidneys.

A good agreement between renal graft perfusion and histopathological changes

associated with graft rejection suggests that USPIO-enhanced dynamic MRI may

be used to evaluate acute allograft rejection [126].

Iodinated contrast agents can be nephrotoxic in at-risk patients by inducing me-

dullary hypoxia [127]. Intravenous injection of USPIO has been used in rat models

of contrast nephropathy to assess renal lesions induced by the iodinated contrast

agent [128] as well as their reversibility [129].

2.4.6.7 Acute Cardiac Transplant Rejection

In addition to kidney graft evaluation, USPIO may be used to noninvasively detect

inflammatory changes associated with cardiac graft rejection as elegantly shown in

two studies involving intravenous administration of either dextran-coated USPIO

(27 nm in diameter) [130] or feruglose (NC100150) [131] in rats with heterotopic

heart transplantation. Feruglose was used for its blood pool properties in dynamic

T1 MRI whereas the dextran-coated USPIO was used for its ability to be captured

by macrophages. However, it is worth mentioning that macrophagic infiltration

may be associated with other pathophysiological situations such as reperfusion in-

jury or myocardial infection.

2.4.6.8 In Vivo Monitoring of Cell Therapy

Recent progress in the field of stem and progenitor cells suggests that their use to

correct or replace defective cell populations may soon become a clinical reality.

Clinical applications are numerous and promising, both for the central nervous

system-related diseases (spinal cord injury, Parkinson’s disease, myelin disorders,

Huntington’s disease, etc) and regeneration of the myocardium. Renal and hepatic

pathologies may also benefit from the progress of cell therapies. It is therefore cru-

cial to track the location and in vivo distribution of these cells in a noninvasive

manner [132].

72 2 Superparamagnetic Nanoparticles of Iron Oxides for Magnetic Resonance Imaging Applications



For this purpose, stem cells must first be magnetically labeled in vitro before

being administered to a living organism [132].

Several approaches have been described to optimize the internalization process

[132], including linking the nanoparticles to the highly cationic HIV tat peptide
[35] or the use of an anti-transferrin receptor monoclonal antibody covalently

linked to nanoparticles (MION-46L) [133].

In fact, it is more convenient to use commercially available and registered

nanoparticles. Several studies have shown that ferumoxides or MION-46L can be

internalized after mixing with a transfection agent (such as dendrimers, high-

molecular-weight poly-l-lysine, lipofectamine, protamine sulfate, etc.) [132, 134]

or without such agents [135]. Actually, unmodified SPIOs or USPIOs have been

successfully used, at high concentrations, to label cells (fluid phase mediated endo-

cytosis) in the absence of transfection agents [12, 135]. However, it is worth men-

tioning that SPIO particles, with a diameter of about 100–150 nm were found to be

more efficient for cell targeting than were USPIO nanoparticles, which have aver-

age hydrodynamic diameters of 20–40 nm [135]. This is probably related to the fact

that phagocytic and endocytic uptake increases with increasing particle diameter

(at equivalent coating thickness).

Uptake of the nanoparticles increases with time, but cell viability decreases with

increasing incubation time. An incubation time of 2–4 h has been considered an

acceptable compromise in the case of hematopoietic progenitor cells [135].

There is ample preclinical literature showing that MRI tracking of stem cells is

feasible. Some recent examples are shown in Tab. 2.5 [136–139].

Due to the high anatomical spatial resolution of MRI, its potential for quantifica-

tion, the low cytotoxicity of superparamagnetic nanoparticles and the promising

studies currently available, MR monitoring of cell therapy seems to be a technique

with a good future.

2.4.6.9 T-staging of Uterine Neoplasms

USPIO ferumoxtran-10, evaluated for MR lymph node staging in uterine carci-

noma, was serendipitously found to induce a significant decrease in signal inten-

sity of both myometrum and cervical stroma, thus allowing improved delineation

of uterine neoplasms.

A clinical study involving 17 patients subsequently confirmed that the contrast-

to-noise ratio between tumor and myometrum and between tumor and cervical

stroma was significantly higher on USPIO-enhanced images compared with un-

enhanced images [140].

2.4.6.10 MRI-detectable Embolotherapy

Embolization is frequently used for the treatment of cancer, but it is so far difficult

to locate the injected embolic material and to monitor changes in its structure over

time.

SPIOs embedded in polyglucosamine (chitosan) (100–150 mm in diameter) were

detected by MRI after selective embolization of a renal artery in rabbits [141]. How-
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Tab. 2.5. Animal models of cell tracking: some examples.

Animal model Stem cells Nanoparticle used Result Reference

Experimental

myocardial

infarction in pigs

swine

mesenchymal

stem cells

ferumoxidesþ poly-

l-lysine;

intramyocardial

injection

successful

imaging at 1.5 T

and correlation

with histology

136

mdx mice

(murine model

of Duchenne’s

muscular

dystrophy)

multipotent,

muscle-derived

stem cells

ferumoxidesþ poly-

l-lysine;

intramuscular

injection

Successful

sequential

imaging and

correlation with

histology

137

Healthy rats mesenchymal

stem cells from

the bone marrow

of a syngenic rat

strain

ferumoxidesþ
dendrimer

transfection agent

(Superfect1); intra-
arterial injection into

the kidney

Signal intensity

loss in the cortex;

detection for up

to 7 days

138

CCl4-induced

hepatocyte

necrosis and

inflammation in

rats

mesenchymal

stem cells from

the bone marrow

of a syngenic rat

strain

ferumoxidesþ
dendrimer

transfection agent

(Superfect1);
intraportal injection

Irregular signal

intensity loss,

reflecting the

lobular structure

of the liver;

detection for up

to 12 days

138

C57Bl/6 mice

injected with

ovalbumin-

transfected B16

melanoma cells

(B16-OVA) and

B16 F0

melanoma cells

CD8þ cytotoxic T

lymphocytes

CLIO-HD (highly-

derivatized

crosslinked iron

oxide) incubated

with CD8þ T cells

and injected

intraperitoneally

in vivo detection
of CLIO-HD-

labeled CD8þ T

cells with a

threshold of

around 3 cells

voxel�1

139

Myelin-deficient

md rats

rat

oligodendrocyte

progenitor cell

line CG-4

MION-46-L targeted

to the transferring

receptor Tfr and

grafted into the

spinal cord of

neonate md rats

Successful

ex vivo three-

dimensional MRI

of the migratory

capacity of

transplanted

cells; correlation

with histology

133
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ever, although they are derived from nanoparticles, such objects can no longer be

considered as being nanoparticles.

2.5

Conclusion

The use of superparamagnetic nanoparticulate agents in MRI has been a major de-

velopment in the range of tools available to clinicians. The efficacy of these agents

has led to their being proposed in gastrointestinal tract and hepatic lesion imaging.

The prospects for increased use in lymph node and functional imaging look very

promising. These nanoparticles are also potential disease-specific agents. This po-

tential depends on improved knowledge of the fundamental mechanisms of the in-

teraction of the superparamagnetic agents with the MR signal and also on the con-

trol of the pharmacokinetic behavior of these molecules. In terms of effect on the

MR signal, the use of the dose-dependent effect of the nanoparticles on the T1 re-

laxation time will undoubtedly be an increasingly widely studied research topic in

the near future. The importance of the r2=r1 ratio as a function of the magnetic

field is also emphasized in studies establishing the most appropriate sequences

for the molecules under clinical development. In terms of pharmacokinetics, re-

search into preventing the iron oxide particles from being taken up by the liver

and spleen reticuloendothelial system by appropriate selection of particle charge,

size and coating is of major interest.

The chemical coating of these nanoparticles may also allow them to be linked to

molecules (‘‘pharmacophores’’) capable of specifically targeting a specific area such

as an organ, a disease or a particular biological system such as macrophages or

stem cells. This opens major research avenues with important potential clinical

consequences.

Nanoparticulate molecules can also behave as blood pool contrast agents for MR

angiography at both first-pass and equilibrium. Here, again, clinical applications

are numerous. Furthermore, the ability for such nanoparticles to target inflamma-

tory lesions offers major and very exciting prospects for the characterization of nu-

merous inflammatory and degenerative diseases.

Last, but not least, nanoparticles used for medical imaging purposes are also at

the interface with targeted therapies and can be expected to have the potential to

contribute to the follow-up of such treatments.

In addition to the intravenous route, local administration may also be envisaged

(aerosol, interstitial, subcutaneous injection, etc). This opens up an important re-

search field into more specific agents adapted to clinicians’ needs. Fundamental re-

search is needed to better understand the toxicity issues potentially associated with

nanoparticular molecules in general and particularly their interaction with the im-

mune system.

A bright future can be anticipated for nanoparticular contrast agents provided

their development is based on a rational design through a thorough understanding

of their physicochemistry and biological environment.

2.5 Conclusion 75
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Jundt G, Fröhlich J, von

Schulthess GK, Allegrini PR. MR

imaging with ultrasmall superpara-

magnetic iron oxide particles in experi-

mental soft-tissue infection in rats.

Radiology 2002, 225, 808–814.
120 Lutz AM, Weishaupt D, Persohn E,

Goepfert K, Froehlich J, Sasse B,

Gottschalk J, Marincek B, Kaim

AH. Imaging of macrophages in soft-

tissue infection in rats: relationship

between ultrasmall superparamagnetic

iron oxide dose and MR signal

characteristics. Radiology 2005, 234,
765–775.

121 Hauger O, Delalande C, Trillaud

H, Deminière C, Quesson B, Kahn

H, Cambar J, Combe C, Grenier N.

MR imaging of intrarenal macrophage

infiltration in an experimental model

of nephrotic syndrome. Magn. Reson.
Med. 1999, 41, 156–162.

122 Hauger O, Delalande C, Deminière

C, Fouqueray B, Ohayon C, Garcia

S, Trillaud H, Combe C, Grenier N.

Nephrotoxic nephritis and obstructive

nephropathy: evaluation with MR

imaging enhanced with ultrasmall

superparamagnetic iron oxide.

Preliminary findings in a rat model.

Radiology 2000, 217, 819–826.
123 Strom TB, Carpenter CB. Immuno-

biology of kidney transplantation. In

The Kidney, 4th edn, Brenner BM,

Rector FC (Eds.). Saunders, Philadel-

phia, PA, 1991, pp. 2336–2407.

124 Zhang Y, Dodd SJ, Hendrich KS,

William M, Ho C. Magnetic

resonance imaging detection of rat

renal transplant rejection by moni-

toring macrophage infiltration. Kidney
Int. 2000, 58, 1300–1310.

125 Hauger O, Delmas Y, Deminière C,

Merville P, Combe C, Grenier N.

Late Sinerem-enhanced MR imaging

of renal diseases: a pilot study. Eur.
Radiol. 2004, 14 (Suppl. 2), 202 (abstr.

B-349).

126 Yang D, Ye Q, Williams M, Sun Y,

Hu TCC, Williams DS, Moura JMF,

Ho C. USPIO-enhanced dynamic

MRI: evaluation of normal and

transplanted rat kidneys. Magn. Reson.
Med. 2001, 46, 1152–1163.

127 Persson PB, Hansell P, Liss P.

Pathophysiology of contrast medium-

induced nephropathy. Kidney Int.
2005, 68, 14–22.

128 Laissy JP, Benderbous S, Idée JM,

Chillon S, Beaufils H, Schouman-

Claeys E. MR assessment of iodinated

contrast medium-induced nephro-

pathy in rats using ultrasmall particles

of iron oxide. J. Magn. Reson. Imaging
1996, 7, 164–170.

129 Laissy JP, Idée JM, Loshkajian A,

Benderbous S, Chillon S, Beaufils

References 83



H, Schouman-Claeys E. Reversibility

of experimental acute renal failure in

rats: assessment with USPIO-

enhanced MR imaging. J. Magn.
Reson. Imaging 2000, 12, 278–288.

130 Kanno S, Wu YJL, Lee PC, Dodd SJ,

Williams M, Griffith BP, Ho C.

Macrophage accumulation associated

with rat cardiac allograft rejection

detected by magnetic resonance

imaging with ultrasmall superpara-

magnetic iron oxides particles.

Circulation 2001, 104, 934–938.
131 Johansson L, Johnsson C, Penno E,

Björnerud A, Ahlström H. Acute

cardiac transplant rejection: detection

and grading with MR imaging with a

blood pool contrast agent. Experi-

mental study in the rat. Radiology
2002, 225, 97–103.

132 Bulte JWM, Kraitchman DL.

Monitoring cell therapy using

iron oxide MR contrast agents.

Curr. Pharm. Biotechnol. 2004, 5, 567–
584.

133 Bulte JWM, Zhang SC, van

Gelderen P, Herynek V, Jordan EK,

Duncan ID, Frank JA. Neurotrans-

plantation of magnetically-labeled

oligodendrocyte progenitors: magnetic

resonance tracking of cell migration

and myelination. Proc. Natl Acad. Sci.
USA 1999, 96, 15256–15261.

134 Frank JA, Miller BR, Arbab AS,

Zywicke HA, Jordan EK, Lewis BK,

Bryant LH, Jr, Bulte JWM. Clinically

applicable labelling of mammalian

and stem cells by combining super-

paramagnetic iron oxides and trans-

fection agents. Radiology 2003, 228,
480–487.

135 Daldrup-Link HE, Rudelius M,

Oostendorp RAJ, Settles M,

Piontek G, Metz S, Rosenbrock H,

Keller U, Heinzmann U, Rummeny

EJ, Schlegel J, Link TM. Targeting of

hematopoietic progenitor cells with

MR contrast agents. Radiology 2003,
228, 760–767.

136 Kraitchmann DL, Heldman AW,

Atalar E, Amado LC, Martin BJ,

Pittenger MF, Hare JM, Bulte

JWM. In vivo magnetic resonance

imaging of mesenchymal stem cells in

myocardial infarction. Circulation
2003, 107, 2290–2293.

137 Cahill KS, Gaidosh G, Huard J,

Silver X, Byrne BJ, Walter GA.

Noninvasive monitoring and tracking

of muscle stem cell transplant.

Transplantation 2004, 78, 1626–1633.
138 Bos C, Delmas Y, Desmoulière A,

Solanilla A, Hauger O, Grosset C,

Dubus I, Ivanovic Z, Rosenbaum J,

Charbord P, Combe C, Bulte JWM,

Moonen CTW, Ripoche J, Grenier

N. In vivo MR imaging of intravascu-

larly injected magnetically labeled

stem cells in rat kidney and liver.

Radiology 2004, 233, 781–789.
139 Kircher MF, Allport JR, Graves EE,

Love V, Josephson L, Lichtman AH,

Weissleder R. In vivo high resolution

three-dimensional imaging of antigen-

specific cytotoxic T-lymphocyte

trafficking to tumors. Cancer Res.
2003, 63, 6838–6846.

140 Laghi A, Paolantonio P,

Panebianco V, Miglio C, Iafrate F,

Di Tondo U, Pasariello R. Decrease

of signal intensity of myometrum and

cervical stroma after ultrasmall

superparamagnetic iron oxide

(USPIO) particles administration.

Invest. Radiol. 2004, 39, 666–670.
141 Lee HS, Kim EH, Shao H, Kwak BK.

Synthesis of SPIO–chitosan micro-

spheres for MRI-detectable embolo-

therapy. J. Magn. Magn. Mater. 2005,
293, 102–105.

84 2 Superparamagnetic Nanoparticles of Iron Oxides for Magnetic Resonance Imaging Applications



Nanotechnologies for the Life Sciences Vol. 10
Nanomaterials for Medical Diagnosis and Therapy. Edited by Challa S. S. R. Kumar
Copyright 8 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31390-7

3

Carbon Nanotube-based Vectors for Delivering

Immunotherapeutics and Drugs

Alberto Bianco, Wei Wu, Giorgia Pastorin, Cédric Klumpp,

Lara Lacerda, Charalambos D. Partidos, Kostas Kostarelos,

and Maurizio Prato

3.1

Introduction

Administration of drugs is very often limited by problems of insolubility, ineffi-

cient distribution, lack of selectivity and side-effects raising health concerns. Cur-

rently, most of these problems are the subject of very intense studies, aiming to

improve efficiency, availability and toxicity profiles. In addition, cell membranes

that act as barriers can pose a problem in drug delivery by selectively allowing

only certain structures to pass based on hydrophilicity:hydrophobicity ratios.

Among the currently available delivery systems, which include liposomes, emul-

sions, polymers and microparticles [1–3], carbon nanotubes (CNTs) have recently

gained high popularity as potential drug carriers, therapeutic agents and for appli-

cations in diagnosis [4–10].

CNTs possess a unique and fascinating one-dimensional nanostructure, which

imparts intriguing properties to the nanomaterial, such as tremendous strength

[11], high thermal conductivity [12] and amazing electronic properties ranging

from metallic to semiconducting [13–16]. These all-carbon hollow graphitic tubes

with high aspect and nanoscale diameter [17] can be classified by their structure

into two main types: single-walled CNTs (SWNTs), which consist of a single layer

of graphene sheet seamlessly rolled into a cylindrical tube, and multiwalled CNTs

(MWNTs), which comprise multiple layers of concentric cylinders with a space of

about 0.34 nm between the adjacent layers (Fig. 3.1) [18].

Several techniques, e.g. arc-discharge [19], laser ablation [20], chemical vapor de-

position (CVD) [21] or the gas-phase catalytic process (HiPCO) [22], have been

used to synthesize CNTs. However, up to now, the CNTs prepared by all currently

known methods are mixtures of different tubes with a broad distribution in

diameter and chirality, and often contaminated by impurities (mainly including

amorphous carbon and catalyst particles). Various methods have been developed

to purify CNTs, such as oxidation of contaminants [23–28], microfiltration [29],

chromatographic procedures [30, 31] and microwave irradiation [32–34].

85



One important feature of CNTs is that this material is practically insoluble in

both aqueous and polar/nonpolar organic solvents. Although this characteristic

has hindered their chemical manipulation and potential applications in many

fields, it has stimulated research in their chemical and physical functionalization.

A great effort has been invested in the search for new ways to chemically deriva-

tize the CNTs. Although their tips are very reactive, similar to fullerenes, their side-

walls are much more inert toward chemical reagents. For this reason, there are not

so many methods exhibiting general applicability.

Both covalent and noncovalent functionalization approaches are currently

known that are very helpful in disentangling the CNT bundles, but which have dif-

ferent impacts on their electronic properties.

3.2

Chemical Functionalization of CNTs

3.2.1

Noncovalent Functionalization

The methods of functionalization of CNTs based on noncovalent interaction can be

performed without destroying the intrinsic sp2-hybridized structure of the nano-

tube sidewall, so that the original electronic structure and properties of CNTs can

be preserved. Different kinds of noncovalent functionalization have been explored.

3.2.1.1 p–p Stacking Interactions

The noncovalent functionalization of CNTs could be achieved by p–p stacking in-

teractions between conjugated molecules and the graphitic sidewall of CNTs. Com-

pounds with the pyrene moiety, e.g. N-succinimidyl-1-pyrenebutanoate (Fig. 3.2),

could be adsorbed irreversibly onto the surface of SWNTs through p–p interaction

[35]. Furthermore, via the succinimidyl ester group on this bifunctional anchor,

Figure 3.1. Molecular structures of defect-free SWNTs (left)

and MWNTs (right) with open ends.
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various molecules with primary or secondary amines [such as ferritin, streptavidin

(SA) or biotin–polyethyleneoxide-amine] were covalently attached to the activated

pyrene by nucleophilic attack of the amino group [35]. Using a similar strategy,

some other biomolecules (e.g. protein and DNA) [36–38] and gold nanoparticles

[39] were also coupled to CNTs.

Through the p–p stacking interactions, other classes of molecules, including

phthalocyanines [40–42], porphyrins [43–53] and their derivatives, have been im-

mobilized onto the surface of CNTs (Fig. 3.2). It was demonstrated that this kind

of composite could display photoinduced charge transfer from the dye molecules

to CNTs [42, 45]. The selective interaction between the porphyrin derivative and

CNTs was also discovered [46]. The use of Raman spectroscopy, near-infrared

(NIR) absorption and buck conductivity has shown that porphyrin derivatives could

be selectively adsorbed onto semiconducting nanotubes in a solubilized sample.

This is a convenient method to separate the semiconductive CNTs from metallic

CNTs.

Polymers with conjugated structures could also be coupled to CNTs by p–p

forces (Fig. 3.2) [54–75]. The strong interaction between the conjugated polymer

and the nanotube remarkably increased CNT dispersibilty [54, 61, 66–68]. Some

conjugated polymers have been used to purify CNTs by efficient phase separation

from the main impurity, consisting of amorphous graphitic shells [62, 64, 65]. In

this way, amorphous carbon impurities tend to sediment out of solution, whereas

the nanotubes stay in suspension. In addition, this kind of composite has potential

applications in the optoelectronic field because of energy transfer from the excited

conjugated polymer to the nanotubes [55–60, 63, 66, 69–75].

Figure 3.2. Typical molecules that can noncovalently modify CNTs via p–p stacking interaction.
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3.2.1.2 Hydrophobic Interactions

Another method of noncovalent functionalization of CNTs involves association of

CNTs with amphiphilic molecules through hydrophobic interactions in aqueous

media. In this system, the amphiphilic molecules interact noncovalently with the

aromatic surface of CNTs using their hydrophobic parts, while exposing the hydro-

philic parts to the aqueous solution to minimize the hydrophobic interface be-

tween the nanotubes and their polar environment.

Through hydrophobic interactions, water-soluble polymers polyvinylpyrrolidone

(PVP) and polystyrenesulfonate (PSS) (Fig. 3.3) wrapped helically around the sur-

face of SWNTs helped to dissolve the nanotubes in water [76]. The association

between the polymer and SWNTs, which is reversible by changing the solvent sys-

tem, was very robust, independent of the presence of excess of polymer in solution

and uniform along the surface of the nanotubes.

Surfactants were also conjugated to CNTs via hydrophobic interactions. So far,

various anionic, nonionic and cationic surfactants have been used to suspend

CNTs in aqueous medium (Fig. 3.3) [77–81]. Among them, bile salt surfactants

such as deoxycholic acid (DOC) and taurodeoxycholic acid (TDOC) have been

found to be very efficient in solubilizing SWNTs. This is because the aggregation

was further prevented by the coulombic repulsion between surfactant-coated

SWNTs [81]. In addition, if aromatic moieties in the hydrophobic part of the

amphiphilic molecule were present, particularly strong interactions between the

molecule and the CNTs could be established. This kind of aggregates forms addi-

tional p–p stacking between the aromatic part of the molecule and the graphitic

sidewalls of CNTs while exposing the hydrophilic groups to the aqueous solution.

As an example, sodium dodecylbenzene sulfonate (SDBS) presented an increased

ability in suspending CNTs in water [80]. Some of the surfactants including so-

Figure 3.3. Typical molecules that can noncovalently modify CNTs via hydrophobic interactions.
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dium dodecyl sulfate (SDS), SDBS, DOC or TDOC were found to be very effective

in dispersing individually SWNTs [79–81]. This provided the possibility to study

the properties of individual SWNTs and further manipulate single tubes [82–86].

Hydrophobic interactions were also used to couple biomolecules to CNTs. In

particular, an amphiphilic peptide was wrapped around the SWNT surface. The

peptide was able to adopt an a-helical structure in aqueous solution, exposing the

hydrophobic face of the helix to the nanotube surface [87, 88]. Atomic force mi-

croscopy (AFM), transmission electronic microscopy (TEM), and absorption and

Raman spectroscopy proved that the SWNTs were debundled by the peptide. The

peptide-coated nanotubes were assembled into macromolecular structure through

charged peptide–peptide interactions between adjacent peptide-wrapped nano-

tubes. The size and morphology of the supermolecular structure can be regulated

by controlling the factors that affect peptide–peptide interactions. It was also dem-

onstrated that the ability to disperse individual SWNTs increased with increasing

the amount of aromatic residues inside the peptide sequence [89]. In a similar

manner, different proteins have also been adsorbed onto the surface of SWNTs

and uptaken by mammalian cells (see Section 3.4) [90].

Another interesting approach involved the conjugation of single-stranded DNA

with SWNTs resulting in helical wrapping around the surface of the tube exposing

the hydrophilic sugar-phosphate backbone towards the exterior [91, 92]. Using this

strategy, individually dispersed nanotubes in solution were obtained. CNT wrap-

ping by single-stranded DNA was strongly dependent on the DNA sequence. More-

over, the dependence of the electrostatic properties of the DNA–CNT hybrid on the

tube diameter and electronic properties enable nanotube separation by anion-

exchange chromatography.

In addition to a direct interaction with CNTs, biomolecules have also been at-

tached to SWNTs via amphiphilic molecules as a bifunctional linker. For instance,

phospholipid molecules with phospholipid (PL)–poly(ethylene glycol) (PEG)

chains and terminal amine (PL–PEG-NH2) were noncovalently conjugated to

SWNTs. PL alkyl chains were adsorbed to the surface of SWNTs via hydrophobic

interactions while the PEG chain extended into the aqueous phase for SWNTs dis-

persion. After incorporation of a heterobifunctional crosslinker sulfosuccinimidyl

6-(3 0-[2-pyridyldithio]propionamido)hexanoate (sulfo-LC-SPDP), the functionalized

SWNTs ( f -SWNTs) were coupled with DNA and RNA via disulfide linkage. The

complexes were subsequently delivered to cells (see Section 3.7) [93].

3.2.2

Covalent Functionalization

The characteristics of CNTs such as low curvature, low solubility and bundling ten-

dency make these carbon nanomaterials relatively inert to chemical treatment. So

far, a number of routes to covalent functionalization of CNTs have been developed.

According to the location of the functional groups, the strategies to covalently func-

tionalize CNTs can be classified into two main types: (i) defect functionalization,
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and (ii) sidewall functionalization. The covalent functionalization of nanotubes

is more robust and better controllable compared to functionalization based on non-

covalent methods.

3.2.2.1 Defect Functionalization

CNTs synthesized by any available method are not free of defects. The intrinsic

defects include five- or seven-membered rings called Stone–Wales defects, sp3-

hybridized defects and vacancies in the sp2-hybridized six-membered ring carbon

structure of the sidewall [94, 95]. A limited number of defects can be tolerated by

CNTs without losing their macroscopic electronic and mechanical properties [96–

98]. In addition, the tips of the tubes, forming a hemispherical fullerene, have

stronger reactivity than the sidewalls because of their higher curvature [99, 100].

When treated with strong oxidizing agents such as nitric acid, KMnO4/H2SO4,

O2, K2Cr2O7/H2SO4 or OsO4, CNTs could be opened and cut into short tubes. In

the meantime defects were introduced around the CNT surface [28, 95, 100, 101].

Moreover, oxygenated functional groups such as carboxylic acid, ketone, alcohol

and ester groups were generated by the oxidization process to the ends and the de-

fect sites of the nanotubes [102]. These functional groups were very important to

further functionalize CNTs. Sonication could also produce defects on the sidewall

of CNTs that were eager for further chemical reactions [103–106].

Using the nanotube-bound carboxylic acid groups introduced by oxidization

treatment, further functionalization was performed via amidation, esterification

or the zwitterionic COO�NH3
þ formation. Before covalent modification, the

carboxylic acids are often activated by thionyl chloride, carbodiimide [e.g. N-(3-

dimethylaminopropyl)-N 0-ethylcarbodiimide (EDC) or N,N 0-dicyclohexylcarbodii-

mide (DCC)] or N-hydroxysuccinimide (NHS), to get highly reactive intermediate

groups (Scheme 3.1). Esterification was achieved by the nucleophilic substitution

reaction of nanotube carboxylate salt with alkyl halides [107]. The functionalization

of CNTs via nanotube carboxylic acids, located at the ends or pre-existing defects of

CNTs, preserved the essential features of the CNT electronic structure as well as

the bulk properties of the material [102, 108].

The first shortened soluble SWNTs were obtained through carboxylic amidation

using octadecylamine [102]. Since then, various lipophilic and hydrophilic den-

drons have been attached to CNTs via amide or ester linkages, which signifi-

cantly improved the solubility of CNTs in organic or aqueous solvents [109]. These

groups could be subsequently removed under basic or acidic hydrolysis conditions

[110]. In addition, following this functionalization process, CNT bundles were

largely exfoliated into individual nanotubes [96]. This enabled further manipula-

tion and investigation of the spectroscopic properties of individual SWNTs.

Via amidation or esterification, polymers like poly-propionyl-ethylenimine-co-
ethylenimine (PPEI-EI), poly-n-vinylcarbazole (PVK-PS) and PEG were grafted to

the surface of CNTs [111]. Another approach called ‘‘graft from’’ was developed to

attach polymer to CNTs. The polymerization initiators were first covalently bound

to CNTs and then the nanotube-based macroinitiators were exposed to monomers

to accomplish the polymerization. In particular, polymer poly-n-butyl methacry-
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late (PnBMA), poly-methyl methacrylate (PMMA) and copolymer PMMA-b-poly-
hydroxyethyl methacrylate (PHEMA) have been coupled to CNTs via atom transfer

radical polymerization (ATRP) [112, 113].

Defect functionalization was used to link biological molecules to CNTs via stable

covalent bonds. For example, f -SWNTs and f -MWNTs with bovine serum albumin

(BSA) were synthesized via diimide-activated amidation at ambient condition. It

was found that the protein bound to nanotubes remained active [114]. SA (a pro-

tein with potential clinical applications in anticancer therapy) was complexed to

SWNTs prefunctionalized with biotin through EDC activated amidation [115]. Sim-

ilarly, using the biotin–SA interaction, a biotinylated DNAzyme was covalently at-

tached to MWNTs prefunctionalized with SA via amide linkage. The nanotube-

bound DNAzymes displayed highly active and classical enzymatic behavior [116].

DNA was also bound to CNTs via amide linkage [117, 118]. DNA–CNT conju-

gates were hybridized with their complementary sequences and this hybridization

was apparently reversible upon a denaturation process. The derived single-strand

DNA–CNTs could be reused in a second-round of hybridization. In another case,

DNA recognition was achieved by peptide nucleic acid (PNA) f -SWNTs, in which

PNA was attached to SWNTs via NHS activated SWNTs [119].

3.2.2.2 Sidewall Functionalization

The sidewalls of CNTs have an aromatic, six-membered ring structure. So far,

various kinds of reactions of the sidewall have been developed such as fluorina-

Scheme 3.1. Typical CNT carboxylic acid derivatization routes.
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tion, radical addition, nucleophilic addition, electrophilic addition and cycloaddi-

tion [120]. There are two principal sources of molecular strain that affect the reac-

tivity in nonplanar conjugated molecules: (i) pyramidalization of the conjugated

carbon atom and (ii) p-orbital misalignment between adjacent pairs of conjugate

carbon atoms. Unlike fullerene, in which the strain is primarily from pyramidali-

zation, p-orbital misalignment is the main source of the strain for the sidewalls of

CNTs. Since p-orbital misalignment, as well as pyramidalization, scales inversely

with nanotube diameter, nanotubes with a smaller diameter display a higher chem-

ical reactivity [99]. Differing from defect reactions, sidewall reactions disrupted the

conjugated structure of CNTs, as monitored by Raman or absorption spectroscopy.

In the Raman spectrum of pristine SWNTs, three main characteristic modes were

disclosed: (i) the radial breathing ðorÞ below 350 cm�1, (ii) the tangential ðotÞ
mode at 1550–1600 cm�1 and (iii) the disorder (sp3) mode at 1250–1450 cm�1.

The radial breathing mode was demonstrated to be in strong relationship with the

diameter of the nanotube [121]. The relative intensity of the disorder mode was re-

lated to the amount of sp3-hybridized carbon atoms in the SWNTs and thus pro-

vided direct information of the extent of sidewall functionalization, in which the

carbons linked to functional groups were converted from sp2-hybridized into sp3-

hybridized carbon [122]. The absorption spectrum reflected the sidewall covalent

modification of SWNTs. The disruption of the conjugated structure caused by

the reaction led to the loss of optical transitions between van Hove singularities in

the electronic density of state (DOS) of CNTs, which was detected as the loss of the

structure of the absorption spectrum [123].

3.2.2.2.1 Fluorination The fluorination of SWNTs was accomplished through the

reaction of SWNTs with elemental fluorine at temperatures ranging from 150

to 600 �C [124]. By controlling the reaction conditions such as temperature and

time, the stoichiometry could be regulated. In some cases, a stoichiometry of C2F

was obtained (see Scheme 3.3). The investigation of absorption and Raman spectra

indicated the electronic perturbation of fluorinated SWNTs. The fluorination al-

lowed exfoliation of SWNTs bundles into individual nanotubes and remarkably

improved the solubility of SWNTs in tetrahydrofuran (THF), dimethylformamide

(DMF) and various alcohols [125]. The CaF bonds were very sensitive to the treat-

ment with hydrazine, which allowed almost complete recovery of the conduc-

tivity and the spectroscopic properties of the pristine SWNTs [124]. It was demon-

strated that the Fermi energy level of fluorinated SWNTs, as well as the conduction

band energy, were significantly shifted to lower values compared to those of the

pristine SWNTs. This revealed that fluorinated CNTs were better electron accep-

tors than pristine nanotubes, and thus displayed higher chemical reactivity to

strong nucleophilic reagents like Grignard, alkyllithium reagents and metal alkox-

ides (Scheme 3.2). The same result was reached by exploiting the eclipsing

strain effect that weakened the CaF bonds in fluorinated CNTs relative to the

CaF bond in alkyl fluorides [126, 127]. It was proposed that the substitution of

fluorine by nucleophilic reagents proceeds via a concerted allylic displacement

[126].
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3.2.2.2.2 Radical Addition The addition of radicals to SWNTs was carried out us-

ing different radical sources including perfluorinated alkyl radicals photoinduced

from perfluoroalkyl iodide [128], aryl radicals generated by one-electron reduction

of the diazonium salt [129–131], radicals produced by decomposition of benzoyl

peroxide in the presence of alkyl iodides [132], or directly produced by decomposi-

tion of benzoyl or lauroyl peroxide [133].

The functionalization of SWNTs with diazonium reagents was achieved by three

different methods: electrochemical reaction [119], thermochemical reaction in sol-

vent [130] and using a solvent-free system [131] (Scheme 3.3). The resultant

SWNTs displayed very high degree of functionalization. It was also demonstrated

that metallic SWNTs showed higher reactivity in these types of reactions than

semiconductive SWNTs, which would allow CNT separation [134].

Scheme 3.2. Fluorination of CNTs and further modification routes.

Scheme 3.3. Example of a strategy to functionalize SWNTs

with diazonium compounds. ODCB ¼ orthodichlorobenze.
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3.2.2.2.3 Nucleophilic and Electrophilic Addition Due to the high electron affinity

imparted by the curvature of sidewall [135], CNTs were reacted with strong nucle-

ophilic reagents such as nucleophilic carbene [128], sec-butyllithium [136], poly-

meric carbanions [137] and Birch reduction reagents (lithium/1,2-diaminoethane

[108] or lithium/ammonia [138]) to form various f -CNTs (Scheme 3.4).

In addition, the electrophilic addition was also achieved by the reaction of

chloroform with the sidewall of CNTs in the presence of Lewis acid [139].

3.2.2.2.4 Cycloaddition Various cycloaddition reactions to CNTs have been devel-

oped, including ½2þ 1� cycloaddition of dichlorocarbene [108], nitrenes [128] and

bromomalonates under Bingel reaction conditions [140], ½4þ 2� Diels–Alder

cycloaddition of o-quinodimethane performed under microwave irradiation [141],

½3þ 2� cycloaddition of azido groups under ultraviolet (UV) irradiation [142], and

azomethine ylides [143]. The 1,3-dipolar addition of azomethine ylides is particu-

larly versatile for the functionalization of CNTs [143–145]. This strategy is suitable

for different types of CNTs (e.g. pristine and purified SWNTs or MWNTs), and

involves the in situ generation of an azomethine ylide through the decarboxylation

of an immonium salt derived from condensation of a a-amino acid and an alde-

hyde in the presence of CNTs. This afforded functionalization of CNTs with the 2-

substituted pyrrolidine (Scheme 3.5).

Scheme 3.5. 1,3-Dipolar cycloaddition reaction of azomethine ylides to SWNTs.

Scheme 3.4. Reaction of SWNTs with nucleophilic carbene.
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The CNTs modified by this method possessed a very high degree of func-

tionalization and improved solubility in organic or aqueous solvents [143, 146].

The disruption of the aromatic structure of the sidewalls of the f -SWNTs was

proven by absorption spectroscopy [143]. This functionalization technique was

also used to purify CNTs [147]. Protected amino groups were introduced onto the

surface of CNTs via 1,3-dipolar cycloaddition of azomethine ylides [143, 148]. For

instance, f -CNTs with N-protected glycine were achieved using N-protected amino

acid, which were subsequently used to link biomolecules (e.g. bioactive peptides)

by fragment condensation or selective chemical ligation (see Section 3.5) [148,

149].

3.2.2.2.5 Multifunctionalization of CNTs The first multifunctionalization of CNTs

was achieved using a vertically aligned MWNT membrane. One method involved

the protection of the sidewalls of CNTs with polystyrene in the process of plasma

oxidation that produced carboxylate derivatization. Under this process, aligned

MWNT membranes functionalized with carboxylic acid groups at the terminal

parts were obtained. Thereafter, bifunctional CNTs with thiol groups on one end

and carboxylic groups on the other end were accomplished by floating on top of a

2-aminoethanethiol reaction solution one side of the oxidized CNTs membrane

[150]. Another approach was carried out by floating directly one side of an aligned

MWNTs membrane on 3 0-azido-3 0-deoxythymidine (AZT) solution in ethanol

under UV irradiation and, after removal of absorbed AZT molecules by washing

with ethanol, laying the unmodified side on the surface of a perfluorooctyl iodide

solution in 1,1,2,2-tetrachloroethane (TEC) under UV irradiation. Thus, bifunc-

tionalized MWNTs with AZT molecules and perfluorooctyl chains were obtained

[151].

These two methods of CNT bifunctionalization are quite complicated and lim-

ited to aligned MWNTs. Using a different method, Wu and coworkers introduced

an orthogonal protecting methodology into the chemical modification of nanotube

to achieve the multifunctionalization of CNTs [152]. In particular, diaminotriethy-

lene glycol chains mono-protected by phthalimide were linked to the carboxylic

acids of oxidized MWNTs. In a second step, a suitable N-substituted glycine with

a diaminotriethylene glycol chain mono-protected by tert-butyloxycarbonyl (Boc)

was introduced via 1,3-dipolar cycloaddition (Scheme 3.6). Since the phthalimide

is stable to harsh acidic conditions and orthogonal to the Boc, the selection and

control of attachment of different molecules was possible [152]. In this case,

CNTs containing both fluorescein and amphotericin B (AmB) were prepared, and

bioactivity of the conjugates was studied (see Section 3.6) [152]. This method of

bifunctionalization is general and suitable for different types of CNTs.

In summary, the functionalization and consequent applications of CNTs

have been dramatically increased in the last few years. The chemical modifi-

cation of CNTs cannot only endow these intriguing nanomaterials with vari-

ous functions, but also extend their potential applications to different fields of

research.
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3.3

CNTs in Diagnosis

A biosensor can be defined as the spatial combination of a biological recognition

element and a transduction process into an electrical signal [153]. One of the

most used recognition element, due to its high chemical specificity and inherent

biocalalytic signal amplification, is an enzyme. Other elements like antibodies, nu-

cleic acid and aptamers are also commonly incorporated into biosensing devices.

An important issue in the elaboration of new sensors for application in living sys-

tems is to avoid invasive tools, which may cause trauma [154]. In this context, the

development of electrical instrumentations has paved the way for miniaturization

of noninvasive biosensors. This type of device requires an electronic conductor and

a binding agent for recognition [155]. Due to their particular structure [156, 157],

CNTs are very promising for the development of new alternative biosensors. The

Scheme 3.6. One of the routes to the

bifunctionalization of CNTs. (a) Neat (COCl)2;

Pht-N(CH2CH2O)2-CH2CH2-NH2, dry THF,

reflux; (b) Boc-NH-(CH2CH2O)2-CH2CH2-

NHCH2COOH/(CH2O)n, DMF, 125 �C;
(c) hydrated NH2-NH2, EtOH, reflux;

(d) FITC, DMF; (e) HCl 4 M in dioxane;

(f ) Fmoc-AmB, HOBt/EDC� HCl/DIPEA,

DMF; 25% piperidine in DMF. Boc ¼ tert-

butyloxycarbonyl; DIPEA ¼ diisopropylethyl-

amine; FMOC ¼ fluorenyl-methyloxycarbonyl;

FITC ¼ fluorescein isothiocyanate; HOBt ¼
1-hydroxybenzo-triazole; Pht ¼ phthalimide.
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aromatic carbon structure of CNTs is characterized by a ðm; nÞ lattice vector in the

graphene plane. The two indices determine the diameter and chirality of the nano-

tubes. When n ¼ m, the rolling process leads to an armchair tube with a metallic

behavior. When n�m ¼ 3i, where i is an integer, the nanotubes adopt a zigzag

conformation and behave as semimetallic species. Finally, when n�m0 3i, the
resulting nanotubes are chiral and semiconductor. Semiconducting nanotubes

represent about two-thirds of the SWNTs, whereas metallic tubes represent about

one-third. These properties could be exploited for the fabrication of new electronic

devices containing CNTs such as field-effect transistors (FETs), nanoelectrode

arrays (NEAs), nanoelectrode ensembles (NEEs) or screen-printed electrodes

(SPEs) [158–167]. FET devices need semiconductor-type nanotubes. Currently,

no method of production permits us to obtain a specific type of nanotubes. Some

studies were carried out on the separation or selection of semiconducting and me-

tallic nanotubes [168–171].

This section will describe the utilization of CNTs in FETs and in modified

electrodes (NEAs, NEEs and SPEs). Initially, the methods of preparation of the de-

vices will be addressed and then their applications in the field of biosensing will be

illustrated.

3.3.1

CNTs in FETs

The FET is a transistor that relies on an electric field to control the shape and

hence the conductivity of a channel in a semiconductor material. Basically, two

metal electrodes called the source and drain are connected by the channel, and a

third component (the gate) is separated from the channel by a thin insulator film.

The latter, usually made up of Si, is replaced by semiconducting SWNTs in CNT-

based FETs [158, 164]. There are two types of FETs: (i) p-type and (ii) n-type. If a

negative charge is placed on the gate and the applied voltage exceeds a certain

threshold, then a hole current flows in a p-type system. For a n-type FET, the cur-

rent flows when a positive charge is present on the gate and the voltage exceeds the

threshold [166].

3.3.1.1 Fabrication

As CNTs are still emerging in the field of electronic devices, the protocols for their

preparation are not yet optimized. A CNT-based FET was built by positioning a

semiconducting SWNT between two metal electrodes. Typically, as-prepared

SWNTs were purified by acid treatment to remove metal particles, which can in-

terfere with the electronic properties of the nanotubes. Other, more elaborate

techniques to obtain highly pure nanotubes (up to 95% wt) consisted of heating

as-grown HiPCO SWNTs in wet air in the presence of H2O2, followed by acid treat-

ment, magnetic fractionation and vacuum annealing [168]. Subsequently, the nano-

tubes were dispersed in an organic (dichloromethane) or aqueous solution with a

surfactant like sodium dodecyl benzene sulfonate [164, 168]. The suspension was

then deposited on a substrate constituted of a degenerately doped, oxidized silicon
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wafer. An alternative technique consisted on the growth of SWNTs directly on the

SiO2/Si water by chemical vapor deposition (CVD) [36, 172–176]. Once the SWNTs

were deposited, the electrodes were fabricated with electron beam lithography, fol-

lowed by thermal evaporation and lift-off. The degenerately doped silicon was used

as back gate electrode. At this stage, the channel was composed of a simple SWNTs

or a small bundle with properties ranging from semiconducting to metallic behav-

ior (Fig. 3.4). To select only semiconducting SWNTs, a source-drain current I was

applied at different bias voltage Vb and gate voltage Vg. Typically, the I–Vg curve at

low voltage bias shows a low source–drain resistance and almost no gate response

for metallic nanotubes [168]. These types of CNT FET devices behave as p-type

FETs with holes as dominant carriers. However, by using a network of SWNTs be-

tween the drain and the source, the network exhibited a semiconductor-like con-

ductance as semiconducting SWNTs represented about two-thirds of the tubes

[176]. Efforts have been made to improve them, thus now they can be built with a

gm transconductance of 2300 mS mm�1 whereas a gm of 650 mS mm�1 was obtained

for the same device based on silicon. Moreover, the parasitic contact resistance

changed from more than 1 to 100 kW or above [166]. In addition, a method to

select semiconducting SWNTs by current-induced electrical breakdown was devel-

oped. This technique permitted a direct current-induced oxidation only at the me-

tallic SWNTcomponent of the CNT bundle by previously depleting semiconducting

SWNTs with the gate [177].

Even at this early stage of development, CNT-based FETs have been shown to

outperform the corresponding Si-based devices. Their applications in sensing can

therefore offer considerable improvements.

3.3.1.2 FET Biosensors

CNTs have already been successfully employed for sensing chemical species. In

fact, molecules were adsorbed onto the surface of nanotubes. The fringing electric

field radiating from the CNT surface polarized the molecules, increasing the capac-

Figure 3.4. A typical CNT-based FET. The nanotube serves as a

semiconductor between the source and the drain electrode. The

silicon wafer in this case is used as a back gate.
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ity of the system. Different chemical vapors including NO2 and NH3, and a wide

range of chemicals were detected [35, 160, 178–181]. A more sophisticated system

based on a single-strand DNA-SWNT-FET was designed. The source–drain current

was a function of the chemical environment and was modulated by the DNA

sequence. In fact, depending on the DNA sequence covering the nanotube, the

response for a same gas can be different in both sign and magnitude. Thus, the

selection of a DNA sequence can enhance the detection of a specific gas and can

serve for the design of ‘‘molecular noses’’ able to detect one molecule in a strong

and variable background. The sensor had a rapid response and was also self-

regenerating as it could undergo 50 gas exposure cycles [174].

In the field of biosensing, CNT-based FETs appeared as promising devices. Glu-

cose biosensors are particularly requested. In industrialized countries, about 4% of

the population is prone to diabetes. Thus, the selective determination of blood glu-

cose is of crucial importance. In vivo monitoring requires a biosensor with long-

term stability, selectivity and sensitivity in the millimolar range. Usually, the sensor

for this type of application requires to couple the enzyme glucose oxidase to the

electrochemical transducer. In the case of a CNT-based FET, it was possible to link

noncovalently the enzyme via a pyrene moiety [35]. 1-Pyrenebutanoic acid succini-

midyl ester was adsorbed onto the nanotube surface by strong van der Waals inter-

actions. The enzyme was subsequently reacted with the active ester, thus forming a

covalent linkage. The quantity of enzyme deposited on the CNT support was about

one enzyme molecule every 12 nm of nanotube. Such FET allowed the detection of

pH changes down to 0.1, by measuring the difference of conductance. Similarly,

the CNT sensor could detect the activity of the enzyme in the presence of glucose

down to 0.03 mM [36]. This technique was also applied to the recognition of pro-

teins by using biomimetic sensors. One example concerned the sensing of throm-

bin via an aptamer [172]. An aptamer is an artificial oligonucleotide that can bind

any kind of entity (e.g. metal ions, small organic molecules, proteins and/or cells).

The affinity, selectivity and specificity are equal or superior to those of antibodies.

Practically, the immobilization of thrombin aptamer was achieved by first covering

the nanotube in the FET with carbodiimidazole (CDI)-Tween. Tween possess a

hydrophobic part, which bound noncovalently to the tube, while the CDI moiety

allowed covalent fixation of the aptamer. The measurement of the conductance per-

mitted the detection of thrombin in the millimolar range. The selectivity appeared

very high in comparison to elastase. Elastase is another serine protease with an iso-

electric point (pI) and molecular weight similar to thrombin. However, no changes

in the conductance were observed in its presence. Although the specificity and

selectivity could be very high, the mechanism of electrical conductance changes

is still not well understood. Dai and coworkers fabricated three different types of

devices to better comprehend this phenomenon [175]. The first device consisted

of a system with unmodified CNTs and Pd/Au electrodes. The second had a

methoxy(PEG)thiol covering the metal electrodes to block nonspecific protein ad-

sorption. The third tool was modified at the electrode and the nanotube was coated

with Tween 20. The conductance measurements were performed in the presence

of different proteins including BSA, human serum albumin (HAS), human cho-
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rionic gonadotropin (hCG), a-hCG, human immunoglobulin G (hIgG) and avidin.

Unspecific binding led to a decrease of conductance on the first device, a change

was detected only for avidin on the second and any change at all was observed on

the third. All the proteins used have a pI around 5–7, meaning that at physiologi-

cal pH they are neutral or slightly charged. Avidin was an exception, because its

pI is between 10 and 11, highlighting the importance of the positive charges. The

advanced hypothesis for the mechanism of conductance modifications was that

the variation originated from the metal–tube contact. These p-type devices always

exhibit a decrease upon protein adsorption. This behavior was similar to a reduc-

tion of the work function of a metal. In the case of Pd electrodes, the Schottky bar-

rier to the valence band of the nanotubes is mainly zero. The biomolecular adsorp-

tion increased this barrier. However, in the case of avidin, the charges on the CNT

surface exerted gating effects or charge transfer causing variations in the electrical

conductance.

The CNT-based FETs have also been used in an antibody-based sensor [175]. For

example, the hCG–a-hCG antigen–antibody system is currently used for clinical

pregnancy tests. The hCG protein could be adsorbed and detected onto the nano-

tube FET. A signal was observed upon the addition of a-hCG. This biosensor was

capable of detecting species in the nanomolar range. The same comparison was

done by using antibody-specific binding onto the tubes [176]. CNTs were first

covered by Tween. Then U1A RNA splicing factor was linked to the Tween after

activation with 1,1-carbonydiimidazole. U1A is a prominent autoantigen target in

systemic lupus erythematosus. The measurements revealed the binding of the

monoclonal antibody 10E3, which recognizes U1A specifically, at a concentration

of 1 nM or below. CNT-based FETs were also functionalized with hemagglutinins

(HAs) [173]. Instead of binding the proteins directly to the nanotubes, they were

attached on the reverse side of the silicon wafer (Fig. 3.5). The silicon wafer was

oxidized with H2SO4 for the fixation of a dithiothreitol linker. Next, the introduc-

tion of a maleimide linker permitted the coupling of HA. The I–Vg curves mea-

sured in the presence of various concentrations of an antibody anti-HA showed a

detection limit of approximately of 5� 10�8 mg mL�1. Comparing these results to

the same experiment with an enzyme-linked immunoadsorbent assay (ELISA), the

FET increased the limit of detection by three orders of magnitude.

Therefore, the preliminary results on CNT-based FETs displayed an increase in

the sensitivity as well as better detection limits. The great advantage of these new

FETs stems from their small size, because miniaturization is an important param-

eter for the development of biosensors able to work at the single-cell level.

3.3.2

CNT-based Electrodes

The construction of nanoelectrodes is a great challenge to create miniaturized sen-

sors. Reducing the size will enable us to detect species in microenvironments with

high sensitivity. Thus, the utilization of nanomaterials is highly recommended.

CNTs can be considered ideal candidates.

100 3 Carbon Nanotube-based Vectors for Delivering Immunotherapeutics and Drugs



3.3.2.1 Fabrication

Several techniques were used to prepare CNT-modified electrodes. One approach

consisted on the covalent linkage of oxidized nanotubes to a metal electrode (usu-

ally Au) [182, 183]. The purification of nanotubes by acid treatment shortened the

nanotubes leading to free carboxylic functions mainly at the tips. An Au electrode

was functionalized with a mixture of cysteamine and 2-thioethanol. The CNT cou-

pling reaction was performed in the presence of an activator of the carboxylic

groups (EDC or DCC). 2-Thioethanol was used to avoid nonspecific adsorption of

the nanotubes onto the electrode surface as well as to prevent accumulation of

the nanotubes on it. The obtained CNT array was further functionalized with any

biological species to finalize the elaboration of the electrode (Fig. 3.6).

Another technique was based on the deposition of a metal film (usually Pt or Cr)

on a Si wafer to serve as an electrical contact for the nanotubes. Then, a Ni catalyst

was deposited on the top of the metal film and the nanotubes were grown by CVD

[165, 184]. The forest-like vertically aligned nanotube array was encapsulated by a

dielectric film (SiO2 or Epon 828 epoxy-based polymer), dramatically increasing the

mechanical strength of the nanotube array, so that a chemical mechanical polish-

Figure 3.5. CNT-based FET functionalized on its reverse side.

The silicon wafer is oxidized on the reverse side to allow the

linkage with HA. The current is measured in air by applying a

voltage to the back gate facing the reverse side.
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ing process could be applied. This treatment oxidized the exposed end of the tubes

and allowed control of the quantity of available nanotubes. Again, the nanotubes

were ready to be further functionalized to create the nanoelectrode sensor (Fig.

3.7). A third approach to fabricate the electrodes was based on the utilization of

the SPE technique [185, 186]. The working and the reference electrodes were

made of carbon paste. Three masks were used to form: (i) sliver conducting

lead wires, (ii) the carbon film for electrochemical reactions and (iii) the insulating

film. In the reaction compartment, the carbon paste film was modified by CNTs.

Oxidized CNTs were dropped with a solution of N-cyclohexyl-N 0-(b-[N-methylmor-

pholino]ethyl)carbodiimide p-toluenesulfonate (CMC) to afford a hydrophilic poly-

mer layer after drying in hot air. Alternatively, oxidized CNTs were dispersed in

DMF and then incubated with EDC and NHS to be activated for the coupling of

the bioactive molecule.

3.3.2.2 Nanoelectrode Biosensors

As mentioned for CNT-based FETs, the environment around the tubes changes

their conductance. The measurement of the current will give direct information

of the medium. A modified glassy carbon electrode was constructed to detect

hydrogen peroxide. Nanotubes were first suspended in Nafion, which possess ion-

exchange, discriminative and biocompatibility properties [187]. The suspension

was then simply deposited onto the electrode. In this case, cyclic voltammograms

displayed oxidation and reduction currents, whereas in comparison no redox activ-

ity was observed for a simple glassy carbon electrode. Nevertheless, the preparation

of biosensor required the immobilization of a biological entity. This can be done by

linking the molecule to the free carboxylic groups of the nanotube tips. To control

Figure 3.6. Nanoelectrode made of CNT arrays. The CNTs are

disposed in a forest-like structure. The carboxylic groups on

their tips are not hindered and can be easily functionalized.
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the specificity of the binding location, it is crucial to avoid any nonspecific absorp-

tion. Some reports described the interaction of proteins with nanotubes [188, 189].

For example, SA strongly bound to nanotubes [188]. Hence, the protection of the

sidewall of the tube can be performed by wrapping a polymer like Triton X co-

adsorbed with PEG [189]. This provided an efficient barrier against protein adsorp-

tions. As a consequence, specific immobilization of glucose oxidase at one tip of

the nanotube was achieved via reconstitution of the apo-flavoenzyme glucose oxi-

dase with the flavin adenine dinucleotide (FAD) cofactor [183]. The free amine of

the FAD was coupled to the carboxylic end by activation with EDC. After addition

of the apo-glucose oxidase, the glucose enzyme was reconstituted at the top of the

tubes. The turnover rate of electrons transferred to the electrodes was 6-fold higher

than for the active site of the glucose oxidase to its natural O2 electron acceptor. By

controlling the length of the tubes in the array, the measurements of the current

revealed that the electrons could be transported along distances greater than

150 nm. Evidently, a shorter length enhances the electrocatalytic current. Another

method used the nanoelectrode ensembles where the carboxylic end-groups of the

nanotubes were directly coupled to the glucose oxidase [184]. This glucose sensor

showed high selectivity towards the substrate. Indeed, a negligible signal was ob-

served for ascorbic, uric acid and acetaminophen. The nanoelectrode gave a linear

Figure 3.7. A nanoelectrode ensemble. The

nanotubes are grown directly on the metal film

via a catalyst (usually nickel). After deposition

of the dielectric film, the number of nanotubes

tips present on the surface can be selected by

polishing. A weak polishing lets only the

longest tubes appear with a low-density

nanoelectrode array.
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response up to 30 mM glucose. For practical use, the required linear response

is 15 mM. The detection limit of the system was 0.08 mM. These types of sensors

could be extended to other enzymes, like microperoxidase MP-11 [182].

The utilization of nanotubes also permitted the development of nucleic acid

sensors [165, 185]. The free carboxylic functions on the carbon nanoelectrode

were used to covalently link different 5 0-amine modified oligonucleotides. In this

manner, the oxidation of guanine bases could be monitored to detect DNA hybrid-

ization. Several ways were explored to construct this type of sensor. Initially, the

sensors exploited the utilization of oligonucleotide probes in which guanines were

replaced by nonelectroactive inosines to eliminate the redox background [165]. The

complementary DNA sequence was instead modified with a 10-base polyguanine

at the 3 0 position. However, the background noise remained high because of the

low oxidative current resulting from the small number of guanines. To circumvent

this problem, a Ru(bpy)2
3þ mediator was introduced to transfer the electrons from

the base to the electrode. Polymerase chain reaction (PCR) amplicons were then

detected. An improvement of at least 30 times was obtained in comparison to the

use of the same kind of technique with a silane-modified electrode. In a similar

approach, hybridization was observed with the single-strand binding (SSB) protein,

which plays an important role in DNA replication [185]. The SSB protein binds

specifically to the single-strand DNA, while it has almost no affinity toward

double-strand DNA. The protein sequence comprises four tyrosines and four tryp-

tophans. The electrochemical oxidation of these residues was measured when the

protein was immobilized onto the electrode. Then, specific detection of single-

strand DNA in the medium was monitored by signal changes upon binding. At

this stage of development, the performances of the biosensor remained constant

for 1 week, but decreased 10-fold after 1 month and vanished after 2 months. A

third technique of fabrication was applied to carbon nanoelectrodes for monitoring

total cholesterol in blood [186]. Cholesterol oxidase, peroxidase, potassium ferro-

cyanide and threhalose dissolved in a buffer were deposited onto the reaction area

of the electrode. Then, a hydrophilic polymer was applied to coat the rest of the

electrode. Finally, cholesterol esterase, threhalose and Triton X in a phosphate

buffer were deposited. The enzymatic cascade led to the formation of hydrogen

peroxide, which was reduced by the ferrocyanide. The resulting current was re-

corded at various concentrations of cholesterol. While a nonlinear relationship

was obtained between the cholesterol concentration and the current response

for an unmodified electrode, an almost linear response was observed for a CNT-

modified electrode. Moreover, the CNTs provided almost double the sensitivity, an

acceptable repeatability over three consecutive assays, no interference effect from

ascorbic and uric acids, and a stability at room temperature over 2 months.

In summary, CNTs are endowed with appropriate characteristics for the elabora-

tion of biosensors. They possess high electronic conductivity and nanometric size.

Miniaturization is an important parameter in the conception of more efficient sen-

sors, which could be used to control biochemicals at the single-cell level. The cur-

rent performance of nanotube-based biosensors has already overtaken the other

sensors, but optimization still needs to be reached. Glucose biosensors are very
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promising. However, numerous other oxidases exist and can be employed for the

design of novel CNT-based biosensors. A bright future awaits these new sensors

for pharmaceutical and clinical use.

3.4

CNT Cell Uptake

CNTs started to develop as new drug delivery systems because of their capacity to

penetrate cell membranes and distribute into the cytoplasm and/or the nucleus.

Figure 3.8. Molecular structure of FITC– (left) and fluorescent peptide–CNT (right) conjugates.

Figure 3.9. Confocal image of HeLa cells incubated with the

fluorescent peptide–CNT conjugate.
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This behavior was observed for the first time in 2004 by Pantarotto and coworkers

[190]. The amino groups of f -CNTs were coupled either to fluorescein isothiocya-

nate (FITC) or to a peptide bearing FITC on the side-chain of a lysine (Fig. 3.8).

Subsequently, fibroblasts were incubated with the fluorescent nanotubes. It was

found that these tubes were easily internalized by the cells and could be detected

in the cytoplasm and the nucleus using epifluorescence and confocal micro-

scopy [190]. This penetrating capacity was also observed in other types of cells

(Fig. 3.9).

The mechanism of uptake of this type of f -CNTs was energy independent and

nonendocytotic. Indeed, the incubation of the fluorescent tubes with different

types of cells in the presence of sodium azide or 2,4-dinitrophenol, well-known

endocytosis inhibitors, did not block the penetration capacity of the tubes. The re-

duction of the temperature of incubation from 37 to 4 �C again did not affect cell

uptake to a significant extent.

When the CNTs were devoid of the fluorescent moiety, they could be detected in

the cells using transmission electron microscopy (TEM) [191]. Ammonium f -
CNTs were incubated with HeLa cells. After washing, staining and fixing, the cells

were embedded into a polymer that was cut into thin slices of 90 nm thicknesses

using a diamond microtome. Each slice was deposited on a TEM grid and observed

under the microscope. Functionalized nanotubes were visible in the cytoplasm and

the nucleus. The tubes were also identified at the level of the cellular membrane

in the process of crossing this barrier [191]. The shape of the tube was elongated,

suggesting a behavior as a nanoneedle, capable of piercing the lipid bilayer of the

membrane without provoking cell death. This mechanism, which can be defined

as nanopenetration, was observed by Cai and coworkers, who developed an effi-

cient molecular delivery technique called nanotube spearing [192]. In this case,

CNTs filled with magnetic particles were cultured with MCF-7 cells. Under the

action of a magnetic field, the suspended tubes were put in rotation to spear the

cells. A second static magnetic field was applied under the plate where the cells

were grown to pull the tubes through the cell membrane into the cytoplasm. Scan-

ning electron microscopy showed the nanotubes crossing the cell membrane like

tiny needles.

NIR fluorescence microscopy could be also used to detect CNTs in the cells

[193]. Macrophages were able to phagocyte pristine CNTs without apparent toxic

effects. Subsequently, the tubes were tracked into the cells by irradiation at 1100

nm and recovery of a fluorescence signal. This technique seems very promising

since it could be extended to the visualization of CNTs in the tissue and the organs.

However, only non- f -CNTs were used in this study and concerns are emerging

about their toxicity once injected into a body (see Section 3.8).

An alternative pathway of penetration of CNTs into the cells was reported by Dai

and coworkers. Oxidized CNTs were initially functionalized with biotin and then

complexed to a fluorescent SA [115]. The protein–nanotube conjugates were taken

up in an endocytosis-mediated mechanism, as they were localized into the endo-

somes. This behavior was also confirmed by complexing different proteins or nu-

cleic acids to the nanotubes via noncovalent interactions [90, 194]. HeLa and HL-60
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cell lines were treated with fluorescent BSA or SA, and a fluorescent 15-mer oligo-

nucleotide at low temperature and in a adenosine triphosphate (ATP)-depleted

environment [194]. Preincubation of the cells with sodium azide or cell culture per-

formed at 4 �C clearly influenced nanotube uptake. In addition, it has been demon-

strated that the endocytosis was clathrin dependent. To assess the role of clathrin,

experiments were carried out in the presence of sucrose and potassium-depleted

medium to disrupt the clathrin-coated vesicles. Under these conditions, the level

of nanotube cellular uptake was drastically reduced. In parallel, it has also been

demonstrated that the nanotubes were not internalized through the caveolae or

lipid-raft pathway. In this case the cells were treated with filipin and nystatin,

known to perturb the cholesterol distribution on the cell membrane, which is im-

plicated in the lipid-raft mechanism. The two drugs did not hamper the uptake of

the CNTs. Therefore, it could be concluded that f -CNTs complexed to proteins and

nucleic acids penetrate following a clathrin-dependent endocytotoxic process. Elu-

cidation of the different mechanism of cellular entry is crucial for the development

of CNTs as delivery system for therapeutic molecules.

3.5

CNTs as Delivery Devices for Antigens and Adjuvants

The development of new delivery systems for the successful and effective adminis-

tration of vaccines and immunotherapeutics still remains a great challenge. The

listing of ‘‘delivery’’ among the top 10 biotechnologies required for improving

global health has recently reinforced this view [195]. Among the novel delivery op-

tions, CNTs have emerged as a promising option for biomedical applications. This

is because CNTs can enter into the cells and can be functionalized (see Section

3.4) [148, 190]. The later property makes them soluble, nontoxic and permits mod-

ification of their surface [7]. Moreover, these molecules in the nanometer size

range offer the control that modern drug delivery and targeting demands – control

of the chemical nature of the carrier, control of the surface and, important in

targeting, control of dimensions. CNTs can serve as vaccine delivery and adjuvant

vehicles by virtue of their nanoparticulate nature. The hydrophobic nature of CNTs

contributes to vaccine delivery capability by facilitating the interaction of CNTs

with antigens or immunostimulatory molecules and uptake of the vaccine particles

by immunocompetent cells.

3.5.1

Interaction of f -CNTs with CpG Motifs and Potentiation of their Immunostimulatory

Activity

Immune responses to vaccine antigens are normally enhanced by immunostimu-

lants called adjuvants. Recently, synthetic oligodeoxynucleotides (ODN) containing

immunostimulatory CpG motifs (ODN CpG) have been considered as candidate

adjuvants for vaccines or immunomodulators for therapeutic applications against
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tumors, allergy or to combat bioterrorist threats [196–199]. CpG motifs are unme-

thylated sequences that derive from bacterial DNA. The activation of the immune

system by CpG motifs is a highly evolved defense mechanism, whose actual aim

is to detect the microbial nucleic acid [200]. This can be achieved through the

Toll-like receptor 9 [201], which belongs to the Toll family of pattern recognition

receptors, conserved during the evolution in species from insects to humans

[202]. CpG motifs induce B cell proliferation, antibody secretion and activate

antigen-presenting cells (APCs) to express costimulatory molecules and secrete cy-

tokines including, interleukin (IL)-12 and tumor necrosis factor (TNF)-a [200, 203].

In particular, the increased production of IL-12 promotes interferon (IFN)-g pro-

duction by natural killer (NK) cells and T cells, and enhances the antigen-specific

T cell proliferation and differentiation of naive T cells towards the T helper ðThÞ 1
phenotype [200, 203]. The triggering of the Toll-like receptor 9 by the ODN CpG is

a critical event for the activation of innate immune system [203]. This requires the

entry of ODN CpG into the cell for recognition by its receptor, which is expressed

in endosomal compartments. Despite the potent immunostimulatory properties of

ODN CpGs, their effect is short-lived because of their low uptake by the cells. In

order to increase their biological properties, delivery of CpG using CNTs was ex-

plored. Therefore, ODN CpGs were first complexed with f -CNTs and their interac-

tion analyzed [204], and then the immunostimulatory properties of the complexes

were tested in vitro [204].

Cationic CNTs lend themselves as vectors for delivery because of their ability to

form complexes with ODN CpG. Surface plasmon resonance (SPR) help in the un-

derstanding of the interaction that occurred between a f -CNT and ODN CpG to

form complexes in real time, and gave an insight of how these molecules were

bound [204]. Three types of f -CNTs were selected in the first series of experiments

(Fig. 3.10).

Each f -CNT was attached onto the sensor chip by forming a stable amide bond

between the amino groups on the tubes and the carboxylic functions on the chip’s

carboxylated dextran matrix, activated in turn with EDC and NHS. Following at-

tachment, the increase in mass due to the interaction of f -CNTs with the ODN

CpG 1668 present in the fluid phase was measured using the Biacore 3000 system.

Figure 3.10. Molecular structures of ammonium f -CNTs for ODN CpG complexation.
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Although there were no significant differences between the affinity of binding be-

tween the two SWNT preparations and the ODN CpG 1668, the ODN CpG 1668

bound to the MWNT-NH3
þ formulation with much lower affinity. This difference

was probably due to the relative dimensions and charge distributions of the two

types of f -CNTs. Both SWNT-Lys-NH3
þ and MWNT-NH3

þ displayed the same

amount of positive charges. However, there must be an avidity effect, resulting

from a double electrostatic interaction per ODN CpG molecule after their binding

to SWNT-Lys-NH3
þ where the two ammonium groups on each lysine residue are

in close proximity with respect to the single ammonium on the MWNT-NH3
þ.

Following the demonstration of complexation of the ODN CpGs with f -CNTs,
their immunopotentiating effect was tested [204]. SWNTs were the CNTs of choice

since they bound to ODN CpG 1668 with higher affinity than the MWNTs. After

incubating the SWNT-Lys-NH3
þ at various excess ratios with a minimal immuno-

stimulatory dose of the ODN CpG 1668, the complexes were added to a culture of

naive mouse splenocytes. Complexes of SWNT-Lys-NH3
þ at 18:1 and 9:1 ratios

over the ODN CpG 1668 increased its immunostimulatory properties by 58 and

45%, respectively. There was no significant effect on immunostimulation when

lower ratios of SWNT-Lys-NH3
þ/ODN CpG were tested. Although the mechanism

of this immunopotentiating effect is not quite clear, it could be argued that the

high excess of SWNT-Lys-NH3
þ over the ODN CpG 1668 had a neutralizing effect

of its negative charge. As a consequence, the repulsion forces by the negatively

charged cell membrane were presumably reduced and therefore, the cellular up-

take of ODN CpG 1668 was increased.

These preliminary findings pave the way for future in vivo experiments using

animal models of disease or vaccination protocols to test the therapeutic or adju-

vant potential of such complexes. Moreover, further studies will need to address

whether serum proteins can alter the surface potential of CNTs, their size, the sta-

bility of complexes and the formation of aggregates.

3.5.2

Presentation and Immunogenic Potential of Peptide Antigens Attached onto f -CNTs

Peptides representing selected regions from the amino acid sequence of a protein

antigen (epitopes) can be used as immunogens to induce peptide- and pathogen-

specific B cell and CD4þ ðThÞ or cytotoxic CD8þ [cytotoxic T lymphocyte (CTL)] T

cell responses. Activated CD4þ T cells help B cells to produce antibodies that neu-

tralize viruses and bacterial toxins [205], enhance the magnitude of cytotoxic T cell

responses to clear virus-infected cells [206], and regulate the immune responses

to foreign antigens on the basis of the cytokine profile they secrete [207]. CD8þ T

cells are the main effector cells responsible for the clearance of viral infections

[208]. The development of such peptide vaccines requires a basic knowledge of

the role of the various antigens of the pathogen in infection and immunity, the

use of a cocktail of epitopes able to induce a broad range of protective antibody

and T cell responses, and a delivery system for presentation of these epitopes to

immunocompetent cells.
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B cell epitopes are mainly located on the surface of a protein antigen. Therefore,

the native structure of the antigen is critical for recognition by antibodies. Immu-

nization with flexible peptides normally induces a diverse set of antibody specific-

ities that bind several different conformations of the peptide [209]. However, a sub-

set of these antibodies can cross-react with the native protein, presumably because

these peptides adopt a conformation similar to the native epitope [209]. Therefore,

for a synthetic peptide vaccine to elicit a protective antibody response it is impor-

tant the B cell epitope to be presented to the immune system at a conformation

mimicking the native structure. The ability of f -CNTs to present a covalently

linked synthetic peptide representing a neutralizing and protective B cell epitope

from the foot-and-mouth disease virus (FMDV) corresponding to the 141–159

region of the VP1 viral envelope protein was tested [210]. SWNTs-NH3
þ and

SWNTs-Lys-NH3
þ modified with a maleimido group were used. This functional-

ity allowed linking the FMDV peptide bearing an additional cysteine at the N-

terminus necessary for a selective chemical ligation (Fig. 3.11).

To elucidate the structural and functional relationship between f -CNTs-linked
peptide and peptide-specific polyclonal and monoclonal antibodies, the ELISA test

and SPR were used. Both methods demonstrated that the SWNTs-linked peptide

retained the structural features required for recognition by anti-FMDV peptide

monoclonal and polyclonal antibodies [148, 211].

Since the FMDV peptide was not immunogenic (i.e. not capable of eliciting an

immune response) in BALB/c mice (T cell help is required) [212] an immunization

protocol that has been previously shown to overcome the requirement of coupling

nonimmunogenic peptides to carrier proteins or Th epitopes was employed [213].

To this end, the SWNT-linked FMDV peptide was coimmunized with a protein an-

tigen that provided T cell help, like ovalbumin (OVA) in a Freund’s emulsion. After

two injections, strong antipeptide antibody responses were induced that had signif-

icantly higher virus neutralizing capacity than the antibodies elicited after co-

immunizing the free peptide with OVA [211]. This finding highlights the potential

of f -CNTs to act as a delivery system capable of presenting critical epitopes at an

Figure 3.11. Molecular structures of FMDV peptide f -CNTs.
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appropriate conformation to elicit antibodies with the right specificity. Moreover,

no antibody responses were induced against the f -CNTs, which could potentially

hamper the successful outcome of the immunization procedure, particularly

when several administrations are required [214].

Although the application of CNTs in the field of vaccine delivery is in its infancy,

CNTs offer several attractive features, including the control one has over the pri-

mary nature of the system. They provide a platform for the attachment of adju-

vants and antigens. Their potential use as vaccine delivery and adjuvant vehicles

is likely to have a significant impact on the route that vaccines will be administered

in the future and the required dose, conferring a competitive advantage in the

market place. Obviously, their immunogenicity, toxicity, biodegradability, stability,

biocompatibility, cost and consistent GMP manufacturing with readily scalable

production processes has to be studied for each system and each application. These

challenging issues should not inhibit research in examining the potential of CNTs

to deliver vaccines since the most interesting and valuable delivery systems are yet

to come.

3.6

CNTs for Drug Delivery

Drug delivery systems are necessary to improve the pharmacological profile and

the therapeutic properties of administered drugs [1]. Among the wide variety of

available delivery systems, CNTs may represent a promising alternative [215]. The

application of f -CNTs as new nanovectors for drug delivery became possible soon

after the demonstration of cellular uptake of this new material. However, only a

few examples of delivery of therapeutic agents using CNTs are currently reported

in the literature. Dai and coworkers have shown the potential of CNTs to transport

proteins into the cells [90]. Single-walled CNTs were shortened to a length between

20 and 100 nm using strong acid conditions. This treatment also allowed the gen-

eration of carboxylic groups at the terminal parts of the tubes and at their defect

sites. The carboxylated tubes were complexed with different types of proteins in-

cluding SA, protein A, BSA and cytochrome c (Fig. 3.12).
Mammalian cell lines were incubated with the complexes to study the capacity of

CNTs to drive the adsorbed proteins into the cells. The complexes were localized in

the endosomes and released into the cytoplasm by addition of chloroquine (a mol-

ecule able to destroy the endosomes). In the case of cytochrome c, it was verified

that the protein exerted its biological function after liberation from the endosomal

trap. Indeed, the cells entered into apoptosis. At the same time, it was shown that

CNT–protein complexes were biocompatible by measuring cell proliferation.

In a different approach, Wu and coworkers used f -CNTs with AmB – one of the

most effective antimycotic molecules for the treatment of chronic fungal infections

(Fig. 3.13) [152].

MWNTs were treated with strong acid conditioned to reduce their length to

about 180–940 nm. The carboxylic groups were coupled with a phthalimide
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mono-protected triethylene glycol diamine. Subsequently, the tubes underwent the

1,3-dipolar cycloaddition reaction to introduce a N-functionalized pyrrolidine ring

on the external walls of the tubes. A second Boc-protected amino group was there-

fore introduced on the nanotubes. The two protecting groups are orthogonal and

permitted to modify the tubes with a fluorescent probe to follow the cell internal-

ization of the conjugate and the active drug AmB to exert its antifungal activity. It

Figure 3.13. Molecular structure of CNTs functionalized with FITC and AmB.

Figure 3.12. Molecular model of the complex between a shortened CNTs and SA.
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has been shown that AmB–CNTs were rapidly internalized into Jurkat cells in a

dose-dependent manner. The process was nonendocytotoxic since the incubation

of the cells at 4 �C or in the presence of sodium azide did not completely block

the uptake. The drug was internalized into mammalian cells with a remarkable re-

duction of toxicity. Indeed, AmB is widely used, but it suffers from high toxicity. At

the highest dose, more than 40% of cells died by the effect of free AmB, while all

cells remained alive following the treatment with AmB covalently conjugated to

CNTs. Very interestingly, AmB preserved its high antifungal activity once linked

to the nanotubes. Different types of pathogens including Candida albicans, Candida
paropsilosis and Cryptococcus neoformans were treated with AmB–CNT conjugates,

and the activity was in some cases higher that the drug alone. Although only

some hypotheses on the action of the AmB linked to the tubes could be formulated

(increase of the solubility of the drug, multipresentation of the drug by CNTs that

favor interaction with the fungal membrane), the conjugation of AmB to the tubes

modulated its therapeutic effect by decreasing mammalian toxicity and increasing

the antifungal activity.

Using another strategy, Hosmane and coworkers prepared SWNTs with a car-

borane cage for boron neutron capture therapy (BNCT) [216]. CNTs were func-

tionalized with a substituted C2B10 carborane derivative via nitrene cycloaddition.

Following treatment with sodium hydroxide, a water-soluble CNT conjugate was

obtained (Fig. 3.14).

Then, the biodistribution study on different tissues showed that carborane nano-

tubes were concentrated more in tumor cells than in blood, liver, lung or spleen

when administered intravenously. However, the mechanism for this it is not yet

understood. The results are preliminary, although promising for future applica-

tions of CNTs on delivery of boron-based agents for effective BNCT treatment of

cancer, provided that cytotoxicity and more complete biodistribution studies prove

the biocompatibility of this system. Another application of CNTs in cancer therapy

was shown by Kam and coworkers [217]. The property of CNTs to adsorb NIR irra-

diation was exploited to kill cancer cells. Pristine SWNTs were wrapped with PEG

modified with a PL moiety on one side and folic acid (FA) on the other side. As

Figure 3.14. Molecular structure of CNTs functionalized with a carborane cage.
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tumor cells are known to overexpress folate receptors, the PL–PEG–FA/SWNT

construct was mainly taken up by cancer cells, which were then destroyed by using

a laser wavelength of 808 nm. Laser pulses induced local heating and consequently

death only of those tumor cells that had internalized the CNTs.

Pastorin and coworkers have developed an alternative method to exploit CNTs in

cancer [218]. CNTs were doubly functionalized using 1,3-dipolar cycloaddition reac-

tion. Two orthogonally protected amino groups were introduced on the sidewalls

and the tips of the tubes. After selective deprotection, an anticancer molecule

[methotrexate (MTX)] and a fluorescent probe (FITC) were linked to the tubes

(Fig. 3.15).

MTX is a drug widely used against cancer, but it displays a reduced cellular up-

take. Therefore, the limited capacity of MTX to cross the cell membrane could be

overcome by its conjugation to CNTs, which are able to enhance cell uptake of

linked moieties. The presence of fluorescein provided the optical signal for imag-

ing CNT–drug into the cells. Jurkat cells were incubated with different doses of

MTX–CNT and the fluorescent tubes were localized around the nuclear membrane

in a dose-dependent manner. Preliminary studies have shown that MTX conju-

gated to the CNTs had the same cytotoxic activity of the drug alone.

Another class of carbon nanomaterials very similar to CNTs called carbon nano-

horns were found to be effective systems for delivery of anticancer agents. Single-

walled carbon nanohorns (SWCHs) are spherical aggregates of graphitic tubes with

dimensions in the nanorange scale. These nanostructures were loaded with dexa-

methasone [219]. Binding and release of the drug were subsequently evaluated

using two types of nanohorns. It was found that oxidized nanohorns were able to

adsorb more dexamethasone than as-grown horns. The analysis of activation of

glucocorticoid response in mouse bone marrow cells and induction of alkaline

phosphatase in mouse osteoblasts confirmed the biological activity of the drug re-

leased from the carbon support. Similarly, carbon nanohorns were used to encap-

sulate cisplatin (another anticancer agent) [220]. Again, the structure of the drug

was preserved into the aggregates. Cisplatin was slowly liberated into water and it

was effective in blocking the growth of human lung cancer cells. Unloaded oxi-

Figure 3.15. Molecular structure of CNTs functionalized with FITC and methotrexate.
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dized carbon nanohorns were instead not active. Therefore, this type of carbon ma-

terial is potentially useful as a carrier of anticancer agents.

In view of the overall results, functionalized carbon nanostructures represent an

emerging and new class of delivery tools for the transport, encapsulation and re-

lease of molecules into mammalian cells. However, it will be important in the

near future to assess the metabolism, biodistribution and clearance form the body

of nanotubes for further development and complete integration in living systems.

3.7

CNTs for Gene Transfer

3.7.1

Interaction with DNA and RNA

In the quest for a useful nonviral gene transfer system, the interaction between a

cationic component (liposome, polymer, nanoparticle) and the negatively charged

nucleic acids to be delivered is critical for the eventual effectiveness of the gene

transfer construct. CNTs have very recently been explored for the first time as novel

materials for the complexation and delivery of gene-encoding nucleic acids [191,

221]. However, the physicochemical interactions between CNTs and DNA have

been studied under different contexts for much longer, particularly in attempts to

disperse non- f -CNTs, and for the construction of sensors, nanocircuits, nanocom-

posites and gene delivery vectors.

Theoretical predictions of DNA interactions with CNTs by molecular dynamics

simulations have shown that single-stranded DNA spontaneously inserts into

non- f -CNTs through a combination of van der Waals and hydrophobic forces

[222]. However, a recent molecular modeling simulation has demonstrated that

double-stranded DNA can also wrap around non- f -CNTs or, the in case of posi-

tively charged CNTs in an aqueous environment, DNA molecules could electro-

statically adhere onto the CNTs surface [223].

Experimentally, a range of different techniques has been used to understand the

CNT–DNA interactions and the ensuing supramolecular structures between the

two components. However, most studies agree that the nature and mechanism of

such interactions will be highly dependent on the type of CNTs surface functional-

ization and the characteristics of the nucleic acids.

UV and IR spectroscopy have both been used to show that non- f -SWNTs and

double-stranded DNA interact through hydrogen bonds [224, 225]. Changes in

the electronic levels in the nucleotide bases of the DNA molecule were found in

these studies and the DNA acquired a chaotic sphere conformation upon interac-

tion with CNTs. p–p interactions between the CNT sidewalls and the nucleic acid

bases have been proposed as the mechanistic basis for this wrapping effect. More-

over, the ability of DNA to wrap around the CNT surface has been described

for both double-stranded DNA [226, 227] and single-stranded DNA [91], and has

been utilized to disperse CNTs in solvents of varying polarity.
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As described earlier in this chapter, CNT surface characteristics can be altered

through organic and defect functionalization. By strong oxidation, OH and CbO

defects are introduced at the tips and sidewalls of CNTs. Several studies describe

that these oxidized CNTs (CNT-ox) covalently bond DNA-NH2 in a controllable as-

sembling process [38, 118, 228, 229] or are helically wrapped (p–p interactions) by

double-stranded DNA and single-stranded DNA [230–232]. An alternative func-

tionalization reaction described by Georgakilas and coworkers produces positively

charged ammonium- f -CNTs (CNT-NH3
þ) [146]. The interaction of CNT-NH3

þ

with plasmid DNA (pDNA) was studied in detail in our laboratories [221, 233].

We have found that these f -CNTs interact with pDNA to form complexes primarily

through electrostatic forces and that the pDNA was condensed around the CNT-

NH3
þ. Moreover, these studies have indicated that the total available surface area

and the surface charge density of CNTs were critical parameters in the interaction

and complexation of pDNA.

With regard to interactions between RNA and CNTs, to our knowledge there has

only been one published report describing the interaction between non- f -SWNTs

and RNA polymer poly(rU) [234]. In this study the RNA polymer poly(rU) was ob-

served in a blob-like conformation when bound at the surface of CNTs as imaged

by scanning electron microscopy, resembling the condensation of pDNA strands.

These authors suggested that the binding occurs through p-stacking and hydropho-

bic interactions; however, no detailed mechanistic study has been published so far

describing how the CNT–RNA interactions occur.

3.7.2

Delivery and Expression of Gene-encoding DNA and RNA

The development of water-soluble CNTs automatically renders them compatible

with the biological fluids and milieu. The complex formation between CNTs and

nucleic acids in combination with the improved CNT biocompatibility recently

achieved allowed for exploration of the hypothesis that CNTs can be used as gene-

delivery systems. So far, the intracellular translocation and expression of gene-

encoding nucleic acids (DNA and RNA) involving CNTs have been shown for

mammalian cells to bacteria in vitro. The following is a comparative description of

the different techniques used to deliver nucleic acids to cells through CNTs.

The first ever study to demonstrate CNT-mediated gene delivery and expression

of marker gene-encoding nucleic acids was carried out in our laboratories. Pantar-

otto and coworkers reported that CNTs covalently functionalized with ammonium

groups (CNT-NH3
þ) were able to associate with pDNA through electrostatic inter-

actions [191]. Transmission electron microscopy images of the supramolecular

complexes showed the pDNA attaining a condensed globular conformation at the

surface of the CNT-NH3
þ. The delivery of pDNA and expression of b-galactosidase

(a marker gene) in CHO cells was found to be approximately 10 times higher than

naked pDNA. An endosome-independent penetration mechanism was proposed

for the complex uptake based on evidence of spontaneous cellular uptake of the

f -CNTs alone. Similar to other nonviral gene delivery systems based on the elec-
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trostatic supramolecular complex formation between a cationic macromolecule or

nanoparticle and nucleic acids, the charge ratio ðþ=�Þ CNT-NH3
þ:pDNA was

found to be a critically important factor determining the level of gene expression.

A similar approach was later followed by Liu and coworkers, which reported a

noncovalent association of pDNA onto the surface of CNTs functionalized with

polyethylenimine (PEI) – a polymer with high density of terminal amine groups

[235]. The complexes were tested at different charge ratios in different cell lines

(293, COS7 and HepG2 cells) and the level of gene (pCMV-Luc) expression was

found to be much higher than those of DNA alone. This study suggested that

the uptake mechanism of the CNT–PEI–pDNA conjugates was took place by

endocytosis.

Kam and coworkers later used two distinct methods to deliver nucleic acids via

CNTs into HeLa cells. In a first study [217], CNTs functionalized with Cy3-labeled

single-stranded DNA through noncovalent adsorption were used. These CNTs were

excited with NIR light. The release and nuclear translocation of the single-stranded

DNA was reported by confocal microscopy only in the case of NIR treatment.

In the absence of cell illumination by NIR, the Cy3-DNA was seen by Kam and

coworkers to remain in the cytoplasm. This group also suggested an endosome-

mediated cellular uptake.

In a subsequent study by the same group [93], CNTs were functionalized by non-

covalent adsorption of PL molecules, which contained a PEG chain terminating in

an amine (CNT–PL–PEG-NH2) or maleimide (CNT–PL–PEG-maleimide) group.

Then a thiol-containing SH-DNA–Cy3 was covalently linked to the CNTs via a di-

sulfide bond by a heterobifunctional cross-linker. In this way, a complicated CNT–

PL–PEG-single-stranded DNA–Cy3 complex was formed, sensitive to enzymatic

cleavage upon endocytosis and translocation to the lysosomal compartments. It

was reported in that study that nuclear localization of Cy3–DNA was possible only

in the presence of the disulfide linkage. However, in this study gene-encoding

nucleic acids were not used therefore no gene expression was reported at all.

A very different strategy to introduce exogenous pDNA into mammalian cells

was described recently by Cai and coworkers [192]. The pDNA was immobilized

on the CNTs, which contained Ni particles (CNT-Ni) enclosed and suspended with

the surfactant Nanosperse AQ. Then, with a magnetic spearing technique (expo-

sure to an external magnetic field followed by centrifugation) the complexes were

added to Bal 17 cells, mouse splenic cells and a primary culture of mice cortical

neurons. The expression of the enhanced green fluorescent protein (EGFP) gene
was evaluated by fluorescence microscopy and flow cytometry. Gene delivery

through CNT-Ni produced 80–100% fluorescent cells, while CNTs deprived of Ni

particles did not produce any fluorescence signal. In this way, another illustration

of the possibility to use CNTs to transport intracellularly gene expressing nucleic

acids was seen. However, such techniques are only appropriate for in vitro or ex
vivo gene transfer.

The delivery of exogenous genes by CNTs has been shown to be also possible in

bacterial cultures. Rojas-Chapana and coworkers have demonstrated that oxidized,

water-dispersible CNTs deliver pDNA into Escherichia coli through temporary nano-
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channels across the cell envelope [236]. The pUC19-transformed bacteria were ex-

amined by optical microscopy, and an efficient transformation between 9 and 32

transformants was observed. The authors achieved that by an electroporation tech-

nique using microwave-activated CNTs, which apparently orient their tips in a con-

formation perpendicular to the bacterial cell membrane.

CNTs have also been shown to transport RNA into mammalian cells. Lu and

coworkers have studied the cellular uptake of CNT–RNA polymer poly(rU) hybrids

formed through nonspecific binding. MCF7 cells were examined by confocal mi-

croscopy after addition of the hybrids, and their translocation in cellular and

nuclear membranes reported [237]. In agreement with these findings, Kam and

coworkers, in more a recent report, used a complex CNT–small interfering RNA

(siRNA) conjugate linked with disulfide bonds (as described above for single-

stranded DNA) and have shown preliminary observations of siRNA-mediated

gene silencing [93].

All of these studies have been initiated by our initial observations that it was in-

deed feasible to use f -CNTs to complex, deliver and express gene-encoding nucleic

acids. The most recent study in this exploratory exercise has been very recently

published using GFP-encoding pDNA condensed with f -CNTs carrying positive

charges [238]. In this way our initial reports and observations were indeed substan-

tiated and reproduced in an independent study. The development of CNTs as

delivery systems for nucleic acids is still in its exploratory stage, and many more

studies are needed to determine the advantages and limitations offered by these

novel materials.

3.8

Health Impact of CNTs

Nanotechnology has been rapidly developing due to the possibility of engineering

at nanometer scales. The resulting nanoproducts display physicochemical charac-

teristics that confer electrochemical, mechanical and thermal properties that are

very useful in the medical, scientific, commercial and environmental fields. How-

ever, it is too early to say whether the ‘‘nanostructures’’ will wean the world from

dirty technologies or if they will definitely backfire, basically because the laws of

chemistry or physics are different when particles get down to the nanoscale. Even

substances that are normally innocuous can trigger intense chemical reactions and

biological anomalies as nanospecies [239].

For this reason, there is a heated debate between the desire of introducing nano-

materials in everyday life and the moralistic tendency of blocking the nanotech fac-

tory until the risks will be better understood. Currently, available information con-

cerning the relative environmental and health risks of manufactured nanoparticles

or nanomaterials is severely absent and defective. In fact, most of nanomaterials

(fullerenes, nanoparticles, nanofibers and nanotubes) are made of carbon atoms,

with distinct geometries, different surface areas, and diverse physical and chemical

118 3 Carbon Nanotube-based Vectors for Delivering Immunotherapeutics and Drugs



properties. The existence of such variables produced a lot of contrasting evidence.

Doses, effects and cell viability of different carbon nanomaterials are summarized

in Tab. 3.1. For example, Adelmann and coworkers have studied the in vitro effect

of fullerenes on alveolar macrophages, prepared in an arc between two graphite

electrodes [240]. A 60% reduction in macrophage viability and increased levels of

some inflammatory cytokines were found, suggesting that such structures had

similar toxicity to quartz particles. Moreover, it was discovered that stable solutions

of C60 nanoparticles (nano-C60) displayed a high toxicity against bacteria at a con-

centration of 0.4 mg mL�1 [241]. Other highly water-soluble nanofullerenes (13–

100 mg mL�1) showed also a remarkable cytotoxicity both in fibroblasts and in

liver carcinoma cells at very low concentrations (50 mg mL�1) [242]. It could be

deduced that such behavior conveys a common toxicity of all C60 materials [243].

On the contrary, it was observed that the lethal doses varied by seven orders of

magnitude, strongly depending on the functionalization of the fullerene surface

[242]. Therefore, the further modification at the surface deeply influenced the tox-

icological profile of the nanomaterials [244].

In contrast, some in vivo studies on fullerene showed that intraperitoneal injec-

tions of amounts of C60 up to 2.5 g kg�1 in mice and rats had neither lethal effects

nor acute toxicity [245, 246]. What was evident was only a hypertrophy of livers and

spleens, which could be ascribed to the high amount of compound injected that

had exceeded the absorption capacity of the animal. Similarly, mice subcutaneously

implanted with Hat-stacked carbon nanofibers did not show severe inflammatory

responses such as necrosis or degeneration after 4 weeks of incubation [247]. How-

ever, these encouraging results are not exhaustive in representing the reduced

harmfulness of all the different nanomaterials.

3.8.1

Parameters of CNTs Related to Health Impact

The data reported above suggest that, in general, carbon nanoparticles can be

considered as dangerous as quartz, only on the basis of the common ‘‘starting

material’’, i.e. carbon. In particular, CNTs represent a class of substances which

are, at the same time, intriguing (for their characteristics) and doubtful. In fact,

they revealed unusual toxicological properties, because their shapes can be both fi-

bers and nanoparticles, and they are often characterized by the presence of metallic

components even after their purification. CNTs, both single and multiwalled, are

classified as ‘‘synthetic graphite’’ by the National Occupational Safety and Health

Administration, on the basis of the same hexagonal/honeycomb pattern. However,

such extrapolation might not be protective for exposure to CNTs, because they

show physicochemical properties that are often influenced by several variables.

3.8.1.1 Purity

CNTs generally show different levels of purity, which are strictly dependent on the

methods employed for their production. The impurities are essentially made up of
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Tab. 3.1. Doses, effects and cell viability of different carbon nanomaterials.

Type of

nanomaterial

Amount/

concentration

Cell/animal

target

Effect Possible causes Ref.

Fullerenes not specified alveolar

macrophages

60% reduction on

cell viability;

inflammatory

cytokines (IL-6,

IL-8)

intrinsic toxicity 240

Nano C60 0.4 mg mL�1 bacteria growth inhibition 241

Nano C60 50 mg mL�1 fibroblast; liver

carcinoma cells

decreasing

cytotoxicity with

increasing

functionalization

and solubility

oxidative stress;

surface effect

242

Functionalized gold

nanoparticles

250 mM leukemia cells no remarkable cell

death; rapid

internalization

244

C60 2.5 g kg�1 mice and rats no acute toxicity;

hypertrophy

too high amount 245,

246

Hat-stacked carbon

nanofibers (H-CNF)

not specified rats no toxicity 247

SWNTs, MWNTs,

fullerenes

b1.41 mg cm�2 alveolar

macrophages

20% reduction on

cell viability

(SWNTs)

low purity 248

Pristine SWNTs 0.1–10 mg mL�1 HaCaT cells increased cell death oxidative stress

or solvent (DMF)

249

f -SWNTs 3 mg mL�1–

30 mg mL�1

HDF cell death 50% or

below

252

MWNTs (220 and

825 nm)

50–500 ng mL�1

(in vitro)
leukemia cells

THP-1

inflammation

(especially with

825-nm samples)

length 253

0.1 mg mL�1

(in vivo)
mice granulomatous

inflammation

253

HiPCO, CVD-

SWNTs and CVD-

double-walled CNTs

0.62–2.5 mg red blood cells complement

activation

C1q activation 254

Arc-SWNTs and

CVD-H-CNF

10 mg mL�1 leukemia cells

THP-1; mouse

spleen cells

immune response Induction of

TNF-a

255

120 3 Carbon Nanotube-based Vectors for Delivering Immunotherapeutics and Drugs



Tab. 3.1 (continued)

Type of

nanomaterial

Amount/

concentration

Cell/animal

target

Effect Possible causes Ref.

f -SWNTs <5 mM fibroblasts no remarkable cell

death (90%); rapid

internalization

190

f -SWNTs and f -
MWNTsþ plasmid

DNA

1 mg mL�1 HeLa cells no remarkable cell

death; efficient

delivery

191

MWNT–PEIþDNA <5 mg mL�1 HEK293 cells below 40%

reduction on cell

viability

increased PEI

weight

235

SWNT–CpG ODN 5 ng–5 mg mouse

splenocytes

no remarkable cell

death

204

SWNT–RNA a1 mg mL�1 breast cancer

cells (MCF7)

efficient delivery 237

SWNTs 1–250 mg mL�1 embryo kidney

cells (HEK293

cells)

apoptosis; 20/30-

kDa protein

secretion

downregulation

of genes for

adhesion;

upregulation of

genes involved in

apoptosis

256

Pristine MWNTs 0.1–0.4 mg mL�1 embryo kidney

cells (HEK293)

inflammation production of

IL-8

257

Pristine and

oxidized MWNTs

400 mg mL�1 T lymphocytes 40% reduction on

cell viability

(pristine) 80%

reduction on cell

viability (oxidation)

better dispersion

of oxidized tubes

258

MWNTs 0.5, 2 or 5 mg rats upregulation of pro-

inflammatory and

profibrotic

mediators

biopersistence in

the lung

259

Raw, HiPCO and

arc-SWNTs

0.1 or 0.5 mg per

mouse

mice granulomas intrinsic toxicity 260

Pristine SWNTs 1 or 5 mg kg�1 rats pulmonary

inflammation, with

non-dose-dependent

granulomas

blockage of

upper airways

261
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residual catalysts and amorphous carbon. Their high amount might enhance the

toxicity. In this context, Jia and coworkers investigated the cytotoxicity caused by

nanostructures such as SWNTs, MWNTs and fullerenes on alveolar macrophages

(AM) [248]. The different carbon particles, all with a purity superior than 90%,

were suspended in RPMI medium using a Dounce homogenizer and sonicated

for 20 min. In this way, a stable suspension was obtained and immediately used

to measure the phagocytic ability of AM after a 6-h exposure to carbon materials.

The amount of materials used was expressed as mg cm�2, because CNTs are char-

acterized by a wide length distribution. As expected, the tested samples exhibited

different cytotoxicity to AM. At low doses (1.41 mg cm�2) SWNTs showed a high

cytotoxic effect, corresponding to above 20% inhibition of cell growth with a dose-

dependent trend. MWNTs and fullerene were instead much less toxic. One possi-

ble reason for such a major difference could be attributed to the purity level of

SWNTs that was lower than the other samples. Indeed, residual amorphous carbon

and trace amounts of metallic catalysts, such as Fe, Ni and Y, were present in

SWNT samples. These impurities, even at a low level, can influence cell viability,

so ultrapure material should be employed; in any case, human and environ-

mental heath evaluations of different carbon nanomaterials must be considered

individually.

Tab. 3.1 (continued)

Type of

nanomaterial

Amount/

concentration

Cell/animal

target

Effect Possible causes Ref.

Fullerenes and

CNTs

0.2 mL (not

specified)

four albino

rabbits and 40

human

volunteers

no remarkable skin

irritation or

allergen risks

262

263

Carbon fiber

particles

not specified 341 workers contact dermatitis exposure to

organic

solvents or to

carbonaceous

particles

264

265

Pristine HiPCO–

SWNTs

0.06, 0.12 or

0.24 mg mL�1

HaCaT cells alteration of cell

morphology and

surface integrity

transition metal

catalysts

266

Pristine HiPCO or

laser ablation

SWNTs (aerosol)

15.5 mg cotton gloves deposition on

individual gloves

ranged from 217 to

6020 mg (aerosol

below 53 mg m�3)

ultrafine powders 267
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3.8.1.2 Solvents

Any kind of cell evaluation needs a medium to dissolve the sample. Physiological

solutions, with the addition of nutritional elements, are the most appropriate, but

sometimes the low solubility of the carbon material requires the use of polar,

organic solvents. Manna and coworkers investigated the essential mechanism in-

volved in the toxicity of SWNTs [249]. Human keratinocytes (HaCaT cells) were

exposed to concentrations between 0.1 and 10 mg mL�1 of nanotubes, displaying

increased cell death. This observation was attributed to the excess of oxidative

stress within the cells and to the associated activation of transcription factor NF-

kB. However, DMF was used to dissolve the samples and might have induced

some alterations of the results. In fact, DMF is a solvent known to be toxic and

thus it should be avoided in cell manipulation.

3.8.1.3 Surface of CNTs

Until now, the size cut-off below which particles are surely toxic has not been dem-

onstrated. However, there are at least two main reasons that render CNTs poten-

tially harmful: (i) their large surface area and (ii) the reactivity or intrinsic toxicity

of the surface [250, 251]. The smaller the particles, the more toxic they become.

This is due to the fact that there is more surface area per mass unit. As a conse-

quence, any intrinsic toxicity of the surface will deeply influence the toxicological

profile of the samples. For example, Sayes and Ausman investigated the effect on

human fibroblasts (HDF) of some water-dispersible SWNTs [252]. It was found

that cytotoxicity of compounds decreased significantly with the increased degree

of functionalization on the surface. In addition, although a dose–response relation-

ship of toxicity in the considered range of concentrations (0.003–30 mg mL�1) was

observed, cell death did not exceed 50%, apart from in one case in which 1% sur-

factant was employed. This could be justified by the fact that surfactant was coated

on the surface of the nanotubes in a noncovalent, reversible way, whereas the func-

tional groups were covalently bound and were not removed in the conditions of the

biological tests.

3.8.1.4 Length

Another parameter that was found to influence the toxicity profile of CNTs is their

length. Sato and coworkers separated MWNTs of 220 and 825 nm using controlled

strong acid conditions [253]. During a short incubation time, clusters of both

samples were shown to be surrounded by macrophages as a consequence of the

activation of innate immunity. The shorter tubes displayed a lower inflammatory

response. In both cases, no severe effects, such as necrosis or degeneration, were

observed around CNTs throughout the experimental period of 4 weeks.

3.8.2

In Vitro Effect of CNTs

SWNTs were investigated to verify if they affected the immune system through

the activation of complement [254]. For this purpose, SWNTs in concentrations be-
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tween 0.62 and 2.5 mg were tested in rabbit red blood cells. They displayed a dose-

dependent potency in complement activation comparable to that of the known, po-

tent activator zymosan. In particular, it seemed that such activation followed the

classical pathway, but with high selectivity. This was confirmed by the demonstra-

tion of a direct binding of CNTs to the main complement subunit C1q. On the con-

trary, chemical modifications at the surface of CNTs reduced or even eliminated

the complement activation, but further investigations are necessary to confirm

this observation.

In a parallel study, SWNTs were evaluated in terms of their capacity to activate

mouse spleen cells [255]. Since different cell types (monocytic leukemia THP-1

and spleen cells) and incubation times were employed, it was difficult to compare

the obtained results. It has been confirmed that SWNTs induced an immune re-

sponse, although the stimulating activity resulted to be lower than that of microbial

systems.

The effect of functionalized, water-soluble CNTs on cell viability was also ana-

lyzed by Pantarotto and coworkers during the study of translocation of bioactive

peptides across the cell membrane [190]. 3T6 and 3T3 fibroblasts were treated

with 1–10 mM concentration of fluorescent SWNTs. The cytotoxicity was evaluated

by flow cytometry, using the markers Annexin V and propidium iodide as indica-

tors of apoptosis and necrosis, respectively. It was observed that below 5 mM almost

90% of the cell population remained alive, indicating a nontoxic behavior of f -
CNTs. Low toxicity was not only a characteristic of SWNTs functionalized with pep-

tides. Both f -SWNTs and f -MWNTs, regardless of cell subtypes, are nontoxic on

their own [90, 220]. HeLa cells, incubated for several hours with about 1 mg mL�1

of CNTs mixed with plasmid DNA in different charge ratios, did not demonstrate

signs of apoptosis [191]. In addition, f -CNTs complexed to different types of

nucleic acids including plasmid DNA, RNA and oligodeoxynucleotides CpG se-

quences were not toxic for cells like breast cancer cells (MCF7) or splenocytes

[204, 235, 237].

Apart from the investigation of the effect of CNTs on cells, it is also important to

understand the mechanism involved in their interaction with biological systems.

Cui and coworkers evaluated the activity of human embryo kidney cells (HEK293)

during 5 days treatment with SWNTs in concentrations between 1 and 250 mg mL�1

[256]. It was found that SWNTs were able to inhibit the proliferation of HEK293,

and to induce apoptosis in a dose- and time-dependent way. The most interesting

finding was that cells actively responded to SWNTs, secreting a series of 20- to 30-

kDa proteins able to aggregate and wrap this unknown material, regardless of the

uniformity of the starting samples. The possible mechanism for this phenomenon

was attributed to a stimuli induced by SWNTs attached at the cell surface, followed

by a downregulation of the genes responsible for adhesion. It was also envisaged

that SWNTs could determine an upregulation of the genes associated with apopto-

sis and secretion of small proteins as protection for cells that were preserved from

the contact with the tubes. This phenomenon presents a double advantage, since it

allows us to investigate the rules at the basis of this interaction and, at the same
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time, it offers the possibility to consider these secreted proteins as potential targets

in future medical therapy.

The same type of cells was also used to verify if bigger material, like MWNTs,

was able to cross the external membrane and to affect the cell functions. It was

shown that unmodified MWNTs were able to enter HEK293 cells and to induce

the release of the pro-inflammatory cytokine IL-8 [257]. In addition, it was demon-

strated that they were less toxic towards T lymphocytes than chemically functional-

ized tubes [258]. This was attributed to the fact that oxidized MWNTs were better

dispersed in aqueous solution, determining higher weight/volume concentrations

and, thus, a deeper impact on toxicity. At the dose of 400 mg mL�1, oxidized tubes

killed more than 80% of cells in 5 days, while pristine MWNTs decreased the cell

viability of less than 40%. However, although it is obvious that CNTs toxicity does

not depend only on concentration, the dose used in this study was very high and

the same experiments with concentrations below 40 mg mL�1 did not affect the

function of T cells [258].

3.8.3

In Vivo Effects of CNTs

Apart from in vitro experiments, some CNTs were implanted at the subcutaneous

level in rats to study their effects in vivo. Sato and coworkers demonstrated that

coagulated MWNTs of 825 nm determined granulomas, since they were not easily

phagocytosed by macrophages in comparison to MWNTs of 220 nm length [253].

MWNTs were also administrated intratracheally to rats to evaluate their respira-

tory toxicity due to their biopersistence in the lungs [259]. The results clearly

showed that, once they reach the lung, MWNTs have the capacity to induce an

overexpression of pro-inflammatory and profibrotic mediators. However, there

might be some artifacts on the experimental strategy, since the method of admin-

istration presents several limitations, such as the formation of big aggregates that

could remain entrapped in the airways. A different mode of administration (e.g.

inhalation) and the real ability of these materials to translocate from the respiratory

system to other organs would give more reliable data.

Other in vivo studies were conducted by Lam and coworkers [260] and Warheit

and coworkers [261] to investigate the pulmonary toxicity of SWNTs in rodents. In

particular, Lam and coworkers evaluated histopathological alterations in mice at 7

and 90 days after exposure to three differently manufactured SWNTs that con-

tained varying amounts of residual catalytic metals: (i) raw nanotubes (RNT) and

(ii) purified nanotubes (PNT), both iron-containing HiPCO products from Rice

University, and (iii) CarboLex’s Ni-containing electric-arc nanotubes (CNTs). Car-

bon black and quartz were employed as low and high pulmonary toxicity controls,

respectively [260]. The experiments indicated that the three types of tubes induced

dose-dependent lung lesions characterized by interstitial granulomas, regardless of

the amount of metal impurities inside the samples. Even the product containing

very low quantities (2% by weight) of iron produced granulomas, suggesting that
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CNTs themselves are toxic. However, the methods employed for this study were

somehow ambiguous, since the suspension was obtained by briefly shearing and

short sonication to avoid any alteration of the nature of SWNTs, but the instillation

was performed through a plastic catheter placed in the trachea. Thus, further

studies would be needed to elucidate the cause of death. However, it was clear

that mice treated with 0.5 mg of nanotubes showed the formation of granulomas,

containing macrophages laden with black particles, few lymphocytes, neutrophils,

eosinophils and other inflammatory cells. Interestingly, it was encouraging to ob-

serve that the lowest dose (0.1 mg per 30 kg) determined no evident clinical signs.

The same (5 mg kg�1), or even a lower (1 mg kg�1), amount of SWNTs was em-

ployed in the study of Warheit and coworkers, in which histopathological evalua-

tion of lung tissue was conducted after 24 h, 1 week and 3 months postinstillation

[261]. In these experiments, SWNTs and graphite particles, together with the corre-

sponding controls (carbonyl iron and quartz particles) were prepared in a volume

of 1% Tween 80 surfactant and phosphate saline buffer subjected to polytron dis-

persion. Rats, intratracheally instilled with carbonyl iron or graphite, did not pres-

ent adverse effects, while no dose-dependent multifocal granulomas where visible

after exposure to SWNTs, even if they did not progress beyond 1 month. In 15% of

the rats, the highest dose induced mortality, but the main reason for that was due

to mechanical blockage of the upper airways and not to the inner toxicity of

SWNTs particulate. The death index was somehow incorrect, because the nano-

tubes tended to form nanoropes instead of being individually dispersed. A proof

was the observation that the surviving animals appeared normal through the whole

3 months. In addition, studies on chemotaxis concerning quartz treatment showed

a reduced motility as a consequence of a deficiency in macrophages after 1 week.

This phenomenon was not observed in the case of SWNTs, which differed from

quartz also in the formation of granulomas in a non-dose-dependent manner.

Additional studies by Huczko and coworkers have contributed to understanding

further the impact of nanomaterials on health. They tested the effect of fullerenes

and CNTs on skin irritation and allergen risks [262, 263]. There is only some evi-

dence of contact dermatitis caused by exposure to carbon fibers [264, 265]. The au-

thors applied two protocols that are commonly employed for testing skin irritation,

i.e. a patch and a Draize rabbit eye test. In the first case, 40 people showing predis-

position to irritation and allergy were treated with a patch of Whatman filter paper

saturated with a water suspension of CNTs, and then they were examined for 96 h.

In the second method, four albino rabbits were administered with 0.2 mL of CNT

aqueous suspension, and observed after 24, 48 and 72 h. The absence of adverse

effects seemed not to be dependent on the time of exposure nor on the type of

material used, since there were no differences in comparison with the reference

material (which did not contain CNTs). On the whole, the encouraging results in

all experiments on skin irritation suggested that no specific precautions should be

adopted while handling such nanomaterial [262, 263].

In general, the manufacturing of carbon nanomaterial is based on the use of

transition metal catalysts. Therefore, the eventual health hazards are potentially

connected with carbon and metals. In fact, free iron or nickel and transition metal
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complexes are known to produce reactive radicals, which could induce radical oxi-

dation and enhance oxidative stress. In order to investigate this aspect, Shvedova

and coworkers identified and quantified the reactive species that were produced

during the manipulation and evaluated the effects of pristine SWNTs on human

epidermal keratinocytes (HaCaT) [266]. SEM and TEM allowed us to verify that

oxidative stress, caused by treatment with SWNTs, caused a change in the mor-

phology of cells, besides altering surface integrity. These unwanted effects were

reduced by the subsequent use of an iron chelator that displayed a protecting role

towards HaCaT cells and, thus, confirmed that cytotoxicity of SWNTs was mainly

correlated with iron catalytic effects.

A parallel study investigated the adverse effects recorded by aerosol release ob-

tained through mechanical collisions of as-produced SWNTs with bronze beads

[267]. The results were somehow ambiguous, since the production of ultrafine

powders was not very efficient and it was not possible to discriminate if such par-

ticles were made up mainly of nanotubes or of catalyst. Moreover, although nano-

tubes tended to agglomerate into nanoropes, thus reducing the formation of an ap-

preciable respirable aerosol, it was possible that such nanoparticles remained in

the mouth and nasopharyngeal region, causing a potential health risk.

On the whole, CNTs have shown uncommon and interesting physicochemical

properties, which increase their possible biomedical applications; however, at the

same time, they might persist in biological systems and, consequently, be respon-

sible for adverse health effects and environmental safety. It is imperative that a

clear understanding of what really happens to nanoparticles months and years

after their release in needed, since some encouraging evidence is not exhaustive

in guaranteeing complete innocuous behavior. For all these very important rea-

sons, further studies are required to investigate if CNTs can be widely used for

their useful characteristics as well as if they safely represent a promising beginning

of the so-called ‘‘next industrial revolution’’.

3.9

General Conclusions

Although still debatable, the use of CNTs in drug delivery and biosensing is acquir-

ing more and more substantiating evidence for efficient development. It is clear

that many important issues have to be faced before CNTs can be proposed for clin-

ical trials. However, CNTs show unusual carrier properties, with a very strong ten-

dency to pass cell membranes and seem to perfectly fit into the new discipline of

nanobiotechnology. Although the first toxicological reports on pristine CNTs were

very discouraging, labeling CNTs as very dangerous species, it is becoming widely

accepted that f -CNTs are by far less toxic than non- f -CNTs. Therefore, the combi-

nation of penetration ability with high loading achievable with CNTs makes these

new carbon species promising candidates for innovative therapies. Another aspect

that should not be disregarded is that other functions can be introduced on CNTs

by using different functionalization methods.

3.9 General Conclusions 127



In conclusion, we do hope that, in a few years, f -CNTs will be considered as

valuable building blocks for pharmaceutical uses.
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Core–Shell Nanoparticles for Drug Delivery and

Molecular Imaging

Sung Kyun Han, Ree Sun Kim, Jin Ho Lee, Giyoong Tae,

Sun Hang Cho, and Soon Hong Yuk

4.1

Introduction

Core–shell nanoparticle structures, in which a layer of polymeric materials sur-

rounds an organic or inorganic nanoparticle core, have been investigated both as

a means to improve the stability of the core nanoparticle and as a way of accessing

unique physical properties that are not possible from one nanomaterial alone. This

chapter describes the preparation method and characterization of a novel protein

delivery system and molecular imaging agent composed of core–shell nanopar-

ticles with the variation of core materials such as lipid, polymeric or inorganic

nanoparticles.

With rapid advancements in the field of biotechnology/genetic engineering, a

growing number of protein drugs have been produced [1, 2]. Although they show

potent and specific physiologic actions in small doses, most of them are difficult

to administer clinically. Although a wide variety of delivery systems have been de-

signed and characterized, the parenteral route has been most widely selected for

the efficient delivery of protein [3–7]. However, the problems still remain in the

parenteral delivery of protein because most proteins have a short half-life in the

physiological condition. Loss of biological activity and change in immunogenicity

as a result of protein aggregation or denaturation are the most important chal-

lenges faced in the delivery of protein drugs [8–10]. Hence, they cannot be utilized

effectively in conventional dosage forms. For such active agents, new types of drug

delivery systems must be developed to deliver the drug more effectively. Among

the various approaches investigated, extensive research has been conducted on the

ability of colloidal systems such as liposomes and polymeric nanoparticles as an

optimal delivery system for protein drugs. A wide variety of drugs such as hydro-

philic drugs, hydrophobic drugs, proteins, vaccines and biological macromolecules

can be delivered using colloidal systems via a number of routes [11–15]. They can

be formulated for targeted delivery to the lymphatic system, brain, arterial walls,

lungs, liver or spleen, or made for long-term systemic circulation [16–18]. There-

143



fore, numerous protocols exist for colloidal systems based on the type of drug used

and the desired delivery route.

A number of liposomal formulations have been reported as drug delivery

vehicles for sustained release of protein drugs and some have been evaluated for

clinical applications [19–21]. Most of the previous studies involved traditional lip-

osomes (unilamellar [22, 23] or multilamellar vesicular systems [24, 25]) and mul-

tivesicular liposomes (DepoFoam) [26–29]. However, the liposomal system shows

a mechanical instability under physiological conditions, which results in a total

release of the internal aqueous content (burst effect). As each multivesicular lipo-

some is composed of discontinuous internal aqueous chambers, bounded by a

continuous, nonconcentric network of lipid membranes with a higher aqueous vol-

ume:lipid ratio, the multivesicular liposomes have exhibited an improved stability.

This enables us to design the sustained release form of encapsulated protein drug

since, unlike unilamellar vesicular systems, a single breach in the external mem-

brane of a multivesicular liposome will not result in a total release of internal aque-

ous content containing protein drug. They have been evaluated with recombinant

human insulin [30–32], leuprolide (a 9-amino-acid peptide analog of luteinizing

hormone releasing hormone) [33–35], met-enkephalin (an endogenous opioid pep-

tide of 5 amino acids) [36, 37] and octreotide (a cyclic octapeptide analog of soma-

tostatin) [38, 39]. However, the sustained release formulation of protein drugs

using multivesicular liposomes still remains a major challenge, achieving high

drug loading with high drug recovery and controlling the release pattern over a

prolonged period.

Recently, polymersome (polymer vesicle) has be prepared by the molecular

assembly of an amphiphilic diblock copolymer composed of poly(ethylene glycol)

(PEG) and polyesters or polycarbonates [40, 41]. Biodegradable diblock copolymers

based on PEG and poly(lactide) have been used to prepare carriers such as mi-

celles, nano/microparticles and gels for controlled or targeted delivery. However,

the formation of polymersomes has been reported and suggests a promising appli-

cation in drug delivery system for water-soluble drugs and protein drugs; similar

advantages and disadvantages founded in the liposomal system are observed in the

polymersome.

Polymeric nano/microparticles are the most suitable and preferred systems

in the delivery of protein drugs by the parenteral or nonparenteral route. Due to

the large amount of toxicological and chemical data available, biocompatibility/

histocompatibility, predictable biodegradation kinetics, ease of fabrication, and va-

riety in copolymer ratio and molecular weight, polyesters have been found the

most widespread use as a major component of polymeric nano/microparticles and

they have been approved in clinical applications [42, 43]. Despite many advantages,

polyesters like poly(lactide-co-glycolide) (PLGA) also have some inherent shortcom-

ings. Due to the hydrophobic nature of the polymer compared to most of the pro-

tein drugs to be encapsulated, the serious problems associated with protein activity

were observed during storage or in vivo release. Since hydration and degradation of

PLGA are prerequisites for the release of protein drugs during the bioerosion

phase, this results in an acidic micoenvironment due to the formation of lactic
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acid and glycolic acid, which leads to denaturation (hydrolytic degradation and ag-

gregation) of protein drugs. Although improvement of protein drug compatibility

has been investigated by coencapsulating buffer salts and stabilizer for protein

drugs and modification of polyesters, it still remains challenging.

With the significant progress in the treatment of diseases and diagnosis, the im-

portance of molecular imaging as well as that of drug delivery has increased tre-

mendously. The prerequisite for efficient molecular imaging is to prepare the mag-

netic nanoparticles with a narrow size distribution. Information technology which

has been used in data storage devices now enables us to prepare magnetic (metal)

nanoparticles with such a narrow size distribution. However, as such particles have

a strong tendency to agglomerate due to their large specific surface area, various

methods have been studied in order to stabilize the nanoparticles. For this pur-

poses, many attempts have been made to establish the preparation method of mag-

netic nanoparticles coated with a biocompatible polymer (core–shell nanoparticles

with metallic core) to improve the stability and biocompatibility under physiologi-

cal conditions.

As described previously, there are number of studies on the protein delivery sys-

tem and molecular imaging agent using a single nanomaterial system. However,

these systems showed major drawbacks in terms of the stability, release pattern

and cytotoxicity. Recently, a number of investigations have been devoted to under-

standing the formation of core–shell nanoparticles [44, 45] and much interest has

been focused on developing core–shell nanoparticles as an effective means of deliv-

ering bioactive materials [46–50]. Due to their distinct geometry, numerous appli-

cations have evolved, and core–shell nanoparticles with a variation of core materi-

als have been designed and characterized as drug delivery systems based on the

type of drug used. In this chapter, a new type of protein delivery system and mo-

lecular imaging agent will be introduced using core–shell nanoparticles, which ex-

hibit the improved stability, a sustained release pattern of protein drug and de-

creased cytotoxicity.

4.2

Core–shell Nanoparticles with a Lipid Core

As an effective oil-soluble drug carrier, lipid and mixed micelles have been devel-

oped. However, lipid-based drug carriers composed of a single lipid phase have

several inherent problems, including the burst effect and difficulty in achieving

zero-order release. To overcome these difficulties, core–shell nanoparticles with

drug-loaded lipid core were prepared (see Fig. 4.1). For the formation of the poly-

meric shell, drug-loaded lipid cores were usually freeze-dried in the aqueous solu-

tion containing polymers used for the shell material. Freeze-drying of vesicular

structure and subsequent recovery of the very same structure on the microscale is

simple and straightforward [51, 52]. However, with the vesicular structure on the

nanoscale, the situation is more complex [51]. A solution to the problem that al-

lows the recovery of vesicular structure on the nanoscale was found to be the inclu-
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sion of relatively high concentrations (around 30 wt%) of cryoprotectants such as

trehalose, sucrose, mannose or glucose. The role attributed to these cryoprotectants

is replacement of structure-stabilizing water-based hydrogen bonds at the liposo-

mal surface, which are lost in the process of drying [53].

Another approach to cryoprotection, which does not require the inclusion of ad-

ditives such as the sugars listed above, has been made by chemical modification of

phospolipid with hydrophilic polymers, surfactants or block copolymers [54].

A novel method for the preparation of core–shell nanoparticles with a lipid

core was designed and characterized (see Fig. 4.2). The lipid core is composed of

lecithin, which forms a spherical supramolecular structure (multilamellar vesicles)

in the concentrated state [55]. The polymeric shell is composed of pluronics

[poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene oxide) triblock copoly-

mer, F-127]. In this study, a F-127/trehalose mixture was used to stabilize the

drug-loaded lipid core in the form of core–shell nanoparticles. With the combina-

Figure 4.1. Schematic description of the advantages gained

with the formation of core–shell nanoparticles.

Figure 4.2. Schematic description of core–shell nanoparticles with drug-loaded lipid cores.
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tion of F-127 and trehalose, the concentration of cryoprotectant can be reduced into

approximately 5 wt% and chemical modification of lipid to improve the stability of

vesicular structure on the nanoscale was not required.

First, the core–shell nanoparticles with a drug-loaded lipid core were prepared

for a lipophilic drug. A drug suspension composed of 90/10 (w/w) [Tween 80/

paclitaxel (model drug)] mixture was prepared in which the oil phase was subse-

quently dispersed. The oil phase was composed of 40 wt% aqueous solution of lec-

ithin from soy bean oil. The obtained drug dispersion and oil phase were mixed in

equal amounts, and were then subjected to sonication in an ice bath for 3 min to

prepare the drug-loaded lipid core using a probe-type ultrasonic wave homogenizer

(Branson Sonifier Model 185). The solution mixtures composed of 90/10 (w/w) (F-

127 aqueous solution/drug-loaded lipid core) were prepared to induce the forma-

tion of the polymeric shell on the surface of the drug-loaded lipid core. F-127 aque-

ous solutions were prepared with or without trehalose to observe the preservation

of integrity of the core–shell structure of nanoparticles during the freeze-drying.

Aqueous concentrated lecithin mixtures show typical lamellar liquid crystalline

behavior and the individual lamellae tend to form a spherical supramolecular

structure [55]. Figure 4.3 shows the particle size distribution of 5 wt% lecithin

aqueous solution, which exhibits the formation of a spherical supramolecular

structure with a diameter of 45.6 nm. The size, polydispersity and surface charge

of nanoparticles were determined using an electrophoretic light-scattering spectro-

photometer equipped with a 10 mW HeaNe laser (632.8 nm) (ELS-8000; Otsuka

Electronics, Japan). Based on this, paclitaxel solubilized in Tween 80 was added to

40 wt% lecithin aqueous solution and subjected to sonication leading to the com-

plete dissolution of paclitaxel. This is a universal principle for all drugs that are

Figure 4.3. Size distribution of 5 wt% lecithin in aqueous

medium with 5 wt% Tween 80. (From Ref. [48].)
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poorly soluble in the water phase of emulsions and simultaneously in the oil

phase, but processing a suitable lipophilicity to interact with the lecithin molecules

in the interfacial layer [56]. Of course, the incorporation capacity of an oil-in-water

(o/w) emulsion is not unlimited. At a certain stage, the interfacial layer is saturated

with paclitaxel, leading to the formation of nondissolved small drug crystals in the

dispersion. As shown in Fig. 4.4, paclitaxel-loaded lipid cores dispersed in 10 wt%

F-127 aqueous solution exhibit a stable emulsion with diameter of 99 nm.

Freeze-drying was performed for the formation of a polymeric shell composed of

F-127. As shown in Fig. 4.5(A), significant aggregation was observed to show that

the spherical supramolecular structure was disintegrated during the freeze-drying

process. This phenomenon is usually found in the freeze-drying of protein solu-

tion. With freeze-drying, the protein activity is significantly decreased due to the

disintegration of supramolecular structure. It has been reported that trehalose, a

naturally occurring osmolyte, is known to be an efficient stabilizer of proteins and

helps the activity of enzymes in solution as well as in the freeze-dried state [57].

This led us to use trehalose as a stabilizer of the spherical supramolecular struc-

ture of core–shell nanoparticles. Note that exposure of freshly collected oocytes to

a concentration of trehalose between 0.5 and 1.0 M for up to 10 min had no signif-

icant effect, indicating that trehalose is not toxic [58]. With adding 5 wt% trehalose

in F-127 aqueous solution, freeze-drying was performed to induce the formation of

the polymeric shell. As shown in Fig. 4.5(B), nanoparticles with diameter of 267.4

nm were observed, indicating minimal disintegration of spherical supramolecular

structure.

A cryogenic transmission electron microscopy (cryo-TEM) image was obtained

for the verification of the formation of core–shell nanoparticles. For the measure-

Figure 4.4. Size distribution of paclitaxel-loaded lipid cores in

the aqueous medium. (From Ref. [48].)
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ment, the samples were prepared as a thin liquid film (less than 0.25 mm thick)

supported on cryo-grid. These were quenched into liquid ethane at its freezing

point and stored under liquid nitrogen. They were later transferred to a Tecnai 12

electron microscope (Philips, The Netherlands). Direct imaging was carried out at a

temperature of approximately �170 �C and with a 120 kV acceleration voltage, us-

ing the images acquired with a Multiscan 600 W CCD camera (Gatan, USA). With

the nanoparticles formed from 10 wt% F-127 aqueous solution, the formation of

core–shell nanoparticles was observed as shown in Fig. 4.6.

In this study, lecithin was used as the main component for the preparation of

nanoparticles (self-assembled aggregates). The addition of other substances, espe-

Figure 4.5. (A) Size distribution of nanoparticles formed from

10 wt% F-127 aqueous solution without trehalose. (B) Size

distribution of nanoparticles formed from 10 wt% F-127

aqueous solution with 5 wt% trehalose. (From Ref. [48].)
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cially surfactants and drug, may result in the alteration of the original structures.

Differential scanning calorimetry (DSC) was used to characterize the lipid core

with addition of surfactant, F-127 and drug as shown in Fig. 4.7. Although a mini-

mal peak was observed with 15 wt% F-127 aqueous solution, no characteristic peaks

Figure 4.6. Cryo-TEM image of nanoparticles formed from

10 wt% F-127 aqueous solution with 5 wt% trehalose. (From

Ref. [48].)

Figure 4.7. DSC thermograms of components used to prepare

for the core–shell nanoparticles. (From Ref. [48].)
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were observed with lecithin and Tween 80 mixed with paclitaxel. However, the

characteristic peaks were observed at 105.5 and 111.9 �C with paclitaxel-loaded

lipid cores (loading amount: 4 wt%) and with paclitaxel-loaded lipid cores in the

presence of F-127 and trehalose, respectively. A similar peak was observed at

104.9 �C with the freeze-dried nanoparticles resuspended in water. This indicates

that the original structure of the paclitaxel-loaded lipid core was maintained in the

presence of F-127 and trehalose during the freeze-drying, resulting in the forma-

tion of core–shell nanoparticles with a drug-loaded lipid core.

For application as a drug delivery system for lipophilic drugs, core–shell nano-

particles with paclitaxel-loaded lipid core were prepared and the release behavior

of paclitaxel was observed as shown in Fig. 4.8. Without the polymeric shell

(0 wt% of F-127 aqueous solution), a significant burst effect was observed, result-

ing in the precipitation of paclitaxel into the release medium. This is due to the

poorly solubilized paclitaxel in the lipid phase and its poor solubility in aqueous

media. With the formation of the polymeric shell, released paclitaxel from the lipid

phase diffused through the polymeric shell (F-127 phase), resulting in a significant

decrease in the burst effect and an almost zero-order release pattern was observed

with nanoparticles formed from 10 wt% F-127 aqueous solution.

Based on the formation of core–shell nanoparticles, the application has evolved

in the area of protein delivery. Figure 4.9 shows the chemical structure of lecithin

used as a core material. Due to its low isoelectric point (below 3.5), zwitterionic lec-

ithin shows anionic characteristics under physiological pH as presented in Fig. 4.9.

Figure 4.8. The release pattern of paclitaxel from nanoparticles

formed as a function of the concentration of F-127 aqueous

solution. N ¼ 3 experiments. (From Ref. [48].)

4.2 Core–shell Nanoparticles with a Lipid Core 151



With a proper choice of protein drug with a higher isoelectric point (above 7.4), the

ionic interaction between lecithin nanolipid and protein drug can be achieved as

presented schematically in Fig. 4.10.

Vascular endothelial growth factor (VEGF) was used as a model protein drug.

VEGF is a potent mitogen in embryonic and somatic angiogenesis with a unique

specificity for vascular endothelial cells [59, 60]. VEGF has been considered as a

potential treatment for stroke due to its angiogenic and direct neuroprotective

action [61]. One potential mechanism for the treatment of stroke is the induction

of angiogenesis with increasing oxygen availability. The extent of newly formed

vessels is probably an important factor in determining the improvement in the

blood flow, culminating in the recovery and repair of neurons, and a reduction in

the ischemic damage.

Figure 4.9. Chemical structure of lecithin used as a lipid core.

Figure 4.10. Schematic description of the formation of protein-loaded core–shell nanoparticles.
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The medical product related to VEGF is being developed for the treatment of cor-

onary artery disease [62]. As a result of blocked arteries in the heart, patients with

coronary artery disease typically experience severe, often immobilizing, pain from

minimum physical activity such as walking. This product is intended to improve

blood flow in the heart through the formation of new blood vessels, a process

known as angiogenesis, with the delivery the angiogenic protein, VEGF-121. In

this approach, the product is directly injected into the heart wall by an endocardial

injection catheter and this enables the sustained, controlled production of VEGF-

121 protein in the area of the heart with poor blood flow. It was reported that there

were no VEGF-related serious adverse events or dose-limiting toxicities.

Figure 4.11. The size distribution and z potential of lecithin nanoparticles.
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The core–shell nanoparticles are utilized as a delivery vehicle of VEGF with a

sustained release pattern. For the preparation of the protein-loaded core–shell

nanoparticles, a similar process to that described previously was employed. For ef-

ficient loading of protein drug, complex formation was induced between lecithin

and VEGF, and this complex was mixed with F-127 aqueous solution containing

5 wt% trehalose. Freeze-drying was conducted to form the polymeric shell on

the surface of the complex composed of lecithin and VEGF (see Fig. 4.10).

In the freeze-drying process, trehalose used as a cryoprotectant plays two roles.

One is to preserve the core–shell structure of nanoparticles, which is very impor-

tant for the accomplishment of the sustained release pattern of VEGF. The other

is to preserve the activity of loaded VEGF. It has been reported that globular pro-

teins invariantly show higher melting (denaturation) temperatures in the presence

Figure 4.12. The size distribution and z potential of core–shell

nanoparticles with a VEGF-loaded lecithin core.
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of sugars (in dilute solution) and concentrated sugar systems confer textural con-

sistency that prevents microbial attack in foods. It is not clear, however, whether

these two different types of stabilization have a common physicochemical origin;

in particular, whether water–sugar interactions are the only basis of both phenom-

ena. Among all the sugars, trehalose has received the greatest attention, both be-

cause of its wide role in nature and its potential use as a highly efficient natural

preservative [63].

Figure 4.11 shows the z potential and size distribution of lecithin nanolipid. The

size of lecithin nanolipid was approximately 65.4 nm and a negative value of the z

potential was observed, indicating that anionic lecithin nanolipid is suitable for the

immobilization of cationic VEGF. After freeze-drying of VEGF/lecithin nanolipid

complex in the F-127 aqueous solution containing 5 wt% trehalose, the obtained

powder was resuspended in water and characterized with a particle size analyzer.

As shown in Fig. 4.12, the diameter was approximately 270 nm and the magnitude

of the negative value of the z potential was decreased. With the formation of the

polymeric shell, the size of the nanoparticles was increased and the negative

charge of the lecithin nanolipid was decreased. The cryo-TEM image clearly dem-

onstrates the formation of core–shell nanoparticles as shown in Fig. 4.13.

The release of VEGF from the nanoparticles was measured as shown in Fig.

4.14. A VEGF-loaded nanoparticle suspension (0.2 mL) was subsequently put into

a dialysis tube. The dialysis tube was placed into 15 mL PBS containing 2.0 mM

sodium azide and 0.1% (w/v) bovine serum albumin (BSA), and kept in reciprocal

shaking water bath (Sangwoo Scientific, Korea) at 37 �C and 35 r.p.m. At each time-

point, the whole medium was taken and replaced with the fresh release medium.

Figure 4.13. Cryo-TEM image of core–shell nanoparticles with a VEGF-loaded lecithin core.
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The amount of released VEGF into the release medium was determined by ELISA

analysis (Neogen, USA). The sustained release pattern was observed up to 10 days,

releasing about 16% of the initial loading and this indicates that a 1-month period

of VEGF release can be achieved with core–shell nanoparticles.

With the adsorption of F-127 on the surface of lipid core by freeze-drying, the

stabilized core–shell nanoparticles were formed in the presence of trehalose. This

indicates that trehalose, which is generally used as a protein stabilizer, preserves

the integrity of the spherical supramolecular structure of the lecithin core during

the freeze-drying. Due to the distinct geometry of core–shell nanoparticles with a

lipid core, the lipophilic drug can be loaded in the lipid core and protein drugs can

be loaded in the polymeric shell.

4.3

Core–Shell Nanoparticles with a Polymeric Core

PLGA micro/nanoparticles have been designed and characterized for the delivery

of a couple of proteins. Biodegradable microspheres containing recombinant hu-

man erythropoietin (EPO) were prepared from ABA triblock copolymers, consist-

ing of hydrophobic PLGA A blocks and poly(ethylene oxide) (PEO) B blocks [64].

Using excipients with known protein stabilizing properties, such as BSA, poly(l-

histidine), poly(l-arginine) or a combination of poly(l-arginine) and dextran, the

EPO aggregate content was significantly reduced to below 5% of the encapsulated

Figure 4.14. The release of VEGF from the core–shell nanoparticles.
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EPO. In particular, the microspheres composed of ABA triblock copolymer (35

mol% PEO; 30 kDa) in combination with 5% BSA yielded both an acceptable level

of EPO aggregate and a continuous release profiles under in vitro conditions for up
to 14 days. Pharmacokinetic characterization of VEGF controlled release micro-

spheres composed of PLGA was performed using a rat model. The microspheres

were administered subcutaneously to the rat and the pharmacokinetic parameters

were compared with those of VEGF solution [65]. The subcutaneous administra-

tion of protein solution resulted in rapid clearance from the tissue, with high

plasma concentrations as expressed by rapid absorption and elimination. However,

the subcutaneous administration of VEGFmicrospheres produced low plasma con-

centrations and high subcutaneous concentrations over a period of 7 weeks.

However, because of the hydrophobic character of PLGA, the loading of protein

into PLGA micro/nanoparticles with a minimal decrease of protein activity still re-

mains challenging. In addition, nanoparticles have a further advantage over larger

micorparticles because they are better suited for intravenous delivery. The smallest

capillaries in the body are 5–6 mm in diameter. The size of particles being distrib-

uted into the blood stream must be significantly smaller than 5 mm, without form-

ing aggregates, to ensure that the particles do not form an embolism.

The rapid removal of intravenously administered colloidal drug carrier by the

mononuclear phagocytic system, comprising mainly the Kupffer cells of the liver

and the macrophages of the spleen, has been identified as the major obstacle to

the efficient targeting of colloidal carriers to target sites such as the circulation it-

self, tumor, sites of inflammation and bone marrow. Various studies have been car-

ried out for the successful avoidance of these difficulties. One of the related studies

reported that the in vitro interaction with isolated macrophages and the biodistribu-

tion of model polystyrene nanospheres after modification of the particle surface us-

ing PEO/poly(propylene oxide) (PPO) block copolymers of the poloxamer (Plur-

onic) poloxamine series and the presence of PEO on the surface of nanospheres

decrease the extent of phagocytosis [66]. It was also verified that poloxamer and

poloxamine copolymers are bound to the nanosphere surface by hydrophobic inter-

action of the PPO chains, whereas the hydrophilic PEO chains protrude into the

surrounding medium to create a steric barrier and this barrier prevents or de-

creases the adsorption of plasma proteins onto the particle surface, resulting in

the decreased recognition by the liver and spleen macrophages [67–69]. Similar re-

sults have been reported with PLGA nanoparticles coated with Pluronic [70]. In

particular, the size of nanoparticles and coating layer thickness were measured us-

ing photon correlation spectroscopy, indicating the presence of a hydrogel layer on

the surface of nanoparticles. These results enable us to design PLGA nanoparticles

with a hydrogel layer on the surface, which are utilized as cores in the formation of

core–shell nanoparticles with a polymeric core.

4.3.1

Hyaluronic Acid (HA)-functionalized PLGA Nanoparticles

A novel preparation method for core–shell nanoparticles with a hydrophilic poly-

meric shell was designed and characterized based on the preparation method of
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hydrophilized PLGA nanoparticles with Pluronics described previously. The core is

composed of PLGA and polymeric shell is composed of Pluronics (F-127) and HA.

The role of the core is to provide the nucleus for the stable formation of the hydro-

philic polymeric shell by physical adsorption and that of the polymeric shell is to

provide the hydrophilic network for protein loading. Specifically, HA was used as

one of the components for polymeric shell to induce the ionic interaction between

protein and HA for the efficient loading and sustained release of ionized and hy-

drophilic protein. For the characterization of core–shell nanoparticles as a drug car-

rier, lysozyme, which was used as a model protein drug, was loaded into the nano-

particles, and the loading amount and release pattern was observed with the

variation of the composition of the polymeric shell.

In the previous study, PLGA nanoparticles were prepared based on the

temperature-induced phase transition in the F-127/PLGA mixture without solvent

[71]. This method provides F-127-coated PLGA nanoparticles (hydrophilized nano-

particles) used as a core. Figure 4.15 describes the preparation method of nanopar-

ticles used as a polymeric core schematically. F-127 is in a flaky state and PLGA is

in a powdery state at room temperature. The mixtures were prepared individually

by weighing 85 mg of polymers with 0.2 weight ratio of (PLGA/F-127) and 3 mg

of Tween 80 into 20 mL vials, which were immediately put into a vacuum oven at

60 �C. Within 30 min, both polymers were liquidized completely to form a trans-

parent polymer solution. The melted mixtures were transferred to vacuum oven at

25 �C to induce the phase transition (the solidification of liquidized polymer mix-

ture). With the phase transition, PLGA formed the phase-separated domain with a

spherical form and F-127 formed the continuous phase as shown in Fig. 4.16. Fol-

lowing the equilibration period for 3 h, the solidified mixture was withdrawn from

the vacuum oven and immersed in distilled/deionized water for 3 days to solubi-

Figure 4.15. Schematic description of the method of

preparation of PLGA nanospheres. (From Ref. [71].)
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lize F-127 using a dialysis bag (molecular weight cut-off range: 40–50 kDa; Fisher

Scientific, USA), replacing the distilled/deionized water every hour. This aqueous

solution containing PLGA nanoparticles was centrifuged for 20 min and filtered

through the 0.45-mm filter membrane. The obtained PLGA nanoparticles were

freeze-dried. In the final stage for preparing PLGA nanoparticles, Pluronics was re-

moved from the phase-separated aggregate. However, the complete removal of

Pluronic was impossible due to the hydrophobic interaction between the PLGA

and the PPO domain of F-127, resulting in the formation of Pluronic-adhered

PLGA nanoparticles. Due to the presence of F-127 on the surface of PLGA nano-

particles, stability in aqueous medium was significantly improved as shown in Fig.

4.17.

For the preparation of core–shell nanoparticles with a hydrophilic polymeric

shell, the formation of a gel layer was induced. First, PLGA nanoparticles prepared

previously were suspended in HA/F-127 aqueous solution with a variation of the

weight ratio of HA/F-127. Subsequently, this aqueous solution mixture was sub-

jected to freeze-drying to induce the formation of the polymeric shell.

Figure 4.18 describes the formation of core–shell nanoparticles with a hydro-

philic polymeric shell and the protein-loading process [49]. F-127 forms a spherical

micelle at low concentration. In this low micellar concentration regime, micelles

are well-separated and the solution is an isotropic fluid. At higher concentrations,

the micelles approach close packing and ordered domains, consisting of cubic

packing of spherical micelles, are induced resulting in the gelation. With the

freeze-drying process in this study, the concentration of F-127 aqueous solution

was increased with the evaporation of water and gelation was induced to form a

polymeric shell. With the evaporation of water by freeze-drying, F-127 was ad-

sorbed (gelled) into F-127-coated PLGA nanoparticles and HA might be adsorbed

Figure 4.16. SEM image of phase-separated (8:2) (w/w) F-127/PLGA mixture. (From Ref. [71].)
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Figure 4.17. The enhanced stability of F-127-coated PLGA nanoparticles in aqueous media.

Figure 4.18. The formation of core–shell nanoparticles with a

hydrophilic polymeric shell and the protein loading process.

(From Ref. [49].)
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into F-127-coated PLGA nanoparticles with F-127, resulting in the formation of a

polymeric shell composed of F-127/HA composite.

The shape of core–shell nanoparticles formed at different concentrations of F-

127 in the absence of HA was examined by scanning electron microscopy (SEM)

to observe the optimum concentration of F-127 for the stable formation of the poly-

meric shell. As shown in Fig. 4.19, the aggregation of nanoparticles was observed

at core–shell nanoparticles formed as 10 wt% F-127 aqueous solution. This is due

to the formation of a polymer network between free F-127 (which was not adsorbed

on the surface of the PLGA nanoparticle). However, aggregation was not observed

at the core–shell nanoparticles formed at 5 wt%, indicating that most F-127 in the

aqueous media was adsorbed on the surface of PLGA nanoparticles. Therefore, the

concentration of polymeric shell material was fixed at 5 wt% throughout the exper-

iment. Note that the fibrous structure in the background of Figs. 4.19(A) and

4.20(A) is from the filter paper.

Figure 4.19. (A) SEM image and size distribution of core–shell

nanoparticles formed from 5 wt% F-127 aqueous solution.

(B) SEM image and size distribution of core–shell nanoparticles

formed from 10 wt% F-127 aqueous solution. (From Ref. [49].)
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For the efficient loading of cationic lysozyme (isoelectric point: 11.1) under phys-

iological conditions, anionic HA was incorporated into the polymeric shell by co-

adsorption with F-127. Core–shell nanoparticles were prepared with the variation

of the HA/F-127 weight ratio. As shown in Fig. 4.20, the aggregation of nanopar-

ticles was observed at 0.4 weight ratio of HA/F-127. This is due to the formation of

a polymer network between free HA (which was not incorporated into the poly-

meric shell). In the adsorption of F-127 and HA on the surface of F-127-coated

nanoparticles, the main driving force forming the polymeric shell is the hydropho-

bic interaction between F-127. As HA does not have intermolecular interactions

with F-127 or PLGA nanoparticles, it is embedded physically in the F-127 network

within the range of 0–0.3 weight ratio of HA/F-127. However, the formation of the

HA/lysozyme complex without the PLGA core could be possible due to unstable

embedding of HA in the polymeric shell. This property should be improved for

Figure 4.20. (A) SEM image and size distribution of core–shell

nanoparticles with 0.2 weight ratio of HA/F-127. (B) SEM

image and size distribution of core–shell nanoparticles with 0.4

weight ratio of HA/F-127. (From Ref. [49].)
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the exact manipulation of loading lysozyme (or negatively charged proteins under

physiological conditions).

Figure 4.21 shows the variation of the z potential of core–shell nanoparticles

with the variation of weight ratio of HA/F-127. The negative value was observed

with the increase of weight ratio of HA/F-127, indicating that anionic HA is em-

bedded in the polymeric shell and that the polymeric shell is suitable for the im-

mobilization of cationic lysozyme.

Figure 4.22 shows the change of loading amount with the variation of weight

ratio of HA/F-127. Lysozyme was loaded into core–shell nanoparticles by sorption

method. Samples of 100 mg of dried core–shell nanoparticles were suspended in

100 mL of PBS containing 10 mg of lysozyme and stored at 25 �C to induce the

ionic interaction between lysozyme and HA in the polymeric shell. After equilib-

rium for 12 h, this aqueous solution was centrifuged for 20 min and filtered

through a 0.45-mm filter membrane. The obtained lysozyme-loaded core–shell

nanoparticles were freeze-dried. The amount of unloaded lysozyme in the aqueous

media was analyzed by high-performance liquid chromatography (HPLC) to

measure the amount of drug loaded. Lysozyme was determined by reversed-

phase HPLC using a Shodex RSpak RP 18-415 column and trifluoroacetic acid/

acetonitrile (0.1/99.9, v/v%) mobile phase at a flow rate of 1 mL min�1. The elute

was monitored by UV absorption at 220 nm. The amount of drug loading is de-

fined as the ratio of the amount of drug in the nanoparticles/total weight of nano-

Figure 4.21. The variation of the z potential of core–shell

nanoparticles as a function of the weight ratio of HA/F-127.

(From Ref. [49].)
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particles. The loading amount was increased up to 7 wt% with the increase of HA

content in the polymeric shell. Due to the ionic interaction between cationic lyso-

zyme and anionic HA in the PBS (pH 7.4), stable immobilization of lysozyme into

the polymeric shell was induced and this led to the increase of the loading amount.

Figure 4.23 shows the release pattern of lysozyme from the core–shell nanopar-

ticles formed as a function of weight ratio of HA/F-127. To measure the release

pattern of lysozyme from the nanoparticles, 5 g of freeze-dried core–shell nanopar-

ticles was put into 500 mL of PBS (pH 7.4). Temperature was maintained at 37 �C

and stirring was maintained at 600 r.p.m. At given time intervals, 5-mL aliquots

were withdrawn from release medium (PBS). HPLC analysis can then be per-

formed as previously described. To maintain the sink condition in the release me-

dium, 5 mL of fresh PBS was added to release medium after sampling. Without

HA in the polymeric shell, a significant burst effect was observed. With the forma-

tion of the polymeric shell composed of F-127 and HA, the release rate was re-

duced significantly and an almost zero-order release pattern was observed at nano-

particles with 0.2 weight ratio of HA/F-127. Although HA is embedded in the

F-127 network within the range of 0–0.3 weight ratio of HA/F-127 as shown in

Fig. 4.21, it does not have intermolecular interactions with F-127 or PLGA nano-

particles and this leads to the release of HA from the polymeric shell. As lysozyme

is ionically bound to HA, lysozyme and HA release together with the formation of

Figure 4.22. The variation of loading amount of core–shell

nanoparticles as a function of the weight ratio of HA/F-127.

(From Ref. [49].)

164 4 Core–Shell Nanoparticles for Drug Delivery and Molecular Imaging



an ion complex. To verify the release of HA from the polymeric shell, the variation

of the z potential was measured as a function of time for equilibrium in the release

media. Figure 4.24 shows that the z potential of core–shell nanoparticles with 0.2

weight ratio of HA/F-127 was increased with the increase of equilibrium time.

This indicates that HA is released from the polymeric shell during the release of

lysozyme and the sustained release of lysozyme is due to the release of the ionic

complex composed of HA and lysozyme, which has a higher molecular weight

compared with free lysozyme.

The specific enzyme activity of lysozyme in the release media after the 1-week

release experiment was measured. For lysozyme activity assay, a suspension of

0.1 mg mL�1 Micrococcus lysodeikticus was prepared in PBS (37 �C). To 2.95 mL

M. lysodeikticus suspension, 0.05 mL lysozyme solution was added and mixed im-

mediately. The turbidity of the suspension was measured at 450 nm by a Shi-

madzu UV-1601 spectrophotometer. One unit of activity corresponds to a decrease

in turbidity of 0.001 min�1 at 450 nm [72]. In comparison to the activity of native

lysozyme, 81.3% activity was preserved and this indicates that the activity of lyso-

zyme was preserved during the freeze-drying process.

Core–shell nanoparticles with a composite polymeric shell composed of F-127

and HA have been prepared based on the hydrophobic interaction between PLGA

and the PPO domain of F-127. Although HA does not have intermolecular interac-

tions in the polymeric shell, the formation of the polymeric shell composed of

F-127 and HA within the range of 0.3 weight ratio of HA/F-127 was observed.

Figure 4.23. The release pattern of lysozyme from the core–

shell nanoparticles. (From Ref. [49].)
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Due to the ionic interaction of cationic lysozyme and anionic HA under physiolog-

ical conditions, the efficient loading and sustained release of lysozyme were accom-

plished. This enables us to prepare charged nanoparticles with a core–shell struc-

ture for the delivery of protein drug.

4.3.2

Heparin-functionalized PLGA Nanoparticles

A new, facile method to prepare heparin-functionalized PLGA nanoparticles for the

controlled release of growth factors has been developed [73]. This system is com-

posed of PLGA as a hydrophobic core, F-127 as a hydrophilic surface layer (poly-

meric shell) and heparin as the functional moiety. Nanoparticles were prepared by

a solvent-diffusion method without chemical modification of the components.

Heparin is a highly sulfated, anionic polysaccharide composed of repeating dis-

accharides of 1–4-linked glucosamine and uronic acid residues. Heparin is best

known for its anticoagulant properties that are mediated through a pentasacchar-

ide sequence that binds antithrombin III (AT-III) and subsequently complexes

thrombin [74]. Heparin also interacts with a variety of proteins that have heparin-

binding domains, including various growth factors, e.g. fibroblast growth factor

(FGF) family [75], VEGF family [76], platelet-derived growth factor (PDGF) family

[77], transforming growth factor (TGF)-b family [78] and glial-derived neurotrophic

factor (GDNF) [79]. This binding between growth factor and heparin or heparan

Figure 4.24. The variation of the z potential of core–shell

nanoparticles as a function of the time for equilibrium in PBS.

(From Ref. [49].)
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sulfate proteoglycans enables the growth factors to crosslink their receptors, and

the association stabilizes the growth factor and protects it from proteolytic degrada-

tion [80, 81].

Based on the high specific binding of heparin for various growth factors, several

heparin-containing systems have been developed for the controlled release of the

growth factors. Edelman and coworkers encapsulated heparin-conjugated and basic

FGF (bFGF)-loaded Sepharose beads in calcium alginate microspheres and dem-

onstrated the controlled release of bFGF [82]. Sakiyama-Elbert and coworkers in-

corporated heparin-binding peptide 5 domains into a fibrin gel to bind heparin,

which was then used to load and release bFGF [75] or b-nerve growth factor (NGF)

[83]. Wissink and coworkers grafted collagen matrices with heparin and the sus-

tained release of loaded bFGF was observed [84]. Tanihara and coworkers cross-

linked alginate and heparin with diamine using carbodiimide activation to con-

struct a hydrogel which showed sustained release of loaded bFGF [85]. Seal and

coworkers covalently attached heparin-binding peptides to multi-arm PEGs, which

were then physically crosslinked with heparin [86]. Among the heparin-binding

growth factors, VEGF is of particular interest in tissue engineering due to its

proangiogenic properties [87, 88]. So far, PLGA microspheres have been generally

adapted for the particle-type sustained release system of growth factors [89, 90].

However, the encapsulation of proteins into hydrophobic PLGA cores has easily de-

natured proteins to aggregate and adsorb on the degrading PLGA surface [91–94],

and also the presence of a water/organic solvent interface during protein loading

has been identified as a major cause of protein denaturation and aggregation [95–

97]. Alginate has also been used to encapsulate growth factors [98–100]. Even

though there is no interfacial problem when proteins are encapsulated in alginate

beads, rapid release and an initial burst of encapsulated proteins, as well as irre-

versible complexation with alginate were reported [100, 101]. Growth factor deliv-

ery by gelatin microspheres is very similar to the case of the alginate system [102,

103]. The main interaction between protein and gelatin is polyion complexation

and the conformational change of the gelatin molecule is also followed. In addi-

tion, even though alginate and gelatin are natural polymers, growth factors do not

have any binding domains on these polymers, thus limiting the binding events

to the proteins with net positive charges [104]. Several heparin-based micelles or

nanoparticles have also been developed as drug carriers [105–107]. However, all

these systems employed chemical modifications of the functional group sequence

of heparin to attach with either hydrophobic polymers or the low-molecular-weight

hydrophobic moiety, thus reducing the bioactivity of the heparin, as represented by

antithrombic activity [108].

The nanoparticles were prepared by a spontaneous emulsion solvent diffusion

method as follows (Fig. 4.25). Samples of 40 mg of PLGA were dissolved in 2 mL

DMSO at room temperature. The organic phase was then slowly added to 30 mL of

deionized water containing 1.5 g of F-127 and a fixed amount of heparin with vig-

orous stirring. The amount of heparin was varied to control the entrapped heparin

on the nanoparticles. The nanoparticles formed in the aqueous solution were col-
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lected by high-speed centrifugation (Hanil Science Industrial, Korea) at 12 000

r.p.m. for 1 h and resuspended in 0.5 mL of PBS solution containing 1.0% (w/v)

Tween 80.

The size, polydispersity and surface charge of the nanoparticles were charac-

terized by varying the amount of heparin in the aqueous phase. For the nano-

particles prepared from the aqueous solution containing no heparin, monodis-

persed nanoparticles with an average diameter of 156G 3 nm and polydispersity

of 0.09G 0.03 were obtained. The surface charge from the z potential measure-

ment was �26.0G 1.1 mV (Fig. 4.26). By increasing the amount of heparin in the

aqueous phase during the preparation of nanoparticles, the z potential value de-

creased significantly, whereas the size and the polydispersity of nanoparticles var-

ied little. However, when the amount of heparin in the aqueous phase was in-

creased to 240 mg, both the size and the polydispersity of the nanoparticles

increased noticeably to 188G 4 and 0.13G 0.04 nm. Thus, it can be concluded

that heparin molecules were entrapped in the nanoparticles, maintaining their

monodisperse distribution when the amount of heparin in the aqueous phase was

less than 240 mg.

To obtain specific information about the amount and distribution of heparin in

the nanoparticles, the anti-factor Xa (FXa) assay of the nanoparticles prepared at

various conditions was carried out. Anti-FXa assay (Chromogenix Instrumentation

Laboratory, Italy) on nanoparticles was carried out to calculate the amount of hep-

arin in nanoparticles. The principle of this assay is that the amount of neutralized

FXa binding with a heparin–antithrombin (AT) complex is proportional to the

Figure 4.25. Schematic representation of heparin-

functionalized PLGA nanoparticle preparation and chemical

structures of the components. (From Ref. [73].)
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amount of heparin. In order to measure the total amount of heparin in nanopar-

ticles, the lyophilized nanoparticles were dissolved in methylene chloride to extract

PLGA and F-127, and then the precipitated heparin was collected. On the other

hand, the amount of heparin available on the nanoparticle surface was directly

measured using the nanoparticle–AT complexation. In this assay, the activity of

heparin distributed in the nanoparticle surface layer was measured using the di-

luted nanoparticle suspension and the heparin activity was increased by increasing

the amount of heparin in the aqueous phase during the nanoparticle preparation.

The activity of total heparin both in the nanoparticle core and surface layer, mea-

sured by extracting the entire heparin molecules entrapped in the nanoparticles,

was a little higher than the heparin activity in the surface layer. The heparin activ-

ity was converted to the amount of heparin by using the anti-FXa activity of the

heparin sodium used. The amount of heparin in the surface layer and the core of

the nanoparticles, obtained by subtracting the amount in the surface layer from the

Figure 4.26. The size, surface charge and polydispersity of

heparin-functionalized PLGA nanoparticles obtained by varying

the amount of heparin in the aqueous phase during

preparation. N ¼ 6 experiments. (From Ref. [73].)
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total amount, revealed that heparin molecules were mainly distributed in the nano-

particle surface layer and only a relatively small amount of heparin was in the

nanoparticle core (Fig. 4.27).
1H-nuclear magnetic resonance (NMR) analysis of nanoparticles was performed

to obtain the mole ratio between F-127 and PLGA in the nanoparticles. The 1H-

NMR (JEOL JNM-LA300WB FT-NMR Spectrometer, Japan) analysis was performed

to calculate the molar ratio between PLGA and F-127 in the nanoparticles. The sus-

pension of nanoparticles was freeze-dried and then dissolved in CDCl3. The molar

ratio was calculated using the integral of separate peaks of CH (5.1 p.p.m.) of

PLGA and CH33 (1.1 p.p.m.) of F-127 (Fig. 4.28).

The weight percentage of the heparin entrapped in the nanoparticles was 0.0, 2.4

and 4.7 for the nanoparticles prepared from an aqueous phase containing 0, 40 and

120 mg of heparin, respectively. Thus, the proposed method can manufacture the

monodisperse nanoparticles containing heparin up to 4.7 wt% in total (4.0 wt% at

the surface layer) and the amount of heparin can be controlled by adjusting the

amount of heparin in the aqueous phase during preparation. The localization of

F-127 molecules to the PLGA cores during particle formation is probably due to

the hydrophobic interaction between the PPO block of F-127 and PLGA. The inter-

action between heparin and PEO blocks of F-127 may also contribute to localiza-

tion of heparin on the nanoparticles, resulting in a high concentration of heparin

in the nanoparticles. A similar observation has been reported between alginate and

Pluronic F-127; the formation of crosslinks between the carboxyl group of alginate

and PEO blocks of PF-127 leads to the formation of a three-dimensional network,

resulting in improved shear stress.

Lysozyme was selected as a model protein for the in vitro release experiments

using the heparin-functionalized PLGA nanoparticles. To load lysozyme into the

nanoparticles, the resuspended nanoparticles were mixed with 0.1 mL PBS

Figure 4.27. The amount of heparin in heparin-functionalized

PLGA nanoparticles determined by the anti-FXa assay. N ¼ 3

experiments. (From Ref. [73].)
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containing 1 mg of lysozyme and then incubated at 4 �C overnight with gentle ro-

tation, which yields the loading of 1 mg of lysozyme into 43.3 mg of heparin-

functionalized PLGA nanoparticles. Then, lysozyme-loaded nanoparticle suspen-

sion (0.6 mL) was subsequently put into a dialysis tube. The dialysis tube was

placed in 100 mL PBS containing 2.0 mM sodium azide and kept under the same

conditions as described previously.

Lysozyme can interact electrostatically with the heparin because lysozyme is net

positively charged (the isoelectric point of lysozyme is pH 11.1). The average diam-

eter and size distribution of nanoparticles after loading lysozyme were not changed

after loading, and there was no aggregated complex among lysozyme-loaded nano-

particles. Figure 4.29 shows release profiles of lysozyme from three kinds of nano-

particles with different heparin contents of 0.0, 2.4 and 4.7%, respectively. In the

case of the nanoparticles with no heparin, over two-thirds of the total lysozyme

loaded was released within 3 days. In contrast, the nanoparticles with heparin con-

tents of 2.4 and 4.7% showed linear and complete release profiles without any ini-

tial burst up to 10 and 19 days, respectively which shows net positively charged

lysozyme was well bound in the negatively charged surface layer of the nano-

particles. To characterize the deactivation of lysozyme released from the heparin-

functionalized nanoparticles, the concentration of the released lysozyme was ana-

lyzed based on the bioactivity of the released lysozyme on M. lysodeikticus cell walls
using a lysozyme assay kit and compared with the concentration of the total

Figure 4.28. 1H NMR analysis to calculate the molar ratio

between PLGA and F-127 constituting the heparin-

functionalized PLGA nanoparticles by comparing 1H from

CH of PLGA (5.1 p.p.m.) and 3H from CH3 of Pluronic F-127

(1.1 p.p.m.). (From Ref. [73].)
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protein measured using the Micro BCA protein assay (Fig. 4.30). There were no

differences between the total protein concentration and the bioactive lysozyme con-

centration at each time-point, showing that no denaturation of lysozyme occurred

during loading into the nanoparticles and release from them.

Nanoparticles with a heparin content of 4.7% were selected as a VEGF release

system, based on the result of the lysozyme release experiment. First, the release

experiment was performed with loading 250 ng of VEGF into 14.4 mg of the nano-

particles. To load VEGF into the nanoparticles, both one-third and one-tenth of re-

Figure 4.29. Cumulative lysozyme release from three kinds of

heparin-functionalized PLGA nanoparticles with different

heparin contents. N ¼ 3 experiments. (From Ref. [73].)

Figure 4.30. Comparison of the concentrations of lysozyme

released from heparin-functionalized PLGA nanoparticles

measured by the bioactivity on M. lysodeikticus cell walls using

a lysozyme assay kit and the total protein concentration using a

Micro BCA protein assay. N ¼ 3 experiments. (From Ref. [73].)
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suspended nanoparticles were mixed with 25 mL PBS containing 250 ng of VEGF

and 75 mL PBS containing 750 ng of VEGF, respectively, and then incubated at 4 �C

overnight with gentle rotation, which yields loading of 250 ng of VEGF into 14.4

mg of nanoparticles and 750 ng of recombinant human VEGF into 4.3 mg of nano-

particles.

After loading, no aggregation among the protein-loaded nanoparticles was ob-

served. The stability of VEGF in the release medium (PBS solution containing 0.1

wt% BSA) was conformed by comparing the concentration of VEGF in the release

medium incubated at 37 �C for 24 h. The release of VEGF from the nanoparticles

showed a linear profile without any initial burst up to day 37, releasing about 85%

of the initial loading amount, and then the release rate was slowed down (Fig.

4.31). This release pattern was similar to the case of lysozyme; however, a much

more prolonged release pattern was obtained. To elucidate whether the prolonged

release was responsible from the decreased loading amount of the protein or the

more specific interaction between VEGF and heparin than that between lysozyme

and heparin, the loading amount of VEGF to the nanoparticles was increased 10-

fold. The relative release rates (percent of the total amount) were almost same in

both cases. Thus, the prolonged release pattern was mainly due to the more strong

and specific interaction between VEGF and heparin than that between lysozyme

and heparin.

Nanoparticles with heparin molecules on the surface were prepared by solvent

diffusion without any chemical reaction. Monodispersed nanoparticles containing

heparin up to 4.7 wt% in total (4.0 wt% at the surface layer) were manufactured

and the amount of heparin was controlled by adjusting the amount of heparin

in the aqueous phase during preparation. The release of lysozyme from the nano-

particles with 4.7 wt% heparin showed a linear and complete release profile with-

Figure 4.31. Cumulative VEGF release from heparin-

functionalized PLGA nanoparticle with 4.7% w/w of heparin for

two different loading amounts. N ¼ 3 experiments. (From Ref.

[73].)
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out any initial burst over 2 weeks, and the released lysozymes maintained their bio-

activity. The release of VEGF from the nanoparticles showed a linear and more pro-

longed profile without any initial burst over 1 month, mainly due to the stronger

and more specific interaction between VEGF and heparin than that between lyso-

zyme and heparin. Thus, the heparin-functionalized PLGA nanoparticles can be

employed a growth factor delivery component in tissue engineering scaffolds as

well as a sustained release system for various heparin binding growth factors.

4.4

Core–shell Nanoparticles with a Metallic Core

Core–shell nanoparticles with a metallic core have been studied intensively for

application in the biomedical areas such as for magnetic resonance contrast agents

[109], targeted drug delivery [110], and cancer diagnosis and treatment [111]. With

the formation of core–shell nanoparticles with a metallic core (polymer-coated

magnetic nanoparticles), a magnetic resonance contrast agent with enhanced sta-

bility and biocompatibility under physiological conditions can be achieved. Previ-

ously, iron oxide nanoparticles were stabilized with the formation of a polymeric

layer on the surface of iron oxide nanoparticles using dextran, starch, albumin, sil-

icones or PEG [112, 113]. The coprecipitation of iron salts in a polymeric coating

solution by the microemulsion method [114] or and laser-induced pyrolysis [115]

was used to prepare polymer-coated iron oxide nanoparticles. However, the wide

size distribution remains still challenging with regard to the formation of a poly-

mer shell on the surface of magnetic nanoparticles.

Recently, PVP-coated iron oxide nanoparticles with a narrow size distribution

were prepared [109] based on the thermal decomposition presented previously

[117–125]. First, 1 g of PVP was dissolved in 3 mL of DMF and this solution was

purged with nitrogen to remove oxygen in a three-neck, round-bottom flask. The

resulting mixture was heated to around 160 �C under vigorous mechanical stirring

and Fe(CO)5 was injected into the mixture. The reaction mixture was stirred for 2 h

at 160 �C. During this process, the initial orange color of the solution gradually be-

came a brownish black colloid solution. The colloid solution was cooled at room

temperature and dialyzed for the removal of excess unreacted PVP at 37 �C for 2–

3 days whilst being continuously stirred. For the characterization of PVP-coated

nanoparticles, the dialyzed colloidal solution was freeze-dried.

Figure 4.32 shows the X-ray diffraction (XRD) data of pure PVP and PVP-coated

iron oxide nanoparticles to confirm the crystallinity of the PVP-coated iron oxide

nanoparticles. The characteristic patterns of the spinel phases Fe2O3 and Fe3O4

were observed, and this showed that iron oxide nanoparticles in PVP-coated iron

oxide nanoparticles were mixtures of Fe2O3 and Fe3O4.

The hysteresis loop of PVP-coated iron oxide at in room temperature is shown in

Fig. 4.33. The magnetic properties of PVP-coated iron oxide nanoparticles were

measured at room temperature with /H/a 20 kOe using Quantum Design MPMS

5 superconducting quantum interface device (SQUID) magnetometer. The mass

174 4 Core–Shell Nanoparticles for Drug Delivery and Molecular Imaging



magnetization is defined as the magnetic moment per total mass of sample mea-

sured. The PVP-coated iron oxide nanoparticles produced were characterized by a

high magnetic moment in a high magnetic field (generally, about 5–90 e.m.u. g�1

of metal oxide) and a negligible magnetic moment in the absence of an applied

field. Such behavior is characteristic of superparamagnetic particles. From the re-

sults, 3- and 50- to 100-nm PVP-coated iron oxide nanoparticles exhibited superpar-

amagnetic properties. The saturation magnetization of 3-nm particles was 34 e.m.u.

g�1 Fe and the saturation magnetization of 50- to 100-nm nanoparticles was 90

e.m.u. g�1 Fe. These results showed that bigger iron oxide nanoparticles had larger

mass magnetization.

Figure 4.34 shows a TEM image and particle size analysis of PVP-coated iron

oxide nanoparticles prepared in DMF. The TEM image shows that the diameter of

nanoparticles is 50–100 nm with a spherical shape. Following resuspension of

nanoparticles into aqueous media, the size distribution analysis demonstrates that

the colloid has the diameter of 200 nm. A similar process was applied to PVP-

coated iron oxide nanoparticles prepared in Carbitol as shown in Fig. 4.35. Nano-

particles of 3 nm diameter were observed in the dried state and those of 100 nm

diameter were observed in the aqueous media with a narrow size distribution.

These size differences are due to the swelling of PVA on the surface of the iron

oxide nanoparticles (metallic core); this indicates the formation of PVP-coated

iron oxide nanoparticles.

Figure 4.32. XRD pattern of PVP-coated iron oxide. (From Ref. [109].)
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Fourier transform IR (FTIR) spectra of pure PVP and PVP-coated iron oxide

nanoparticles are presented in Fig. 4.36. With the increase of PVP/Fe(CO)5 molar

ratios, the CbO absorption bands were shifted from 1670 to 1653.56 cm�1. The re-

sults showed that iron oxide was coordinated through the carbonyl group of PVP,

Figure 4.33. Magnetization curve of PVP-coated iron oxide

nanoparticles of (A) 3 and (B) 50–100 nm at room

temperature. (From Ref. [109].)
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Figure 4.34. (A) TEM image and (B) size distribution of PVP-

coated iron oxide nanoparticles prepared with DMF as solvent.

(From Ref. [109].)
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Figure 4.35. (A) TEM image and (B) size distribution of PVP-

coated iron oxide nanoparticles prepared with Carbitol as

solvent. (From Ref. [109].)
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and the interaction between PVP and iron oxide was increased with the increase of

the particle size.

For further confirmation of coordination between iron oxide and the carbonyl

group of PVP, X-ray photoelectric spectroscopy (XPS) spectra were observed as

shown in Fig. 4.37. Correction of the energy shift due to the static charging of the

samples was accomplished with the C 1s peak at 284.6 eV as a reference. The accu-

racy of the reported binding energies was G0.1 eV. The photoelectron peaks at

711.3 and 726 eV are the characteristic doublets of Fe 2p from iron oxide. The N

Figure 4.36. FTIR spectra of pure PVP and PVP-coated iron

oxide nanoparticles. (From Ref. [109].)

Figure 4.37. XPS spectra of PVP-coated iron oxide nanoparticles. (From Ref. [109].)
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1s peak centered at 399.6 eV indicates that the nitrogen is influenced by the iron

oxide. The O 1s peak at 531.8 eV is shifted toward to higher binding energy com-

pared with pure PVP (530.3 eV), implying the decrease of electron density around

O atoms in the carbonyl group of PVP, probably due to the interaction between

iron oxide and O atoms in PVP [126].

Figure 4.38 shows the viability of cells exposed to the solution containing

PVP-coated iron oxide nanoparticles at various iron concentrations for 4 h. To

test whether the PVP-coated iron oxide nanoparticles had biocompatibility, a 5-

dimethyhlthiazol-2-yl-2,5-diphenyl tetrazolium bromide (MTT) assay was per-

formed. Cell viability is expressed as the meanG SE of percentage of absorbance

of controls where 100% equals viability of untreated control cells. Although the

iron concentration increased, cell viability did not decrease. Following the forma-

tion of the PVP layer on the surface of iron oxide nanoparticles, a significant in-

crease in the biocompatibility was observed.

With the administration of 40 mmol PVP-coated iron oxide intravenously into

the rabbit, T2-weighted magnetic resonance imaging (MRI) images were observed

as shown in Fig. 4.39. Samples 0.24 g of PVP-coated iron oxide nanoparticles were

added to 1.4 mL distilled water and this solution was administered to rabbits

weighing 4 kg. The concentration was equal to the concentration of commercially

available Resovist (40 mmol Fe kg�1). In vitro MRI test were performed with a 3.0 T

MRI system (Philips, The Netherlands). The T2-weighted MRI images of prepared

and commercial samples were observed. The sequence parameter was T2-weighed

images; fast gradient echo with repetition time (TR) ¼ 9.6 ms, echo time (TE)

¼ 4.6 ms, flip angle ¼ 8.0�, field of view ¼ 10� 5 cm2. The images are T2-

weighted MRI images before injection of contrast agent (left) and after injection

Figure 4.38. Viability of cells exposed to a solution containing

PVP-coated iron oxide nanoparticles at various iron concen-

trations. (From Ref. [109].)
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of PVP-coated iron oxide nanoparticles (right). This showed a profound negative

enhancement of the liver after injection of PVP-coated iron oxide, indicating

that the iron oxide contrast agent improved the detection of the liver lesions

significantly.

4.5

Conclusions

With the variation of core materials, various types of core–shell nanoparticles are

being introduced Although numerous studies and applications have been made us-

ing single-phased nanoparticles mainly composed of lipid, polymer or metal, there

remain a number of problems to be solved. With the formation of nanoparticles

with a core–shell structure, a significant improvement has been accomplished in

the stability of nanoparticles, and the activity and release profile of loaded model

drugs. The core–shell nanoparticles discussed in this chapter may be one of the

leading examples of biocompatible polymer systems for drug delivery and molecu-

lar imaging purposes. Associated considerations may include the characterization

in the in vivo models and retaining more appropriate physicochemical properties

for practical applications in pharmaceutics.
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Nanotechnologies for Targeted Delivery of

Drugs

Pavel Brož and Patrick Hunziker

5.1

Introduction

Targeting specific tissues, cell types or specific cellular targets such as membrane

proteins and intracellular organelles in the body is desirable in modern medicine

for improved diagnosis and treatment. Usual therapeutic concepts in somatic med-

icine involve either targeted mechanical changes of pathological tissues, cells or

processes (e.g. cancer surgery, interventional cardiology and orthopedics), or the

untargeted application of therapeutic agents (drugs) with an automated function.

Both methods have their own limits, which we will highlight to create a common

background of understanding that is essential for this chapter.

While modern, minimally invasive (e.g. endoscopic interventions) surgery has

increased therapeutic precision and decreased the quantity of negative side-effects

to healthy tissues, there still are natural limits to the morphological scale, which

direct ‘‘human-controlled’’ (in contrast to automated or self-controlled processes)

action can reach. Due to the natural limits of senses, it is most unlikely that we

will be able to perform surgical operations at cellular or even subcellular dimen-

sions without the help of nanometer-sized tools with an automated functionality.

On the other hand, medicine knows a huge stockpile of different pharmaceutical

agents such as cardiovascular drugs, antibiotics and steroids, which are usually ad-

ministered on an oral or intravenous route and find their desired therapeutic target

(such as cancer cells, bacteria or pathologically altered tissue) on their own or with

the help of cellular transport systems. This method allows reaching even subcellu-

lar targets such as specific receptors inside or outside the cell for a therapeutic pur-

pose; however, this strategy obviously bears specific problems. Since most of the

drugs are transported with the blood flow or bound to plasma proteins, they reach

every part of the human body and targets other than just the desired ones. As a

result, negative side-effects such as loss of hair, vomiting, diarrhea and destruction

of fast growing cells in the bone marrow occur when using cytotoxic anticancer

drugs. Some drugs can even lead to fatal complications during the therapeutic pro-

cess. For further information about adverse drug effects [1], refer to Figs. 5.1 and

5.2.
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Modern highly active drugs with strong therapeutic potency that were intro-

duced to medicine in recent years try to overcome these problems of side-effects

and unwanted interactions by reaching higher target specificity than older drugs.

Examples are therapeutic monoclonal antibodies (e.g. rituximab for non-Hodgkin’s

Figure 5.1. Incidence of adverse drug events

(data from Ref. [1]). More than 30 000 elderly

patients (mean age 74.7 years, 58.7% female,

mean prescription drug dispensing over 12

months 21.1!) treated at a Medicare institution

were monitored for adverse drug events over a

period of 12 months. Observed drug events

were rated from significant to fatal. The results

show the high impact of adverse drug events

on healthcare systems and on patients taking

multiple drugs. Even though about one-third of

the events may have been prevented by the

physician, two-thirds of all adverse drug events

are not preventable and have to be explained

by unselective drug targeting, which influences

physiologic processes other than the expected

target process in a negative way.
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lymphoma, trastuzumab for breast cancer), which can even bear certain function-

ality such as (i) a radioactive isotope (e.g. tositumomab, an antibody linked with
131I used for treatment of non-Hodgkin’s lymphoma), (ii) monoclonal antibodies

for active cancer vaccination (e.g. mitumomab for small cell lung cancer) or (iii) ar-

tificially designed agents that can block certain types of intracellular proteins such

as kinases (e.g. imatinib inhibits a pathological tyrosine kinase in chronic myeloid

leukemia). However, even though these drugs create a much higher therapeutic

potency, there are still the known problems with side-effects, even though they

tend to be milder than the side-effects of standard anticancer therapy (surgery,

chemotherapy and radiotherapy).

Another important area of medicine that will be changed by nanometer-sized

tools is diagnostics. Diagnostics can be defined as every method that allows the

doctor to assess a certain characteristic or development inside or on the surface

of the human body that they cannot assess with their own sensory. This vast area

ranges from common techniques such as X-ray imaging, blood cell counting,

plasma analysis, drug level measurement, anatomic imagining of certain parts of

the body by computed tomography (CT) or magnetic resonance imaging (MRI)

and histological inspection of tissue samples to more specialized techniques such

as protein assays, gene expression assays and receptor expression studies.

Common to all of these new methods is the trend to miniaturization, small sam-

ple measuring, and diagnostics at cellular and subcellular dimensions. Tools such

Figure 5.2. Frequency of types of adverse drug

events (data from Ref. [1]). In the same study

as in Fig. 5.1, adverse drug events were

differentiated according to the type of event

(organ, physiologic function). One adverse

drug event may manifest itself as more than

one type; the value gives the probability for an

adverse drug event to influence the mentioned

organ/physiologic function. Most common

events are nausea, vomiting, diarrhea,

constipation, electrolyte disorders, renal

malfunctioning, bleeding and allergic

manifestations.
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as microchip assays, target-specific contrast agents for imaging and small-sample

diagnostics are some of the now commonly used techniques.

Clearly, nanotechnology will be able to introduce even more ground-breaking

diagnostic and therapeutic methods to medicine in the years to come, which will

contribute to a better detection of pathological processes and to better therapeutic

options for sick people. A central problem which nanotechnology has to overcome

is the difficulty of targeted delivery as described above. The idea is to increase the

diagnostic signal or the therapeutic impact on the desired target with a small range

of negative side-effects.

This chapter will highlight some basic problems for targeted delivery of

nanometer-sized structures and will present successful targeting strategies em-

ployed by both ‘‘natural nanostructures’’ (such as bacteria and viruses) and ‘‘artifi-

cial nanostructures’’ (lipid-based such as liposomes and micelles, protein-based

such as dendrimers, and polymer-based such as nanoparticles, nanospheres and

nanocontainers) in areas other than cancer. The main goal of this chapter is to

present different facets of the enormous field of targeted delivery, to present the

main literature dealing with targeted delivery and to show the high level of inter-

disciplinarity. Only by combining parts of scientific disciplines such as pharmacol-

ogy, microbiology, immunology, chemistry, physics and medicine will it be possible

to build nanotechnological devices for targeted delivery.

The chapter is mainly suitable for physicists and chemists working in this re-

search area and showing interest in the biomedical and pharmacological part of

targeted delivery to the human body. Nonetheless, it is also written for people

with a general interest in ‘‘nanomedicine’’ [2, 3] that share the belief that it will

be possible to compose nanostructures with a complex and automated functional-

ity for the benefit of humanity.

Section 2 describes some pharmacological basics and special pharmacological

problems concerning targeted delivery of macromolecules and chemically complex

carriers. In Section 3, we will discuss strategies for targeted delivery used by micro-

organisms such as bacteria and viruses, and by the ‘‘natural nanoparticle’’ prion.

In Section 4, we will review targeting strategies for site-specific delivery of artificial

nanotechnological carriers. In Section 5, we will sum up the main messages of the

chapter and try to give an outlook into the future of targeted delivery. The reader is

referred to the given references for a deeper insight into a certain topic.

5.2

Basic and Special Pharmacology

5.2.1

Outline

Pharmacology is the scientific discipline that describes and examines the effect of

chemical substances on biological systems such as the human body and their use

as therapeutic agents. The subspecialty of drug delivery concentrates on the devel-

opment of new therapeutic systems with high target specificity, low side-effects
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and controlled release of active substances with complex functionality. The toolbox

of nanotechnology has revived this research area and is trying to develop new ther-

apeutic concepts.

In this section, we will first discuss some basic characteristics of drug input and

disposition that are essential for a deeper understanding of targeting strategies.

In the second part of this section, we will point up specific hurdles for targeted

delivery.

For more details about this topic, see Refs. [4–6].

5.2.2

Basic Pharmacology

When giving a drug to the body there exist several steps the chemical substance

has to go through before it can unfold its specific effect and other steps before it

can be removed from the body. The most important ones are absorption, bioavail-

ability, distribution and elimination. We will discuss these four steps to create a

common basis of knowledge. Apart from this, it is obvious that the same physio-

logical pathways and rules apply to both standard drugs and nanotechnological

drug formulas, nanospheres, nanocontainers, nanoparticles, ‘‘nanobots’’, etc., mak-

ing it necessary for all involved researchers to understand these physiological

pathways.

5.2.2.1 Absorption

Absorption is the movement the drug has to perform from the administration site

direct to the therapeutic site or to the systemic circulation. Absorption is deter-

mined by both physicochemical properties of the chemical substance or macro-

molecule and the biological construction of the administration site. Drugs are ad-

ministered as solutions, tablets, capsules, aerosols or transdermal permeation

systems. Usually the drug builds a complex with other ingredients (e.g. binders,

surfactants, dispersants and diluents) that control the stability of the drug and its

dissolution speed, and can control the release of the active ingredient. For instance,

it is possible to lengthen the absorption time by creating special matrix tablets or

tablets with encased granules with substance-specific release characteristics.

The drug complex can be administered by various routes such as oral, intrave-

nous, intra-arterial, intramuscular, sublingual, inhalational, topical (eyes, skin),

rectal or vaginal. Administration routes are divided into direct parenteral routes

(intravenous, intra-arterial) where the drug does not have to permeate cellular

barriers before reaching the circulation (the needle does the permeation) and indi-

rect routes where the drug has to permeate through barriers in organs such as

the intestine, the lung or the skin before it can reach the circulation. These bar-

riers are mainly biologic semipermeable cell membranes (triblock hydrophilic–

hydrophobic–hydrophilic with a central lipid block containing phospholipids and

cholesterol) that selectively block the passage of smaller electrically charged mole-

cules and all macromolecules. Various transmembrane proteins, receptors and

transport systems are embedded into this triblock membrane, and are responsible

for substance-specific uptake and cellular control. The drug or carrier of com-
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plex functionality can cross this cell membrane by passive diffusion, facilitated pas-

sive diffusion, active transport or endocytosis according to its physicochemical

properties.

Most drugs cross the cell membranes by simple passive diffusion according to

the concentration gradient, which is directed from a site with high substance con-

centration to a site with low substance concentration (e.g. from the intestine to the

epithelial cells or the blood vessel near the epithelial cells). Once the drug reaches

the systemic circulation, it is washed away and the concentration stays low, thus

ensuring a constant substance uptake. Apart from the concentration gradient and

the size of the absorption surface, the transmembrane diffusion rate depends

on the polarity (the unionized form has a faster permeation rate than the ionized),

lipid solubility, drug size and pH of the drug molecule. Small, lipid-soluble sub-

stances have the fastest absorption rate.

For facilitated passive diffusion, the molecule (e.g. glucose) binds to substance-

specific transmembrane carrier proteins on the cell surface, which speed up the

diffusion by building a substance–carrier complex with a higher diffusion rate

through the cell membrane without energy consumption. This method relies on a

concentration gradient and is characterized by saturability because of the limited

amount of carrier complexes.

On the other hand, there exist similar transmembrane proteins responsible for

an active, energy-consuming transport. This method is characterized by high spe-

cificity (e.g. vitamins, amino acids), saturability and works against a concentration

gradient.

Passive diffusion and active transport are limited to small molecules (the size of

ions, glucose and amino acids); larger molecules, macromolecules, and micro/

nanostructures such as viruses and bacteria can only reach the cell by endocytosis.

To perform the endocytosis, the cell (mostly specialized cell types of the immune

system such as granulocytes and macrophages) has to engulf the structure, enclose

it into a cell membrane-derived vesicle and transport it into the cell interior. There

the vesicle is transformed into a so-called lysosome. A major problem of this trans-

port method is the intracellular degradation of the vesicle content by low pH (down

to 2–3) and cellular enzymes such as phosphatases, lipases, esterases, proteases,

etc., which the cell delivers into the endocytosis vesicle. This method is energy con-

suming, saturable and needs a ligand–receptor interaction.

Most drugs are administered orally and reach the circulation by crossing the

diverse epithelial cell barriers found in the gastrointestinal system, mainly using

passive diffusion and scarcely active transport (e.g. l-DOPA – a dopamine-derived

drug for Parkinson’s disease). Small and lipophilic molecules can use the short

contact time inside the mouth to cross the epithelial cells of the buccal or sublin-

gual area and enter the circulation rapidly. An example is nitroglycerin – a drug

that dilates the coronary arteries in the case of a myocardial infarction.

Even though the next station in the way of the drug, the stomach, has a larger

epithelial surface, almost no drugs enter the circulation here. Reasons are the thick

mucous layer protecting the stomach from self-digestion and the usually fast pas-

sage time in the stomach. Apart from this, the stomach creates some important
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problems to drug therapy because of the acidic (pH 1–2) environment and the di-

gestive enzyme pepsin (a protease produced in the stomach wall). Some drugs can

be degraded in such an environment (e.g. penicillin), especially when fatty foods or

slow stomach emptying slow down the passage time. It is possible to overcome this

problem by building gastric acid-resistant capsules and drug formulas when giving

an instable drug orally.

Most orally applied drugs are absorbed in the small intestine (especially duode-

num and proximal jejunum) over less than 6 h under normal circumstances. Spe-

cial controlled-release formulations show a slower absorption kinetic and may

reach the large intestine, where they can also be absorbed or may be subject to mi-

crobial degradation.

When giving a drug in a parenteral way, the substance is directly placed into the

circulation (intravenous, intra-arterial) or injected into soft tissues such as the skin

or muscles without having to cross the epithelial barriers. These methods are espe-

cially suitable for larger and complex molecules such as proteins, and for complex

chemical structures such as liposomes or nanoparticles, because here they do not

face any problems with degradation and inactivation compared with the intestine.

Injections into the fat of the skin (subcutaneous) or into the muscle (intramuscu-

lar) are especially suitable for everyday applications of drugs such as insulin for di-

abetes or low-molecular-weight heparin for perioperative anticoagulation. The pa-

tient can perform these injections without facing serious complications such as

blood infections and thrombosis when injecting substances into blood vessels. Due

to passive diffusion into the porous small capillaries of these soft tissues, proteins

up to a molecular weight of 20 kDa face fast and constant absorption, mostly de-

pending on the quantity of capillaries and the perfusion speed. Larger molecules

show unstable absorption, since their absorption occurs by the lymphatic system,

where they also face contact with degrading enzymes and cells of the immune sys-

tem such as macrophages that take up all macromolecules and produce an im-

mune reaction (inflammation, allergic reaction) against this substance. On the

other hand, parenteral injection of large molecules or rather insoluble drug formu-

las can be used for controlled release over a large-scale period (e.g. penicillin G

benzathine or insulin in crystalline suspensions).

Drugs with a short circulation half-time have to be administered in a controlled-

release form to guarantee a stable plasma concentration and persistent therapeutic

effect. The best way to achieve this is to apply an intravenous catheter and to infuse

the drug constantly. For long-term applications, it is necessary to change the strat-

egy because of complications such as catheter infections, thrombosis and reduced

convenience. For oral administration, the drug particles can be coated with wax

or other water-soluble material such as biodegradable polymers, or can be em-

bedded into a slow-release matrix. Another administration method is transdermal

controlled-release systems consisting of drug-impregnated polymer materials

with permeable membranes bonded to an adhesive bandage. These systems

provide constant drug release into the skin for 12–24 h, but are restricted to

smaller lipophilic molecules that can permeate the skin barrier (e.g. nitroglycerin,

opiates).
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5.2.2.2 Bioavailability

Bioavailability is the extent and the rate at which the active drug enters the sys-

temic circulation, and is mostly determined by its physicochemical properties and

the dosage form (as seen above). Different drug formulations result in different

bioavailability and can have clinical significance in the terms of therapeutic effect

and toxicity. The bioavailability is also determined by physiologic characteristics of

the patient, mainly the gut perfusion rate and the metabolic liver function, or on a

smaller scale by sex, genetic phenotype, stress, disease or previous gastrointestinal

surgery.

When giving a drug parentally, the bioavailability is, by definition, 1 since all the

active formula reaches the systemic circulation. On the other hand, the bioavail-

ability of orally administered drugs is never 1, because the drug has to move down

the gastrointestinal tract, has to cross the epithelial barriers of the intestine and

has to pass through the metabolically active liver before it can reach the systemic

circulation. This primary metabolic degradation and inactivation of the drug is

called first-pass metabolism or the first-pass effect. A high first-pass effect results

in a low or even zero oral bioavailability (e.g. most protein-based drugs such as in-

sulin and complex molecules such as heparin or testosterone). Some drugs have a

high oral bioavailability even though they undergo an extensive chemical change

resulting in therapeutically active metabolites – this is called metabolic activation

of therapeutically inactive prodrugs (e.g. the antihypertensive drug enalapril, the

antiviral drug valaciclovir or heroin).

Physicochemical properties resulting in a low bioavailability are poor water solu-

bility, slow or incomplete absorption during the passage through the gastrointesti-

nal tract (total 1–2 days, but only 2–4 h in the small intestine) and molecule-

specific chemical reactivity. Examples for molecule-specific chemical reactivity are

(i) complex formation (e.g. the antibiotic tetracycline and polyvalent metal ions),

(ii) conjugation in the intestinal epithelium (e.g. sulfoconjugation of the broncho-

dilatative drug isoproterenol), (ii) hydrolysis by gastric acid (e.g. penicillin), (iv) ad-

sorption to other drugs (e.g. the heart drug digoxin and the bile acid binder choles-

tyramine) or (v) metabolism by luminal bacterial microflora (normally only in the

large intestine, under pathological circumstances even in the small intestine).

To assess the overall bioavailability, one has to take repetitive blood samples, and

measure the time (called peak time) and the amount of the peak drug concentra-

tion in the plasma (here the drug absorption rate equals the elimination rate), and

the so-called area under the plasma concentration–time curve (AUC). A higher ab-

sorption rate results in an earlier peak time and higher peak concentration; a

slower absorption results in a later peak time. Parentally administered drugs have

an early peak time, because the whole dose reaches the systemic circulation in a

short time. The AUC is direct proportional to the total amount of drug that reaches

the systemic circulation and usually allows the most reliable characterization of the

bioavailability.

To increase the overall plasma concentration of the drug, it is possible to give

multiple doses of the drug formulation before the entire previous dose is elimi-

nated from the circulation. With fixed-dosing intervals, the drug concentration in-
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creases for four to five plasma elimination half-lives (see the following sections for

details) before reaching the steady state, where absorption and elimination are

equal. Depending on the half-lives of the drug, the dosing interval can vary from

some hours to some days.

5.2.2.3 Distribution

After entering the systemic circulation, a drug is delivered to all parts of the body

through the bloodstream. Nonetheless the distribution is uneven because of differ-

ences in (i) blood flow (e.g. the eye or the kidney have much higher mean perfu-

sion per volume than muscles or the connective tissue), (ii) tissue binding (e.g.

lipophilic drugs bind to fatty tissue), (ii) regional pH and (iv) permeability of endo-

thelial membranes of the blood vessels (e.g. very low permeability in the brain and

high permeability in liver, spleen and kidney). All of these factors define the organ-

specific distribution equilibrium, defined as the time-point when entry rates to the

tissue and exit rates from the tissue are the same, and drug concentrations outside

and inside the blood vessels are the same (plasma concentration ¼ effective tissue

concentration). Richly vascularized areas with high vessel permeability for a spe-

cific drug reach the equilibrium more rapidly than poorly vascularized areas with

a low permeability, thus making it complex to assess the organ-specific concentra-

tions when researching the borders for therapeutic and toxic effects.

To describe the distribution characteristics of a certain drug, one can use the idea

of the apparent volume of distribution, defined as the fluid volume needed to con-

tain the drug in the body at the same concentration as in the plasma. Clearly, a cer-

tain quantity of a drug with a high apparent volume of distribution (e.g. the anti-

arrythmic drug amiodarone) results in a much lower overall plasma concentration

than a drug with a low apparent volume of distribution (e.g. heparin), since the

same amount of drug molecules reach a higher fluid volume (e.g. the blood covers

roughly 3–4 L and the whole extracellular fluid covers about 17 L). Apart from the

fluid volume, other factors such as fat tissue binding, protein binding and pH of

the drug influence the apparent volume of distribution, resulting in volumes up

to 500 L for fat binding, mostly basic drugs such as digoxin or amiodarone. Acidic

drugs such as salicylic acid and warfarin have smaller volumes of distribution than

basic drugs such as amphetamine because of their preferential protein binding

(the body has much more fat than free proteins for binding).

In the bloodstream, common drugs are transported either or both as unbound,

free drug or bound to different blood components such as plasma proteins (mostly

albumin for acidic drugs and different glyco/lipoproteins for basic drugs) and

blood cells (mostly red blood cells). Differences in blood component concentrations

and compositions result in unstable plasma concentrations of the given drugs, pos-

sibly decreasing the therapeutic effect or increasing toxicity.

To reach the desired ‘‘place of action’’, the drug has to leave the systemic circula-

tion (similar mechanisms to transcellular passage as described in Section 5.2.2.1)

and for most drugs this is only possible for the unbound, free fraction. To assess

the possible speed of vessel permeation, it is necessary to know the fraction

unbound (defined as the ratio of unbound to total concentration) apart from
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physicochemical properties of the drug (size, polarity, pH, hydration, chemical

functionality) and the endothelial layer of the blood vessel (permeability, transport

mechanisms). The fraction unbound usually has a better correlation to the effective

pharmacological activity than the overall plasma concentration (both free and

bound fraction). At low drug concentrations, not all the available plasma proteins

or cells are bound to the drugs; increasing the drug concentration (higher single

dose or shorter dosing interval) leaves the fraction unbound unchanged up to a cer-

tain upper limit where all the possible binding sites are saturated. By increasing

the drug concentration above the saturation limit, the fraction unbound can be

raised, thus increasing both possible therapeutic effect in the tissues and possible

toxicity and interaction opportunity (e.g. with other drugs or physiological sub-

stances in the bloodstream, possibly creating unexpected side-effects).

An important idea when considering the drug effect is the drug reservoir.

Clearly, tissues with a fast distribution equilibrium and high drug binding capacity

(e.g. bone marrow, fat tissue) can accumulate high amounts of drug molecules be-

fore the desired drug target reaches a sufficient drug concentration for the thera-

peutic effect. Since the plasma and the tissue concentration are at equilibrium,

the drug reservoir releases the drug when the plasma concentration decreases be-

cause of elimination mechanisms. Therefore, the drug reservoir is both responsi-

ble for lower peak concentration and slower concentration decrease, resulting in

the same AUC than without a drug reservoir.

Some drugs such as antimalarial drugs, some antibiotics and cytotoxic drugs ac-

cumulate inside specific cell types because of substance-specific transport mecha-

nisms, and binding to intracellular components such as proteins, phospholipids

or nucleic acids. Thus, the drug concentration is much higher inside the cells

(mostly white blood cells such as macrophages, granulocytes and liver cells, but

also bacteria) than in the surrounding tissue and in the plasma. Similar to drug

reservoirs in the tissue, the intracellular drug is in equilibrium with the plasma

and leaves the cell, unless it binds to a certain target or performs a certain chemi-

cal reaction.

5.2.2.4 Elimination

Elimination is the sum of processes of drug loss from the body, mainly metabo-

lism (chemical alteration) and excretion (elimination without further chemical

change).

Metabolism is mostly performed in the hepatocytes (main liver cell type) of

the liver – different reaction pathways result in pharmacologically inactive or active

metabolites. Drug metabolism pathways usually occur in two apparent phases:

phase I and phase II. Phase I reactions involve forming a new or changed func-

tional group or a cleavage (oxidation, reduction, hydrolysis) to ensure a higher rate

of reactivity. Phase II reactions involve conjugation with an endogenous compound

such as glucuronic acid, glycine or sulfate to ensure higher water solubility. The

metabolites of these processes have a higher polarity and are excreted through

the kidneys (urine) or the liver (bile) at a much higher rate than the original drug

molecule.
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The most important enzyme system of phase I metabolism is a microsomal

family of isoenzymes called cytochrome P450, which can transfer electrons sup-

plied by certain flavoproteins (NADPH-cytochrome P450 reductase) to catalyze

drug oxidation. The cytochrome P450 superfamily is grouped into 14 families

with gene sequence identity and 17 subfamilies. The isoenzymes are named by a

root symbol CYP, followed by a number/letter combination. The most important

CYP isoenzymes for drug metabolism are CYP1A2, CYP2C9, CYP2C19, CYP2D6

and CYP3A4. Every one of these isoenzymes is specific for different drugs and

can be upregulated by repetitive drug application of so-called CYP-inductive drugs

(e.g. glucocorticoids, rifampicin, carbamazepine, barbiturates, St John’s wort, efa-

virenz, etc.) and downregulated by so-called CYP-inhibiting drugs (e.g. amiodar-

one, paroxetin, fluconazole, ketoconazole, ciprofloxacin, clarithromycin, ritonavir,

grapefruit juice, etc.).

The most important phase II reaction is glucuronidation (conjugation to glucur-

onic acid), which occurs in the liver microsomal enzyme system (microsomes are

intracellular organelles) and results in hydrophilic metabolites suitable for renal or

biliary excretion (e.g. morphine, fluoroquinolone or chloramphenicol). Other im-

portant reactions are (i) amino acid conjugations with glutamine or glycine (e.g.

salicylic acid), (ii) acetylation (e.g. sulfonamides, hydralazine), (iii) methylation

(e.g. catecholamines, thiouracil, niacinamide), or (iv) sulfoconjugation of phenolic

or alcoholic groups with inorganic sulfate gained from sulfur-containing amino

acids such as cysteine (e.g. methyldopa, thyroxin, acetaminophen, estradiol).

All metabolic pathways show different activities according to (i) the genetic back-

ground (most important are genetic variations in the CYP2C9 cytochrome P450,

resulting in different metabolic activities for certain drugs), (ii) age (newborns and

elderly patients show low metabolic activity), (iii) sex, (iv) history of liver diseases,

(v) capacity of the enzyme (mostly upper limit of capacity) and (vi) up- or down-

regulating endogenous or exogenous substances. Due to these individual variations

in drug metabolism, it is difficult to predict the therapeutic effect of a given dose

of a drug, especially when the patient is taking other drugs, drinking alcohol or

smoking.

The excretion of the now hydrophilic drug metabolite or the original hydrophilic,

unmetabolized drug mostly takes place in the kidneys; a smaller degree of the in-

corporated drug can be excreted through the biliary system (bile is produced in the

liver and flows into the small intestine), saliva, sweat, breast milk and lungs (vola-

tile substances such as anesthetics).

Kidney excretion is a complex process that can be separated into glomerular fil-

tration, tubular reabsorption and tubular secretion. The central unit of the kidney

is the so-called nephron consisting of a well-perfused capillary congregate called

glomerulus and the tubular system that follows the glomerulus. In the glomerulus,

plasma is filtered through pores in the glomerular endothelium according to (i) the

pressure in the afferent and efferent arterioles, (ii) the perfusion speed, (iii) the fil-

ter permeability, (iv) the size and ionization of the molecule (maximum filterable

size is 10–15 nm [7]; cationic molecules have higher permeability than anionic

molecules because of the anionic charge of the glomerulus), and (v) the pressure
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in the tubular system. Only unbound drugs up to certain size and ionization can

be filtered through the glomerular endothelium, protein-bound drugs cannot be fil-

tered. Most of the filtered ions (such as sodium, chloride, potassium, magnesium,

calcium and bicarbonate), all glucose, amino acids, urea and other important sub-

stances are reabsorbed by specialized and substance-specific transport systems

(active transport systems for glucose, amino acids and some ions; passive diffusion

for most ions and water). Filtered drugs can also be reabsorbed if they show molec-

ular closeness with endogenous physiologic substances (e.g. the antidepressant

lithium is analogous to sodium). Unionized forms of nonpolar weak acids and

weak bases are reabsorbed readily from the tubular filtrate, so acidification of urine

increases the reabsorption of filtrated acidic drugs and decreases the reabsorption

of basic drugs and vice versa.
Another excretion mechanism is the active, energy-dependent tubular secretion

process in the proximal part of the tubule, typically used to remove drugs such as

penicillin, salicylic acid, procainamide, dopamine, phenylbutazone and trimetho-

prim. It is possible to distinguish two separate transport mechanisms for anions

and cations with a characteristic maximum of secretion. The anion secretory sys-

tem is more important for drug elimination and transports metabolites conjugated

with glycine, sulfate or glucuronic acid (conjugation done by phase II metabolism

in the liver) into the tubular system. Due to the saturability of every active transport

mechanism, anionic compounds compete with one another for secretion resulting

in slower elimination times (e.g. penicillin elimination can be decreased by the

therapeutically inactive molecule probenecid to increase therapeutic plasma con-

centrations of penicillin).

Some drugs can be removed by active biliary excretion (done by hepatocytes)

across the biliary epithelium in the liver. This excretion mechanism is especially

suitable for larger, lipophilic drugs conjugated with glucuronic acid. Once the ex-

creted drug reaches the small intestine, it is treated in the same way as a drug com-

ing from the stomach, resulting in an absorption by the intestinal epithelium,

especially after enzymatic degradation of the ‘‘new’’ functional group (glucuronic

acid). This is the enterohepatic cycle.

When assessing the overall rate of elimination, it is necessary to measure the

concentrations of both unchanged drugs and possible metabolites in the main ex-

cretion routes (urine, bile, milk, saliva, sweat) over a certain time, and to compare

these concentrations to the plasma concentrations. The parameter relating total

elimination rate to plasma concentration is called total clearance (renal plus extra-

renal clearance). The fraction of excreted unchanged drug helps to find out

the impact of renal and extrarenal (mainly hepatic) elimination, since the un-

changed drug can only be found in the urine and hepatic elimination is only pos-

sible for metabolites. A low fraction of unchanged drug shows that hepatic elimi-

nation is strongest and that hepatic disease may therefore affect drug elimination.

The same applies to drugs with a high fraction of unchanged drug and renal

diseases.

Another important assessment value is half-life elimination, defined as the time

needed for the plasma drug concentration or the amount of drug in the body to
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decrease by 50%. This time is usually independent of plasma drug concentration,

characterizes both distribution and elimination of the drug, and determines the

dosing intervals and time to reach steady state.

5.2.3

Special Pharmacology

Here, we will discuss the key factors found in nature that protect the internal envi-

ronment from external ‘‘macroelements’’ (bacteria, viruses, proteins, DNA, nano-

vectors such as liposomes, nanoparticles, nanospheres and nanocontainers). It is

important to understand the concept of these defense mechanisms when trying to

overcome the challenges and develop a targeting system for site-specific delivery of

drugs or diagnostic agents with a minimal negative impact on physiologic path-

ways. Successful strategies to overcome the defensive obstacles performed by both

pathogenic organisms such as bacteria and viruses and therapeutic systems will be

presented. For a deeper insight into the immune system and other defense mech-

anisms, refer to the specialized literature listed in the reference section.

5.2.3.1 Skin Epithelium

The outermost layer of our body consists of multiple layers of squamous epithelial

cells, together building the stratum corneum of the epidermis [8]. The stratum cor-

neum can be considered as a two-compartment system consisting of the epithelial

cells themselves and the surrounding extracellular matrix. The cells produce and

secrete various proteins (e.g. linking proteins for cell–cell adhesion), lipids (e.g.

phospholipids, cholesterol, ceramides, sphingomyelin) and enzymes (e.g. lipases,

proteases and antiproteases). This two-compartment system of lipid-depleted squa-

mous cells and lipid-enriched, extracellular matrix ensures both physical and

chemical protection, preferably against ultraviolet light, chemicals, physical force,

temperature, bacteria and viruses, but also against the permeation of macrostruc-

tures such as nanovectors.

Nonetheless, the skin can be useful for therapeutic purposes, as transdermal per-

meation systems for morphine, nitroglycerin or female steroid hormones prove.

Factors such as site of application, thickness and integrity of the stratum corneum,

size, polarity and pH of the molecule, skin hydration, drug metabolism by bacterial

skin flora, and change of blood flow in the skin by additives and body temperature

influence the rate of transdermal drug absorption [9, 10].

Small, lipo- or amphiphilic molecules can permeate the complex skin barrier.

Permeation is also possible for lipid-based nanostructures such as liposomes up

to a diameter of 500 nm [10, 11]; permeation of polymer-based nanostructures is

more difficult because of their hydrophilic surface. Once the drug has permeated

across the epidermis, it reaches a well-perfused subepidermal layer where it can

enter blood vessels through pores in the vessel wall. An intact skin barrier protects

the organism from pathogenic microstructures such as bacteria and most viruses;

the same applies to nanoparticles bigger than the mentioned 500 nm.
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5.2.3.2 Mucosal Epithelium of the Respiratory Tract

The airways can be divided into the upper respiratory tract (nose, mouth, throat

and larynx) and the lower respiratory tract (trachea, bronchi and terminal respira-

tory alveoli). Multilayered squamous epithelium consisting of epithelial cells and

special cell types producing mucus and immunoglobulins covers the upper respi-

ratory tract. The physicochemical characteristics of this squamous epithelium are

comparable to the skin. Nonetheless, the permeability is much higher because of

the absence of a stratum corneum and a strong perfusion with well-permeable

blood vessels, making it possible to absorb small, mostly lipophilic drugs such as

nitroglycerin, cocaine and steroids at a high rate.

The lower respiratory tract has to be subdivided into the trachea and bronchi

with their respiratory epithelium, and the alveoli with their single-layered alveolar

epithelium. The respiratory epithelium consists of ciliated epithelial cells and

mucus-producing cells, together building a single-layered barrier connected by tight

cell–cell adhesion complexes called tight junctions or zonulae occludentes [12].

Drug application to the lower respiratory tract [9] is possible by inhalation of va-

porized, nebulized, powdered or aerosolized drugs (e.g. b2-agonists, corticosteroids,

and anticholinergics for asthma and chronic obstructive pulmonary disease ther-

apy, or antibiotics for to treat children with cystic fibrosis). Access to distal airways

depends on the particle size, because particles bigger than 4 mm diameter deposit

on the epithelium of the upper respiratory tract, and particles smaller than 500 nm

diameter fail to deposit on the epithelium and are exhaled. Only particles with a

diameter between 0.5 and 4 mm can reach the distal airways and deposit on the ep-

ithelium of the bronchi. Once the drug molecule or drug carrier is deposited, it can

permeate across the respiratory epithelium (lipophilic drugs better than hydro-

philic) and can reach the systemic circulation.

5.2.3.3 Mucosal Epithelium of the Gastrointestinal Tract

The gastrointestinal tract consists of the esophagus, stomach, small intestine and

large intestine. Because of the short passage time and the impermeable epithelial

barrier in the esophagus and especially in the stomach (low pH, dense mucus

layer, and strong intercellular bonds between the epithelial cells), the upper parts

of the gastrointestinal tract play no role in absorbing macromolecules and micro-

structures such as bacteria, viruses or nanoparticles.

The small intestine is the longest section of the gastrointestinal tract, lies be-

tween the stomach and the large intestine, and has an overall length of 6 m. The

small intestine with its large mucosal surface (250 m2 because of mucosal folds,

mucosal extensions called villi and epithelial cell membrane extensions called

microvilli) and epithelial cell (also called enterocytes) lining is responsible for the

enzymatic digestion and absorption of small nutritives such as monosaccharides,

oligonucleotides, amino acids, fatty acids, vitamins and lipids, and macromolecules

such as epidermal growth factor. Dense tight junctions join the enterocytes [13]

and build a continuous layer with other cell types that are responsible for other

tasks. (i) Enteroendocrine cells sense the luminal environment and can secrete

peptide hormones [14] into the blood that influence the digestive process. (ii) Gob-
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let cells produce peptides needed for epithelial growth and repair, and lubricating

mucus consisting of glycoproteins that covers the mucosal surface, reduces the dif-

fusion of macromolecules, and binds proteins and microorganisms. (iii) Paneth

cells secrete antimicrobial digestive enzymes such as cryptidins or defensins. (iv)

Finally, the M cells are phagocytic cells that control the luminal microbial environ-

ment and can trigger an immune response in the presence of harmful pathogens

(see Fig. 5.3).

The epithelium is exposed to a wide variety of potentially harmful bacteria, vi-

ruses and other microorganisms that should not be able to permeate the epithelial

layer [15]. It is obvious the epithelial cells had to develop sophisticated and specific

receptors, transport systems and strong defense systems [16, 17] to cover all neces-

sary functions such as digestion and absorption of all essential nutritives, endo-

crine functions, and immunologic and mechanical barrier for microorganisms

and potentially harmful macromolecules.

The apical surface of the enterocytes is covered by closely placed microvilli

(diameter 100 nm, intervillous space is variable and can decrease down to 25 nm)

with a filamentous brush border glycocalyx (500 nm thick) consisting of negatively

charged mucin-like glycoproteins and enzymes, responsible for terminal digestion

of polysaccharides and polypeptides. Apart from this, the glycocalyx is another dif-

fusion barrier that prevents macromolecular particles, bacteria and viruses from di-

rect contact with the enterocyte cell membrane. Microstructures that want to enter

the enterocytes have to move into the space between the microvilli or have to pro-

duce toxins or inflammatory agents that disrupt the microvilli continuity, thus al-

lowing direct contact with the uncovered enterocytes surface.

Enterocytes take up luminal molecules by different methods. Small nutrient

molecules such as glucose, amino acids and ions reach the cell through

substance-specific epithelial transporters; larger molecules reach the cell by the

receptor-mediated [18, 19], energy-dependent process of pinocytosis (for details,

Figure 5.3. Schematic drawing of small intestine epithelium (for details refer to main text).
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see Section 5.2.3.6). Once the molecules have entered the enterocytes, they can en-

ter different pathways. The first pathways leads to enzymatic degradation in lyso-

somes, the second pathway leads to transcytotic transport of the intact vesicle con-

tent and active release into the subepithelial space, where the molecules can reach

the systemic circulation or the lymphatic vessels.

Another pathway for epithelium crossing is the paracellular transport that is only

possible under pathological conditions, because normally the intercellular tight

junctions block the permeation of large molecules and micro- and nanometer sized

structures. Physiologically, the tight junctions can dilate up to a pore radius of 5

nm on activation of certain cellular Naþ-coupled transport systems, enabling a

transjunctional osmotic flow for nutrients. Pathological insults such as inflamma-

tory cytokines [e.g. interferon (IFN)-g, tumor necrosis factor (TNF)-a, interleukin

(IL)-1b, IL-4 and IL-13], mechanical damage, infection, bacterial toxins (e.g. cholera

toxin) and cell death can open these pores enough to allow the passage of macro-

molecules or nano/microstructures [15, 20, 21].

5.2.3.4 Mononuclear Phagocyte System (MPS)

Once the drug molecule or drug complex reaches the systemic circulation – be

it direct by intravenous or intra-arterial injection or indirect by other application

ways – it comes in contact with various metabolic pathways and defensive systems.

When discussing the possibility of targeted delivery of nanometer-sized structures

(lipid-based such as liposomes and micelles, protein-based such as dendrimers,

and polymer-based such as nanospheres, nanoparticles and nanocontainers), the

most important hurdle is the MPS [22, 23] [also known as reticuloendothelial sys-

tem (RES)] – a part of the innate immune system. The MPS consists of bone mar-

row (pro-) monoblasts, peripheral monocytes and monocyte-derived tissue macro-

phages in liver (called Kupffer cells), lungs, spleen, lymph nodes, thymus, gut,

bone marrow and brain (called microglia). The MPS plays a major role in host de-

fense, and is responsible for clearing unwanted and possibly pathogenic organisms

(bacteria, fungi, protozoa, parasites, viruses) and macromolecules such as lipo-

proteins, polysaccharides, polynucleotides and nanoparticles. Macrophages can also

be attracted to an infected focus by various chemotactic substances (bacterial endo-

toxins, immune complexes, complements factors, collagen fragments), where they

phagocyte infectious agents. Apart from this, the cells of the MPS play an impor-

tant role in the development of pathological conditions such as cancer, atheroscle-

rosis, autoimmune diseases (rheumatoid arthritis, Crohn’s disease, systemic

lupus erythematosus, multiple sclerosis), diseases of the central nervous system

and some infectious diseases (HIV, tuberculosis, leishmaniosis, salmonellosis,

schistosomiasis).

When injecting macromolecular formulas such as liposomes, immunolipo-

somes, polymeric micro/nanospheres and nanoparticles into the circulation, the

MPS clears the substances rapidly from the bloodstream, mainly in the well-

perfused, macrophage-rich organs liver and spleen. For phagocytosis, the macro-

phages contact the particles with receptor-equipped pseudopods, attach the particle

to the cell membrane and engulf them with lamellipods. After entering the macro-
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phage by membrane–membrane fusion or receptor-mediated endocytosis, the mi-

crostructures are subject to aggressive enzymatic (proteases, esterases, glucuroni-

dases, phosphatases, nucleases, lipases, etc.) and nonenzymatic (free radicals,

acid) degradation inside specialized, low pH (down to pH 1–2) intracellular

vesicles called lysosomes (Fig. 5.4). Most of the macrostructure material gets de-

graded down to its chemical constituents, but some remaining protein fragments

can be used by the cells to create immunogenic antigen fragments for lymphocyte

presentation on class I or II major histocompatibility complex (MHC) molecules.

(The MHC is a transmembrane multiprotein construct for antigen-presentation to

cells of the immune system such as T lymphocytes, which are able to create a spe-

Figure 5.4. Schematic drawing showing the

principles of receptor-mediated endocytosis:

(1) shows the process of pinocytosis as

described in the main text; (2)–(4) show the

different pathways that lead to the receptor-

mediated endocytosis of various ligands, in

this case bacteria. (2) The binding of native,

unchanged bacteria to ‘‘unspecific’’ receptors

(e.g. scavenger receptors, mannose receptors,

TLRs) found on phagocytic cell types

(macrophages, dendritic cells). (3) The binding

of complement factor-labeled bacteria to the

C3 receptor, which binds the activated

complement factor 3. (4) The binding of

antibody-labeled bacteria to the Fc receptor,

which binds a subunit of immunoglobulins.

The final steps in the case of receptor-

mediated endocytosis consist of the

development of the early and mature lysosome

with various degrading systems as described in

the main text.
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cific, antibody-mediated immune response against the presented antigen.) The

range of such an immune response reaches from a fast elimination of newly in-

jected micro/nanostructures up to a possibly fatal anaphylactic (allergic) shock.

Apart from the obvious loss of material and targeting efficiency, the possible im-

mune response is the main reason why nanostructures for targeted delivery have

to be protected from fast uptake into the MPS.

The most important condition for rapid uptake into the MPS [23] is the process

of opsonization, defined as the deposition of blood opsonic factors (e.g. fibronectin,

immunoglobulins and complement proteins) on the surface of bacteria, viruses,

and nanostructures such as liposomes, micelles, nanoparticles, nanocontainers

and dendrimers. Once the structures have been labeled by opsonization, the mac-

rophages recognize them with their specialized surface receptors (scavenger recep-

tors, Toll-like receptors (TLRs), Fc receptors, complement receptors, mannose

receptors, fibronectin receptors, etc.) and take them up by receptor-mediated endo-

cytosis. Size and surface characteristics of the nanostructures define the opsoniza-

tion efficiency, the macrostructure–macrophage interaction and thus the clearance

kinetics. For instance, smaller polymer-based nanoparticles (below 200 nm diame-

ter) show longer circulation lifetimes than larger ones, but smaller lipid-based

nanoparticles show shorter circulation lifetimes than bigger particles [24]. Particles

with many available functional groups and stronger polarity also show shorter

circulation lifetimes. Lipid-based nanostructures such as liposomes show much

shorter circulation life-times than polymer-based nanostructures because of (i)

lower physicochemical stability (higher leakage rates in bloodstream turbulences),

(ii) better opsonization efficiency, (iii) opsonization-independent receptor interac-

tion of liposome compositions containing phosphatidylserine, phosphatidylglycerol

or phosphatidylcholine (all ligands for certain types of macrophage receptors) and

(iv) easier uptake into the macrophages because of chemical likeness with the cel-

lular membrane (also based on phospholipids). This allows the macrophages to

take up the liposomes by direct membrane-membrane fusion instead of receptor-

mediated endocytosis.

Special low-protein absorbing polymeric surfaces such as poly(ethylene glycol)

(PEG), poly[N-(2-hydroxylpropyl)methacrylamide], distearyl phosphotidyl ethanol-

amine (DSPE) or poly(2-methyl-oxazoline) (PMOXA) can prolong the circulation

lifetime of both liposomes and polymer-based nanoparticles by decreasing the

grade of opsonization, making it possible to reach the desired therapeutic target

before being removed from the circulation. Nanoparticles with these specialized

surfaces are referred to as ‘‘stealth’’ particles [24], since they ‘‘hide’’ themselves

from the MPS [25].

5.2.3.5 Endothelial Barrier

The endothelial cells cover the interior surface of all blood vessels, and build an

important barrier between the blood components and the tissues. The endothe-

lium actively controls the exchange between these two compartments and shows a

high grade of impermeability in most tissues. Only a limited number of small mol-

ecules such as oxygen, carbon dioxide and water, and small lipophilic molecules
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diffuse passively across or along the endothelial membrane according to the con-

centration gradient. For some macromolecules such as glucose and amino acids,

the endothelial cells have active transport mechanisms to ensure a sufficient flow

of supplies for the underlying organs. Macromolecules can only leave the circula-

tion through so-called endothelial fenestrations, principally holes between the en-

dothelial cells, and across endothelial clefts at the cell–cell junctions. Organs such

as the liver, lymph nodes or the spleen show a well-developed endothelial fenestra-

tion with an easily permeable endothelial layer. On the other hand, organs such as

the testis, the brain or the spinal cord have a dense endothelial barrier with a small

permeability for most drugs and all hydrophilic substances. The specialized endo-

thelium of the brain is called the blood–brain barrier and has no fenestrations.

An important characteristic of the endothelial layer is the increase of permeabil-

ity under certain pathological conditions, known as vascular leakage [26, 27]. For

instance, vascular leakage is a complication that can worsen a systemic inflamma-

tory reaction in the case of a severe bacterial infection, and leads to excessive

plasma extravasation into the lung, the skin and the abdomen when plasma pro-

teins can leave the blood vessels through enlarged endothelial fenestrations. On

the other hand, it allows the white blood cells to leave the circulation in much

higher numbers than under physiological conditions, and increases the oxygen

and nutrients supply for the tissue. Vascular leakage is also an early step in the de-

velopment of atherosclerosis, where lipoproteins leave the circulation and gather

inside the inner layers of the blood vessels. Some tumors have leaky vessels, mak-

ing it easier for the tumor cells to reach the systemic circulation.

On the topic of site-specific drug delivery with nanotechnological delivery sys-

tems, it is important to consider the physicochemical properties of the endothelial

barrier in different tissues and under different states according to the target, size,

surface and functionalization of the carrier. For instance, it is almost impossible

for ‘‘normal’’ nanoparticles to permeate through the intact blood–brain barrier; on

the other hand, the vessels of aggressive brain tumors are leaky, making it possible

to reach the tumor cells with nanoparticles. Another interesting target for delivery

of nanoparticles is the so-called vulnerable plaque, defined as an inflamed athero-

sclerotic lesion of the blood vessel wall with a thin fibrous cap covering an amor-

phous mass of cell detritus, cholesterols, lipoproteins and collagen. A breakup of

this instable system [28, 29] leads to the formation of blood clots and may stop

the blood flow in the diseased vessel, resulting in potentially fatal diseases such as

myocardial infarction, stroke, skin ulcers, etc. The endothelial layer on the vulner-

able plaques is known to be leaky, making it possible for nanoparticles to reach the

inflamed fibrous cap and influence the diseased state.

5.2.3.6 Cell Membrane

The passage across the cell membrane is the last and possibly the most difficult

hurdle for targeted delivery of macromolecules because of the complex nature of

the membrane, and the variety of different receptors, channel proteins, cell surface

functionalizations and transport systems [30, 31]. The membrane consists mainly

of phospholipids, cholesterol and proteins building a hydrophilic–hydrophobic–
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hydrophilic triblock bilayer membrane stabilized by structure proteins and intercel-

lular connections. Integrated into the bilayer membrane are different transmem-

brane and nontransmembrane proteins with functions such as ion channels,

glucose and amino acid transporters, receptors for ligands, cell communication re-

ceptors, cell–cell adhesion, etc.

Small, nonpolar molecules such as oxygen, carbon dioxide or nitrogen dissolve

in the lipid bilayer and diffuse passively into the cell according to the concentration

gradient. The same applies to small, noncharged molecules such as water or etha-

nol. Bigger molecules (e.g. glucose, amino acids or urea) and all charged molecules

(e.g. sodium, potassium, chlorine or magnesium) have only a limited possibility of

passive transmembrane diffusion, making it necessary for the cell to set up trans-

port systems for essential molecules (as described in previous subsections).

When discussing the delivery of macromolecules such as nanoparticles into the

cells, one has to be aware that most cells are not intended to take up macromole-

cules and the nanoparticles have to use transport systems with a different purpose

than ‘‘nanovehicle transport’’.

The first step in the transmembrane transport of macromolecules is the binding

of a ligand to a specific cell surface receptor. Some receptors answer the ligand

binding with a complex process called endocytosis that can be divided into phago-

cytosis and pinocytosis (Fig. 5.4). Phagocytosis means the uptake of micrometer-

sized structures such as bacteria and fungi, which can only be done by specialized

phagocytic cell types of the innate immune system such as macrophages, granulo-

cytes, and dendritic cells. These cell types have special cell surface receptors such

as (i) Fc receptors (for immunoglobulins bound to bacteria), (ii) complement recep-

tors (for proteins of the complement system, which plays a major role inflamma-

tion, immune defense and tumor cell killing), (iii) scavenger receptors [32–36] (for

polyanionic molecules such as lipoproteins, polysaccharides and polynucleotides)

and (iv) mannose receptors [37] (for mannosylated/N-acetylglucosamine-terminal

and fucosylated glycoproteins) that stimulate phagocytosis of the mentioned

macromolecules. Pinocytosis is possible for all other cell types and is restricted to

nanometer-sized structures such as viruses, proteins, lipoproteins, transferrin, cho-

lesterol, etc.

On a molecular level, pinocytosis occurs on different, energy-consuming

pathways, e.g. clathrin-mediated, caveolin-mediated, or clathrin- and caveolin-

independent. Clathrin-mediated endocytosis is the most important entry pathway

for macromolecules in cell types other than phagocytes and is triggered by

ligand–receptor binding. It starts with the binding of the protein clathrin to the in-

tracellular part of the transmembrane receptor, followed by the creation of small

cell membrane pits. Then the cell membrane pits with the ligand–receptor com-

plexes are dragged into the cell by the cytoskeleton and form enclosed, clathrin-

coated vesicles that finally lose the contact with the cell membrane. Once the vesi-

cle is created, it starts to ‘‘uncoat’’ the clathrin coating, allowing the fusion with

other intracellular compartments such as lysosomes for degradation and receptor

recycling (Fig. 5.5).
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During the process of phagocytosis, the phagocytic cell launches a signaling cas-

cade that results in the formation of cell membrane protrusions that surround the

pathogen and engulf it into so-called phagosomes, comparable to giant intracellu-

lar vesicles. The content of the phagosomes (bacteria, viruses, nanoparticles) is

then attacked by lysosomal enzymes, free acids, and radicals, resulting in a degra-

dation and inactivation of the macrostructure.

For targeted delivery of nanostructures, one has to overcome the inactivating ly-

sosomal pathway when trying to cause a therapeutic impact on intracellular targets

in the cytoplasma or nucleus.

5.3

Strategies for Targeted Delivery – Observed in Nature

5.3.1

Outline

When discussing the use of nanotechnologies for targeted delivery, it is essential

not to forget the enormous range of ‘‘natural micro/nanostructures’’. Bacteria, vi-

ruses, fungi, parasites, prions, etc., have evolved over a long period and have spe-

Figure 5.5. Schematic drawing of clathrin-mediated endocytosis (for details refer to main text).
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cialized in targeted delivery to targets inside macroorganisms against strong de-

fense mechanisms. To avoid the various defense systems, the microstructures had

to develop specialized strategies for adherence, barrier invasion, immune system

evasion, targeting and growth.

Obviously, understanding these microorganism strategies is important when try-

ing to develop ‘‘artificial micro/nanostructures’’ for targeted delivery, because it is

easier copying an existing targeting strategy than developing a new one. Further,

there is no reason why well-tested strategies evolved during the long evolutionary

fight between macro- and microorganisms should not work in a similar context

like nanostructure delivery. It is also important to show that targeted nano/

microstructure delivery is possible through other pathways than parenteral injec-

tion. To realize the different possibilities to reach a target inside the body by oral

or transbronchial application might perhaps help to break the paradigm that says

that nanoparticles can only be delivered by parenteral injection. Apart from this, it

allows understanding the defense strategies of the human body from a different

perspective and displays the need for a deeper understanding of the complex mo-

lecular pathways.

Here, we will discuss major strategies for barrier permeation, immune system

evasion, and targeted delivery of bacteria, viruses, and prions. It is not the idea cre-

ate an outline over all existing pathogenic strategies, but to highlight some of these

strategies. Refer to the references section for a deeper insight into certain topics of

interest.

5.3.2

Bacteria

To set up an infection of a macroorganism, bacteria have devised a vast range of

strategies, also called virulence factors [38, 39]. Here, we will concentrate on two

features of bacterial strategies that might become helpful for the design of artificial

complex nanostructures for targeted delivery: host invasion and immune system

evasion.

5.3.2.1 Host Invasion

The first defense mechanism pathogenic bacteria meet when they try to invade a

macroorganism is the native bacterial flora of the skin or the gastrointestinal tract,

which consists of normally harmless bacteria that prevent the newly gained patho-

genic bacterium from growth and invasion. By successfully erasing or suppressing

this protective flora, the bacterium sets up its own nutritive environment on the

skin or inside the gut. Iatrogenic (physician-made) elimination of the native flora

of the gut by antibiotics also allows the spread of pathogenic bacteria such as Clos-
tridium difficile.
The next step of the bacterial attack is bacterial adherence on outer body surfaces

such as skin and mucosal epithelium of the respiratory and gastrointestinal tract.

As we have discussed above, the outer layer of the body is build of impermeable

epithelial barriers that protect the body from the entry of potentially harmful
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macromolecules and structures of complex functionality. Most bacteria cannot

cross the intact epithelial barrier, and can only reach the interior of the body and

blood vessels through small mechanical lesions in the epithelial barrier. In particu-

lar, the skin is a reliable barrier for bacteria invasion because of the two-compart-

ment, multilayered organization. Permeation across the single-layered epithelium

of the mucosa of both the respiratory and gastrointestinal tract is much easier,

and can be achieved by specialized bacteria even under physiologic conditions (no

mechanical damage to the epithelium). These bacteria have special surface struc-

tures for adherence to the epithelial layers, called pili (also called fimbriae) and

nonfimbrial adhesins [40]. Pili are rod-shaped protein structures on the cell walls

of the bacteria consisting of long cylindrical protein subunits in a helical array. The

continuously produced subunits are added from the pili interior and extend the

pilus outward. The tip of the pilus adheres and binds to host cell molecules on

the surface of the epithelial cells such as glycoproteins and glycolipids. Nonfimb-

rial adhesins are similar cell-contact structures like pili. The cell adherence struc-

tures are specific for certain host cell surface molecules and are one explanation

for the tissue tropism of most bacteria (e.g. Streptococcus mutans colonizes teeth,

but not the epithelium of the tongue). Once the bacteria has fixed the contact

with the epithelial cell, it can perform a tighter binding to the cell by other bacterial

proteins that can bind to surface structures such as different host cell receptors for

cell–cell contact or signal transduction.

The next step is the passage across the intact epithelial layer or the invasion into

the epithelial cells. Possible pathways for transepithelial passage without invasion

or destruction of the epithelial cells involve paracellular entry, translocation

through the M cells and luminal capture by dendritic cells [41].

The easiest method is to profit from temporary disruptions of the dense and

normally impermeable cell–cell bonds caused by the paracellular transmigration of

polymorphonuclear leucocytes (white blood cells) from the subepithelial tissue into

the gut following an inflammatory signal. Leucocytes have the ability to weaken the

intercellular connections by enzymatic degradation and cross the epithelial layer

actively. Some bacteria such as Shigella can use these temporarily created intercel-

lular holes to permeate across the epithelial layer without harming the cells.

The M cells, specialized phagocytic cells, are part of the mucosa-associated im-

mune system and are placed inside the epithelial layer where they constantly take

samples of the luminal flora for immunologic controlling. Some bacteria families

such as Shigella, Salmonella, Yersinia and Listeria have different methods to evade

the lysosomal destruction inside the M cells and can leave the M cells without loss

of function. While Listeria have the ability to escape into the cytoplasma with their

pore-forming protein listeriolysin O [42] and Salmonella can remodel their phago-

somes for intracellular growth with the protein Spi2, Yersinia have an antiphago-

cytic strategy that inactivates the actin cytoskeleton by intracellular injection of the

proteins YopE, YopH and YopT. Finally, Shigella can synthesize intracellular factors

that cause the apoptosis (controlled cell death) of M cells, macrophages and mono-

cytes, leading to the release of the unharmed Shigella bacterium after phagocytosis.

Shigella is even able to synthesize cytokines (substances for cell–cell communica-
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tion) such as IL-1b and IL-18 that disrupt epithelial impermeability and simplify

further bacterial invasion on a paracellular pathway. All of these mechanisms allow

the bacteria to cross the epithelial layer without having to kill the epithelial cells

[41].

The last pathway for transepithelial passage without epithelial cell invasion is the

luminal capture by dendritic cells. Dendritic cells are phagocytic cells of the innate

immune system comparable to macrophages. They are not a constant part of the

mucosa like the M cells, but have the ability to crawl between two epithelial cells

or to send cell extensions called pseudopods through the intercellular compart-

ment into the gut lumen. The pseudopods capture luminal bacteria and phagocyte

them for degradation and detection. The bacteria mentioned above have strategies

for phagocytosis evasion and can reach the systemic circulation once they leave the

dendritic cells. Some bacteria such as the Salmonella family can even travel inside

the dendritic cells as ‘‘blind passengers’’.

Another method for transepithelial migration is the direct and active (not by

phagocytosis [43]) invasion into the epithelial cells; these cell-invasion strategies

[41] are more complicated than the methods we have met until now and require

sophisticated molecular mechanisms. Bacteria such as Yersinia pseudotuberculosis
or Listeria monocytogenes [44] express proteins such as invasin, internalin or InlB

that can bind to surface receptors (mostly receptors for cell-matrix or cell–cell ad-

hesion such as integrin, E-cadherin or Met) of the host cell, leading to a clustering

of the bound receptors and a forming of vacuoles that engulf the bacterium

through a so-called ‘‘zipper’’ mechanism. The ligand–receptor binding starts a

cascade of signals (e.g. protein phosphorylation, recruitment of adaptors and effec-

tors), resulting in an activation of actin cytoskeleton units and finally bacterial

internalization through developing membrane extensions that enclose the

bacterium.

Other bacteria such as Shigella or Salmonella can bypass the step of adherence to

the host cell and interact direct with the intracellular actin cytoskeleton by injecting

effectors through a secretory system that trigger the formation of macropinocytic

pits for bacterial entry. A key constituent of this ‘‘trigger mechanism’’ is the type

III secretory system [45–48] – a complex multiprotein structure comparable to an

injection needle of a syringe. The tip of the secretory system recognizes the surface

of the host cell and triggers the insertion of an IpaB/C or SipB/C [49, 50] translo-

cation pore into the cell membrane. This translocation pore allows permeation of

the proteins IpaC and SipC that force the cell to form the mentioned macropino-

cytic pockets by actin cytoskeleton nucleations, and of a protein called VirA that

stimulates local destabilization and depolymerization of microtubules, another

part of the cytoskeleton. In a next step, more proteins such as SopB/SigD, SopE

or IpgD are injected through the type III secretory system and stimulate actin re-

arrangements and bacterial entry. In the last step, the macropinocytic pocket

closed, triggered by the injected proteins SptP and IpaA.

One major effect of these complex mechanisms is the direct invasion into intra-

cellular vesicles or even into the cytoplasma without having to survive the direct

contact with the lysosomal compartment. The bacteria can now persist inside the
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epithelial cell and usually start intracytoplasmic reproduction, finally resulting

in host cell killing. The newly created bacteria now can reach the well-perfused

subepithelial tissue, where they can enter the blood vessels through the endothelial

fenestrations.

Once the bacterium reaches the interior of the body, it has to evade the host de-

fense if it wants to survive. In the tissue or inside the blood vessels, the bacterium

meets the cellular and noncellular parts of both unspecific (innate) and specific

(adaptive) immune system.

5.3.2.2 Immune System Evasion

One essential requirement for ‘‘targeted delivery’’ of complex structures such as

bacteria is the ability to survive in the tissue and in the bloodstream by evading,

suppressing or tricking the immune system of the host organism. The immune

system [51, 52] consists mainly of the unspecific, innate immune system and the

specific, adaptive immune system. The unspecific immune system organizes a first

defensive barrier against microorganisms such as bacteria, fungi and parasites. It

consists of noncellular (humoral) elements such as the complement system, the

acute-phase proteins, the interferons and bactericidal substances such as lysozyme.

Then cellular elements such as the epithelial layers, the native microbial flora and

the white blood cell granulocytes (neutrophilic, basophilic and eosinophilic), mast

cells, monocytes, macrophages, natural killer (NK) cells and dendritic cells. The

specific immune system consists of the humoral element antibodies, and the cellu-

lar elements B lymphocytes, T lymphocytes and plasma cells. It is responsible for

targeted defense against bacteria, viruses, allogenous cells and tumor cells with

molecule-specific antibodies and target-specific killer cells.

Bacteria have mainly specialized in manipulating the innate, unspecific immune

system with several different strategies [53, 54]. We will discuss some of them to

show successful strategies for innate immune system evasion that might be help-

ful for targeted delivery of artificial micro/nanostructures.

Recognizing microbial molecules by germline-encoded receptors such as the

transmembrane TLRs [55, 56] of macrophages and dendritic cells, an important

receptor family for the innate recognition of various microorganism, activates the

innate immune system. One of the best-characterized of the TLRs is TLR4, which

can bind lipopolysaccharides, an essential part of the cell wall of Gram-negative

bacteria (e.g. Escherichia coli, Salmonella). Binding of a bacterium is a condition

for uptake into the phagocyte and for the inflammatory cytokine response. On the

other hand, many bacteria have manipulative systems that alter the function of the

TLR4 system and enable an infection of the host organism. The Shigella bacterium,

for instance, synthesizes a surplus of free lipopolysaccharides (also called endotox-

ins) that bind and block TLR4 of macrophages and stimulate an inflammatory re-

sponse. As we have seen above, this inflammation can lead to a higher permeabil-

ity of the intestinal epithelium and to a higher grade of bacterial invasion [57].

Bacteria such as Yersinia pestis, Helicobacter pylori and Chlamydia trachomatis, on
the other hand, synthesize a slightly changed version of the free lipopolysaccharide

that also blocks all TLR4, but that does suppress the inflammatory response in-
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stead of stimulating it. Thus, the bacterium decreases the efficiency of the immune

response and increases its own chance of surviving.

Some pathogenic members of the Yersinia family such as Yersinia enterocolitica
and Y. pseudotuberculosis can be considered as specialists for immune system sup-

pression. Not only do they block the TLR4 system with modified free lipopolysac-

charides, they can also suppress phagocytosis (see above) and inflammatory re-

sponse by injecting proteins such as YopM, and by the synthesis and secretion of

the immune-suppressive V antigen [47]. The V antigen binds to another TLR, the

TLR2, and activates IL-10- and CD14-dependent pathways that lead to immunity

downregulation.

The bacterium L. monocytogenes produces a membrane-perforating protein to

escape the lysosomes as we have seen in the last subsection. Once it reaches the

cytoplasma of the macrophages, it can persist there and multiply by forcing the

macrophage to produce the cytokine IFN-b that suppresses the ability of the

macrophage to fight the infection of its own cytoplasma [42, 58, 59].

Another specialist for innate immune system evasion is the bacterium Mycobac-
terium tuberculosis, responsible for the tuberculosis infection. Similar to L. monocy-
togenes, M. tuberculosis has various potent strategies [60] that allow the bacterium to

survive and multiply inside macrophages [61]. For instance, it can suppress the re-

sponse of the innate immune system by (i) downregulating the expression of the

cytokine IL-12 [62], (ii) by blocking the response of the macrophage to the cytokine

IFN-g that normally increases the ability and efficiency of the phagocytosis process

[63], and (iii) by surrounding its own cell wall with stable and impermeable com-

plex lipids, peptidoglycans and waxes [60] that protect the bacterium from the lyso-

somal enzymes.

Instead of surviving inside the macrophages or dendritic cells, some bacteria

such as Enteropathogenic E. coli, Pseudomonas aeruginosa and Yersinia have

strategies that prevent them from being subject to phagocytosis. As we have

learned above, these bacteria can inject ‘‘antiphagocytic’’ substances (e.g. ExoS,

ExoT, YopH, YopE and YopT) [64–68] into the phagocytic cells with their type III

secretion system before the macrophage can bind the bacterium.

Other intracellular bacteria, Legionella pneumophila [69] and Brucella [70], use a

type IV secretion system [71–73] to degrade the function of host lysosomes by in-

tercepting intracellular vesicles from the endoplasmic reticulum that contain the

lysosomal enzymes and to stop the presentation of bacterial antigens on class II

MHC molecules [74, 75]. C. trachomatis [76] and Chlamydia pneumoniae [77], also
obligate intracellular bacteria, have sophisticated strategies that can block the tran-

sition from innate to the adaptive immune system, thus making it hard for the im-

mune system to remove the infected phagocytes. The Chlamydia bacteria secrete a

proteolytic enzyme called chlamydial protease-like activity factor (CPAF) that de-

grades the host cell molecules RFX5 and USF-1 – transcription factors essential

for activation of class I and class II MHC molecules that would present some Chla-
mydia antigens to lymphocytes for adaptive immune system activation.

The last bacterium we want to discuss here is Streptococcus pyogenes, which has

evolved complex strategies to evade the inactivation by cells of the innate immune
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system, in this case by the granulocytes (also called polymorphonuclear leukocytes)

[78]. Normally granulocytes can kill invading bacteria and fungi by both phagocy-

tosis and different microbicidal systems such as superoxide, reactive oxygen spe-

cies, hydrogen peroxide and hypochlorous acid. S. pyogenes has the ability to inhibit

the recruitment of new granulocytes to the site of infection by producing a serine

endoprotease (C5a peptidase) that degrades and inactivates a potent host-derived

chemotactic factor of the complement system, C5a [79].

Perhaps the most important defense strategy for our purpose is the ability of S.
pyogenes to evade the opsonization by plasma proteins that would result in an effi-

cient and fast clearance by phagocytes. To achieve this antiopsonic strategy, the bac-

terium has a dimeric coiled-coil surface protein called M protein that binds certain

nonopsonic factors of the complement system such as C4b-binding protein, factor

H, factor H-like protein and the plasma protein fibrinogen. In that way, it impends

the binding of the potent opsonic factor C3b to the bacterial surface [80]. Further,

the bacterium produces a protein (Streptococcal inhibitor of complement, Sic) that

inhibits the formation of the so-called membrane attack complex (MAC) [81, 82],

the final cytotoxic formation of the complement factors C5b–C7 that would eventu-

ally perforate the bacterial wall (see below). Streptococcal pyrogenic exotoxin B

(SpeB), another secretion product of the bacterium, inhibits opsonization and

phagocytosis by cleaving opsonic factors such as fibronectin and vitronectin. Fur-

ther, it blocks the granulocyte function by activating a metalloprotease and the

pro-inflammatory and granulocyte-toxic cytokine IL-1b [83]. Finally, S. pyogenes pro-
duces the enzyme endoglycosidase (EndoS) that inactivates humoral antibodies di-

rected against the bacterial surface for opsonization purposes, thus decreasing the

possibilities for antibody-mediated phagocytosis [84].

S. pyogenes has also some interesting physical barriers that protect the bacterium

against phagocytosis. A hyaluronic acid capsule composed of N-acetylglucosamine

and glucuronic acid repeats offering a certain grade of phagocytosis protection

covers the cell wall and inhibits the direct interaction of opsonins on the bacterial

surface with granulocytes [85]. To increase the physical protection, S. pyogenes can
cover itself with a matrix of fibronectin and collagen [86], and can even build ag-

gregates with other bacteria, which as a result are difficult to remove for the im-

mune system.

5.3.3

Viruses

When discussing the impact of nanotechnology for targeted delivery in biological

systems, viruses are the best example found in nature and can be readily compared

to artificial nanometer-sized structures such as nanocontainers. Viruses are

nanometer-sized (15–300 nm diameter) complexes with a simple composition of a

facultative lipid bilayer envelope with glycoproteins (viruses can be distinguished

into viruses with an envelope and viruses without an envelope), a few enzymes

such as reverse transcriptase, RNA polymerase or kinases, and a central nucleo-

5.3 Strategies for Targeted Delivery – Observed in Nature 215



protein complex called a capsid containing the viral DNA or RNA. Viruses them-

selves have no means of independent locomotion or growth and depend on host cell

metabolism. Once they enter the host organism, they have to penetrate the differ-

ent defense barriers such as mucus layer, epithelial layer, immune system, endo-

thelial layer and finally the cell membrane of their target cell. Here, we will discuss

some important virulence factors of different viral species and we will show their

enormous ability for target-specific delivery of their content in biological systems.

We will also briefly discuss the current state of viral gene therapy and the impact of

nanotechnology in gene therapy.

5.3.3.1 Immune System Evasion

Due to the much smaller size compared with bacteria and because of the intracel-

lular reproduction, fighting viral infections is much more difficult for the immune

system [87, 88]. To be able to recognize and inactivate the free virus, the immune

system has to label the viral surface with opsonins such as unspecific complement

factors or specific antibodies. As complement system activation is an important

condition for an effective innate and adaptive immune response, most viruses

have strategies to evade or manipulate the complement system [89, 90].

The complement system is a defensive method of the humoral innate immune

system and consists of an interacting set of plasma enzymes (called C1–C9) syn-

thesized in the liver, and in different cell lines such as monocytes, fibroblasts, en-

dothelial cells and neurons (nerve cell). The complement system can be activated

to perform a cascade of reactions leading (i) to the recruitment of antibodies, more

complement factors and phagocytic leucocytes to the site of infection by producing

potent anaphylatoxins (C3a–C5a), (ii) to the opsonization of viruses and virus-

infected cells, and (iii) to the destruction of microorganisms and cells by the final

ring-shaped, membrane-perforating MAC (consisting of activated C5–C9) [51]. The

complement system activation can be achieved by three different pathways. (i)

Classically by binding of the factor C1q to antibody–antigen complexes or certain

viruses or virus-infected cells [91–94]. (ii) Lectin-mediated by binding of the man-

nan-binding lectin protein to oligosaccharides with unprotected repetitive carbohy-

drates such as mannose on certain viruses or virus-infected cells [95–97]. (iii) Alter-

natively by spontaneous and indiscriminate breakdown of the factor C3 in the

serum or on surfaces of cells or particles when lacking sufficient levels of endoge-

nous complement-regulating proteins such as C1 inhibitor factor 1 (C1-Inh), com-

plement receptor 1 (CR1), decay-accelerating factor (DAF), protectin and Factor H

[98–100]. Normally these factors inhibit the complement activation. All three path-

ways result in the terminal activation of a C3 convertase enzyme that activates C3

by cleavage. Active C3 activates C5, which launches the creation of the MAC. Vi-

ruses have a wide variety of complement-evading strategies; we will discuss some

of them.

By forcing the virus-infected cell to shed or internalize antibody–antigen com-

plexes on their surface, viruses from the families Herpes and Corona can obstruct

the classical complement activation [101]. Further, Herpes and Pox viruses can pro-

duce and express proteins such as vaccinia virus complement control protein
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(VCP) [102], glycoprotein C1 (gC1) [103, 104], glycoprotein C2 (gC2) [105] and

complement control protein homolog (CCPH) [106], with functional likenesses

[89] to the complement-regulating proteins that suppress the complement activa-

tion (see above). Some viruses of the families Pox [107], Herpes [108], Retro

[109–112] and Toga [113] that cannot produce these proteins themselves are able

to incorporate some of the complement-regulating proteins produced by the host

organism into their envelope or to force the virus-infected cell to synthesize and

secrete these proteins.

Another interesting strategy found in some Herpes [114, 115] and Corona [116]

viruses enables these viruses to express Fc receptors (receptors for antibody bind-

ing) on the viral envelope or on the infected host cell. The Fc receptor binds non-

immune immunoglobulin G (IgG) and protects the virus or the virus-infected cell

by sterically blocking the binding of virus-specific IgG [117], and by decreasing the

efficiency of an antibody-mediated immune response [118].

5.3.3.2 Host Cell Invasion

If a virus wants to multiply, it has to invade a potential host cell [119, 120], has to

deliver its capsid and the content of the capsid into the cell, and has to force the

infected cell to create new viruses by adding its own genetic information of DNA

or RNA to the synthetic machinery of the host cell. One important point is the at-

tachment to the host cell membrane and the invasion into the cell without damag-

ing the cell and without creating an immune response that would finally kill the

infected cell.

The first step of cell invasion is the attachment to cell surface proteins, carbohy-

drates, or lipids that can serve as pure anchors for the virus or can mediate its up-

take. The most important cellular receptors for viral attachment are intercellular

adhesion molecule (ICAM)-1, integrins, CD4, a-dystroglycan, MHC-I, CXCR4,

CCR5, CD46, DAF, CAR, LDLR, PVR, aminopeptidase-N, heparan sulfate glycosa-

minoglycan, and sialic acids [120].

One well-studied virus, HIV, even binds to multiple attachment factors such as

C-type lectin receptors, the ICAM-3-grabbing nonintegrin (DC-SIGN) found on

dendritic cells, and the ICAM-3-grabbing nonintegrin (L-SIGN) [121, 122] found

in liver and lymph node tissue. Once HIV attaches to its target cell (macrophage,

T lymphocyte, dendritic cell), its envelope-bound glycoprotein 120 binds to a sur-

face receptor of the host cell, CD4, and changes its conformation – a condition for

the final binding of glycoprotein 120 to the host cell co-receptors CXCR4 or CCR5

[123]. Only by cobinding to both CD4 and CXCR4 or CCR5 can the virus switch its

envelope to the fusion-competent conformation [124, 125].

Attachment and binding factors used by other viruses are (i) heparan sulfate

proteoglycans (binding site for glycoprotein C of alphaherpes viruses, for Dengue

virus, for papilloma virus), (ii) sialic acid groups (for hemagglutinin of influenza

virus, for myxo- and paramyxoviruses) [126], (iii) Herpes entry mediator A HVEA

(for glycoprotein D of herpes simplex virus 1) [127], (iv) gangliosides GM1, GD1a

and GT1b (for VP1 of polyoma virus) [128, 129], and (v) human lymphocyte anti-

gen (HLA)-DR (for gp43 of Epstein–Barr virus) [130].
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For viruses without an envelope, the next step is the endocytosis (clathrin-

mediated, caveolin-mediated or clathrin- and caveolin-independent [131]) of the

bound capsid that allows the virus to cross the barrier of the cortical cytoskeleton,

and to reach deep intracellular structures such as the lysosomes, the endoplasmic

reticulum and the Golgi complex [132, 133]. For some viruses the decrease in

pH in the endo-lysosome acts as a molecular trigger for membrane penetration

mechanisms [134–136]. For most viruses the activation starts at pH 6–6.5,

matching early endosomes [137, 138]. Endosome escape is possible by different

mechanisms. Adenoviruses become membrane-lytic at low pH and leave the rup-

tures endosomes intact [139, 140]. Reoviruses can expose a hydrophobic capsid

peptide that makes the capsid membrane lytic [141]. Picorna viruses have the abil-

ity to sink into the bilayer and to form a protein-lined channel for the viral RNA in

the endosomal membrane by exposing a myristic acid end group of the protein

VP1 [142].

These methods allow the virus or its genetic information to leave the lysosomal

pathway before the enzymatic environment reaches its full degrading power that

would inactivate the virus. Further, the lysosomal escape prevents the virus from

being subject to an adaptive, MHC-mediated immune response, because the cell

does not have any viral antigens to present to lymphocytes on the MHC complex.

After leaving the lysosomal compartment, the viral capsid can use the cytoskeleton

or intracellular transport motor proteins [143, 144] to reach the cell nucleus or spe-

cific cytoplasmic membranes.

Viruses with a protective envelope around the capsid cannot only reach the

cell interior by endocytosis as the nonprotected viruses, they can also perform a

‘‘simple’’ membrane fusion to reach the cell. As the protective envelope is a lipid

bilayer, membrane fusion is theoretically easy and comparable to the fusion of lip-

osomes and target cells. More complicated is the mechanism that protects the en-

veloped viruses from fusion with every available cell and allows the membrane fu-

sion only with the desired target cell, thus ensuring a targeted delivery. Membrane

fusion is triggered by events such as binding to specific cell surface receptor or a

decrease in pH [142, 145], on which the viral envelope changes its conformation

and allows the fusion with both host cell membrane and lysosomal membrane.

Viruses have two different fusion factors that can induce the mentioned confor-

mation changes of the lipid bilayer. Type I factors found in the influenza virus con-

sist of homotrimeric spike glycoproteins with coiled-coil subunits and can insert

exposed hydrophobic fusion sequences of a lower energy conformation into the tar-

get membrane on activation. The released free energy forces both viral and target

membranes closer together, resulting in a membrane fusion [124, 126, 146]. Type

II factors found in flaviviruses and alpha viruses [147] build a heterodimer with

another viral membrane protein and can change their quaternary protein structure

after a pH decrease. The fusion subunits of these two proteins dissociate and build

a new active homotrimer [148, 149] that forces the membrane fusion. One major

advantage of the membrane fusion strategy is the possibility to reach the cyto-

plasma direct without the complicated way through the receptor-mediated endo-

lysosomal system.
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To be able to reach the cellular reproduction machinery, the virus capsid has

to cross the membrane of the cell nucleus [150–152], mainly through nuclear

pore complexes [153–155] that allow the passage of particles up to a diameter of

39 nm [156]. To activate this transport system, the virus has to bind to cytoplasmic

import receptors. For example, HIV and adenovirus bind to importin 7, and papil-

loma viruses, hepatitis B virus and influenza virus bind to importin a and b [157–

161].

Larger viruses and capsids have to deform or disassemble to allow the DNA or

RNA to reach the nucleus. Adenovirus disassembles its capsid after binding to a

subunit of the nuclear pore and releases its DNA for transmembrane passage

[162]. The large capsid (diameter 120 nm) of herpes simplex virus 1 also binds to

the nuclear pore and releases its DNA direct into the pore without disassembly of

the capsid [163, 164], leaving the empty capsid bound to the nuclear pore.

5.3.3.3 Viral Vectors for Therapeutic Applications

Genetically modified viruses have been used in a wide range of experiments in

gene therapy [165, 166] of both hereditary diseases and acquired illnesses such as

cancer. The promising idea is to use the sophisticated viral targeting strategies

without having to create new lipid-, protein- or polymer-based nanoparticulate car-

riers for targeted delivery of missing or defective genes to the diseased cells. After

replacing the viral DNA with the necessary human sequence vector, the modified

virus is applied to the patient and consequently targets its natural host cell accord-

ing to its surface properties. The genetically modified virus enters the host cell and

delivers its genetic content to the cell nucleus, where it can be integrated into the

host cell genome.

After first successful results with retrovirus-based gene therapy of patients

with different forms of severe combined immune deficiency [167–169] (mostly fa-

tal disorders of the immune system in young children), the field of virus-mediated

gene therapy suffered some setbacks such as a lethal complication in a trial of

adenovirus-based gene therapy of a metabolic disease and the induction of leuke-

mia in a retrovirus-based gene therapy trial [170–172]. It also became obvious

that successful and efficient gene therapy is much more difficult than originally

thought because of (i) low in vivo targeting efficiency of the used viral vectors,

(ii) inadequate targeting specificity resulting in an unwanted gene expression in

healthy tissues, (iii) inappropriate integration of the gene vector into the host ge-

nome resulting in a long-term decrease in targeted gene expression and (iv) safety

problems with insufficiently replication-deficient viral vectors [165]. We will pres-

ent some widely used targeting systems based on viruses in areas other than can-

cer therapy.

One well-established virus for gene therapy is the adeno-associated virus [173,

174], popular because of its efficient gene delivery and long-term expression. Dis-

advantages are its low target specificity with more or less randomized gene deliv-

ery, its low gene packing capacity (less than 4000 bases), problems with activa-

tion of endogenous genes and problems with pre-existing antibodies in many

patients, which lead to inactivation of the viral vector before it can reach the
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target cell. Adeno-associated virus-based gene therapy has been tried for pa-

tients with type IX hemophilia [175] (bleeding disorder), cystic fibrosis [176], a1-

antitrypsin-deficiency [177], peripheral arterial occlusive disease [166] and spinal

cord injury [178].

Another popular gene therapy vector is the adenovirus [179–181], known to pro-

duce high-titer virus stocks and efficient long-term gene expression. Disadvantages

are the strong immunogenicity (especially insufficiently inactivated viral vectors

[182]), pre-existing antibodies in most patients (adenovirus is a common virus

and makes airway infections) and limited packing capacity of less than 7500 bases.

Adenoviral gene vectors have been used for the treatment of brain cancers [183],

pulmonary diseases [177] and neurological diseases [184].

The next interesting virus is the herpes simplex virus, popular because of its

high packing capacity (above 30 000 bases), good long-term expression, high target

specificity for neuronal cell lines, and low toxicity when using gene-deleted non-

toxic vectors [185, 186]. Application fields for the use of herpes simplex virus-based

gene therapy are various neurological disorders [187] and muscular dystrophy

[188].

The last group is the family retrovirus [189], commonly characterized by the en-

zyme reverse transcriptase that allows the virus to integrate its genetic information

precisely into the host genome without the aid of host cells enzymes. Members of

the retrovirus family used for gene therapy are HIV [190] and the murine leuke-

mia virus [169] – the pioneer virus for gene therapy. Advantages of the retroviruses

are the efficient long-term gene expression, the precise genome integration and the

good packing capacity of about 8000 bases. The major disadvantage is the risk of

oncogenesis because of an activation of oncogenes after integrating the therapeutic

gene into the host genome [166]. Retroviruses are usually restricted to dividing

cells; only by modifying the viral envelope (e.g. fusion with other viruses [191])

can the vector also transfect nondividing cells. Retroviruses have been used

for gene therapy of hematopoietic disorders [192], immune system deficiencies

[167], central nervous system diseases [193] and chronic granulomatous disease

[194].

In past years, nanotechnology has enriched the field of virus-based gene delivery

with new materials and new ideas, which might help to overcome some of the

short- and long-term problems of potentially infectious viruses. In a new approach

with adenoviruses, the viral envelope was covered with poly[N-(2-hydroxylpropyl)
methacrylamide] to protect the virus from inactivating antibodies [195]. Further, fi-

broblast growth factor (FGF) and vascular endothelial growth factor (VEGF) were

incorporated into the polymer to enable a higher grade of target specificity to FGF

or VEGF receptor-positive cell lines such as endothelial cells [195].

Other research groups went further and built a chimerical gene carrier consist-

ing of a plasmid DNA encapsulated in liposomes, which themselves were covered

with a viral envelope with viral targeting proteins [196] (Fig. 5.6). The construct is

called a virosome, and was used for gene delivery to vascular smooth muscle cells

[197] and hepatocytes [198]. Disadvantages of the virosome-based delivery system
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are the antigenicity of the viral proteins [196] and the high uptake into the MPS

because of the liposomal constituents.

5.3.4

Prions

Prion is the abbreviation for proteinaceous infectious particle [199–201] and de-

scribes the main characteristics of this fascinating infectious agent simply consist-

ing of a badly conformed peptide of 27–30 kDa called prion protein (PrP). It is

most surprising that a small peptide with almost no virulence factors, no genetic

information, and no protecting envelope, membrane or hull can persist for years

or even decades in the host organism and can cause fatal neurodegenerative (spon-

giform vacuolation and loss of neuronal cells) diseases such as the transmissible

spongiform encephalopathies (e.g. bovine spongiform encephalopathy in cows and

scrapie in sheep) and Creutzfeldt–Jakob disease in humans [202–204]. Here, we

will discuss some important strategies that enable the prion to invade the host or-

ganism, to evade the immune system defense, to persist in cells of the innate and

adaptive immune system, and to reach its target cells in the central nervous system

[205]. It is important to bear in mind that these principles might become helpful

for the targeted delivery of artificial protein-based nanoparticles. On the other hand,

the prion pathogenesis is a warning example that illustrates the various paths

Figure 5.6. Schematic drawing of virosome

synthesis. In a first step, a viral-derived and

usually genetically modified plasmid DNA in a

viral capsid is covered with a liposomal bilayer

membrane. In the next step, viral proteins are

added to the liposome for targeted delivery or

the whole liposomal complex is again covered

with a viral envelope, resulting in the formation

of the artificial ‘‘virosome’’.
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nanoparticles can take in a complex organism, and the huge damage even small

particles can cause even after years and decades.

Prions reach the host orally and enter the organism mainly in the small intestine

[206, 207] by both M cell-mediated [208] and dendritic cell-mediated luminal cap-

ture (as described above for bacteria). After binding or taking up the prions, the

infected dendritic cells localized in specialized lymphatic tissue in the gut wall

called Peyer’s patches can infect other dendritic cells or lymphocytes [209–211].

On the surface or inside the dendritic cells and the lymphocytes, the prions can

persist with the help of yet unknown mechanisms and can even ‘‘multiply’’ by

passing on their pathological conformation onto normal cellular host-encoded

prion protein (PrPc) [212–214]. Further, B-type lymphocytes [215] and complex cy-

tokine functions [203] have been discovered as the main mechanisms responsible

for prion spread and for neuroinvasion. One of the few facts is that the prions can

spread to various lymphoid organs with a high concentration in the spleen [216].

The next step in the prion pathogenesis is the path from the widely infected lym-

phoid tissue to the nervous system. It is believed that dendritic cells of spleen and

especially Peyer’s patches [217, 218] play a major role by setting up a close contact

with nervous endings of peripheral nerves. The prions cross the space between

the dendritic cell and the nervous ending by passive diffusion or with the help of

‘‘mobile elements’’ such as exosomes (free micellar membrane components with

prions) [219], endogenous viruses, B lymphocytes [215, 220] or even special den-

dritic cells [221, 222]. Once inside the peripheral nerves, the prions enter the neu-

roretrograde transport system of the nerve that leads to the transport of the prion

to structures of the central nervous system, where the destruction of the nervous

cells takes place.

One important characteristic of prion pathogenesis important for us is the ability

to evade the innate immune system and even use the complement system for

simplification of target cell infection. The central role is occupied by the dendritic

cells that settle the first contact with the prion in the Peyer’s patches and that can

store the prions on the surface for lymphocyte presentation. Further, the dendritic

cells (and other phagocytes such as macrophages) can also bind complement-

or antibody-labeled prions with their Fc and complement receptors [223, 224], usu-

ally followed by receptor-mediated endocytosis. Unfortunately, an unknown con-

formational characteristic allows the prion to ‘‘survive’’ the enzymatic degradation

by proteases, making it impossible for the immune system to create an effi-

cient antibody-mediated adaptive immune response by MHC-mediated antigen

presentation.

Obviously, an inadequate degradation of the prions in cells of the MPS only

leads to widespread spread of the infectious agent when it binds complement fac-

tors, because the uptake of complement-labeled prions is much more efficient than

the uptake of unlabeled prions to dendritic cells, macrophages and lymphocytes.

Applied to our topic, i.e. targeted delivery of nanostructures, it can be said that

unselective uptake of artificial nanometer-sized structures – be it protein-based or

polymer-based – can create grave side-effects if the cells of the MPS are not capable

of degrading the structure efficiently.
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5.4

Strategies for Targeted Delivery – Designed by Man

5.4.1

Outline

In this section, we will discuss strategies for targeted delivery of chemically com-

plex, nanometer-sized structures to a well-defined target site developed by research-

ers in recent years [225, 226]. We will concentrate on the desired targets and on the

targeting strategies and moieties, independent of the nature of the carrier and its

content. The section will be divided into the most important targeting pathways

and sites other than cancer therapy, i.e. noninvasive and invasive delivery systems,

and targeting to the brain, to atherosclerotic plaques and other targets.

5.4.2

Noninvasive Delivery Systems

When discussing the possibilities for targeted drug delivery for pathological condi-

tions other than cancer, we have to be aware that we are dealing with chronic ill-

nesses such as atherosclerosis, arterial hypertension, dyslipidemia, brain disorders

(e.g. Parkinson’s disease, Alzheimer’s disease, psychiatric disorders), chronic in-

flammatory diseases, diabetes, etc. These diseases normally need a long-term

medication. To ensure a good adherence to the therapeutic plan and to limit the

possible side-effects, drugs for these chronic disorders have to be ideal from the

pharmacological side. Important issues are easy application (oral, inhalatory, trans-

dermal), once-a-day dosage, stable plasma concentrations and no serious adverse

side-effects. In particular, the application method is important for the patient’s

comfort and adherence to the therapeutic procedure.

For diabetes, we have to administer the protein insulin to the systemic circula-

tion, which is right now only possible with parenteral injections (subcutaneous or

intravenously). Further, the patient has to inject the insulin up to 5–6 times a day

to uphold an acceptable glucose concentration and risks a potentially fatal hypogly-

cemia when injecting an overdose of insulin. Obviously, such a therapeutic rule de-

creases the patient’s quality of life and is only acceptable if the therapeutic benefit

outweighs the negative side-effects to a high degree.

The design of noninvasive (in contrast to invasive methods such as injectable or

implantable systems) drug delivery systems for oral, transdermal and transepithe-

lial application and controlled passage of smaller and bigger molecules is therefore

an important research area, and has been enriched by nanotechnological tools in

recent years [225]. All noninvasive systems we will discuss in this section are a re-

sult of a so-called ‘‘top-down’’ manufacturing process, where the final tool is built

from larger parts (in contrast to the ‘‘bottom-up’’ process, where atoms and/or

molecules come together to build a superstructure). For the details about pharma-

cology and biology of the barriers, refer to the previous sections of this chapter.

5.4 Strategies for Targeted Delivery – Designed by Man 223



5.4.2.1 Oral Delivery Systems

The most attractive delivery route is oral application – it is convenient, noninvasive

and effective because of the large intestinal epithelial surface in the small intestine.

In recent years, manufacturers have developed new complex drug formulas for

controlled release based on nanotechnology, to ensure a continuous drug release

into the systemic circulation over a longer period without toxic initial peak levels

[227]. The most important controlled release drug formulation method for tablets

is the osmotic oral delivery system (also called osmotic pump technology). It is

based on an inner drug reservoir or drug core, a semipermeable membrane with

nanometer-sized pores around the drug reservoir and a polymeric push compart-

ment, which triggers the diffusion of the drug through the membrane on activa-

tion (e.g. hydration). This method is now commonly used for drugs such as nifedi-

pine (Procardia XL1, Pfizer), oxybutynin chloride (Ditropan XL1, Ortho-McNeil)

and methylphenidate (Concerta1, ALZA).
Another important modern drug formulation method is the multilayer matrix

tablet, based on a core drug reservoir and one or more surrounding barrier layers

such as hydroxypropylmethylcellulose (HPMC) [228, 229]. Various additional in-

gredients trigger the controlled diffusion process by swelling, gelling or erosion of

the barrier layers. This method is being used for drugs such as diltiazem (Dilacor

XR1, Watson Labs), paroxetine (Paxil CR1, GlaxoSmithKline) and diclofenac (Vol-

taren XR1, Novartis).
The last controlled release technology is called spheroidal oral drug absorption

system (SODAS), and is based on spherical beads (diameter 1–2 mm) containing

drugs and excipients that are coated by controlled-release polymers [225, 230, 231].

In fluids, the polymers start to dissolve at a time-dependent rate and allows the

fluid to dissolve the drug core, resulting in an immediate release, a sustained re-

lease or a pulsatile delivery. This method is being used for drugs such as diltiazem

(Cardizem LA1, Bioavail), methylphenidate (Ritalin LA1, Novartis) and morphine

sulfate (Avinza1, Ligand).

5.4.2.2 Transdermal Delivery Systems

Transdermal application of drugs is another elegant method to ensure stable

plasma drug concentrations, low maximum–minimum peak concentration differ-

ences, low first-pass effect and controlled release of potent, lipophilic drugs.

The most important technology for transdermal drug application is the transder-

mal delivery patch for drugs such as fentanyl, morphine, nicotine, nitroglycerin

and steroid hormones we have already discussed above. Recently, new technologies

have been introduced to expand the possibilities for transdermal drug delivery.

First, it is possible to use the so-called iontophoretic delivery by applying an elec-

trical current to the skin, after which the drug molecules move actively trough the

epidermis according to the polarity of the electrical field (similar to electrophoresis)

[232].

Second, new microtechnological devices called Macroflux1 (ALZA) and Micro-

structured Transdermal System1 (3M Drug Delivery) based on microprojection

technology [233] allow the skin permeation of macromolecules such as proteins
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and peptides. The device consists of an array (1–2 cm2) of drug-coated titanium

microprojections (200 mm each) fixed to an adhesive patch backing. The device

has to be applied to the skin by using a special applicator, on which the small mi-

croprojections pierce the protective stratum corneum of the epidermis mechani-

cally, allowing the coated drug to dissolve and to permeate into the blood vessels

of the subepidermal tissue [234].

5.4.2.3 Transmucosal Delivery Systems

Drug application to sites such as the buccal, nasal, rectal, intrauterine, vaginal and

ocular mucosa is another interesting alternative to intravenous injection and oral

application, especially for special patient groups such as children, elderly or sick

people, where the conventional application pathways may be problematic. Further,

the absorption is fast in the well-perfused mucosa if the drug molecule is able to

cross the epithelial barrier.

Special transmucosal drug delivery systems consist of bioadhesive polymers or

hydrogels that increase the contact time and contact intensity to the epithelial layer

[235]. For instance, polymers such as polyanhydrides stick physically to the intesti-

nal epithelium and lectins stimulate a ligand–receptor interaction with receptors

on the small intestine villi [236], making it possible to couple drug molecules or

drug carriers to the lectin molecule [237] for better adhesion and permeation. A

similar strategy with drug–polymer conjugates was tested for an oral administra-

tion formula for insulin [238].

The drugs in the polymer matrix or hydrogel can be free or attached to special

controlled release devices such as microspheres and rings [239, 240], reservoirs

[241], or nanoparticles [242].

Further, it is possible to improve the absorption rate across the endothelial layers

by disturbing the epithelial barrier with special absorption enhancers [235] such as

chitosan, cyclodextrin, poly-l-arginine and various lipids [243]. Formulas enriched

with chitosan [244] powder have already been used for nasal administration of in-

sulin and morphine [245].

5.4.3

Invasive Delivery Systems

In this section, we will discuss controlled, ‘‘top-down’’ micro/nanotechnological

devices for drug delivery that have to be injected or implanted [246]. The variety

of uncontrolled, ‘‘bottom-up’’ liposomes, nanoparticles and other nanometer-sized

superstructures will be discussed in the next sections.

One important example of invasive delivery systems are controllable microfabri-

cated devices (based on silicon chips, ‘‘off-wafer’’ techniques or microfluidic de-

vices) with a drug reservoir that can be triggered or programmed to release a cer-

tain volume of drugs to the tissue or to the circulation [247]. Older concepts relied

on the surgical implantation of the microfabricated device under the skin or into

other tissues. Currently, new micro/nanofabrication techniques are being developed

that allow the top-down construction of devices down to a size of 10–100 mm. These
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techniques make it possible to inject the devices into the target tissue with only

slight damage or to inhale the macrostructure into the bronchi, where the drug

could be released permanently over a certain time. By integrating microfluidic net-

works with multiple reservoirs, valves and pumps [248], it is possible to program

the microfabricated to perform chemical reactions and release several reaction

products [249].

One essential requirement for microfabricated device is the possibility for real-

time control of the drug release according to changes in chemical and physiologi-

cal parameters. One approach is the activation of molecular interactions using light

radiation, radiofrequency or ultrasound energy. Ferromagnetic seeds [250], rods

[251], microparticles [252] or superparamagnetic nanoparticles [253] can be in-

jected or transported to a desired target, where they can be heated using localized

radiofrequency or ultrasound for thermal treatment or release activation. Further, it

had been shown that high-frequency radiofrequency changes the conformation of

nucleic acid conjugates or proteins coupled to nanoparticles.

Another strategy for controlled drug release in microfabricated devices is

based on hydrogels, three-dimensional, hydrophilic polymer (e.g. collagen, gelatin,

dextrans, chitosans, poly-N-vinylpyrrolidone, polyphosphazenes, PLA/polyethylene
oxide/PLA copolymers, PEGT–PBT copolymers [254]) networks that swell and

change their diffusion properties reversibly when exposed to water. Thus, it is pos-

sible to control the drug diffusion out of a drug reservoir or a matrix with a hydro-

gel covering according to the swelling properties of the hydrogel. Special hydrogels

are even sensitive to specific antigens [255], to an enzyme [256], to pH changes

(methylacrylates) or to an applied charge and change their swelling properties

[257].

Finally, special polymer-based surfaces sensitive to light [258, 259], pH, charge

[260] and heat offer further possibilities for triggered controlled release of the

content.

Similar to the microfabricated devices are noncontrollable diffusion chambers

[261] or diffusion tubes with a central chamber filled with one or more drugs and

semipermeable membrane that controls the release rate. Diffusion chambers or

tubes have to be implanted into a certain tissue, and have been tested for diseases

such as diabetes [262, 263], epilepsy [264] and spinal cord damage [265], and

for birth control implants [266]. Diffusion chambers can also be filled with living

cells [267] to enable the production of proteins, hormones and other molecules

(e.g. erythropoietin [268], insulin [269, 270] or IFN-a [271]), but we are not going

to discuss this vast area further in this chapter.

5.4.4

Targeted Delivery to the Brain

The brain is well protected against the diffusion of hydrophilic molecules and

macromolecules by the blood–brain barrier, consisting of the dense, unfenestrated

endothelial cell layer, the subendothelial space and specialized protecting cells of

the brain – the astrocytes. The blood–brain barrier makes it difficult for micro-
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organisms, toxic substances and macromolecules to reach the neurons of the brain,

but also complicates therapeutic applications targeting cerebral pathologies such as

Parkinson’s disease, Alzheimer’s disease, multiple sclerosis, meningitis or enceph-

alitis. Only small lipophilic substances are able to cross the blood–brain barrier

passively by diffusion; larger or hydrophilic substances need active transport sys-

tem or a functional disruption of the blood–brain barrier to reach the neurons.

Due to these limits, targeted delivery to the brain is one of the most active research

areas using nanotechnological devices and researchers have developed a wide range

of macromolecular targeting carriers. In recent years, new nanotechnological drug

formulas have been tested for transport of bigger molecules such as peptides, pro-

teins, and genes across the blood–brain barrier, both liposomal formulations [272]

and polymer-based formulations [273].

Currently used liposomes are typically sterically stabilized for prolonged circula-

tion lifetimes by a protective coating of PEG or other ‘‘antiopsonization agents’’

[24]; some liposomes are further functionalized with targeting moieties such as

antibodies (immunoliposomes) [274], proteins, peptides or others [275, 276] for

preferred target deposition. For details on the synthesis of nanotechnological car-

riers, refer to the specialized sections and references.

Well-studied targeting agents for trans-blood–brain barrier delivery are monoclo-

nal antibodies such as OX26 [277] or 8D3 [278] directed against the ubiquitous (es-

pecially liver, muscles and brain) transferrin (iron-binding protein in plasma) re-

ceptors. The murine antibodies are typically conjugated to PEGylated liposomes

that have to been injected intravenously and have shown a certain affectivity to

the endothelial cells of the blood–brain barrier [279]. After binding to the transfer-

rin receptor, the antibody with the liposome is transported across the blood–brain

barrier by receptor-mediated endocytosis and transcellular transport [280, 281]. The

antibody–liposome complex can now diffuse freely and spread into the brain tis-

sue, which shows a clear liposome accumulation compared with native PEGylated

liposomes [282].

Other targeting moieties for targeted brain delivery of liposomes are monoclonal

antibodies directed against the human insulin receptor such as 83-14 [283], which

can be found on endothelial cells and neurons in a high concentration. The func-

tionalized liposomes bind to the cell surface receptor and can be internalized

by receptor-mediated endocytosis. To increase the rate of trans-blood–brain
barrier passage, it is also possible to functionalize the liposomes further with anti-

transferrin receptor antibodies [284]. In this case, the antitransferrin receptor anti-

body ensures the passage across the blood–brain barrier, while the anti-insulin

receptor ensures the uptake into the neurons.

Due to the well-known limits when using liposomes such as low physicochemi-

cal stability, leakage, difficult preparation procedures, low possibility for controlled

release, low loading efficiency and short in vitro lifetimes, many researchers have

turned to polymer-based formulas [273, 285] to overcome these problems.

The first nanoparticles for targeted brain delivery were made using poly(alkylcya-

noacrylates) such as polybutylcyanoacrylate (PBCA) [286] coated with the nonionic

surfactant polysorbate 80 [287–289], and later using nanoparticles consisting
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of polylactide homopolymers (PLA) and poly(lactide-co-glycolide) heteropolymers

(PLGA) coated with PEG [290] to protect the nanoparticles from opsonization and

to ensure longer circulation lifetimes [291, 292].

The targeting moiety of PBCA nanoparticles is the polysorbate coating,

which ensures a certain nanoparticle accumulation in the brain tissue, probably

by a polysorbate-mediated disruption and permeabilization of the blood–brain bar-

rier [293, 294] or by endocytosis by the brain capillary endothelial cells [285]. It has

been hypothesized that the endogenous plasma protein apolipoprotein E (ApoE)

absorbs to the polysorbate coating and triggers the receptor-mediated endocytosis

[285]. On the other hand, a protein-binding nanoparticle surface obviously enables

opsonization and leads to a fast uptake into the MPS [288, 295, 296], making it

impossible to use these nanoparticles for target-specific delivery. Further, blood–

brain barrier permeabilization is a serious adverse drug event [273] that might

lead to neuronal damage by exogenous or endogenous toxic substances or

microorganisms.

Nanoparticles made of polymers based on glycolic acid and d,l-lactic acid enan-

tiomers have a proven record of good biocompatibility and resorbability [297, 298],

and have been used for some years in building biodegradable devices and micro-

spheres [299]. Further, PLA and PLGA are easily degraded by spontaneous hydro-

lysis of the ester bonds [300] into oligomers and monomers, which are further

metabolized and degraded into CO2 and H2O [273]. For nanoparticle targeting

applications, the PLA/PLGA polymers have to be covered with PEG moieties to en-

sure a prolonged circulation lifetime [301] of some hours compared with some

minutes for native PLA/PLGA nanoparticles [302–306].

Possible targeting moieties for brain-specific delivery of nanoparticles based on

PLA/PLGA are the monoclonal antibodies (OX26 and 8D3) against the transferrin

or insulin receptors we have already met. The targeting antibodies are bound to the

tips of specially functionalized PEG strands (biotinylated [307], amine reactive

[308] or thiol reactive [309, 310]) and enable the endocytosis of nanoparticles with

a diameter of around 100 nm to the endothelial cells of the brain capillaries and

the passage across the blood–brain barrier.

5.4.5

Macrophage Targeting

Macrophages, the main cell type of the innate immune system, play a major role in

a wide range of disease states, including infections (e.g. Leishmania, M. tuberculosis,
L. monocytogenes), autoimmune diseases (e.g. rheumatoid arthritis, sarcoidosis, type

I diabetes), cancer and atherosclerosis [311–318]. Therefore, the macrophage is an

interesting pharmaceutical target, despite the fact there exist only a few therapeutic

choices until now.

Targeting to macrophages is theoretically easy, because the macrophages of the

MPS are the primary target for all nonstealth lipid- or polymer-based nanometer-

sized vehicles. Nonetheless, the macrophages of the MPS in liver and spleen are

only rarely the desired target when trying to achieve a therapeutic effect; the ‘‘de-
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sired’’ macrophages are those found in vulnerable plaques of the blood vessels, in

the peritoneum, the lung and other sites of disease. In contrast to the macrophages

in liver (called Kupffer cells) and spleen, the macrophages in these tissues are nor-

mally protected from the nanovehicles by a dense endothelial layer (endothelium

in liver and spleen has wide fenestrations). To be able to target the ‘‘desired’’ mac-

rophages, a nanovehicle has to (i) evade the phagocytic cells of liver and spleen, (ii)

uphold long circulation lifetimes, (iii) find a way to leave the circulation intact at a

desired therapeutic target, (iv) reach the target cells specifically (v) and enter the

macrophages (vi) avoiding the destruction in the endo-lysosomal compartment.

All this makes targeting to the ‘‘desired’’ macrophages a serious task and calls for

innovative solutions based on nanotechnological tools.

Early examples of macrophage-directed drugs are nonstealth liposomes contain-

ing the antimicrobial drug amphotericin B (AmBisome1, Gilead Sciences) for

the therapy of the intracellular parasite Leishmania (which stays in macrophages)

and various fungal infections [319–321]. Similar approaches with liposomes and

nanoparticles were also used for improved targeting of antimicrobial agents such

as b-lactam antibiotics, aminoglycosids and fluoroquinolones to intracellularly in-

fected macrophages (e.g. Salmonella, L. monocytogenes, M. tuberculosis, Mycobacte-
rium avium, Mycobacterium intracellulare, Brucella abortus and L. pneumophila)
[322]. The liposomal formulas allow reducing the quantity of applied drug mole-

cules and decrease the severity of adverse side-effects [323], because most of the

encapsulated drug is rapidly transported to the phagocytic macrophages or the

fungi and not to other healthy tissues. Targeting can be further improved using

targeting moieties such as tuftsin, a natural macrophage activator tetrapeptide

(threonine–lysine–proline–arginine) based on a part of the IgG heavy chain [324].

One interesting application area for nanoparticulate formulations targeting mac-

rophages is the development of new nanotechnological vaccines. The required pro-

tein or peptide antigen is coupled physically or covalently to a polymer- or lipid-

based nanocarrier adjuvant, which promotes the preferred uptake of the coupled

antigen to macrophages of the innate immune system. The antigen is then pro-

cessed by the endo-lysosomal compartment and presented to T lymphocytes using

the MHC class I and especially class II molecules on the surface of antigen-

presenting cells (APC), increasing the immunogenic potency of the used vaccina-

tion antigen [325–327]. Similar approaches have been tried for new DNA vaccines

[328, 329]. Targeting can be further improved using targeting moieties such as var-

ious mannose receptor ligands [330].

Much progress has been achieved in the use of nanotechnology-based contrast

agents for diagnostic applications. Detection of activated macrophages might

help the doctors to find and define a diseased tissue, especially an inflamed tissue

such as the vulnerable plaque or autoaggressive immunologic process. In recent

years, paramagnetic iron oxide nanoparticles (4–5 nm diameter, usually coated

with PEG or dextran) have been used for detecting macrophages using the readily

available technique of MRI. Macrophages or other target cells take up the nanopar-

ticles that can be detected by MRI (negative signal in T2), because the iron oxide

shortens the spin relaxation compared with surrounding tissues. Paramagnetic
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iron oxide nanoparticles have been used for detecting lymph nodes metastases

[331, 332], arthritis [333], fibrin molecules [334], angiogenesis in atherosclerotic

plaques [335] and other constituents of atherosclerotic plaques [253, 336, 337].

The detection of actively inflamed atherosclerotic plaques that are in danger

of rupture (leading to heart infarction, stroke and other organ ischemia), called

vulnerable plaques [28, 318], is an active and promising research area that has

been enriched by nanometer-sized vehicles for targeted delivery [3]. Several charac-

teristics of vulnerable plaques simplify the targeted delivery, i.e. the functional and

morphological disruption of the endothelial layer that covers the atherosclerotic

plaque and enables the extravasation of larger molecules and superstructures

such as lipoproteins, polynucleotides, polypeptides, complex lipids and advanced

glycation end-products (AGE). These macromolecules initiate and support the

pathological process of atherosclerosis. In the vulnerable plaque, active macro-

phages take up the plasma proteins and lipids and transform into so-called foam

cells, instable macrophages filled with lipids that produce various cytokines and

other pro-inflammatory and proliferation-stimulating chemical substances. These

substances attract more white blood cells to the plaque, trigger the growth of the

plaque and finally cause the breakup of the fibrous cap [338].

Intelligently designed nanovehicles such as polymer nanocontainers [32] have

several properties that might enable them to reach the vulnerable plaque and block

the central cell type of the pathological process – the macrophage. Covered with

the inert antiopsonization polymer PMOXA, the nanocontainers (diameter 100–

200 nm) have long circulation lifetimes, allowing them to leave the circulation

in sites with a disrupted endothelial layer such as the vulnerable plaque. Function-

alized with the polynucleotide tracking ligand polyguanylic acid [339] by multi-

functional biotin–avidin–biotin bonds [32], the nanocontainers bind specifically to

a highly upregulated receptor subtype of active macrophages called scavenger re-

ceptor A1 [340]. It was shown that these innovative, functionalized nanocontainers

reach specifically active macrophages that express the scavenger receptor A1 and

do not reach macrophage precursor cells and tissue macrophages with a low grade

of upregulation [32] (Figs. 5.7–5.9).

5.4.6

Other Targets

PEGylated liposomes coated with plasminogen were designed for fibrin clot target-

ing. The plasminogen serves as a targeting moiety, because it binds to the fibrin in

clots that block the blood flow in a case of heart infarction, lung embolism or

stroke. The liposomes were filled with the fibrinolytic substance plasminogen acti-

vator, which triggers the degradation of fibrin in the clot and allows the reperfusion

of the infarcted area [341].

PEGylated liposomes labeled with the targeting moiety RGD peptide (containing

the arginine–glycine–aspartic acid sequence) were designed for targeted delivery to

av integrin receptors on endothelial cells [342, 343]. The liposomes can be filled

with different drugs such as angiogenesis inhibitors, which block this important
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Figure 5.8. Functionalized polymer

nanocontainers bound to macrophages

(for details refer to Ref. [32]). The same

functionalized nanocontainers as in Fig. 5.7

were targeted to endocytosis-inhibited

macrophages in culture. Precise analysis of the

experimental macrophages by scanning

electron microscopy discovered the presence

of vesicular formations (diameter 100–200 nm)

on the macrophage cell membrane, most

probably the intact nanocontainers. Unfunc-

tionalized nanocontainers lacking the tracking

ligand polyguanylic acid did not bind to the

activated macrophages.

Figure 5.7. Scavenger receptor A1-mediated

uptake of polyguanylic acid-functionalized

polymer nanocontainers into intracellular

vesicles (for details refer to Ref. [32]).

PMOXA–PDMS–PMOXA triblock copolymer

nanocontainers (diameter 100–200 nm) were

functionalized with the oligonucleotide tracking

ligand polyguanylic acid for macrophage

scavenger receptor A1 targeting via biotin–

avidin–biotin bonds. In cell cultures expressing

the enhanced green fluorescent protein

(EGFP)-labeled scavenger receptor A1, rapid

binding to the target receptor was detected by

fluorescent microscopy. The nanocontainers

were filled with the hydrophilic red fluorescent

dye sulforhodamine B and can be detected

both on the cell surface and in intracellular

vesicles, most probably lysosomes. The

colocalization of receptor (green, left) and

nanocontainer (red, right) proves the receptor-

specific targeting.
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step in the development of disease conditions such as atherosclerosis and espe-

cially cancer.

Asialoglycoprotein receptor (ASGP-R) ligands such as asialofetuin and galactosy-

lated cholesterol, glycolipids or polymers coupled to PEGylated liposomes or other

carriers were used for hepatocyte targeting of both drugs and gene sequences for

gene therapy [344–347]. Other strategies for hepatocyte targeting of lipid emul-

sions involve the use of the lipoprotein protein ApoE as a tracking ligand [348].

The last topic we want to discuss is the field of cell-penetrating peptides, which

enable the invasion of nanovehicles into the cytoplasma of the target cell [31]. Cell-

penetrating peptides are naturally occurring in viruses such as HIV, herpes virus

and hepatitis B virus, and in macroorganisms such as Drosophila. They can be di-

vided into two classes: the lysine-rich amphipathic helical peptides (e.g. transpor-

tan [349] and model amphipathic peptide [350]) and the arginine-rich peptides

(e.g. TAT [351, 352], Antp [353], VP22 [354] and penetratin) [355–359]. We will

discuss the principles and applications of the most important cell-penetrating pep-

tide, the TAT (transactivating transcriptional activator) peptide, which is a central

protein of HIV [31].

After binding to cell surface receptors such as avb5 integrin [360], TAT is inter-

nalized rapidly and is transported to the nucleus, where it transactivates the HIV

promoter [352]. The uptake of TAT peptide and TAT-coupled small molecules is

thought to be triggered by strong electrostatic binding of the peptide to the cell

membrane, upon which the peptide enters an energy-independent nonlysosomal

endocytic pathway [361–363]. On the other hand, TAT-functionalized nanovehicles

are taken up by the cell by an energy-dependent macropinocytosis, followed by a

facilitated endosome escape into the cytoplasma [356, 364].

Figure 5.9. Functionalized polymer nano-

containers bound to macrophages – detail

(for details refer to Ref. [32]). Same set-up

as in Fig. 5.8; the scanning electron micro-

scopy image offers an unique insight into the

morphology of polymer nanocontainers bound

to the macrophage surface.
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TAT-coupling was tested for intracellular and intranuclear delivery of various

proteins and peptides [365–368], genes [369–371], oligonucleotides [372], anti-

bodies [373, 374], imaging contrast agents for scintigraphy and MRI [375–377],

and finally of various macrostructures. It was shown that TAT-coupling improved

the fast and nondegrading internalization of dextran-coated superparamagnetic

iron oxide nanoparticles (mean diameter 41 nm) into white blood cells [378, 379],

of gold nanoparticles into cell cultures [380] and of various PEGylated liposomes

[381–383].

5.5

Conclusion and Outlook

In this chapter, we have defined the major obstacles and barriers that have to be

overcome for a targeted delivery of diagnostic or therapeutic agents to a desired

cellular or subcellular target. We have discussed microbial targeting and immune

system evasion strategies, and tried to give an insight into the vast field of nano-

technology-based delivery tools. We are aware that we rather had to concentrate on

general principles than on a precise summary of all available targeted delivery

nanovehicles. We apologize to all groups that were not mentioned and we encour-

age them to send us material about their research activities for future publications

from our side. Please refer to other chapters of this book and to the mentioned

references for details on some special topics that were not fully covered in this

chapter.

As we have seen, the field of targeted delivery using nanotechnological tools is

an active and promising research area, and creates new ideas at a very fast pace.

Clearly, nanotechnological targeted delivery will split into specialized subtopics

in the future according to the desired target. Many medical disciplines such as

neurology, cardiology, gastroenterology and surgery will profit from the toolbox of

nanoscience that will revolutionize current diagnostic and therapeutic applications,

and that will offer possibilities for new concepts.

The final goal of nanomedicine will be to create nanometer-sized, nontoxic and

easily built carriers of complex functionality such as (i) undamaging epithelial

barrier passage, (ii) long circulation lifetime, (iii) immune system evasion, (iv) con-

trolled bloodstream extravasation, (v) target-specific deposition, (vi) undisruptive

target cell invasion, and (vii) precise and (viii) automated diagnostic or therapeutic

intervention (Fig. 5.10). Some these criteria have already been developed for certain

nanovehicles, others will be developed in future years. Combining all of them will

create an exciting and complex nanostructure – some will call it nanorobot or

nanobot, others will call it an artificial virus, which is perhaps the best definition.

Obviously, such a nanorobot will create fear and concerns in the public, compa-

rable to the concern we face nowadays with scientific topics such as biotechnology,

stem cell research and bioterrorism. Miniaturized defense mechanisms penetrat-

ing and probably self-replicating artificial nanorobots that invade our body and

have the ability to reach every organ and tissue are much more powerful than cur-
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rent scientific tools when it comes to creating worst-case scenarios. Therefore, it

is fundamental that nanotechnology researchers understand this problem, and en-

gage themselves actively and without legislative or media pressure in discussions

about ‘‘nanotoxicity’’ [384–386] and ‘‘nanoethics’’ [387, 388], which were not cov-

ered in this chapter.

Only with careful considerations on the advantages and disadvantages of new

technologies will it be possible to create nanoscaled tools that will help us to over-

come severe and until now incurable diseases.
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Nanoporous and Nanosize Materials

for Drug Delivery Systems

Yoshinobu Fukumori, Kanji Takada and Hirofumi Takeuchi

6.1

Introduction

Nanomaterials have attracted much attention recently in the pharmaceutical field

as structural components of pharmaceutical dosage forms. Such an application

for nanomaterials has been found in coating materials in aqueous latex systems.

Their use for granules and tablets has led to the successful development of many

types of controlled release dosage forms. These have provided many excellent ex-

amples of nanostructure construction in micro- and macro-devices in the field of

nanotechnology. In Section 6.2, nanomaterials for particle coating that are still use-

ful and are expected to achieve further developments in pharmaceutical manufac-

turing, including commercially available polymeric nanoparticles, novel terpolymer

nanoparticles, core–shell nanoparticles and biodegradable chitosan nanoparticles,

are described.

Further, the recent development of biotechnology and its application to therapy

and diagnosis requires nanoparticulate delivery of a variety of agents. The nanoma-

terials prepared for various purposes are simply analyzed according to their struc-

tural characteristics in Section 6.3.

In addition, the development of nanotechnology has produced many compounds

that are specially structured to be nanoporous, and the obtained compounds

are applied to many fields such electronics, microfabrication technology and

biotechnology, including drug delivery systems. Section 6.4 deals with this hot

and attractive topic. The purpose of drug delivery systems is to deliver drug mole-

cules to their target sites for a desired period with a desired concentration. To

accomplish this, several functions including sensing, targeting and controlled re-

lease are required. Nanoporous compounds are generally used to facilitate the con-

trolled release function to drug delivery systems. Many nanoporous materials,

mostly organic and some inorganic, have been studied for drug delivery system

usage. Among them, calcium compounds like calcium carbonate (CaCO3), cal-

cium phosphate [Ca(H2PO4)2], tricalcium phosphate [Ca3(PO4)2] hydroxyapatite

[Ca10(PO4)6(OH)2] and silastic compounds are well-known drug delivery system

carriers. In addition, nanofabrication technology has recently prepared new nano-
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porous materials like carbon nanotubes (CNTs), fullerene and single-wall carbon

nanohorns (SWNHs). These novel nanomaterials have also been used to clarify

the possible biocompatibility, potential utilities and applications in biological set-

tings, i.e. a drug delivery system carrier.

Section 6.5 will focus on the pharmaceutical application of porous silica, which

includes both conventional and newly developed uses. One of the topics involves a

solid dispersion system to improve the dissolution property of poorly water-soluble

drugs. It is demonstrated that the well-ordered porous structure of silica particles

can control the crystalline form of drugs in the solid dispersion system, which

leads to a much improved dissolution rate. Mesoporous silica, having a highly con-

trolled pore size and structure, is an attractive material. Some experimental data

shown encourage us to use this novel material as a carrier of peptide drugs as

well as poorly water-soluble drugs.

Thus, this chapter is the first challenge to describe the role of nanomaterials in

pharmaceutics in an integrated manner.

6.2

Nanomaterials for Coating

The pharmaceutical application of nanomaterials can be found in latex systems

that have been used as coating materials for the last 40 years. Several types of latex

are commercially used worldwide. Their application in granules and tablets has

led to many controlled release dosage forms on the market. Therein, spray-coating

processes such as fluidized bed, spouted bed and tumbling fluidized bed processes

can easily provide multilayered particle structures with each layer being mono-

lithic, a random multiphase nanostructure or ordered multiphase nanostructure,

etc., as shown in Fig. 6.1. In general, the combination of different monolithic

Figure 6.1. Construction of microparticles with nanomaterials.
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nanomaterials and, especially, nanostructured nanomaterials can produce an al-

most infinite array of functional microparticulate products. However, commercially

available latexes are formed as monolithic structures from random co- or terpoly-

mers that are designed to be used chiefly for coating such coarse particles as gran-

ules and tablets. For further and broader application of this technique, Fukumori

and coworkers [1, 2] have been proposing the novel terpolymer and core–shell la-

texes through their development of fine particle-coating technology and highly

functional microcapsules, such as thermosensitive drug-releasing microcapsules

using sophisticated latexes with temperature-dependent swelling properties.

6.2.1

Commercially Available Aqueous Polymeric Nanomaterials

Table 6.1 lists commercially available nanomaterials for particle coating [1, 3, 4–

16]. They are classified into two types based on the preparation methods [17]: (i)

1atexes synthesized by emulsion polymerization, and (ii) pseudolatexes prepared

by emulsion processes such as emulsion-solvent evaporation, phase inversion and

solvent change. Cellulose derivatives cannot be synthesized directly in latexes;

Tab. 6.1. Typical manomaterials for coating

Brand Supplier Solubility Main component References

Aquacoat ECD FMC insoluble ethylcellulose pseudolatex 4, 11, 13

Aquacoat CPD FMC enteric cellulose acetate phthalate

pseudolatex

Surelease Colorcon insoluble ethylcellulose pseudolatex 9

Eudragit RS30D Röhm insoluble 1:2:0.1 poly(EA–MMA–

TAMC1) pseudolatex

7, 10–13, 16

Eudragit RL30D Röhm insoluble 1:2:0.2 poly(EA–MMA–

TAMC1) pseudolatex

7, 16

Eudragit NE30D Röhm insoluble 2:1 poly(EA–MMA) latex 5, 6, 8, 11

Eudragit L30D Röhm enteric 1:1 poly(EA–MAA) latex 8, 12, 14

Eudragit FS30D Röhm enteric 7:3:1 poly(MA–MMA–

MAA) latex

14–16

Kollicoat MAE30D/DP BASF enteric 1:1 poly(EA–MAA) latex 4

Kollicoat EMM30D BASF insoluble 2:1 poly(EA–MMA) latex 4

Kollicoat SR30D BASF insoluble polyvinyl acetate latex 4
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therefore, they are prepared as pseudolatexes (Aquacoat ECD [18], Aquacoat CPD

and Surelease [19] in Tab. 6.1).

EudragitTM L30D and NE30D are acrylic copolymer latexes synthesized by emul-

sion polymerization [20]. The particle sizes of these latexes are in the submicron

order. L30D is a copolymer of ethyl acrylate (EA) as an ester component with meth-

acrylic acid (MAA) (MAA:EA 1:1). It is used for enteric coating because of the pre-

sence of carboxyl groups in the copolymer. NE30D is a copolymer of ester com-

ponents only, EA and MMA (2:1). The films formed from NE30D have a very low

softening temperature (Ts), and hence are flexible and expandable even under nor-

mal room conditions.

Eudragit RS and RL are terpolymers of EA and MMA as ester components

with trimethylaminoethyl methacrylate chloride (TAMC1) as hydrophilic quater-

nary ammonium groups; RS and RL are 1:2:0.1 and 1:2:0.2 terpoly(EA–MMA–

TAMC1), respectively. As Eudragit RS and RL contain MMA-rich ester components

(EA:MMA 1:2), they have Tss higher than those of NE30D (EA:MMA 2:1) and form

hard films under room conditions. Eudragit RS and RL powders are easily trans-

formed into pseudolatexes by emulsifying their powders in hot water without addi-

tives [20].

The film formation process from aqueous dispersion is shown schematically in

Fig. 6.2. The mechanisms of film formation from aqueous polymeric dispersions

have been discussed for a long time and many theories have been proposed. The

Figure 6.2. Film formation from aqueous dispersions of polymeric nanoparticles.
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mechanisms were reviewed by Muroi [21]. Film formation in pharmaceutical ap-

plications was discussed by Steuernagel [18], Lehmann [20] and Fukumori [17].

Fusion and film formation of polymeric particles during the coating process can

be explained by the wet sintering theory for particles suspended in water, the cap-

illary pressure theory for particle layers containing water in various degrees of sat-

uration and the dry sintering theory for dry particle layers. In all cases, as the par-

ticle size becomes smaller, film formation is further enhanced. This is the reason

why nanomaterials have been used for aqueous suspension coating.

6.2.2

Novel Terpolymer Nanoparticles for Coating

The most serious problem encountered in fine particle coating using a wet-

spraying process is agglomeration. Agglomeration takes place when coating mate-

rials supplied among seed particles possess a binding strength stronger than the

separation force exerted on core particles. In water- or organic solvent-based solu-

tion systems, 10% of 53- to 63-mm lactose particles was unavoidably agglomerated,

although various additives to hydroxypropylcellulose (HPC) or ethylcellulose (EC)

were sought to reduce the binding strength of sprayed materials [22–25]. In con-

trast, when aqueous lattices were sprayed, there were some cases where only a mi-

nor degree of agglomeration was observed, even for 32- to 44-mm lactose particles

[26].

In order to investigate latex as a candidate for spray liquid in fine particle coat-

ing, aqueous latexes of terpoly[EA–MMA–2-hydroxyethyl methacrylate (HEMA)]

were newly synthesized [27, 28] (Fig. 6.3). When the molar ratio of the monomers

used in polymerization was changed, the increase in MMA content raised the Ts of

the cast film; HEMA affected Ts far less than MMA, but remarkably enhanced film

formation and the release of a water-soluble substance (lactose) in aqueous me-

dium. Further, when Ts was higher than the inlet air temperature, the terpolymer

latexes exhibited a very low degree of agglomeration in the coating, due to their

poor film-formability and, consequently, their low binding strength. This means

Figure 6.3. Chemical structure of poly(EA–MMA–HEMA).
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that the drying/layering of latex particles has to be separated from the film-

forming process to avoid agglomeration in fine particle coating; when both occur

simultaneously, as in the solution systems; agglomeration of particles smaller than

50 mm cannot be avoided. This consequently led to a poor fixing efficiency of cosus-

pended solid particles, but the coating efficiency of the polymer dispersed as nano-

particles remained high [26]. This low tendency towards agglomeration was con-

firmed even in the coating of particles as fine as 32–44 mm.

6.2.3

Core–shell Nanoparticles for Fine Particle Coating

An aqueous latex exhibiting a low degree of agglomeration, low membrane per-

meation and high coating efficiency was developed using poly(EA–MMA–HEMA),

whose monomer molar ratio was 6:12:8 or 12:6:4 [29]. Differing from blend la-

texes, the composite latexes (Fig. 6.4) composed of the low-permeable 12:6:4 poly-

mer core and the nonadhesive 6:12:8 polymer shell with a 6:4 core–shell weight

ratio formed a low-permeable membrane by curing. Thus, the 40% coated micro-

capsules of 53- to 63-mm lactose released only 10% of the lactose at 3 h. Moreover,

the composite latexes exhibited a very low degree of agglomeration, with the poly-

mer yield remaining very high, and they did not induce any adhesive behavior dur-

ing the coating operation. These properties were still effective even in the coating

of cornstarch as fine as 12 mm: at a 50% level of coating, the mass median diameter

of the product was 16 mm and it contained only 3% agglomerates. These results

showed that by using the composite latex, particles of the order of 10 mm could be

discretely coated as single-core microcapsules in the spouted bed process assisted

with a draft tube.

However, there still remained five serious problems with the coating process of

12-mm particles; (i) particle circulation and fluidization was too unsteady, (ii) the

process was too time consuming, (ii) drug loading by spraying was not accom-

Figure 6.4. Composite nanoparticle with a core–shell structure for fine particle coating.
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plished because the corn starch particles were too small to avoid agglomeration,

(iv) surfaces of the coated corn starch were too rough and porous to be cured by

heating, and (v) to avoid agglomeration of core particles, spray liquid flow had to

be adjusted to a low rate, leading to particle adhesion to the chamber wall due to

electrostatic charge. Thus, in order to overcome the last two problems, aqueous

composite latex that suppressed the particle adhesion in the coating process and

had a self-film-formability in water was developed as a coating material [30]. This

composite latex consisted of a poly(EA–MMA–HEMA) core and a thermosensitive

poly(N-isopropylacrylamide) (NIPAAm) shell (Fig. 6.5). When compared to homo-

geneous latexes with no poly(NIPAAm) shell, the composite latexes reduced the

production of poorly coated particles and the particle size dependence of polymer

yield when the coating operation was done at a temperature where poly(NIPAAm)

shells were able to swell, i.e. below the lower critical solution temperature (LCST:

32 �C) of poly(NIPAAm). Further, the microcapsules coated with the composite la-

texes also exhibited a self-film-formability in water at 37 �C, resulting from shrink-

age of the poly(NIPAAm) shells in the membrane at temperatures above the LCST.

6.2.4

Core–Shell Nanoparticles for Thermosensitively Drug-releasing Microcapsules

Recently, much attention has been focused on thermosensitive controlled-release

systems developed from polymer networks with specific temperature-dependent

swelling behaviors [31, 32]. In these systems, temperature variation triggers alter-

ation of polymer configurations, leading to a thermally responsive change in the

release rate of therapeutic agents to the systems.

One of the important issues in current thermosensitive release systems is how

to facilitate the swelling/shrinking rate of hydrogels involving thermosensitivity.

Improving swelling kinetics is an important subject for controlled drug release,

Figure 6.5. Microcapsules coated with composite nanoparticles

with a poly(EA–MMA–HEMA) core and a poly(NIPAAm) shell.
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particularly pulsatile release with a thermal ‘‘on–off ’’ switching response. The gel

swelling/shrinking rate can be increased by an appropriate molecular and struc-

tural design of the polymer network. These include hydrogels with macroporous

[33] and comb-type structures [34]. Incorporating thermosensitive hydrogels into

fine particulate systems may be an alternative approach to make systems respond

more rapidly to an external temperature change. Additionally, their small dimen-

sions simultaneously offer considerable advantages over disk- or film-shaped

macrogels hitherto developed in terms of a wide variety of biomedical applications.

The composite latexes composed of a hydrophobic poly(EA–MMA) core and a

thermosensitive poly(NIPAAm) shell (Fig. 6.6) [35] were synthesized by a semicon-

tinuous two-stage emulsion polymerization technique. The poly(NIPAAm) shell

was crosslinked with methylene bisacrylamide. The microcapsules with thermo-

sensitive coats were prepared using a Grow Max (140) spouted bed coater assisted

with a draft tube and bottom spray (Fuji Paudal, Japan), known as the Wurster pro-

cess. The microcapsules were cured by heating at 80 �C for 12 h and their dissolu-

tion properties were tested by a column method.

The key structure of the microcapsule designed here is its composite coat, con-

sisting of nanosized thermosensitive hydrogels dispersed in a thermo-insensitive

polymeric matrix. Ethyl cellulose pseudo latex, Aquacoat ECD (Tab. 6.1), was

chosen as the polymeric matrix. As the nanosized thermosensitive hydrogels, a

newly synthesized composite latex with a poly(NIPAAm)-rich shell was used. It is

well known that poly(NIPAAm) has a phase transition temperature (LCST) of

around 32 �C in water. The crosslinked network (hydrogel) constituted from this

polymer shows an inverse temperature dependence of swelling: the hydrogel

swells by imbibing water below a lower gel collapse temperature (LGCT; tempera-

ture for complete deswelling), while it shrinks at temperatures above the LGCT. At

high temperatures, therefore, the poly(NIPAAm)-gel domains in the microcapsule

membranes shrink, probably leading to the creation of many voids in the mem-

Figure 6.6. Microcapsules exhibiting positive thermosensitive drug release.
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branes. Consequently, the water permeability increases as if a molecular valve has

been opened. Due to the voids thus formed, the drug release rate at high temper-

atures is expected to become higher than that at low temperatures.

In order to confirm the reversibility of thermosensitive changes causing swell-

ing, hydrodynamic size changes of the composite lattices in response to a stepwise

shift in temperature were measured by photon correlation. As the temperature was

elevated, particle size gradually decreased up to approximately 35 �C, near the vol-

ume transition temperature of crosslinked poly(NIPAAm) in water. Above 35 �C,

particle size did not remarkably decrease any further. On the other hand, particle

size became large again upon cooling. There was no significant difference between

the traces of the particle size changes upon heating and cooling, indicating ther-

mally reversible changes in the swelling/shrinking of the poly(NIPAAm) shells on

the latex particles. Such a reversible change is a prerequisite to facilitate an ‘‘on–

off ’’ pulsatile drug release from the microcapsules.

No significant thermosensitivity was found in the release rate of the microcap-

sules with only Aquacoat film. In contrast, the microcapsules with the composite

latex-dispersing coat in an 85:15 blending ratio of Aquacoat and the composite la-

tex exhibited pulsatile thermosensitive release rate changes. Additionally, these mi-

crocapsules demonstrated a positive thermosensitivity of drug release, i.e. high

release rates at high temperature (50 �C) and low release rates at low temperature

(30 �C), except for a less pronounced burst effect in the initial period at 30 �C. It is

noteworthy that the sharp release rate changes from the ‘‘on’’ state to the ‘‘off ’’

state, and vise versa, occurred within a few minutes. Fabrication of composite latex

having nanosized thickness poly(NIPAAm) shells and thin microcapsule coats in

the order of 10 mm would be responsible for the resulting fast response.

6.2.5

Chitosan Nanoparticles for Microparticle Coating

As is well-known, chitosan (poly[b-(1–4)-2-amino-2-deoxy-d-glucopyranose]) is a

hydrophilic and cationic polysaccharide derived from chitin deacetylation, which

is the second most abundant polysaccharide in the world after cellulose and a

promising resource originating from crustaceans shells and insects [36]. Chitosan

has some interesting properties such as acting as a bioadhesive (cationic), with bio-

compatible (nontoxic) and biodegradable (bioerodible) capabilities. Therefore, it has

been investigated in depth, and used in various industrial and medical applica-

tions. Furthermore, these interesting properties make it one of the most promising

biopolymers for drug delivery [37–46]. Indeed, chitosan has been studied as a drug

carrier in various forms, such as tablets, beads, granules, microparticles and nano-

particles. In particular, micro/nanoparticles are the most widely studied as drug

carriers for protein, peptide, vaccine and DNA delivery.

A wide variety of preparation methods of chitosan particles such as solvent evap-

oration techniques, multiple emulsion methods, spray-drying methods, electro-

static complex formation with anionic materials (ionotropic gelation) and block co-

polymerization have been investigated. These methods often require a crosslinking
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agent, such as glutaraldehyde. While the use of the crosslinking agent produces

hardened particles as well as a drug-release rate possibly controllable in response

to the degree of crosslinking, the toxicity of the crosslinking agent would become

a major concern. In addition, it leads to a low loading of anionic drugs because

amino groups in chitosan responsible for electrostatic interactions with anionic

drugs become unavailable due to the crosslinking reaction between the amino

groups in chitosan and aldehyde groups in crosslinking agents.

Masui and coworkers [47] reported a study aimed at preparing noncovalently

crosslinked chitosan nanoparticles (CNSs) without the use of any organic solvents

and additives. For this purpose, an aqueous neutralization–precipitation technique

was newly developed. They prepared chitosan nanoparticles in the range of 150–

300 nm. Furthermore, spouted-bed spray-coating of protein-layered particles with

the noncovalently crosslinked chitosan nanoparticles was carried out and their ex-

cellent performance as a biodegradable coating agent was then demonstrated.

6.3

Materials for Nanoparticulate Therapy and Diagnosis

In general, nanoparticles for drug delivery, such as in cancer therapy and diagno-

sis, are simply constructed, and have a core, shell and surface (Fig. 6.7) [48]. The

core determines the particle size and generally consists of an inactive matrix, the

active agent itself or an active agent-containing matrix. The shell chemically or

physically bound to the core acts as a base to which surface molecules, that some-

times include active agents, are anchored or bound with or without intermediate

spacers; in some cases, it acts as an active agent-dispersed matrix. The surface

Figure 6.7. Typical structures of composite nanoparticles.
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molecules strongly affect the biodistribution of the nanoparticles that usually con-

sist of site-, tissue-, cell- and/or receptor-specific molecules (targeting agents). The

poly(ethylene glycol) (PEG) molecules that possibly induce a bound water layer on

the particle surface are attached to the shell or surface molecules by physical ad-

sorption or covalent bonding with or without intermediate spacers. The mode of

bonding used in particle construction is important from the viewpoint that the

rate and timing of release or degradation of the components from the particles

have to be controlled in order to achieve their biodistribution and active agent

delivery in cancer treatment and diagnosis. The nanoparticles have to be degraded

in the body and finally eliminated by globular filtration as molecules with a molec-

ular weight of less than 30 000 or as particles with a size smaller than a few

nanometers.

The structures of nanoparticles for cancer therapy and diagnosis are simple, as

described above. Tables 6.2 and 6.3 show typical examples of the structures and

components of nanoparticles.

6.3.1

Inorganic Nanoparticles

Recently, inorganic nanoparticles that interact with biological systems have at-

tracted widespread interest in biology and medicine (Tab. 6.2). Such nanoparticles

are thought to have potential as novel intravascular probes for both diagnostic (e.g.

imaging) and therapeutic purposes (e.g. drug delivery). Critical issues for success-

ful nanoparticle delivery include the ability to target specific tissues and cell types,

and escape from the biological particulate filter – the reticuloendothelial system

(RES).

Among inorganic materials, magnetite has been investigated most widely for

cancer therapy and diagnosis [49–56]. Magnetite nanoparticles are used directly or

dispersed in the polymeric matrix as cores. They have been used chiefly in hyper-

thermia treatment of cancer [49, 55] and, in some cases, for magnetic field-assisted

targeting of nanoparticles [55]. For diagnostic purposes, they are used in magnetic

resonance imaging (MRI) as contrast-enhancing agents for cancer diagnosis [49],

hyperfusion region visualization [50], cell labeling in T cell-based therapy [51–53],

and for detection of angiogenesis [50], apoptosis [54] and gene expression [56].

PEG [55] or oxidized starch [50] as a hydrophilic surface modifier, antibodies [49],

fluorescein isothiocyanate (FITC)-labeled TAT peptide [51–53] or the Annexin V

protein [54] as a specific targeting agent, and folic acid [55] or transferrin [56] as

a ligand of the receptors overexpressed in tumor cells have been used as surface

molecules.

Akerman and coworkers [57] (Tab. 6.2) explored the feasibility of in vivo target-

ing using semiconductor quantum dots. Quantum dots are small (less than 10

nm) inorganic nanocrystals that possess unique luminescent properties; their fluo-

rescence emission is stable and is tuned by varying the particle size or composi-

tion. Akerman and coworkers showed that ZnS-capped CdSe quantum dots coated

with a lung-targeting peptide accumulated in the lungs of mice after intravenous
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injection, whereas two other peptides specifically directed quantum dots to blood

vessels or lymphatic vessels in tumors. They also showed that adding PEG to the

quantum dot coating prevented quantum dots from nonselective accumulation in

reticuloendothelial tissues.

Tkachenko and coworkers [58] (Tab. 6.2) explored the ability of peptide-modified

gold nanoparticles to target the nucleus of HepG2 cells. Five peptide/nanoparticle

complexes were investigated to modify particles. They used gold nanoparticles be-

cause they are easy to identify using video-enhanced color differential interference

contrast microscopy. Their studies highlight the challenges associated with nuclear

targeting and the potential advantages of designing multifunctional nanostruc-

tured materials as tools for intracellular diagnostics and therapeutic delivery.

6.3.2

Polymeric Nanoparticles

The active agents are mostly incorporated in the cores to control or suppress their

release. Polymers have been widely used as matrix materials. Table 6.3 shows

examples of polymeric nanoparticles [59–78] that have recently been investigated

for delivery; as an anticancer drug, doxorubicin, whose liposomes are on the mar-

ket as DoxilTM (Alza) has often been used [62]. In these nanoparticles, biodegrad-

able polymers, such as poly(lactic acid) (PLA) [59, 62], poly(lactic-co-glycolic acid),

poly(e-caprolactone) (PCL) [60, 61], chitosan [64, 69–72], poly(acrylcyanoacrylate)

(PACA), poly(lysine) [62] and poly(aspartic acid) [62], are used as the core matrix.

Lipid [65, 78] and wax matrixes [63, 73–77] have also been used in nanoparticles,

as shown in Tab. 6.2. The particles used in gene therapy are often cationic to en-

hance association with anionic cell surfaces and/or DNAs [63–66].

Kataoka and coworkers [62] developed block copolymer micelles for drug and

gene delivery. They reported the utility of polymeric micelles formed through the

multimolecular assembly of block copolymers as novel core–shell-type nanopar-

ticles for drug and gene targeting. The segregated core embedded in the hydro-

philic palisade was shown to function as a reservoir for genes, enzymes and a vari-

ety of drugs with diverse characteristics. Functionalization of the outer surface of

the polymeric micelle to modify its physicochemical and biological properties was

carried out for long circulation and receptor-mediated drug delivery.

6.3.3

Other Case Studies

A variety of methodologies of treatment and strategies of delivery have been ap-

plied to cancer therapy and diagnosis. In order to achieve an efficient outcome,

nanoparticles have been designed using materials that are thought to be optimal

for their respective applications. The following typical applications of nanoparticles

have been reported: targeting lectin present on the intestinal epithelial cell surface

by wheat germ agglutinin on a PCL matrix [67], antileishmania treatment by PCL

matrix nanoparticles [68], gadolinium neutron capture therapy (GdNCT) by intra-

6.3 Materials for Nanoparticulate Therapy and Diagnosis 267



Ta
b
.
6
.3
.

Ty
p
ic
al

ex
am

p
le
s
o
f
o
rg
an

ic
m
at
er
ia
ls
fo
r
n
an

o
p
ar
ti
cu
la
te

d
ru
g
d
el
iv
er
y

N
o
.

T
h
er
ap

eu
ti
c
p
u
rp
o
se

P
ar
ti
cl
e
si
ze

(n
m
)

[s
tr
u
ct
u
re
]

C
h
ar
ac
te
ri
za
ti
o
n

D
el
iv
er
y
ag
en

t
C
o
re
–
sh
el
l

co
m
p
o
n
en

t

(a
d
d
it
iv
e)

S
u
rf
ac
e

co
m
p
o
n
en

t

R
ef
er
en

ce
s

1
P
as
si
ve

d
ru
g
ta
rg
et
in
g

1
1
8
[p
o
ly
m
er
ic

m
at
ri
x]

d
ru
g
co
n
te
n
t,

an
ti
tu
m
or

eff
ec
t,

p
la
sm

a

co
n
ce
n
tr
at
io
n

ir
in
ot
ec
an

P
L
A
,
P
E
G
–
P
P
G
–

P
E
G

P
E
G
–
P
P
G
–
P
E
G

5
9

2
P
as
si
ve

an
d
es
tr
o
g
en

re
ce
p
to
r
ta
rg
et
in
g

2
5
0
–
3
0
0
[p
o
ly
m
er
ic

m
at
ri
x]

ce
ll
u
p
ta
k
e,

in
tr
ac
el
lu
la
r

d
is
tr
ib
u
ti
o
n
,

lo
ca
li
za
ti
o
n

ta
m
o
xi
fe
n

P
C
L
(M

W
:
1
4
.8
)

P
lu
ro
n
ic

F
-6
8

6
0
,
6
1

3
P
as
si
ve

an
d
ac
ti
ve

ta
rg
et
in
g

5
0
–
1
0
0
/3
2
[p
o
ly
m
er
ic

m
at
ri
x]

b
io
d
is
tr
ib
u
ti
o
n
,

tr
an

sf
ec
ti
o
n

d
o
xo
ru
b
ic
in
,
D
N
A

P
E
G
–
p
o
ly
(a
sp
ar
ti
c

ac
id
)/
P
E
G
–
P
L
A
/

P
E
G
–
P
ol
y(
ly
si
n
e)

P
E
G

6
2

4
G
en

e
th
er
ap
y

1
0
0
–
1
6
0
[w

ax
m
at
ri
x]

D
N
A
st
ab
il
it
y,

tr
an

sf
ec
ti
o
n
,

b
io
d
is
tr
ib
u
ti
o
n

p
la
sm

id
D
N
A

li
p
o
p
h
il
iz
ed

w
it
h

ca
ti
o
n
ic
li
p
id

W
ax
,
B
ri
j
7
8
,
T
w
ee
n

2
0
,
T
w
ee
n
8
0

C
h
o
l-
p
u
ll
u
la
n

6
3

5
G
en

e
th
er
ap
y

3
0
9
[p
o
ly
m
er
ic

m
at
ri
x]

in
vi
tr
o
p
ro
li
fe
ra
ti
o
n
,

d
eg
ra
d
at
io
n

M
yc
ob
ac
te
ri
u
m

ph
le
i

D
N
A

C
h
it
o
sa
n
(M

W
:

5
0
0
0
0
0
,
8
4
%

d
ea
ce
ty
la
te
d
[T
P
P
]

6
4

6
A
n
ti
-a
n
g
io
g
en

ic
g
en

e

th
er
ap
y

4
0
(c
o
re
)
[l
ip
id

m
at
ri
x]

tu
m
o
r
ce
ll
ap
o
to
si
s,

tu
m
o
r
re
g
re
ss
io
n

p
la
sm

id
D
N
A

(A
P
T
m
u
-R
af
)

p
o
ly
m
er
iz
ed

ca
ti
o
n
ic

li
p
id

In
te
g
ri
n
a
v
b
3

6
5

268 6 Nanoporous and Nanosize Materials for Drug Delivery Systems



7
G
en

e
th
er
ap
y

1
0
0
–
1
5
0
[p
o
ly
m
er
ic

m
at
ri
x]

in
vi
tr
o
tr
an

sf
ec
ti
o
n

n
u
cl
ei
c
ac
id

cy
cl
o
d
ex
tr
in

p
o
ly
ca
ti
o
n

tr
an

sf
er
ri
n
–
P
E
G
–

ad
am

an
ta
n
e

6
6

8
N
eu

tr
o
n
ca
p
tu
re

th
er
ap
y

3
0
0
–
5
0
0
[p
o
ly
m
er
ic

m
at
ri
x]

tu
m
o
r
re
te
n
si
o
n
,

g
ro
w
th

su
p
p
re
ss
io
n

g
ad
o
p
en

ta
te
te

d
im

eg
lu
m
in
e

ch
it
o
sa
n

6
9
–
7
2

9
N
eu

tr
o
n
ca
p
tu
re

th
er
ap
y

5
0
–
8
0
[w

ax
m
at
ri
x]

ce
ll
u
p
ta
k
e,

b
io
d
is
tr
ib
u
ti
o
n
,

tu
m
o
r
re
te
n
ti
o
n

g
ad
o
li
n
iu
m

h
ex
an

ed
io
n
e

w
ax

[B
ri
j
7
8
/B

ri
j
7
2
/

T
w
ee
n
8
0
]

fo
la
te
/t
h
ia
m
in
e
–

P
E
G
–
D
S
P
E
,

P
E
G
–
D
S
P
E

7
3
–
7
7

1
0

P
h
o
to
d
yn

am
ic

th
er
ap
y

1
2
0
[l
ip
id

m
at
ri
x]

cy
to
to
xi
ci
ty
,
re
ce
p
to
r

b
in
d
in
g

h
em

at
o
p
o
rp
h
yr
in

tr
io
le
in

[e
g
g
P
C
,

T
w
ee
n
8
0
]

fo
la
te
,
P
E
G

sp
ac
er

7
8

C
h
o
l-
p
u
ll
u
la
n
:
{N

-[
2
-(
ch
o
le
st
er
yl
ca
rb
o
xy
am

in
o
)e
th
yl
l]
ca
rb
am

o
ry
lm

et
h
yl
}-
p
u
ll
u
la
n
;
D
S
P
E
:

d
is
te
ar
o
yl
p
h
o
sp
h
at
id
yl
et
h
an

o
la
m
in
e.

6.3 Materials for Nanoparticulate Therapy and Diagnosis 269



tumorally injectable chitosan nanoparticles [69–72] (Tab. 6.2) and wax matrix

nanoparticles surface-modified with folic acid or thiamine whose uptake is en-

hanced in tumor cells [73–77] (Tab. 6.2), photodynamic therapy by solid lipid nano-

particles (SLNs) [78] (Tab. 6.2) or silicate matrix nanoparticles [79], application of

dendrimer [80], antiangiogenesis radiotherapy by 90Y chelated on the liposome sur-

faces using an integrin antagonist [81], drug delivery to the brain by PACA matrix

nanoparticles [82] and detection of antigen by immunolabeled europium-holding

poly(styrene)nanoparticles [83].

6.4

Nanoporous Materials as Drug Delivery System Carriers

6.4.1

Inorganic Calcium Compounds

Nanoporous materials have been used as a drug delivery system carrier [84–86].

Among them, Higuchi and coworkers used hydroxyapatite as a carrier for deliver-

ing drugs to skeletal tissue at high enough local concentrations for desirable thera-

peutic effects [87]. Using a self-setting hydroxyapatite cement with cephalexin, nor-

floxacin and indomethacin (IMC), the cement was transformed into hydroxyapatite

with affinity for hard bone tissue. Continuous in vitro drug release profiles from

loaded cement pellets in phosphate buffer, pH 7.4, were obtained. As the cements

have good biocompatibility in both periodontal and periapical environments, self-

setting cement skeletal drug delivery systems are thought to provide temporary re-

placement therapy for bone [88].

Porous CaCO3 particles were reported to be useful as an intranasal carrier of

insulin and hydrophilic compounds, because of their easy production and slow bio-

degradability [89–91]. However, the binding of adsorbed drugs to CaCO3 was weak,

i.e. drugs and proteins were adsorbed on the surface of solid particles or porous

CaCO3 material. Therefore, sufficient sustained release was not obtained. Mizush-

ima and coworkers devised a simple method to incorporate hydrophilic drugs and

proteins into nano-CaCO3 and regulate the size of the particles. The mean particle

size of the CaCO3 was 44.8–140.7 nm depending on the mixing speed of both par-

ticles and the drug. Sustained-release of erythropoietin (EPO), granulocyte colony-

stimulating factor (G-CSF) and bethamethasone phosphate (BP) was observed for

1 week both in in vitro and in vivo experiments [92].

On the other hand, Ogawa and coworkers used porous hydroxyapatite particles,

of which the mean inside diameter was 100 nm, as a drug delivery system carrier

for long-term sustained release peptide/protein preparation for injection [93]. After

protein drug is entrapped into the hydroxyapatite particles, the obtained particles

are coated with a biodegradable polymer which has a hydrophilic part, as shown

in Fig. 6.8.

Human growth hormone (hGH) was at first entrapped into nanoporous hydroxy-

apatite particles where an inorganic metal compound was added to prevent the

initial release of hGH, i.e. burst phenomenon. The obtained particles were coated
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with a hydrophilic biodegradable polymer like PEG–PLA. The mean particle size of

the system is 5–8 mm, as shown in Fig. 6.9. The hGH content of this system is

around 15 wt%. About 80 mg of the preparation was injected to patients with

dwarfism every 2 weeks with 27 G syringe needle. To evaluate the system, they in-

jected the preparation into rats who received immunosuppressive therapy and it

was confirmed that serum hGH levels were maintained over 2 weeks. In addition,

the injected particles were not detected at the end of the experiment. They also

performed a pharmacodynamic study using hypophysectomized rats. In the sus-

tained-release hGH preparation group, the rat body weights gradually increased

over 3 weeks. However, body weights did not increase in the control group rats [94].

6.4.2

Silastic Compounds

6.4.2.1 Nanoporous Silastic Materials for Solidifying Oily Drugs

Porous calcium silicate, FloriteTM RE (FLR; Eisai, Japan) has the structure of as-

sembled petal-like flakes, presenting a lot of pores in its surface. Pores show a par-

Figure 6.8. Basic concept of a hydroxyapatite drug delivery

system for sustained-release protein [10].

Figure 6.9. SEM images of a hydroxyapatite drug delivery system containing hGH [10].
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ticular size distribution with two peaks at 12 and 0.15 mm, which are attributed to

interparticle and intraparticle pores, respectively. The mean inside diameter is 150

nm. FLR has a porous structure, as shown in Fig. 6.10, and has an excellent liquid-

holding ability, about 5.0 mL g�1, through its numerous pores. Both FLR and col-

loidal silica (AerosilTM 200, AER; Nippon Aerosil, Japan) have greater adsorption

efficiency than other adsorbents, i.e. microcrystalline cellulose, cornstarch and lac-

tose dibasic calcium phosphate. Although AER does not have interparticle pores,

FLR has both interparticle and intraparticle pores. AER absorbs liquid into inter-

particle pores by forming liquid bridges among the particles. On the other hand,

FLR adsorbs liquid into the interparticle pores by a capillary phenomenon.

As oily drugs do not dissolve in water, they are usually developed as a soft cap-

sule preparation. As the size of the oily capsule preparation is large, pediatric and

elder patients often have trouble swallowing them. In particular, when the oily cap-

sule is taken with a small amount of water, the possibility of capsule adhesion onto

the esophageal mucosa increases. In the worst case, esophageal ulcer occurs. To

solve these problems, Takeuchi and coworkers formulated vitamin E acetate into a

drug emulsion system with colloidal silica [95].

On the other hand, Hanawa and coworkers reported the solidification of ethen-

zamide (EZA) by a ‘‘melt-adsorption’’ method [96]. When EZA crystals were heated

with FLR in a sealed glass ampoule without any solvent, EZA melted and adsorbed

on FLR in an amorphous state. The dissolution rate of EZA from the preparation

was greatly enhanced as compared with crystal EZA. To enable large-scale manu-

Figure 6.10. SEM image of FLR (www.eisai-fc.co.jp/).
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facturing, Kinoshita and coworkers used a twin-screw extruder, in which both tem-

perature and kneading force can be controlled simultaneously [97]. The extruder

allows EZA to melt and adsorb onto FLR. Therefore, the process is also called the

‘‘melt-adsorption’’ method. They prepared melt-adsorbed products of TAS-301 [3-

bis(4-methoxyphenyl)methylene-2-indolinone] which were adsorbed on FLR using

a twin-screw extruder. TAS-301 is an antirestenosis drug for use after percutaneous

transluminal coronary angioplasty (PTCA). The crystallinity, solubility and oral bio-

availability (BA) of TAS-301 in the melt-adsorbed products were examined. The

particle size distributions of FLR, physical mixture [TAS-301:FLR (1:2)] and the

melt-adsorbed product [TAS-301: FLR(1:2)] made by both methods were approxi-

mately consistent. The specific surface area decreased in the following order:

FLR > physical mixture > melt-adsorbed product > TAS-301 crystal. The specific

surface area decreased by mixing due to partial adsorption of TAS-301 on FLR

and further decreased by heating due to its penetration into FLR pores. TAS-301

was amorphized by heating with an adsorbent above its melting point. In addition,

the decreased crystallinity of TAS-301 was suggested by the endothermic X-ray dif-

fraction (XRD) peaks. Therefore, both the amorphization and decreased crystallin-

ity of TAS-301 might be associated with hydrogen bonding between the CbO group

of TAS-301 and the sylanol group of FLR. Although the solubility of the TAS-301

crystal and physical mixture was similar, the melt-adsorbed products prepared by

both methods showed temporary super-saturation in water and their initial solubil-

ity was approximately 20-fold greater than that of the TAS-301 crystal. The dissolu-

tion rates of TAS-301 from the melt-adsorbed products prepared by the two meth-

ods were markedly faster than those from the physical mixture and the drug

crystal. Figure 6.11 shows the results on the absorption of TAS-30 from the system

Figure 6.11. Plasma concentration of TAS-301 versus time

profiles after oral administration of test preparations at a dose

of 300 mg per dog. C ¼ Melt-adsorbed product (capsule).

e ¼ TAS-301 crystal (aqueous suspension). a ¼ TAS-301 crystal

(capsule). Each point represents the meanG SD (n ¼ 3–6).
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after oral administration of three preparations to dogs being fed a standard diet.

The AUC (area under the plasma drug concentration–time curve) values of the

three test preparations were 1.12G 0.03 (crystal suspension), 1.18G 0.43 (crystal)

and 2.75G 0.53 mg h mL�1 (melt-adsorbed products), respectively. Thus, melt-

adsorption on a porous calcium silicate, FLR, is useful for improving the solubility

and BA of hydrophobic drugs like TAS-301.

Yuasa and coworkers applied FLR to granulate a representative oily drug, d,l-to-

copheryl nicotinate (TN), by adsorbing TN [98]. They also showed the possibility of

tableting TN with FLR as an adsorbent and studied the possibility of the reduction

of tablet coloration by TN exudation at compression, because TN was expected to be

excluded from TN powder to the surface of the tablet by compression. With mix-

ing, ethanol solution containing TN, 10–60 wt%, was added to FLR. After the ad-

sorbents were dried, TN powder was obtained. In addition, TN powder was used

to form granules. When the TN powder in which TN is adsorbed to FLR is com-

pressed, the degree of tablet coloration caused by TN exudation from TN powder

becomes larger with a higher TN content and compression pressure. It was clari-

fied that the reduction of tablet coloration at tableting of TN is possible by com-

pressing TN powder added with FLR or AER, both of which have a high liquid

holding ability. In particular, when FLR is added at compression, a shorter disinte-

gration time and a higher release property of TN were obtained when AER was

added due to the difference of the liquid adsorbing and holding mechanism of

FLR and AER. They proposed the models of the existent state of TN in the tablet

at compression, which are shown in Fig. 6.12. When TN powder with hydroxypro-

pylstarch (HPS) as a disintegrator is compressed, as shown in Fig. 6.12(A), TN is

extruded by compression and readsorbed by forming liquid bridges to the particles

of TN powder and HPS. It was considered that the interparticle space decreased as

these liquid bridges were formed, with the result that the penetration rate of water

into the TN tablet decreased, and therefore the disintegration time was longer and

the release rate of TN was slower. When TN powder with FLR and HPS is com-

pressed, as shown in Fig. 6.12(B), TN is extruded by compression and readsorbed

to the pores in newly added FLR, with the result that a lot of interparticle spaces

without TN are formed. In addition, they confirmed, by determining the pore size

distributions in the tablets produced from FLR or AER alone, that the mean inter-

particle pore diameters among FLR or AER particles in the tablets were about 250

and 150þ, respectively. It was considered that, since the interparticle space in the

TNF tablet, i.e. the mean pore diameter, was larger than that in the TNA tablet,

water easily penetrated into the TNF tablet. As a result, the disintegration time

was shorter and the release property of TN was improved in comparison with TN

and TN tablets with AER. When TN powder with AER and HPS is compressed, as

shown in Fig. 6.12(C), TN is extruded by compression and readsorbed by forming

liquid bridges to the particles of TN powder, AER and HPS. When the formulated

amount of AER increased, the disintegration time became shorter because the

interparticle space without TN bridges increased. Furthermore, because the mean

pore diameter of the TN tablet with AER is smaller and the amount of TN forming

bridges to the particles in the TN tablet with AER is larger, it may be difficult to
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penetrate into the TN tablet with AER. As a result, the rate of TN from the TN tab-

let with AER was slower than that from the TN tablet with FLR.

Hwang and coworkers prepared silica particles containing retinal with a fabrica-

tion method using an oil/water/oil (o/w/o) emulsion and the sol-gel method [99].

By controlling the formulated amount of surfactants, Span 80 and Tween 20, sus-

tained-release characteristics of retinal were obtained for 100 h.

6.4.2.2 Nanoporous Silastic Materials for Poorly Absorbable Drugs

The BA of hydrophobic drugs after oral administration is very low due to their poor

solubility in the gastrointestinal tract. Solid dispersion and microemulsion have

been applied to improve the solubility of poorly soluble drugs [100]. These drug

delivery system technologies are often used to improve the oral BA of insoluble

drugs, e.g. cyclosporin A (microemulsion, NeoralTM) and tacrolimus (solid disper-

sion) [101, 102]. However, solid dispersion technology has limited applicability in

improving the oral BA of drugs having both low solubility and low membrane per-

meability. The principles of the intestinal absorption mechanism of drugs are clas-

sified into the following categories: (i) passive diffusion, (ii) facilitated diffusion

(endocytosis) and (iii) carrier-mediated active transport [103]. Active transport takes

part in the absorption process of a limited number of drugs like vitamin B12, 5-

fluorouracil, etc. [104]. Most of the clinically applied drugs are absorbed from the

Figure 6.12. Model of the existent state of TN at compression

of (A) TN powder, (B) TN tablets with FLR and (C) TN tablets

with AER where HPS was used as a disintegrator of tablets.
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gastrointestinal tract by a passive diffusion mechanism. In this case, the concentra-

tion gradient of drug molecules between the intestinal luminal side and the enter-

ocytes is the rate-limiting process for the overall absorption process. In addition,

absorption-enhancing technologies have been developed for poorly absorbable

drugs, i.e. macromolecular drugs such as protein/peptide drugs, e.g. insulin, low-

molecular-weight heparin (LMWH), etc. [105–107]. Emisphere developed nonacy-

lated non-a-amino acid, sodium N-[8-(2-hydroxybenzoyl) amino] caprylate (SNAC)

as an absorption enhancer for LMWH [108]. After oral administration of LMWH,

30 mg kg�1 (4971 IU mL�1), in accordance with SNAC, 150 mg kg�1, the peak

plasma LMWH level measured as an anti-Xa activity level of 1.2 IU mL�1 was ob-

tained. SNAC thus effectively enhanced the oral absorption of LMWH. However,

after the oral administration of LMWH with SNAC, both LMWH and SNAC are

diluted in the small intestine. Therefore, the absorption enhancing effect of SNAC

is insufficient. Takada and coworkers used nanoporous silastic materials as oral

drug carriers [109]. In their system, both the drug and absorption enhancer are

held in the carrier at high concentrations. As the result of the high concentration

gradients of the drug and absorption enhancer between inside the system and the

enterocytes, the formulated drug can be efficiently absorbed. This drug delivery

system technology is termed a ‘‘liquid formulation holding microparticulate sys-

tem (LFMPS)’’, as shown in Fig. 6.13. In the LFMPS system, a hydrophobic drug

is solubilized in either an oil or water phase with the help of surfactant(s). Thus,

the obtained particles can be formulated either as a capsule or tablet. After the

Figure 6.13. Concept of LFMPS. After oral

administration of microparticles and

adsorbent, holding both absorption enhancer

and macromolecular drug-like protein drug

in enteric capsules, the microparticles are

delivered to the enterocytes where high

concentration gradients of enhancer and drug

are formed. Consequently, high absorption

efficiency of drug is obtained.
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oral administration of LFMPS in an enteric capsule, the microparticles are exposed

to the enterocytes, and form a high drug concentration gradient between the sys-

tem and the enterocytes. In addition, when an absorption enhancer is formulated

with the drug, good BA can be obtained. LFMPS can be also applied to highly sol-

uble and poorly absorbable drugs that have a high molecular weight (e.g. gentami-

cin) [110] or high surface charge (e.g. LMWH) [111], resulting in poor membrane

permeability. These drugs require the use of an absorption enhancer (e.g. surfac-

tant) to improve their oral BA. The drug and absorption enhancer can be dissolved

in water and, thus, the obtained mixture is introduced into the nanoporous mate-

rial. Takada and coworkers first studied the effect of nanoporous materials on the

BA of lansoprazole (LPZ) [109]. LPZ is a representative proton pump inhibitor, and

has been clinically used in gastric and duodenal ulcerative disease therapy. LPZ is

sparingly soluble in water and is unstable in the stomach, i.e. in gastric acid. Ac-

cording to the classification of drugs with low BA proposed by Amidon and cow-

orkers [112], LPZ is a class II compound (low solubility and high membrane per-

meability) in the biopharmaceutical classification system (BCS). Clinically, gelatin

capsules containing enteric-coated LPZ granules are supplied. Even if LPZ is pro-

tected from hydrolysis in the stomach, there is a possibility that LPZ does not dis-

solve well in the small intestine because of there being less water. Therefore, the

oral BA of LPZ is low and shows wide intersubject variation. To solve these prob-

lems, nonionic surfactants were used to accelerate dissolution and improve the BA

of LPZ. However, a liquid formulation is not as preferable as an oral formulation

because no capsule can retain a liquid formulation without dissolution or degrada-

tion. LFMPS is composed of a surfactant, nanoporous adsorbent and LPZ. Its

function is to improve the dissolution and absorption of LPZ. The BA of LPZ was

measured in rats. As surfactants, Tween 80, polyoxyethylated, 60 mol, caster oil de-

rivative (HCO-60TM) and PEG-8 caprylic/capric glycerides (LabrasolTM) were used.

As adsorbents, porous silicon dioxide (SylysiaTM 550, 320), magnesium alumino-

meta silicate (NeusilinTM S2, NS2N, US2) and porous calcium silicate (FLR) were

used. Among the used surfactants, HCO-60 showed the highest absorption en-

hancing effect after the intra-small intestinal administration of LPZ solution. To

solidify the LPZ solution with HCO-60, adsorbents were used and the obtained

solid preparations were first used in an in vitro release experiment. Sylysia 320,

Neusilin S2 and Neusilin NS2 showed a T50%, the time when half of the formulated

amount of drug is released from the test preparation, of about 1 h. To evaluate the

BA of LPZ from these solid preparations, an absorption study was performed in

rats. The Sylysia 550 system showed a higher AUC than other systems, showing a

BA of 28.1%. The Sylysia 550 system was placed in an enteric capsule and orally

administered to dogs, and the BA was compared with an enteric tablet. The Sylysia

550 system had a BA of 71.7%, which was significantly greater than the enteric tab-

let. Thus, the solid system composed of LPZ, surfactant and nanoporous adsor-

bent, Sylysia 550, was shown to be a good system to improve the BA of LPZ.

Takada and coworkers also applied this system to gentamicin (GM), of which an

oral preparation is not available because of a poor BA from the gastrointestinal

tract [110]. As GM is a polar water-soluble compound, it is commonly recognized
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that the intestinal membrane permeability of GM is poor. GM is a class III com-

pound (high solubility and low membrane permeability) of BCS. They previously

showed that the BA of GM was greatly increased by formulating GM in a self-

microemulsifying drug delivery system (SMEDDS) using PEG-8 caprylic/capric

glycerides (LabrasolTM) as an absorption enhancer. Labrasol contains saturated poly-

glycolysed C6–C14 glycerides, where C8 is 58.1% and C10 is 39.8%. Labrasol is a

safe pharmaceutical additive, showing a high tolerance and low toxicity in animals;

the LD50 is 22.0 g kg�1 for rats and is a surfactant listed in the European Pharma-

copoeia. A SMEDDS is expected to self-emulsify rapidly in the aqueous environ-

ment of the small intestine, thereby presenting the drug in solution in small

droplets of oil. The gentle agitation required for emulsification is provided by

the digestive motility of the small intestine. By formulating GM in a Labrasol

SMEDDS, a high BA value of GM, approximately 55%, was obtained after admin-

istration to the rat small intestine [113]. The dosage form that results from a

SMEDDS is usually either a liquid or liquid-filled soft gelatin capsules. However,

from the standpoint of pharmaceutics, the solid dosage form is preferable to the

liquid preparation in terms of cost-performance and the convenience of the manu-

facturing process. After GM was dissolved with Labrasol, the mixture was solidified

with several kinds of adsorbents. The adsorbents were microporous calcium sili-

cate (FLR), magnesium alminometa silicate (Neusilin US2) and silicon dioxide

(Sylysia 320). An in vitro release study showed no significant difference between

the three adsorbents. The in vivo rat absorption study showed that the preparation

containing 10 mg of FLR had the highest Cmax, 2.14G 0.67 mg mL�1 of GM. Other

preparations had a Cmax of 0.69G 0.10 mg mL�1 for FLR 20 mg, 1.07G 0.31

mg mL�1 for Neusilin US2 and 0.99G 0.21 mg mL�1 for Sylysia 320, respectively.

The BA of GM from the FLR 10 mg system was 14.1%. The system was also eval-

uated in dogs after oral administration in an enteric capsule made of Eudragit

S100. High plasma GM levels with a Cmax of 1.26G 0.20 mg mL�1 were obtained.

These results suggest that the FLR system is useful as an oral solid delivery system

of poorly absorbable drugs such as GM [110]. LFMPS can also be applied to highly

soluble and poorly absorbable drugs that have a high surface charge (e.g. LMWH)

resulting in poor membrane permeability. Thus, LFMPS is a useful system for

solving the low BA problem of both hydrophilic and hydrophobic drugs.

6.4.2.3 Nanoporous Silica Materials for Controlled Release of Drugs

Calcium silicate was used as a porous carrier for repaglinide, an oral hypoglycemic

agent, to prepare microspheres, and a gastroretentive floating drug delivery sys-

tems was challenged, as shown in Fig. 6.14 [114]. An in vitro release study showed

the sustained-release characteristics of repaglinide for 8 h.

On the other hand, porous particle technology was applied to obtain an immedi-

ately dissolving intravenous preparation. Straub and coworkers prepared drug

powder particles of paclitaxel, a water-insoluble hydrophobic anticancer drug. Etha-

nol solution containing paclitaxel, Tween 80 and polyvinylpyrrolidone (PVP) C15

was mixed with an aqueous solution containing the pore-forming agent, ammo-

nium bicarbonate and mannitol. The mixture was spray-dried and porous dry
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powder particles (shown in Fig. 6.15) were obtained. The mean particle size was

about 1 mm and nanosize pores were formed. An in vitro dissolution experiment

showed that more than 90% of paclitaxel was dissolved from the dry powder within

10 min, although about 80% of the authentic paclitaxel bulk was dissolved at 2 h

after the start of the dissolution experiment [115].

Foraker and coworkers applied porous silicon (pSi) as a platform technology for

a new generation of drug delivery systems. Macropores (above 50 nm), mesopores

(2–50 nm) and nanopores (below 2 nm), occupying 1–95% of the Si volume, were

used as a scaffold suitable for loading of drugs. As a model hydrophilic macro-

molecular drug, insulin was loaded into pSi particles by freeze drying, where

sodium laurate was used as an absorption enhancer. Using an in vitro permeation

system using Caco-2 monolayer, a 10- to 50-fold increase in insulin transport effi-

ciency was obtained by the pSi particle system [116].

Figure 6.15. TEM image of a cross-section of paclitaxel porous particles.

Figure 6.14. Gastroretentive floating drug delivery system

made of calcium silicate-based microspheres.
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6.4.3

Carbon Nanotubes (CNTs)

6.4.3.1 CNTs for Oral Delivery of Protein Drug

CNTs are produced by deposition of carbon atoms vaporized from graphite by an

electric arc or by a laser onto metal particles. Recently, CNTs have been produced

by the chemical vapor deposition (CVD) method. The obtained CNTs often aggre-

gate into bundles or ropes. An individual CNTmolecule is about 1 nm in diameter

and several microns long [117]. The specific gravity of CNTs is very light because

of their large outer and inner surface areas. The adsorption efficiency of CNTs is

larger than the conventional adsorbents like silastic compounds. Takada and co-

workers used CNTs as an adsorbent of both the absorption enhancer and drug,

and the resulting system was evaluated as an oral drug delivery system for poorly-

absorbable drugs like peptide/protein drugs [118]. Surfactants such as a saturated

polyglycolysed C8–C18 glyceride (GelucireTM 44/14), Labrasol and HCO-60 were

used as absorption enhancers at 50 mg kg�1 and EPO was used as a model protein

drug. As adsorbents, solid particles such as Sylysia 550, CNTs, carbon nanohorns

(CNHs), fullerene, charcoal and bamboo charcoal were used. After either surfac-

tant was loaded into the adsorbent by mixing well, disintegrator (ExplotabTM) was

added and mixed thoroughly. Finally, EPO solution was added to this mixture and

mixed well. The test preparations were directly administered into the rat small in-

testine at the EPO dose level of 100 IU kg�1 and EPO absorption was studied by

measuring serum EPO levels by ELISA. Labrasol showed the highest absorption

Figure 6.16. CNTs as carriers for oral delivery

of macromolecular drug. After the oral

administration of CNTs holding both

absorption enhancer (Labrasol) and EPO in

enteric capsules, CNTs are delivered to the

enterocytes where high concentration gradients

of Labrasol and EPO are formed. Consequently,

high absorption efficiency of EPO is obtained.
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enhancing effect after intra-jejunum administration than Gelucire 44/14 and

HCO-60. Therefore, Labrasol was used as an absorption enhancer for EPO and

the systems were evaluated by an in vivo absorption model using rats. As in the

case of LFMPS, CNTs can deliver both absorption enhancer and EPO by holding

onto the enterocytes, and a high concentration gradient between the intestinal

mucosal site and enterocytes is formed (Fig. 6.16). Scanning electron microscopy

(SEM) image of CNTs used in this system is shown in Fig. 6.18. As a result, a

high peak serum EPO level (Cmax), 62.7G 11.6 mIU mL�1, was obtained. Other

adsorbents showed lower Cmaxs, 25.9G 3.7 mIU mL�1 for Sylysia 550, 18.7G 5.3

mIU mL�1 for CNH, 50.0G 11.4 mIU mL�1 for fullerene, 40.4G 13.1 mIU mL�1

for charcoal and 34.1G 7.5 mIU mL�1 for bamboo charcoal, respectively. The

other BA parameter, AUC, also showed the same absorption enhancing order.

Among the used adsorbents, the BA values were in the order of CNT > fullerene

> Sylysia 550 > CNH > bamboo charcoal > charcoal, where the BA of EPO from

the CNT system was 6.7%. By formulating an enzyme inhibitor, casein, into the

adsorbent system, the BA of EPO was increased, as shown in Fig. 6.17, where

Figure 6.17. Serum EPO concentration versus time curve after

small intestinal administration of CNTs holding both

absorption enhancer (Labrasol) and EPO (100 IU kg�1).

Figure 6.18. TEM image of CNTs used for the oral delivery of EPO.
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Cmax was 143.1G 15.2 mIU mL�1, resulting in the highest BA of EPO, i.e. 11.5%.

Labrasol also showed good absorption enhancing effects on other poorly absorb-

able drugs like insulin, vancomicin and gentamicin [119, 120]. CNT is a good ad-

sorbent of Labrasol for the oral delivery of these poorly absorbable drugs.

6.4.3.2 CNTs for Intracellular Delivery of Protein

CNTs were applied to the intracellular delivery of drugs, genes and proteins. Kam

and coworkers suggested the ability of single-walled CNTs (SWNTs) to penetrate

mammalian cells and deliver various drugs i.e. peptides, the protein streptavidin

(SA) and nucleic acids inside living cells, as shown in Fig. 6.19 [121]. The investi-

Figure 6.19. Confocal microscopy of cells after

incubation in protein–SWNT (proteins labeled

to be green fluorescent) solutions for 2 h.

(a) HL60 cells after incubation in SA–SWNTs.

(b) HL60 cells after incubation in BSA–SWNTs.

(c) HeLa cells after incubation in SA–SWNTs in

the presence of the FM 4-64, a red membrane

and endocytotoxic vesicle marker. Yellow color

in the image is due to colocalization of

fluorescently labeled green proteins and red

FM 4-64. (d) HeLa cells alter incubation in

cytochrome c–SWNTs in the presence of FM

4-64.
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gated proteins were SA, protein A (SpA), bovine serum albumin (BSA) and cyto-

chrome c. Intracellular protein transport and uptake by SWNT were also generic

for various adherent and nonadherent mammalian cell lines, including HeLa,

NIH-3T3 fibroblasts, HL60 and Jurkat cells. Energy-dependent endocytosis was

confirmed to be the internalization mechanism. Furthermore, with cytochrome c
as the cargo protein, they explored the fate of internalized protein–SWNT conju-

gates, attempted to release the conjugates from the endosome vesicles into the

cell cytoplasm using chloroquine and investigated the biological functions of the

released proteins. Once released into the cytoplasm of cells, the proteins can per-

form biological functions, i.e. apoptosis, or programmed cell death, induced by

cytochrome c transported inside cells by SWNTs after their release from the endo-

somes. On the other hand, Pantarotto and coworkers and Bianco and coworkers

showed that SWNTs were generic intracellular transporters for various types of

proteins (below 80 kDa) noncovalently and nonspecifically [122, 123]. The SWNT

uptake mechanism was suggested to be via insertion and diffusion through the

lipid bilayer of the cell membrane. Therefore, a precise study must be performed

to clarify the uptake mechanism of SWNTs. Thus, SWNTs may constitute a new

class of molecular transporters for various in vitro and in vivo delivery applications.
Electroporation has been used to transfer molecules, like DNA or drugs, into liv-

ing cells, where pulsed electric fields of several kV cm�1 in amplitude and submi-

crosecond duration are required. Thereby, membrane pores are formed temporar-

ily and DNA or drugs penetrate. However, existing electroporation technology has

limitations, i.e. a low efficiency. In addition, high electric field pulses lead to cell

lysis. Chapana and coworkers applied CNTs to increase the efficiency of electropo-

ration [124]. Their technology reduces to the nanoscale the large-scale process of

electroporation by the use of CNTs as physical ‘‘electroporation vectors’’. Their

technique differs fundamentally from other methods used today, because elec-

trodes are not needed. Water dispersible CNTs have an anionic surface charge at-

tached to the surface of Gram-negative bacteria. This arises mainly due to an elec-

trostatic interaction between the CNTs and the likewise charged bacterial surface.

On the other hand, the effect of a microwave electromagnetic field pulse on the in-

teraction of CNTs with the cells leads to electropermeabilization through individual

CNTs. At first, they prepared water dispersible CNTs by treating them with acid so-

lution for 1 h in a nitric:sulfuric (1:3) acid solution, which generates carboxylic

groups at the ends as well as in the defects on the sidewalls of the CNTs. After

purification, they obtained a stable CNT suspension with no precipitation after sev-

eral months. Transmission electron microscopy (TEM) examination of the sample

shows the presence of individual CNTs approximately 40 nm in diameter and less

than 0.6 mm in length. Plasmid DNA pUC19 was successfully introduced into

Escherichia coli cells. TEM examination showed that the electroporation process

proceeded through the intact cell wall of the suspended cells without inducing

changes in their morphology. They could isolate pUC19 DNA from cultures made

from blue colonies, because b-galactosidase activity was visualized by feeding the

transformed cells a lactose analog called X-Gal that turns blue when hydrolyzed

by b-galactosidase. Therefore, the transformation of E. coli was successfully facili-
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tated by CNTs. CNTs having hollow structures were used to fulfill both require-

ments, i.e. electroporation and injection (nanopipette). If CNTs recognizing cell

surfaces can be designed, it will be possible to deliver DNA molecules and colloidal

particles confined in their interstitial channels to a particular cell type through the

cell envelope and into compartments. These applications are new challenges in cell

biology and biomedicine.

6.4.3.3 Toxicity of CNTs

In the study of Takada and coworkers, CNTs were used as carriers of oral drug de-

livery systems. However, no toxicity information about CNTs after oral or systemic

administration is available. On the other hand, when fine particles of CNTs are

aspirated by humans, a health risk occurs. The Occupational Safety and Health

Administration (OSHA) set the permissible inhalation exposure limit (PEL) for

synthetic graphite at 15 mg m�3 of total dust and 5 mg m�3 for the respirable frac-

tion [125]. Lam and coworkers performed a pulmonary toxicity study on SWNTs in

mice 7 and 90 days after intratracheal instillation [126]. Three CNT products made

by different methods and containing different types or amounts of residual metals,

i.e. raw CNTs (RNTs) and purified CNTs (PNTs), iron-containing HiPco products of

Rice and CarboLex’s nickel-containing electric-arc product (CNT), were used for

the toxicity study. For their study, mice were intratracheally administered 0, 0.1 or

0.5 mg of CNTs, a carbon black negative control or a quartz positive control and

euthanized 7 days or 90 days after treatment for histopathological study of the

lungs. All CNT products induced dose-dependent epithelioid granulomas and, in

some cases, interstitial inflammation in the animals of the 7-day groups. The le-

sions persisted and were more pronounced in the 90-day groups; the lungs of

some animals were also revealed to have peribronchial inflammation and necrosis

that had extended into the alveolar septa. The lungs of mice treated with carbon

black were normal, whereas those treated with high-dose quartz had mild to mod-

erate inflammation. Their results showed that if CNTs reach the lungs, they are

more toxic than carbon black and can be more toxic than quartz, which was consid-

ered a serious occupational health hazard in chronic exposures. Lung toxicity of in-

tratracheally instilled SWNT was also studied in rats [127]. The lungs of rats were

instilled either with 1 or 5 mg kg�1 of the following control or particle types: (i)

SWNT, (ii) quartz particles (positive control), (iii) carbonyl iron particles (negative

control), (iv) phosphate buffered saline (PBS)þ 1% Tween 80 or (v) graphite par-

ticles. Exposures to high-dose (5 mg kg�1) SWNT resulted in about 15% mortality

in the SWNT-instilled rats within 24 h postinstillation. This mortality resulted from

mechanical blockage of the upper airways by the instillation and was not due to

inherent pulmonary toxicity of the instilled SWNT particulate. Exposures to quartz

particles produced significant increases versus controls in pulmonary inflamma-

tion, cytotoxicity and lung cell parenchymal cell proliferation indices. Exposures to

SWNT produced transient inflammatory and cell injury effects. Histopathological

study indicated that pulmonary exposures to SWNT in rats produced a non-dose-

dependent series of multifocal granulomas, which were evidence of a foreign tis-
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sue body reaction and were nonuniform in distribution and not progressive beyond

1-month postexposure.

6.4.3.4 Functionalized CNTs ( f -CNTs) for Drug Delivery

As shown in Fig. 6.20, Bianko and coworkers synthesized several hydrophilic CNT

derivatives called f -CNTs), f -CNT 1–8 [128]. The aqueous solubility and cationic

surface character of f -CNTs 1 render them potentially novel delivery vehicles. They

initially showed the efficiency of f -CNTs to transport across the plasma membrane

and penetrate into the cytoplasm of cells. To obtain the proof of the concept exper-

iment, they prepared two different FITC-labeled f -CNTs, by introducing either

FITC directly to the amino functions of the soluble CNTs or a fluorescent peptide.

Their molecular structures are shown as conjugate 4 and 8 in Fig. 6.20. This

peptide mimics the effect of Gs-protein by increasing the agonist affinity for the

P-adrenergic receptor. The free peptide did not penetrate the cell membrane. To

evaluate the ability of the f -CNTs to penetrate HeLa cells, both conjugates were in-

cubated with the cells and analyzed. The intracellular distribution of the fluores-

cence was studied by fluorescence microscopy. While f -CNT conjugate 4 with the

FITC alone mainly distributed into the cytoplasm, slowly moving towards the nu-

cleus, peptide–CNTs 8 rapidly translocated into the cell nucleus. The same results

Figure 6.20. Structure of f -CNTs.
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were obtained using other types of cells including human and murine fibroblasts

and keratinocytes.

6.4.3.5 f -CNTs for Gene Delivery

f -CNTs were also used for gene delivery. Gene therapy is one of the possible meth-

ods for cancer and genetic disorder therapy. For gene targeting, viral and nonviral

vector systems must be developed. However, these vectors have several pitfalls, i.e.

induction of undesirable immune responses, inflammations and oncogenic side-

effects. Therefore, nonviral vectors have been studied because of their higher level

of safety. However, they have several limitations: (i) poor membrane permeability

of the administered oligonucleotide and plasmid DNA conjugates, and (ii) low lev-

els of gene expression. As a vector system, Bianko and coworkers also examined

the potential of f -CNTs [128]. The observation of the ensuing supramolecular as-

semblies using TEM indicated that nanotube–DNA complexes were formed. In

addition, they obtained a clear effect using the DNA complexes with f -CNTs 1

to carry the P-gal gene inside the cells, by monitoring the expression of P-

galactosidase. Improved levels of gene expression were also obtained for the f -
CNT 1–DNA complex in the range of positive:negative charge ratios between 2:1

to 6:1. Gene expression offered by the complexes between plasmid DNA with f -
CNTs was 5–10 times higher than that of DNA alone. These promising results sug-

gest the possibility of exploiting f -CNTs in gene therapy and genetic vaccination.

6.4.4

CNHs for Drug Delivery

Single-wall CNHs (SWNHs) are aggregates of graphitic tubes that have closed ends

with cone-shaped caps (horns). Each tube has a diameter of 2–3 nm, which is

larger than the 1.4 nm of typical SWNTs, while the aggregates are 80–100 nm in

diameter and have ‘‘dahlia-1ike’’ or ‘‘bud-like’’ spherical structures [129]. SWNHs

have extensive surface areas and multitudes of horn interstices, which enable large

amounts of guest molecules to be adsorbed on SWNHs [130]. Moreover, the sur-

face area can be further enlarged by oxidization, which causes the formation of

nanowindows in the SWNH walls [131]. Through these nanowindows, a variety of

small molecules [e.g. N2, Ar and fullerene (C60)] infiltrate into their inner space

and quadruple the adsorptive surface areas. In addition, the sizes of the pores can

be controlled by changing the oxidization conditions. Murakami and coworkers

prepared a series of oxidized SWNHs (oxSWNHs) having distinct molecular siev-

ing effects and their utility as a drug delivery system carrier was studied using dex-

amethasone (DEX), an anti-inflammatory drug, as a model drug [132]. DEX was

adsorbed on oxSWNHs. oxSWNHs (100 mg mL�1) were dispersed by sonication in

0.1–20 mL of a 1:1 mixture of ethanol and water and was filtrated with a 0.22-mm

filter, after which DEX (1000 mg mL�1) in ethanol:H2O (1:1) solution was added at

a volume ratio of 1:1. The resultant mixture was incubated at room temperature

overnight and then centrifuged at 18 000 g for 5 min to collect DEX–oxSWNH
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complexes, which were then dried in the vacuum overnight for experiments. At

first, they studied the release characteristics of DEX from the DEX–oxSWNHs

complex. In the case of in vitro release experiments in PBS (pH 7.4) at 37 �C, the

amount of DEX released was nearly proportional to the incubation time, i.e. 7–

10% per day during the first few days. The release rate then gradually declined

and about 50% of the total bound DEX was released from the complex within a pe-

riod of 2 weeks. When cell culture medium was used instead of PBS, distinctly dif-

ferent release profiles were obtained. Almost half of the DEX was released within

the first 8 h, after which the release rates sharply declined, so that by 24 h about

50% of the total bound DEX had been released into the RPMI l640 medium. As

mentioned above, only about 10% was released into PBS during the same time

period. One possible explanation for this difference in the release profiles is that

hydrophobic organic compounds present in the culture medium are competitively

absorbed onto the surface of oxSWNHs or they may increase the apparent solubil-

ity of DEX in medium. They also performed the biological assay of the DEX–

oxSWNH complex and showed that the DEX released from DEX–oxSWNHs had

biological activity.

Murakami and coworkers also applied oxSWNHs for the delivery of the anti-

cancer drug, doxorubicin (DXR) [133]. At first, they prepared the complex, PEG–

DXR, of PEG and DXR by introducing PEG into the amino groups of DXR. With

PEG–DXR, oxSWNHs were well dispersed in water and the mean diameter was

about 200 nm. The obtained PEG–DXR–oxSWNH had a strong antitumor activity

in the in vitro assay system.

6.5

Physicochemical Aspects of Porous Silastic Materials for Drug Delivery

In the pharmaceutical field, several porous materials, such as silica, calcium sili-

cate [97, 98], controlled pore glass [134, 135] and porous cellulose [136], are used

to formulate solid dosage forms. Among them, silica particles are characteristic

in having many sylanol groups on their surfaces, which may be able to form hydro-

gen bonds with drug molecules [137]. There are several grades of silica particles

with different properties, such as particle size, degree of hydrophilicity and pore

structure. Recently, a new grade of porous silica, mesoporous silica, has also been

developed. It has been pointed out that the porous structure itself confers special

characteristics, such as a decrease of melting point and a decrease in the crystallin-

ity of drugs entrapped in the pores [134–136, 138]. Using these characteristics of

porous silica particles, several applications have been reported in the field of phar-

maceutical preparations.

In this section, two different types of applications with porous silastic materials,

i.e. improvement in the drug dissolution properties and entrapment of peptide

drugs for their sustained release, will be introduced.
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6.5.1

Solid Dispersion Particles with Porous Silica

Improvement of the dissolution property of pharmaceuticals is extremely impor-

tant, especially since the percentage of drugs with poor water solubility has in-

creased in recent years. According to the Noyes–Whitney equation [139], the disso-

lution rate of a drug depends on its surface area and solubility. It is easier to

increase the surface area by reducing the particle size of drug crystals than to in-

crease the drug solubility. The particle size may be easily reduced by simple grind-

ing. However, the ground crystals tend to agglomerate, thereby creating a surface

with higher energy than that of the original crystals and reducing the effective sur-

face area for dissolution.

To improve the dissolution properties of drugs, several methods have been stud-

ied as pharmaceutical engineering techniques such as grinding with additive [140],

formation of salt [141] and preparation of an inclusion compound with cyclodex-

trin [142], as well as simple grinding [143]. Solid dispersion is a useful method to

disperse drugs in the molecular state in a carrier matrix [144, 145]. The interaction

between the drug molecule and carrier is responsible for drug dispersion, and may

depress the crystallization of the drug in the prepared system. The most popular

carrier materials are water-soluble polymers such as PEG [146] or PVP [147]. How-

ever, it is often reported that drugs prepared by solid dispersion with a water-

soluble polymer carrier tend to be sticky or tacky. This property leads to a decrease

in the recovery of solid dispersion in the preparation and also a difficulty in

handling in the subsequent processes. Milling or mixing with other excipients is

required before preparing the final dosage forms by plugging into capsules or tab-

letting. These processes sometimes facilitate crystallization of the drug in an amor-

phous state in the solid dispersion. The change in the crystalline forms of the drug

in the dosage form affects its BA after administration.

Takeuchi and coworkers [148] demonstrated that solid dispersion particles of a

poorly water soluble drug, tolbutamide (TBM), could be prepared by spray-drying

the diluted ammonium solution of the drug with nonporous silica, AER 200. The

spray-drying technique is a useful method to obtain spherical particles with a small

size and narrow distribution. This method also has the advantage that granulation

and drying are completed in one step. It was also confirmed that the drug was mo-

lecularly dispersed in the matrix formed with silica particles. The resultant solid

dispersion particles were free-flowing and remarkably improved the dissolution

property of the drug.

In preparing the solid dispersion particles of TBM using porous silica (Sylysia

350; Fuji Silisia, Japan) as a carrier from ethanol solution, the metastable crystal-

line form (type II) was observed in the resultant particles [149]. It is well known

that the drug crystalline form can be controlled by controlling the crystallization

conditions, such as the type of solvent and crystallization rate. In the case of

TBM, four types of crystalline forms including the stable form of type I and three

types of metastable crystalline forms (types II, III and IV) were characterized based
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on their physicochemical properties, and the dissolution, BA and stability of these

polymorphs have been investigated [150–152].

To confirm the factors controlling the crystalline forms of drug in the silica solid

dispersion particles, solid dispersion particles of TBM were prepared by formulat-

ing various types of silica such as nonporous [AER 200 (hydrophilic), AER R972

(hydrophobic)] or porous [Sylysia 350 (hydrophilic), Sylophobic 200 (hydrophobic)]

silica as carriers and applying the spray-drying or evaporation method. In the solid

dispersion particles prepared by the spray-drying method, TBM existed in a meta-

stable form (form II) irrespective of the type of silica. On the other hand, when the

evaporation method was used, various crystalline forms of TBM were observed in

the solid dispersion particles depending on the type of silica. Polymorphs of forms

III and IV were prepared with AER 200 and AER R972, respectively, while crystal-

line form II was obtained when either of the forms of porous silica, Sylysia 350 or

Sylophobic 200, was formulated [149].

There may be two main factors affecting the final crystalline form of the drug

in this process – the removal rate of solvent from the drug solution and the type

of carrier formulated with the solid dispersion. The rapid solvent evaporation

from the drug solution in the spray-drying method facilitated formation of the

metastable form II of TBM in the resultant particles irrespective of the type of sil-

ica. Formation of this crystalline form was also observed for evaporation solid dis-

persion with porous silica (Sylysia 350 or Sylophobic 200), although the solvent

evaporation speed was not rapid. In this case, formation of the metastable crystal-

line form (form II) may have been due to restriction of the crystallization of drug

molecules in the pores of carrier particles during evaporation.

To examine the pore size effect on the resultant crystalline form of TBM in evap-

oration solid dispersion particles, several types of porous silica with different aver-

age pore sizes (Tab. 6.4) were used. The solid dispersion with Sylysia 740, having

an extremely small pore size, showed metastable form III, while form II was de-

tected in other types of silica solid dispersion. This result suggested that pores of

this type of silica were not effectively utilized in this solid dispersion formulation.

In the case of other porous materials, a similar tendency was observed. Porous cel-

Tab. 6.4. Properties of porous silica and other materials

Commercial

name

Average particle

size (mm)

Specific surface

area (m2 gC1)

Pore size

(nm)

Pore volume

(mL gC1)

Sylysia 350 3.9 300 21.0 1.60

Sylysia 470 14.1 300 17.0 1.25

Sylysia 440 6.2 300 17.0 1.25

Sylysia 740 5.0 700 2.5 0.44

FLR 26.1 120 no data 150.0
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lulose, having a small pore size of 4.0 nm, formed a mixture of forms II and IV in

the resultant solid dispersion. The larger pore volume of porous cellulose than

Sylysia 740 may be responsible for the formation of form II, although the average

pore size of Sylysia 740 is as small as 2.5 nm. Another type of silastic particle, FLR,

which has extremely larger pore volume, showed form II in the resultant solid dis-

persion. We should pay attention to the critical pore size and pore volume in using

the porous silica as the drug carrier of solid dispersion [153].

The dissolution property of TBM was dramatically improved in the spray-drying

solid dispersion system with hydrophilic silica (Sylysia 350 and AER 200), as

shown in Fig. 6.21(a) [149]. Both the metastable crystalline form of the drug and

the increased hydrophilicity of the solid dispersion particle may have contributed

to this improvement. The latter effect was confirmed by measuring the drug disso-

lution of solid dispersions with the hydrophobic silica, Sylophobic 200 or AER

R972. The spray-drying solid dispersion with the hydrophobic silica containing

crystalline form II showed an extremely decreased dissolution rate (Fig. 6.21b).

TBM of evaporation solid dispersion with Sylysia 350 and AER 200 showed a sim-

ilar improved dissolution pattern to that of the corresponding spray-drying solid

dispersion, as shown in Fig. 6.21.

The drug:carrier ratio is an important factor in designing an optimum solid

dispersion system. In powder XRD analysis, the solid dispersion particles loading

excess amount of drug, which was prepared in the formulation of TBM:silica ¼

Figure 6.21. (a) Dissolution profile of TBM

from solid dispersion particles with AER 200 or

Sylysia 350 prepared by the spray-drying or

evaporation method. � ¼ Original TBM

crystals; e ¼ spray-dried TBM; C ¼ spray-

drying solid dispersion with AER 200;

m ¼ spray-drying solid dispersion with Sylysia

350; r ¼ evaporation solid dispersion with

AER 200; i ¼ evaporation solid dispersion with

Sylysia 350. (b) Dissolution profile of TBM

from solid dispersion particles with AER R972

or Sylophobic 200 prepared by the spray-drying

or evaporation method. � ¼ Original TBM

crystals; C ¼ spray-drying solid dispersion

with AER R972; m ¼ spray-drying solid

dispersion with Sylophobic 200; r ¼ eva-

poration solid dispersion with AER R972;

i ¼ evaporation solid dispersion with

Sylophobic 200.
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5:1, showed much larger peaks than that prepared with the formulation of

TBM:silica ¼ 1:1. The resultant drug dissolution rate was decreased. When the

spray-drying method was used, the results were almost the same [153].

From the practical point of view, the stability of metastable crystalline forms of

drugs in the solid dispersion particles is an important factor in designing the final

dosage forms. The metastable form of TBM in the solid dispersion particles was

stable for at least 4 weeks when stored at 60 �C and 0% relative humidity (RH),

while the spray-dried TBM without silica (form II) gradually changed to the stable

form (form I) under the same storage conditions. Under humid storage conditions

(60 �C, 75% RH), the spray-dried TBM without silica (form II) immediately con-

verted into the stable form (form I) within 1 day, while TBM (form II) in the solid

dispersions in a matrix of silica was stable for at least 1 week. In comparing their

stability with respect to the type of carrier particles formulated in the solid disper-

sion, porous Sylysia 350 was more effective than nonporous AER 200. The same

tendency was observed for the evaporation solid dispersion. As shown in Tab. 6.5,

metastable form II in evaporation solid dispersion with Sylysia 350 was unchanged

for up to 14 days, while metastable form III in AER 200 was converted to stable

form I within the same storage period [149].

The effectiveness of porous silica as a solid dispersion carrier was confirmed

using another model drug, IMC [154, 155]. IMC, whose solubility in water is 5

mg mL�1 [156], has a tendency to form an amorphous state. This amorphous state

property of IMC was examined extensively by many workers [157, 158]. Zografi

Tab. 6.5. Stability of the crystalline form of TBM in solid

dispersion particles prepared by different methods stored at

0% or 75% RH and 60 �C

RH Solid dispersion Evaporation

No AER 200 Sylysia 350 AER 200 Sylysia 350

II II II III II

0% 60 �C IþII II II III II

IþII II II III II

IþII II II IþIII II

IþII II II IþIII II

I II II IþIII II

75% II II II III II

I II II III II

I II II IþIII II

I IþII II I II

I IþII hallo pattern I hallo pattern

I IþII hallo pattern I hallo pattern
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and coworkers [159, 160] reported the interaction of IMC and PVP at the molecular

level and the effect of PVP on the inhibition of crystallization of amorphous IMC

in the solid dispersion system. Yoshioka and coworkers also reported the crystalli-

zation of IMC from the amorphous state above and below its glass transition tem-

perature [161].

The solid dispersion particles of IMC were prepared with nonporous (AER 200)

or porous silica (Sylysia 350) in a similar way as for TBM solid dispersion [155].

The powder XRD charts shown in Fig. 6.22 show the decreased crystallinity of

IMC for spray-dried IMC and the solid dispersion particles. IMC in solid disper-

sion particles is almost amorphous irrespective of the type of silica formulated. In

characterizing them based on the trace size of the peaks in the powder XRD charts,

the crystalline form of the spray-dried IMC was a mixture of the metastable form

(a-form) and stable form (g-form), while the original IMC crystals were the stable

form (g-form). Differential scanning calorimetry (DSC) patterns of various types of

IMC and IMC in solid dispersion particles are shown in Fig. 6.23. The profile of

spray-dried IMC showed transformation of the amorphous part of IMC into the

metastable crystalline form by heating. On the other hand, the solid dispersion par-

ticles containing amorphous IMC showed a trace endothermic peak at the lower

temperature compared to the melting endothermic peak for the stable or metasta-

ble IMC crystals, which confirmed that the carrier prevented the crystallization of

amorphous IMC. Comparing the small endothermic peak for the two types of solid

dispersion particles with different types of silica, the area of melting peak of IMC

in solid dispersion with Sylysia 350 is smaller and the position of the peak is at a

lower temperature than that with AER 200. In general, the melting point of drug

molecules in the pore is lower than that in the bulk state [162, 163]. Nakai and

Figure 6.22. Powder XRD patterns of various

types of IMC and solid dispersion particles

with AER 200 or Sylysia 350. (A) Original IMC

crystals (g-form). (B) Metastable IMC crystals

(a-form). (C) Amorphous IMC. (D) Spray-dried

IMC. (E) Solid dispersion particles with AER1

200. (F) Solid dispersion particles with Sylysia

350.
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coworkers reported this phenomenon with porous silica or porous cellulose as the

carrier in the mixing system of drug crystals and the porous materials [97, 136,

138].

Figure 6.24 shows the dissolution profile of IMC from the solid dispersion par-

ticles with AER 200 or Sylysia 350 [155]. The dissolution rate of spray-dried IMC

Figure 6.23. DSC patterns of various types of

IMC and solid dispersion particles with AER

200 or Sylysia 350. (A) Original IMC crystals

(g-form). (B) Metastable IMC crystals (a-form).

(C) Amorphous IMC. (D) Spray-dried IMC.

(E) Solid dispersion particles with AER1 200.

(F) Solid dispersion particles with Sylysia 350.

Figure 6.24. Dissolution profiles of IMC from solid dispersion

particles with AER 200 or Sylysia 350. þ ¼ Original IMC

crystals (g-form). � ¼ Spray-dried IMC. a ¼ Solid dispersion

particles with AER 200. e ¼ Solid dispersion particles with

Sylysia 350.
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particles was faster than that of original IMC crystals because of the decrease in

particle size, crystallinity and change in the crystalline form. However, 100% of

spray-dried IMC could not dissolve within 60 min. On the other hand, the dissolu-

tion profile of IMC in the solid dispersions particles was remarkably improved irre-

spective of the type of silica formulated. This might be due to the improvement in

wettability and dispersibility in the medium as well as the decrease in crystallinity

of IMC in the particles, as mentioned above for the TBM solid dispersion with sil-

ica. Comparing the dissolution profiles of solid dispersion particles with AER 200

and Sylysia 350, the dissolution rate of IMC from solid dispersion particles with

Sylysia 350 was faster than that with AER 200. As the drug crystallinity of the solid

dispersion particles is almost the same, the difference in wettability may be respon-

sible for the difference in the drug dissolution rate of the two different types of

solid dispersion particles.

The effect of wettability on the dissolution property was clearly demonstrated

with the solid dispersion particle with Sylysia 740, whose average pore size is

2.5 nm (Tab. 6.4). The dissolution rate of IMC solid dispersion with Sylysia 740

was much decreased compared with that of Sylysia 350, although Sylysia 740 was

also hydrophilic silica and the drug to silica formulating ratio was the same at 1:1

[154]. The measured specific surface areas of the solid dispersion particle with

Sylysia 740 and Sylysia 350 were 7.4 and 99.5 m2 g�1, while those of Sylysia 740

and Sylysia 350 were 700 and 300 m2 g�1, respectively. The greatly decreased spe-

cific surface area of Sylysia 740 solid dispersion implied the stuffing of pores with

silica, which may lead to the reduced dispersion of the drug molecule in the pore

of the carrier and covering of the silica particles with the hydrophobic drug mole-

cule, as illustrated in Fig. 6.25. Thus, the resultant drug dissolution was decreased

due to the hydrophobic property of the solid dispersion. These results may show

that the pore size of silica is an important factor in obtaining the improved disso-

lution profile of the solid dispersion system.

The stabilizing effect of porous silica on the amorphous state of drugs was the

same as observed in the case of the metastable form of TBM. In a stability test,

Figure 6.25. Schematic drawing of the state of IMC molecules

in the pore of solid dispersions with Sylysia 350 or Sylysia 740.
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amorphous IMC in the solid dispersion particles with each of the silica particles

did not crystallize under storing at severe storage conditions (40 �C, 75% RH) for

2 months, while amorphous IMC without silica easily crystallized under the same

conditions.

Through these two examples mentioned above, we can conclude that the porous

silica particle effectively forms solid dispersion particles of poorly water-soluble

drugs. Although nonporous colloidal silica has a similar carrier property to form

an amorphous state of the drug in the particles, porous silica is sometimes supe-

rior to nonporous silica from the point of the resultant drug dissolution property or

stability of the amorphous or metastable state of the drug.

Watanabe and coworkers [137] have reported that controlled release of IMC with

nonporous silica leads to an improvement in its BA in an in vivo experiment. For

this experiment, IMC was compounded with silica (AER 200) by cogrinding or

melt-quenching. The initial dissolution rate of the coground compound was lower

than the melt-quenched one, although both of them showed higher dissolution

rates than a simple physical mixture of crystalline IMC and silica. The lower disso-

lution rate of coground IMC was explained by a stronger chemical interaction be-

tween IMC and the mechanically induced siloxane dangling bonds on the surface

of silica. The resultant AUC values of coground and melt-quenched compounds

were 1711 and 1519 mg h mL�1, respectively, while that of the physical mixture

was 751 mg h mL�1. These results suggested that the initial controlled release of

the drug leads to a higher BA.

6.5.2

Mesoporous Silica

Mesoporous silica is a porous silica with tightly size-controlled pores of 2–50 nm.

Two types of mesoporous silica, i.e. FSM16 [164] and MCM-41 [165], have been

developed by two different groups separately [166]. Both of them have the same

hexagonal pore structure, although the proposed structure formation mechanism

is different. FSM16 can be synthesized from a layered silicate, kanemaite, and a

folding sheet mechanism was proposed. The process including the resultant struc-

ture of FSM16 is illustrated in Fig. 6.26 [166]. The pore size and specific surface

area of FSM16 are 3.0 nm and around 1000 m2 g�1, respectively. Although there

are several reports on mesoporous silica dealing with the preparation process and

application in catalysis, few papers are available in the field of pharmaceutical

engineering [166].

We have examined the usefulness of this porous particle as a carrier of the

macromolecular drug insulin, because its pore size is comparable to that of the

macromolecules. The simple adsorption profile of insulin on FSM16 is shown in

Fig. 6.27 [167]. By assuming Langmuir-type adsorption, the maximum adsorption

amount was estimated as 137 mg mg�1 of FSM16. The adsorption amount of insu-

lin to Sylysia 350 or Sylysia 740 was low, although their surface area is comparable

to that of FSM16 and the pore size of Sylysia 740 (2.5 nm) is similar to that of

FSM16.
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To increase the entrapment efficiency of insulin into the porous material, we de-

vised a freeze–thawing method. Although the freeze–thawing method has been re-

ported as a drug encapsulation method into liposomes, the concept of this freeze–

thawing method for mesoporous silica is completely different. In this method, we

used nonfrozen water formed in the pores of particles. In general, porous material

has special properties such as a decreased melting point and forms nonfrozen wa-

ter in the pores [162, 163]. It has also been reported that silica gel forms nonfrozen

water on its surface and that nonfrozen water can be formed in the porous materi-

als [168–170]. Morishige and coworkers [170] have observed that free water in the

pores of MCM with a pore diameter of 4.2 nm was frozen abruptly around 232 K to

give rise to cubic ice, while the water confined in the pores with a pore diameter of

Figure 6.26. Formation and pore structure of FSM.

Figure 6.27. Adsorption amount of insulin on FSM16, Sylysia

350 and Sylysia 740 at various concentration of insulin

solution. Adsorption conditions: temperature ¼ 5 �C; shaking
time ¼ 24 h.
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2.4 nm was frozen very gradually at lower temperature. To confirm the formation

of nonfrozen water in FSM16, we measured DSC patterns of FSM16 containing

water. As shown in the DSC chart (Fig. 6.28), two clear exothermic peaks in the

freezing process and two endothermic peaks in the melting process were observed

[167]. The peaks observed at the lower temperature may be attributed to the freez-

ing and melting of water in the pores. In the case of Sylysia 350, such peaks were

not observed, because the pore size was much larger than FSM16. In the case of

Sylysia 740, similar peaks were detected because its average pore size is as small

as FSM16. However, the peaks were very small compared with that of FSM16.

This may be attributed to its large pore size distribution, as observed for normal

silica.

In freezing the FSM16 suspension in drug solution, the drug solution may be

concentrated in the pores when the bulk water is frozen and then the freezing

is stopped just before freezing of the pore water. Based on the DSC analysis which

showed the pore water was frozen at around �40 �C, the freezing temperature

in the freeze–thawing method was set at �30 �C. Figure 6.29 shows the increased

entrapment of insulin into FSM16 using this freeze–thawing method. The entrap-

ment amount increased by increasing the number of freezing–thawing cycles.

When the freezing temperature was set at �100 instead of �30 �C, the efficiency

was much reduced. This result confirmed our assumption stated above for the

mechanism of drug entrapment in the freeze–thawing method. In both cases of

Sylysia 350 and Sylysia 740, the entrapment amount of insulin was in the range

of 50–100 mg mg�1, even by applying this freeze–thawing method (10 times) [167].

The drug release from the insulin-loaded FSM16 was measured in vitro. The
result showed that half of the entrapped insulin was released within 1 h (burst re-

Figure 6.28. DSC profiles of FSM16 containing water.
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lease) followed by a very slow and sustained release (1.3 mg mg�1 of FSM16 day�1).

To utilize mesoporous silica as a drug carrier, it may be important to control the

burst release. This might be achieved by modifying the entrance of the pores of

FSM with some hydrophobic molecules.

To check the effectiveness of the freeze–thawing method in the encapsulation of

macromolecules, three types of FITC–dextran with different molecular weights

(4400, 9500 and 21 200) were selected as a model drugs [171]. When the adsorption

amount of these FITC–dextran was compared under the same conditions, where

10 mg of FSM16 was dispersed in 1 mg mL�1 of drug solution at 5 �C, the adsorp-

tion amount of FITC–dextran depended on their molecular weight, in the order

of FITC–dex4400 > FITC–dex9500 > FITC–dex21200. In applying the freeze–

thawing method to the entrapment of these FITC–dextrans, the entrapment

amount was increased, as shown in Fig. 6.30. As the adsorbed amount of FITC–

dex9500 and FITC–dex21200 was very small in the simple adsorption process,

their adsorption amounts to FSM16 with the freeze–thawing method were 6.1

and 20.7 times higher compared with a simple adsorption procedure, respectively.

FSM16 is also an excellent carrier for poorly water-soluble drugs with low molec-

ular weight as well as usual porous silica (as discussed in the previous section). We

prepared a solid dispersion of beclomethasone propionate using FSM16 as a car-

rier in the same manner as for the Sylysia solid dispersion [172]. The simple ad-

sorption amount of drug to FSM16 in the dichloromethane solution was large

and the maximum adsorption amount was estimated as 333.3 mg mg�1 of FSM16.

In the case of Sylysia 350, the estimated maximum adsorption amount was 156.3

mg mg�1 FSM16. In the dissolution test, FSM16 solid dispersion showed a super-

saturated concentration of the drug, which was 3 times higher than the saturated

concentration, while Sylysia 350 solid dispersion showed almost the same drug

concentration as the crystalline drug. The different drug dissolution phenomenon

Figure 6.29. Entrapment of insulin into FSM16 with the

freeze–thawing method. Initial adsorption conditions:

temperature ¼ 5 �C; shaking time ¼ 24 h. *Maximum

adsorption amount of insulin on FSM16 calculated with the

Langmuir adsorption isotherm (137.0 mg mg�1).
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for FSM16 and Sylysia 350 solid dispersions suggested different adsorption modes

or forces between the surface of the silica and the drug molecule.

Tozuka and coworkers [173] recently investigated the adsorption and entrapment

of salicylamide molecules into FSM16. They confirmed crystalline salicylamide

converted into an amorphous state on heating at 120 �C for 3 h. By measuring a

shift in the fluorescence emission peak of salicylamide in the carrier, they sug-

gested dispersion of the drug molecule into the hexagonal channels during the

heating process. It was also demonstrated that the dissolution rate of the solid dis-

persion was higher than the crystalline one.

As mesoporous silica such as FSM16 is quite a new product, for which large-

scale production processes are still being developed, the number of reports in the

pharmaceutical field is small. However, data shown in this section may indicate its

unique characteristics due to its extremely high surface area and tightly controlled

pore size. A lot of interesting data should follow in the near future.
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Vila-Iato, J. L., Alonso, M. J. 1997.

Chitosan and chitosan/ethylene

oxide–propylene oxide block

copolymer nanoparticles as novel

carriers for proteins and vaccines.

Pharmac. Res. 14, 1431–1436.
43 Erbacher, P., Zou, S., Bettinger, T.,

Steffan, A. M., Remy, J. S. 1998.

Chitosan-based vector/DNA complexes

for gene delivery: biophysical charac-

teristics and transfection ability.

Pharmac. Res. 15, 1332–1339.
44 Hassan, E. E., Parish, R. C., Gallo,

J. M. 1992. Optimized formulation of

magnetic chitosan microspheres

containing the anticancer agent,

oxantrazole. Pharmac. Res. 9, 390–397.
45 Pavanetto, F., Perugini, P., Conti,

B., Modena, T., Genta, I. 1996.

Evaluation of process parameters

involved in chitosan microsphere

preparation by the o/w/o multiple

emulsion method. J. Microencapsul. 13,
679–688.
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NANOEGG1 Technology for Drug Delivery

Yoko Yamaguchi and Rie Igarashi

7.1

Introduction

Retinoids, the natural and synthetic metabolites and analogs of vitamin A (retinol),

are important regulators of epidermal proliferation and differentiation [1–6]. All-

trans retinoic acid (ATRA, vitamin A acid) is the major naturally occurring biolog-

ically active form among retinoids. In various epithelia that normally keratinize,

ATRA inhibits keratinization and induces mucous metaplasia [7, 8]. Nevertheless,

ATRA has been a focus of research into topical treatments for aged skin for more

than 15 years. In 1986, Klingman and coworkers [9, 10] reported that ATRA could

produce smoother, less wrinkled and less pigmented skin after a few months of

treatment. Melanin loss and less-wrinkled skin are, however, frequently accompa-

nied by excess skin irritation after ATRA treatment [11]. Clinical responses pre-

dominantly comprised severe irritant dermatitis in the early stages of application

(around 3 or 4 days). Such damage with a high magnitude of inflammatory events

after ATRA treatment can induce chronic skin pigmentation on the area being

treated, potentially resulting in imperfect repair of skin displaying a pigmented

appearance. Inflammation can occur through at least two mechanisms: the acidic

function (-COOH) of the terminal domain is in principle an inducer, and the pre-

sence and long-term adhesion of ATRA molecules on the stratum corneum epider-

midis would presumably act as a strong irritatant. Preventing undesirable adverse

effects would be expected to allow ATRA therapy to overcome the limitations of

classical ATRA therapy.

In this chapter, we describe the development of a novel drug delivery system us-

ing nanotechnology with a core–shell structure using a boundary-organized nano-

scale reaction. This reaction is based on the biological control of mineralization

which refers to the general biochemical activity of the cells [12]. In the enclosed

environments, the cells have several important functions, including spatial delinea-

tion, ion accumulation, mineral nucleation and transportation. Phospholipid and

polypeptide vesicles, cellular assemblies, and macromolecular frameworks can be

assembled into enclosed permeable structures that provide diffusion-limited spaces

for biomineralization processes. The study of biomineralization offered valuable

310



insights into the scope of materials chemistry at the organic–inorganic interface.

Mann [13] began some examples that involved biomineral-inspired approaches for

the synthesis of inorganic nanoparticles using boundary-organized nanoscale reac-

tion droplets. Reverse micelles, microemulsions, vesicles and lipid bilayer films are

templates for the nucleation of minerals. The synthesis of nanoparticles with a

core–shell (minerals) structure requires the supramolecular assembly of structures

that contain chemical reactions or phase transformations.

The conceptual framework in this study is that the preparation of ATRA nano-

particles with a core–shell structure (NANOEGG) plays a crucial role in solving

the low permeation of ATRA into spaces in the stratum corneum epidermidis

and the strong symptoms of irritation. Preparation of NANOEGG particles was

achieved using boundary-organized nanoscale reaction droplets [13]. The strategy

in which micelles are utilized as a drug carrier is already well known in the drug

delivery system field. Although the normal micelles are thermodynamically stable,

for human application there remains the problem of stability of micelles in blood

after the injection. As a result, drugs included in micelles would be immediately

released. Thus, a micelle system is occasionally not enough to control the long-

term drug-release kinetics. The novel NANOEGG system is not in the equilibrium

state because ATRA molecules cannot migrate from the micelle self-assembly to the

continuous aqueous phase due to an inorganic coating on the surface of the mi-

celle. It can be expected that NANOEGG will improve the potential of micelles in

the drug delivery system field. This chapter provides a novel drug delivery system

technology such that NANOEGG may not only prevent adverse effects, but also

markedly enhance its main effect. Indeed, this technology would become an evolu-

tion of classical ATRA therapy and may enhance the potential utility in the topical

drug delivery field.

In Section 7.2, the discussion focuses on the equilibrium and kinetic parameters

that govern the behavior of ATRA within aqueous phase, and how the core–shell

structure of NANOEGG is prepared, and the shelf stability of ATRA molecule,

which is one of the improved points of NANOEGG structure, is explained. The

possible implications of NANOEGG for the pharmacological mechanisms underly-

ing the dermatological aspects of ATRA biology are then considered. In final sec-

tion, as well as other aspects and drugs of NANOEGG, attention is placed on the

role of NANOEGG in regeneration medicine, especially diabetes therapy medicine.

7.2

New Nanoparticles with a Core–Shell Structure: The NANOEGG System

7.2.1

Physicochemical Properties and Action of ATRA

Retinoids, the natural and synthetic metabolites and analogs of vitamin A (retinol),

are important regulators of epidermal proliferation and differentiation. In recent

years, discovery of the in vitro and in vivo differentiation of acute promyelocytic
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leukemia (APL) blasts by ATRA has modified the therapeutic approach of APL, but

has also led to important advances in the biology of APL and opened up new per-

spectives for differentiation therapy in cancer.

As a consequence of the presence of a large hydrophobic moiety in ATRA

(Fig. 7.1), this compound is poorly soluble in water. This compound is comprised

of three distinct structural domains: a b-ionone ring, a polyunsaturated chain and

a polar end-group. The polar end-group of ATRA exists in a higher oxidation

state than retinol and/or retinal. Quantitative data on the aqueous solubility of

ATRA is scarce. One study used a spectrophotometric method relying on the differ-

ential absorption spectra of ATRA in water versus ethanol to measure the aqueous

solubility of ATRA and found that the solubility limit of ATRA in water is 210 nM

[14]. It should be noted, however, that interpretation of the data concerning ATRA

may be complicated because whilst the absorption spectrum of ATRA is indeed

sensitive to the polarity of the solvent, the spectrum also changes dramatically in

response to variations in pH and in the ionization state of ATRA.

Self-aggregation of ATRA can have significant implications for the biological

functions of this compound. For example, a reasonable explanation for the obser-

vation that the solubility of ATRA in water is higher than predicted [15] is that

the observed solubility reflects self-association into micelles rather than the mono-

meric ATRA solubility. Thus, micelle formation may allow higher than expected

aqueous concentrations of ATRA to be maintained and this concentration may be

high enough to support diffusional fluxes of free ATRA sufficient for short-

distance transport in cells or to allow metabolism of free ATRA. Another action of

ATRA that may be affected by its self-association properties relates to the often-

raised notion that at least some of the toxic effects of vitamin A are due to surface-

active, ‘‘membranolytic’’, properties. Consideration of the chemical structure of

ATRA suggests that its amphipathic nature results in ‘‘detergent-like’’ characteris-

tics, and several studies have shown that the presence of ATRA affects various as-

pects of membrane structure and function [16, 17]. As with other detergents, ATRA

may disrupt membranes both by intercalating into the lipids, thereby changing the

characteristics of the bilayer, and by drawing lipids out of the bilayers into ATRA–

lipid mixed micelles, leading to dissolution of the membranes. Few studies have

addressed the self-association properties of ATRA. The ATRA molecules may carry

an actual net charge. This feature may result in a stronger detergent-like character-

istic of the ATRA and perhaps provide an explanation for the reported differences

Figure 7.1. Structure of ATRA (molecular weight: 300.44).
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between the effects of ATRA versus other retinoids on membranes [17]. This con-

sideration raises the question of whether the carboxyl group of ATRA is protonated

or negatively charged at physiological pH and whether the self-association charac-

teristics of ATRA affect the compound’s ionization state.

The physicochemical properties of ATRA and the characteristics of its interac-

tions with the various environments in which it is distributed in vivo affect its bio-

logical functions. As a consequence of the presence of a large hydrophobic moiety

in ATRA, it is poorly soluble in water. However, self-aggregation of ATRA can have

significant implications for the biological function of this compound. It has been

reported that while the pK of monomeric ATRA in an aqueous medium is lower

than 6.1, the transition from a monomeric to a micellar state results in an increase

in pK to 8.5, i.e. micelle formation stabilizes the protonated form of ATRA [18].

Thus, at physiological pH and at concentrations of ATRA that are higher than the

critical micellar concentration (CMC), a large fraction of ATRA is protonated; at

concentrations of ATRA that are lower than the CMC, a predominant fraction of

ATRA is ionized. As the aqueous solubility of the anionic ATRA is significantly

higher than the solubility of the protonated form, these observations suggest that

the concentrations of free ATRA molecules in aqueous spaces in vivo are indeed of

the order of 20–50 mM.

In the presence of alkaline or physiological pH, ATRA molecules self-associate

and formed micelles in aqueous solution [19]. In an alkaline environment, hydro-

phobic ATRA molecules abruptly change to amphiphilic molecules and when a

specific concentration of ATRA is exceeded, micelles spontaneously form in water

as an oriented colloidal aggregate. The CMC of ATRA was detected by the specific

electron conductivity method (Fig. 7.2). Phillips defined CMC as the concentration

corresponding to the maximum change in the gradient in the solution property

versus concentration (f–Ct) curve [20]:

ðd3
f=dC3

t ÞCt¼CMC ¼ 0; ð1Þ

where:

f ¼ a½S� þ b½M�; ð2Þ

where a and b are proportionality constants, Ct is the concentration of surfactant,

and [S] and [M] are the concentrations of monomeric surfactant and micelle, re-

spectively. Figures 7.2 shows the determination of CMC with surfactant in the case

that the solution property f is the electrical conductivity change. In an ionic surfac-

tant system, higher concentrations are necessary to overcome the electrostatic re-

pulsion between ionic head-groups of ionic surfactants during aggregation. As a

result, the repulsive interaction between the head-groups in an ionic micelle is

moderated by the strong counterion binding to the surface in the process of mi-

celle formation. This idea is easy to understand from the fact that the slope before

formation of a micelle is larger than that above the CMC in the conductivity mea-

surements.
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The CMC of ATRA is lower than 1 mM [19], but more than three orders of mag-

nitude lower than reported CMC values for bile acids [21] and 10-fold lower than

the CMC of the long-chain fatty acid palmitate [22]. This observation indicates

that ATRA self-associate into micelles at substantially lower concentrations than

other small amphipathic compounds.

7.2.2

NANOEGG Preparation and Characterization

Above the CMC, we synthesized inorganic-coated nanoparticles using boundary-

organized nanoscale reaction droplets. In turn, the interfacial properties of organic

architectures, in ATRA micelles, were used to template the nucleation and growth

of inorganic minerals (CaCO3). Since the surface of ATRA micelles displays nu-

merous negative charges, oppositely charged ions (such as Ca2þ divalent ions) can

easily thermodynamically adsorb on the surface. The interfacial properties of the

ATRA micelle can thus be used to template the formation of a CaCO3 shell. This

procedure is shown in Scheme 7.1. The surfaces of ATRA micelles containing non-

ionic surfactant were coated by inorganic CaCO3 with an amorphous structure.

First, the mixed micelle of ATRA molecules and nonionic surfactant with polyoxy-

ethylene function was prepared to prevent micelle sedimentation after the adsorp-

tion of divalent ions. The adsorption of divalent Ca2þ ions and the dissociation of

surface charge of the micelle should be strongly suppressed. Finally, the micelle

Figure 7.2. CMC of ATRA molecules in the presence of NaOH

aqueous medium using the specific electric conductivity

measurement. The measurement was carried out 25 �C under

stirring. The dashed line corresponds to the CMC.
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would sediment. The presence of polyoxyethylene function on the micelle surface

can maintain the hydrophilic character even if divalent ions are bound on ATRA

micelle.

The solution properties of a binary surfactant mixture fall either between or out-

side the solution properties of the two single-surfactant solutions. Most CMCs of

binary surfactant mixtures fall between the CMCs of the two components. Many

of the theories concerning the CMC of binary surfactant mixtures have assumed

the ideal of each component in the micellar phase [23]. An approach using a non-

homologous surfactant mixture can elucidate binary mixtures quite well by using

the single adjustable parameter developed by Rubingh [24]. At the CMC (C) of the

binary system, the following relationships are satisfied from the mass balances for

components 1 and 2:

aC ¼ C1 and ð1� aÞC ¼ C2; ð3Þ

where a is the net mole fraction of component 1, C1 is the concentration of compo-

nent 1 and C2 is the concentration of component 2. Then:

aC ¼ g1xC1
0

ð1� aÞC ¼ g2ð1� xÞC2
0; ð4Þ

where x is the mole fraction of component 1 in the binary surfactant phase, C1
0

and C2
0 are the CMCs of each single component, and g is the activity coefficient

due to nonideal mixing. If the values of C1
0, C2

0, g1 and g2 are available, x, C1

and C2 may be determined by calculation. The values of C1
0 and C2

0 are obtained

from the CMC values of the single-surfactant solutions, but the activity coefficients

are given by the regular solution theory as:

Scheme 7.1. Schematic preparation process of NANOEGG

particles with a core–shell (CaCO3) structure. The aqueous

solution containing ATRA molecules is seen to be transparent

in each step without any sedimentation.
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g1 ¼ exp½bð1� xÞ2�

g2 ¼ exp½bx2�: ð5Þ

At the same time, b can be evaluated by substituting Eq. (4) into (5):

b ¼ lnðaC=xC1
0Þ=ð1� xÞ2: ð6Þ

In general, a single parameter value of b is determined by averaging the b values

against each a value over the entire composition range. The b value is an index of

interaction between two surfactants. The sigh of b corresponds to positive or nega-

tive deviation from ideal, and moderate interaction between anionic and nonionic

surfactants was shown for many binary surfactant systems. Thus, our micellar sys-

tem between ATRA as anionic surfactant and nonionic surfactant maybe forms

homogenous mixed micelles, and could not form ATRA and nonionic surfactant

micelles, respectively. In the dynamic light scattering (DLS) measurement, two dif-

ferent diffusion coefficients of each micelle are usually detected when the different

micelles are present in the system. At this case the correlation function will decay

double exponentially as a function of delay time. DLS measurement was carried

out on the binary ATRA and nonionic surfactant system (Fig. 7.3). The correlation

function almost decayed mono-exponentially (solid line in Fig. 7.3). This is evi-

dence for the presence of only mixed micelles being formed under our conditions.

As CaCO3 is formed on the high curvature 1/R, where R is the radius of the mi-

celle, its structure is rather difficult in crystal state. Wide-angle X-ray scattering

shows the broad scattering curve between 5� and 10� angles (data is not shown).

Figure 7.3. DLS measurements of ATRA

sodium salt and nonionic surfactant in

aqueous solution. The correlation function of

ATRA sodium salt and nonionic surfactant

mixed solution (45 mg L�1 of ATRA and 330

mg L�1 of nonionic surfactant) was measured

at 25 �C as a function of decay time. The curve

fittings were carried out by two methods, i.e.

single- and double-exponential decays.
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High biocompatibility of the CaCO3 structure is thus expected due to the amor-

phous coating on micelle. Thus, calcium storage in the epidermal and/or dermal

region cannot take place after the external treatment.

Analysis by small-angle X-ray scattering (SAXS) reveals the presence of spherical

micelles of ATRA molecules with a diameter of around 10 nm (Fig. 7.4a). This size

corresponds well with the normal ionic surfactant system [13]. The SAXS profile

reveals an eggshell-like structure with different electron densities in the inner

structure. Discontinuous electron distribution in the inner structure is detected as

a peak with a specific scattering-angle region (Fig. 7.4a). The presence of this sharp

peak corresponds to a discrete thin layer of CaCO3 on the surface of the ATRA mi-

celle. This micelle displaying a core–shell (ATRA–CaCO3) structure represents the

NANOEGG particles. In addition, since the diameter of NANOEGG is estimated to

be 13–16 nm using the scattering curve in Fig. 7.4(a), the thickness of the CaCO3

layer is probably 1.5–3 nm. The presence of an egg-like core–shell structure was

also confirmed using freeze-fracture transmission electron microscopy (Fig. 7.4b).

The schematic structure of the NANOEGG system is shown in Fig. 7.5. In fact,

the shell-like structure of 1–2 nm width was observed outside of the spherical

ATRA particles.

7.2.3

Improved Lability of ATRA in the NANOEGG System

The conjugated double bonds of the isoprenoid chain render ATRA susceptible to

photodegradation, isomerization and oxidation. Consequently, naturally occurring

ATRA is extremely labile. Actually, the structural integrity of ATRA must be main-

tained in vivo. The answer lies in part with the observation that most retinoids in
vivo are associated with retinoid-binding proteins. Many of these proteins bind

Figure 7.4. Physicochemical properties of NANOEGG in

aqueous media. (a) SAXS patterns as a function of scattering

vector. Solid line: ATRA micelle (1.0 wt%); dotted line:

NANOEGG particles (1.0 wt% as ATRA). (b) Freeze-fracture

TEM of NANOEGG aqueous solution. Bar ¼ 0.1 mm.
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their ligands in hydrophobic pockets, thereby effectively shielding them from the

aqueous environment. Binding to proteins is thus expected to protect ATRA from

nonspecific oxidation and may also stabilize its isomerization state. In the same

way, micelle formation of ATRA molecules can be expected to protect ATRA from

the aqueous environment. The life-times of free ATRA in cytosol and in extracellu-

lar spaces, and the mechanisms by which the integrity of ATRA in these pools is

maintained, are unknown. However, it has been reported that both degradation and

isomerization of ATRA in water can be prevented by addition of biological antioxi-

dants such as tocopherol [25, 26], suggesting the possibility that under at least

some physiological conditions free ATRA can remain stable in cytosol. Even with

the use of an antioxidant, the stability of ATRA micelles cannot be maintained

over 95% of its activity for 3 years at room temperature and/or 6 months at 50 �C.

Unfortunately, such a stability level of ATRA cannot be employed by pharmaceuti-

cal companies.

Figure 7.6 shows the high potential of NANOEGG for improved stability. As

ATRA has a specific maximum absorbance at 340–345 nm, born of the decrease

Figure 7.5. Schematic representation of a NANOEGG particle.

The worm-like ribbon in the representation corresponds to the

PEG function. The inside domain corresponds to ATRA

molecules.

Figure 7.6. Stability of ATRA (circles) and NANOEGG

(squares) at 40 �C. The ATRA was solubilized in ethanol as a

negative control. Each sample was packed in the sunscreen

tube.
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of peak height and isomeric another peak detection in HPLC measurement are

available concerning to the loss of activity. It can be seen that the peak height of

NANOEGG scarcely changed for approximately 70 days in the accelerated environ-

ment at 40 �C, even without any antioxidant. It can be seen, thus, that the lability

of the ATRA molecule was rather improved against temperature, as can be ex-

pected. As a result, long-term storage of ATRA ointment became possible.

7.3

NANOEGG for Dermatological Aspects

Within the epidermis, the processes of proliferation and differentiation are tightly

controlled, resulting in a tissue at steady-state in which the cells that are desqua-

mated and lost are equal to those that are produced in the germinative basal layer.

Cells within the basal layer are highly proliferative and display an undifferentiated

phenotype characterized by the coexpression of cytokeratin 5/14 (K5/K14) [27]. Mi-

tosis is restricted to the basal layer and, as keratinocytes migrate into the supra-

basal layers, they undergo a well-defined program of thermal differentiation, char-

acterized by the coordinated induction of specific proteins. The initial change is

the loss of K5/K14 expression and the synthesis of the K1/K10 keratins [28]. With

subsequent movement into more suprabasal layers, cornified envelope substrate

proteins are synthesized, including lorocrin [29], filaggrin and involucrin, together

with type 1 transglutaminase – the calcium-dependent enzyme responsible for the

crosslinking of the proteins. During the final stages of the differentiation process,

the substrate protein crosslinking forms the resistant cornified envelopes, resulting

in the cutaneous permeability barrier.

The dramatic effects of ATRA upon the skin have been known for many years.

Hyperkeratinization is the result of ATRA deficiency in animals, with many epithe-

lial sites becoming satisfied and keratinized. The historical data has been sup-

ported somewhat by more recent in vitro data. When keratinocytes are treated

in vitro, ATRA inhibits terminal differentiation, suppressing the expression of

K1/K10, profilaggrin, lorocrin, involucrin, transglutaminase and cornified envelope

formation. The topical application of ATRA promotes keratinocyte proliferation, re-

sulting in epidermal hyperplasia. Specifically, the thickness of the granular layer is

increased and the stratum corneum is compacted, indicating effects upon differen-

tiation in addition to proliferation. ATRA treatment not only leads to a decrease in

stratum corneum thickness, but also to cell loosening and fragility, changes in lipid

levels, and a subsequent decrease in the permeability barrier. As outlined, in vivo
ATRA treatment upregulates differentiation markers.

Hyperpigmentation on the face is a anxiety-producing symptom. Photoaging

refers to premature skin aging caused by repeated exposure to ultraviolet (UV) ra-

diation from the sun for many years. Fine and coarse wrinkles, hyperpigmented

macules, sallow color, dry texture, and loss of tone in habitually sun-exposed skin

characterize the photoaged phenotype. Our understanding of photoaging has been

greatly aided by the discovery that ATRA can repair photoaged skin, coupled with
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tremendous advances in the field of molecular biology, especially in the areas of

how retinoic acid receptors function and how intracellular signaling is initiated by

UV irradiation. For several years, ATRA and other synthetic retinoids have been

widely used in the treatment of a variety of skin diseases associated with hyperpro-

liferative processes. Retinoids induce a characteristic series of biochemical and his-

tological modifications when applied to skin. Their effects on keratinocytes are still

incompletely understood in spite of the recent discovery of nuclear ATRA recep-

tors, which are highly expressed in human adult skin [30].

In 1986, Klingman and coworkers [9, 10] reported in the first suspicion that

ATRA molecules could produce smoother, less-wrinkled and less-pigmented skin

after a few months of treatment, and this has been one focus of research into top-

ical treatments for a potent inhibitor of new melanin production [31, 7, 8]. Since

the 1990s, many dermatologists have recommended the use of ATRA for a variety

of nonsurgical treatments of photodamaged skin, because of a certain physiological

regulation and high induction of epithelial differentiation [2–6]. The substance has

been approved by the Food and Drug Administration in the US, and has been mar-

keted as RENOVATM and Retin-ATM. Clinical responses predominantly comprised

severe irritant dermatitis in the early stages of application of RENOVA and Retin-A

(around 3 or 4 days) [11, 7, 8]. Such damage with a high magnitude of inflamma-

tory events after ATRA treatment can induce chronic skin pigmentation on the

area being treated, potentially resulting in imperfect repair of skin displaying a pig-

mented appearance.

7.3.1

Improved Irritation of ATRA in the NANOEGG System

In addition to keratinocytes and melanocytes, the epidermis also contains Langer-

hans cells, dendritic cells and innervating peripheral neuron cells. This means that

the skin is an organ capable of responding to signals from both outside and from

within the body. A predominant feature during the pathogenesis of many skin dis-

orders is chronic inflammation, characterized by the infiltration of activated T lym-

phocytes. Among the factors that are critical for controlling those processes, tran-

scription factors (such as AP-1, NF-kB, etc.) appear to be essential. Interestingly,

the members of the nuclear hormone receptor superfamily are known to interact

with many of these transcription factors, suggesting that ligands for these nuclear

receptors many be an effective means of modulating inflammation as well as the

immune response in general.

As already mentioned, ATRA causes a variable amount of irritation, more prop-

erly a heightening of cutaneous reactivity termed ATRA dermatitis, early in ther-

apy. In the first few weeks approximately 80% of patients experience stinging, hy-

peresthesia or pruritus, fine scaling, dryness and mild erthema (Fig. 7.7a).

The conceptual framework in this section is that NANOEGG plays a crucial role

in solving of the symptoms of irritation. After daily treatment with NANOEGG at

different ATRA concentrations on the dorsal area of Wistar rats (5 weeks old, male),

the induction of inflammation was visually observed. Inflammation tests are his-
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torically carried out on the dorsal area of rats in cosmetic and medical companies

as a standard method. It is known that this method will almost link to the degree

of inflammation in the case of human skin. Hence, we also followed a rat system

for the evaluation of NANOEGG. Only this experiment was carried out in a rat sys-

tem. This stimulation degrees are normally numbered as three groups; 0–2: no

change–fair, 2–4: stimulation, 4–6: high stimulation, which are based on visual ob-

servations. Figure 7.8 obviously shows the improvement of inflammation induced

by the ATRA treatment in the case of NANOEGG.

Commercially, both Retin-A, a 0.1% ATRA cream, and RENOVA, a 0.05% ATRA

cream, are marketed by Johnson & Johnson in the US. An in vivo experiment

on the porcine dorsal area was performed for comparison with these commercial

products. In the case of NANOEGG, the irritation against the porcine skin, which

is known to be similar to human skin, showed the lowest level compared with

other commercial products. One distinguishing feature of the human skin re-

sponse to ATRA is the generation of clinical erythema. Since the erythema

response of human skin to ATRA is normally dose-dependent [32], the reduced ery-

themogenic potential of NANOEGG should expect the reduction of irritation (Fig.

7.7b) with decreasing dose of ATRA, compared to the normal ATRA therapy.

The inflammation induced by topical ATRA treatment on skin should be caused

by the elevation of AP-1 and NF-kB, and translated forms of inflammation cyto-

kines, interleukin (IL)-1a and tumor necrosis factor (TNF)-a. Thus, the inflamma-

tion cytokines IL-a and TNF-a mRNA were measured on the skin domain treated

with NANOEGG ointment (Fig. 7.9).

Figure 7.7. Facial features at 1 week following one time daily

applications of (a) RENOVA ATRA 0.05% and (b) NANOEGG

0.05%. Note mild erthema and scaling along the jaw line and

around the eye area in RENOVA treatment, while side-effects

were rare in NANOEGG treatment.
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Figure 7.8. Stimulation degrees for the

external administration on the dorsal area of

ddY mouse of ATRA and NANOEGG in

Vaseline media. Different concentrations (0.01,

0.05 and 0.25% of ATRA) were carried out as

daily treatment (30 mg, 2� 2 cm2 on the

dorsal area of Wistar rats, 5 weeks old, male)

for 2 weeks. Stimulation degree was

determined by visual observation.

Figure 7.9. Expression of inflammation cytokines IL-1a and

TNF-a mRNA on mouse skin. Each compound (NANOEGG, its

base and Retin-A-Micro) was administered as 30 mg on 2� 2

cm2 for 15 days. The tissues were sacrificed 4 days after the

topical administration.
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7.3.2

Pharmacological Effects of the NANOEGG System

Histological improvements in the appearance of photodamaged skin following

ATRA usage are associated with thickening of the epidermis and a relative reduc-

tion in melanin content [7, 8]. A study was undertaken to specifically evaluate

the efficacy of NANOEGG in treating hyperpigmented lesions. Histological evalua-

tion of ddY mouse epidermis after daily application of NANOEGG Vaseline cream

for 4 days revealed more than double the increase in epidermal thickness than

when using ATRA Vaseline cream (Fig. 7.10a–d). In general, a period of at least a

few months is required for clinical effectiveness in treating mottled pigmentation

using ATRA. Given the major increase in thickness of the epidermis in our prelim-

Figure 7.10. Histological and tissue analysis of the epidermis

after a 4-day treatment. (a) Vehicle (Vaseline) treatment, (b)

0.1% ATRA treatment, (c) 0.1% NANOEGG treatment and (d)

estimated epidermis thickness for each specimen ðn ¼ 10Þ.

7.3 NANOEGG for Dermatological Aspects 323



inary trials, reduction of melanin should rapidly be produced by NANOEGG treat-

ment in humans.

NANOEGG-treated hairless mice underwent more progressive epidermal hyper-

plasia than with the commercial products at the same dose (Fig. 7.11). Even at a

lower dose of ATRA (0.001%), histological evaluations suggested the effective skin

regeneration of mice. Significant increases in epidermal thickness for NANOEGG

treatment at all doses was revealed compared with treatment using commercial

product creams. The hyperplasia of epidermis in Fig. 7.11 shows the thickened epi-

dermal layer in all tested groups, but the NANOEGG-treated groups at each con-

centration of ATRA were dominant to other commercial products. The thickness

of the epidermis layer in NANOEGG 0.01% treatment corresponds to that in the

Retin-A (ATRA 0.1%)-treated group, thus the efficacy of NANOEGG can be sup-

posed to be approximately 10 times that of the Retin-A commercial product. Like-

wise, NANOEGG may show sustained release of ATRA molecules until at least 5

days because of the observed continued hyperplasia of epidermis.

Figure 7.11. Histological evaluation of

commercial products and NANOEGG 0.1,

0.05, 0.01 and 0.001% at each day after topical

administration until day 5. All tissues were

stained using the colloidal iron stain method

to detect HA. Blue domains correspond to the

presence of HA and red domains correspond

to nuclear staining. The external treatments

were carried out once and the tissues were

sacrificed at each day until day 5. The amount

of 30 mg of compound was administered in a

1-cm2 of dorsal area of hairless mice (HR-1,

male, 5 weeks old).
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7.3.3

Expression of mRNA Heparin-binding Epidermal Growth Factor-like Growth Factor

(HB-EGF) on Mouse Skin

Stoll and coworkers reported that mRNA expression of HB-EGF is induced by

ATRA in human keratinocytes and skin [33]. Recently, production of HB-EGF has

been shown to be one of the hallmarks of the turnover of keratinocytes [33]. Figure

7.12 shows HB-EGF mRNA expression in mouse ears in ATRA- and NANOEGG-

treated groups. Daily application was performed for 4 days. Excess expression of

HB-EGF in the NANOEGG-treated group was apparent compared with ATRA.

This correlates well with the increased epidermal thickening for NANOEGG treat-

ment (Fig. 7.10). Even at 4 days after the external administration, it seems that

NANOEGG would gradually release tretinoin molecules from its egg-like capsule.

It was confirmed whether NANOEGG possesses the controlled release ability as

a drug delivery system or pulsatile release. Figure 7.13 shows the result of the ex-

pression of HB-EGFmRNA each day after a single treatment of NANOEGG on the

mouse dorsal area. The small figure in Fig. 7.13 shows the concentration depen-

dence of the expression of HB-EGF mRNA on tretinoin. With increasing concen-

tration of NANOEGG, the production of HB-EGF mRNA was enhanced from ker-

Figure 7.12. Expression of HB-EGF mRNA in mouse ears

after continuous daily treatments for 4 days with ATRA or

NANOEGG (0.1%) in Vaseline cream.
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atinocytes, while this was different from the case with the single treatment of treti-

noin. As is obvious in Fig. 7.13, NANOEGG treatment as 0.2% tretinoin concentra-

tion could achieve expression of HB-EGF mRNA for 1 week. It is suggested that,

at least here, tretinoin would gradually release from NANOEGG and as a result

long-term release for around 1 week was successfully achieved by NANOEGG tech-

nology.

Also, Fig. 7.14 shows HB-EGF mRNA expression in hairless mouse dorsal

tissues in Retin-A-, RENOVA- and NANOEGG-treated groups. One-day application

was performed, and tissue was sacrificed and frozen in liquid nitrogen daily until

day 5. Especially on the first day, excess expression of HB-EGF mRNA in the

NANOEGG-treated group was apparent compared with the commercial products,

RENOVA and Retin-A. Furthermore, even at the most dilute ATRA dose, the ele-

vated expression of HB-EGF mRNA at day 1 was observed that will be expected to

accelerate proliferation and differentiation of keratinocytes. The hyperplasia of the

epidermis in Fig. 7.11 almost corresponds to the expression of HB-EGF mRNA in

Fig. 7.14, but it would seem that a 1- or 2-day period is needed due to the thickened

epidermal layer after the production of HB-EGF.

7.3.4

Proliferation and Differentiation of Keratinocytes

The mammalian epidermis is made up of multilayered epithelium consisting

mainly of proliferating and differentiated, postmitotic keratinocytes. The differenti-

Figure 7.13. Expression of HB-EGF mRNA in

mice dorsal areas at each day after 1-day

treatment with NANOEGG. The small figure

shows the concentration dependence of

tretinoin and NANOEGG. The large figure

shows the continuous expression of HB-EGF

mRNA by NANOEGG as tretinoin

concentration 0.2%.
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ation is continuously replaced and recruited via transit-amplifying cells originat-

ing from stem cells, which represent a restricted number of basal keratino-

cytes. The continued renewal of cells in conjunction with mechanical strain

poses a particular challenge to the cytoskeleton. It comes as no great surprise that

epidermal keratinocytes have evolved a complex program of keratin expression

along with mechanisms to alter the shape of the cytoskeleton during terminal

differentiation.

As overexpression of HB-EGF mRNA was observed in NANOEGG treatment, we

examined the expression of molecular markers in skin from the treated mice (5

weeks old, male) by immunofluorescence (Fig. 7.15). Cytokeratin 1 (K1) and larri-

kin (lord), markers of terminal differentiation in the normal epidermis layer, and

cytokeratin 5 (K5), a maker of basal keratinocytes, were detected in the tissue after

the treatment of atRA and NANOEGG 0.1% ointment. Expression of K5 (Fig.

7.15b and c) and larrikin (Fig. 7.15h and i) were rather enhanced in comparison

with the control (wild-type mice, Fig. 7.15a), but the big difference between atRA

and NANOEGG treatments was not observed, whereas the strongest expression of

K1 was detected in the NANOEGG treatment (Fig. 7.15f ). Excess expression of K1

might be associated with the enhanced thickening of the epidermis (Fig. 7.11b and

Fig 11c). Thus, hyperplasia in the treatment of NANOEGG would mainly be due to

the overexpression of HB-EGF, which could induce differentiation of keratinocytes.

As a result, the differentiation of suprabasal and granule cells, which are related to

the differentiation marker K1, seemed to be accelerated.

Figure 7.14. Expression of HB-EGF mRNA in

hairless mice (HR-1, male, 5 weeks old) dorsal

areas after 1-day treatment at day 5 with no

treatment, NANOEGG (0.1, 0.05, 0.01 and

0.001%, respectively), RENOVA Retin-A. The

tissues of dorsal areas were frozen using liquid

nitrogen and extracted was RNA by the Isogen

method.
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7.3.5

Production of Hyaluronic Acid (HA) in the Epidermal Layer

Another change was noteworthy – the intercellular spaces were wider and more

prominent. This probably accounts for the intensified result with colloidal iron

staining. Interestingly, wrinkling and skin texture may also be influenced by other

epidermal factors as well as HB-EGF expression. Another histological finding of

NANOEGG efficacy was obtained in this study. The influence of ATRA on epider-

mal differentiation is associated with the metabolism of HA by keratinocytes [36].

Tammi and coworkers reported tentative results in 1989 that HA was produced be-

tween ATRA-exposed keratinocytes [34]. The ATRA molecule leads to an accu-

mulation of HA in the superficial layers of the epidermis by stimulating HA

synthesis in keratinocytes. Deposition of HA coincides with cell proliferation and

migration in several developing tissues and organs [35, 36], whereas onset of dif-

ferentiation is often accompanied by reduced HA synthesis [37]. In order to evalu-

Figure 7.15. Expression of molecular markers

in the epidermal layer of ddY mice. Green

corresponds to antibody staining and red

corresponds to nuclear staining. Dorsal skin

sections from ddY mice at 4 days after the

external treatment were stained with antibody

against K1, K5 and lorocrin (lor). The

treatments were carried out by ATRA and

NANOEGG 0.1% as ATRA, respectively.

The dorsal sections (1:0� 1:0 cm2) were

administrated 30 mg ointment (base is

Vaseline). K1 is a marker from the suprabasal

layer to the stratum corneum; K5 is a marker

from the basal cell; and loricrin is a marker

from the granular layer to stratum corneum.
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ate the efficacy of NANOEGG on HA production, empirical histology of the epider-

mis was investigated. Skin specimens treated daily for 4 days were taken from the

mouse dorsal area. Specimens were prepared using colloidal iron staining to retain

HA. In ATRA- and NANOEGG-treated groups, the intercellular spaces of the epi-

dermal basal and spinous cells displayed negative and abundant presence of HA,

respectively (dark blue spots correspond to accumulation of HA; Fig. 7.16a–c

for ATRA treatment and Fig. 7.16d–f for NANOEGG treatment). Within the exper-

imental period (4 days of treatment), it seems to be difficult to produce HA by

ATRA treatment, at even with increasing the ATRA concentration to 0.4% (Fig.

7.16c).

Furthermore, intercellular spaces between both basal and suprabasal cells were

extended wider with NANOEGG (Fig. 7.16d–f ) than those with ATRA treatment

(Fig. 7.16a–c). This may account for the reduced cohesion between cells compared

to ATRA treatment, as HA displays a lubricating effect. Basal and suprabasal cells

would therefore proliferate and migrate to the upper stratum corneum more easily.

Finally, promotion of epidermal thickening accompanying melanin migration

could occur with continuous application of NANOEGG on skin. In the NANOEGG

system, rapid regulation of HA in the epidermis might effectively help keratinocyte

growth. Production of hyaluronate in the epidermis would accelerate turnover of

the epidermis, as the lubricant among cells eventually contributes to a reduction

Figure 7.16. Expression of HA among

keratinocytes after treatment by ATRA and

NANOEGG. The dorsal tissues (ddY mouse,

5 weeks old, male) were stained using the

colloidal iron stain method. The treatment of

ATRA and NANOEGG was carried out once

and the corresponding tissues were sacrificed

3 days after the treatment. Blue spots in the

pictures correspond to HA, and they dis-

appeared completely following the treatment

with hyaluronidase (data not shown). ATRA

(a) 0.1%, (b) 0.2% and (c) 0.4%; NANOEGG

(d) 0.1%, (e) 0.2% and (f ) 0.4%.
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in macular hyperpigmentation and less apparent fine wrinkles [19]. Since hyaluro-

nidase treatment on NANOEGG-treated specimens resulted in a complete dis-

appearance of the stained domain, this histological evaluation identified produc-

tion of HA (Fig. 7.17c and d).

7.3.6

Hyperpigmentation and Fine Wrinkle Improvements by NANOEGG Treatment on

Animal Skin

Photoaging involves the adverse effects of chronic UV radiation (UVR) on the skin,

superimposed on the intrinsic aging process. The later sections review evidence

gathered from animal and human studies regarding the ability of topical NANO-

EGG application to reverse many aspects of the photoaging process.

By definition, photoaging involves UVR exposure – mainly from the sun,

but also from therapeutic sources of UVR. UVC (200–290 nm) is the most biolog-

ically damaging portion of the UVR spectrum, but is almost entirely absorbed

by the ozone layer of the Earth’s atmosphere. The strongest UV light to reach

the Earth’s surface is UVB (290–320 nm). UVA (320–400 nm) has the greater pen-

etration into the skin, but is much weaker than UVB. Clinical features of photoag-

ing include fine and coarse wrinkles, skin roughness, sallowness, mottled hyper/

hypopigmentation, lentigines, telangiectasias, and skin laxity.

Figure 7.17. HA stain by colloidal iron. Dark-

blue color domains correspond to the presence

of HA. Each treatment was carried out for 4

days. (a) 0.1% ATRA in Vaseline, (b) 0.1%

nano-ATRA in Vaseline, (c) same specimen as

(b) but at a different area, (d) specimen (c)

after treatment by hyaluronidase for 16 h and

(e) change of fine wrinkles on the neck area of

an aged hairless mouse (18 weeks old, male).

The treatment was carried out for 4 days, with

30 mg of ATRA and NANOEGG (0.1%) in

Vaseline creams.
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A systematic study of the photoaging process is difficult or impossible using

human subjects. Animal models in which the process is accelerated are therefore

desirable models. There is no naturally occurring animal model of photodamage,

as diurnal animals are covered with fur, feathers or scales that protect them from

UVR. The normally laboratory generated hairless mouse (HR-1) and guinea pig

have been widely utilized because the animals wrinkle and produce brown spots

in response to UVR within their relatively short life expectancies. To establishment

fine wrinkles, first, the aged hairless mouse (HR-1, 18 weeks old) was utilized for

the topical treatment of NANOEGG (Fig. 7.18). Guinea pigs (Weiser maple, 5

weeks old ) were irradiated with UVA and UVB using an established protocol for

10 days to induce photodamage, and topical NANOEGG was applied at a concen-

tration 0.05% for an additional 5 days (Fig. 7.19).

7.3.7

Clinical Trials of Fine Wrinkles and Brown Spots on the Human Face

In general, a period of at least a few months is required for clinical effectiveness in

treating mottled pigmentation using ATRA cream. Given the major increase in

thickness of the epidermis in our animal trials (Figs. 7.11 and 7.12), a reduction

of melanin pigments should be rapidly produced by NANOEGG 0.05% treatment

in humans. As a preliminary clinical trial for in vivo treatment of wrinkles and pig-

mental spots, NANOEGG therapy was performed for 1 month on human faces.

The Institutional Review Board of St Marianna University permitted the clinical

trial of NANOEGG ointment in human faces over 40 years old. The trial was car-

ried out for 1 month in 30 wrinkles and 30 brown spots induced by aging and/or

Figure 7.18. Change of fine wrinkles on the neck area of an

aged hairless mouse (18-week, male). The treatment was

carried out for 4 days, with 30 mg of ATRA and NANOEGG

(0.1%, respectively) in Vaseline creams.
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UV irradiation. The brown spots were also fairly decreased (Fig. 7.20). Otherwise,

coarse wrinkling at the side of the eyes was consistently diminished after NANO-

EGG 0.05% treatment without strong irritation and inflammation (Fig. 7.20). This

would certainly be due to the abundant HA accumulation in the epidermal layer

at an early stage. Commercial ointment treatment could not usually achieved the

decrease of hyperpigmentation after only 1 month, while the NANOEGG system

could reduce the hyperpigmentation without serious irritation, as is obvious in

Fig. 7.20. Actually, after treatment of NANOEGG for several days weak inflamma-

tion took place for several people. Compared with commercial products, these

levels were rather weak. Accordingly, we believe that the risks due to the continu-

ous treatment of ATRA such as erythema and irritation can prevent exactly by

NANOEGG technology. Because the pharmacological effect would be gotten by

the short-term treatment with the NANOEGG system. Simultaneously, the amount

of water in stratum corneum also showed a statistically increase for 1 month treat-

ment of NANOEGG (Fig. 7.21).

Figure 7.19. Improvement in

hyperpigmentation of guinea pig dorsal skin

with the topical application of NANOEGG. The

establishment of brown spots was carried out

by 10 days of total UVA and UVB irradiation.

(a) Before treatment, (b) after the treatment of

NANOEGG 0.05%, and (c) and (d) histological

research corresponding to (a) and (b). The

tissue was stained by melanin staining. Black

granules correspond to melanin.
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Figure 7.20. Pictures of wrinkles and photoaged

hyperpigmentation on human faces (female, 48 years old).

Before treatment with NANOEGG 0.05%, and after treatment

for 1 month. The external daily administration was carried out

one time at night, continuously.

Figure 7.21. Change of amount of water in the stratum

corneum of human skin. The measurements were carried out

on people over 40 years old before and after treatments with

NANOEGG and ATRA.
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7.4

Why does NANOEGG Show the High Performance on the Improvement of Brown

Spot and Wrinkles?

The superb results in vivo and histological evaluations obtained for NANOEGG are

attributable to effective permeation into the skin. The stratum corneum is covered

with lipids, natural moisturizing factors and ceramides as a barrier. In the pre-

sence of water, ceramide and other natural compounds spontaneously promote

the formation of lyotropic lamella liquid crystals. When materials diffuse in such

a lyotropic phase, the hydrophile–lipophile balance (HLB) of a molecule plays a

significant role in the effective permeation into skin. In practice, hydrophobic

ATRA would theoretically show minimal permeation through the stratum cor-

neum epidermis. As a result, almost all of the ATRA would remain on the surface

of the stratum corneum, eventually inducing irritation and inflammation. The sur-

face of NANOEGG displays an amphiphilic character due to the coexistence of a

hydrophobic domain (CaCO3) and a hydrophilic PEG domain. As our NANOEGG

is therefore easily dispersed in both aqueous and nonpolar media (Fig. 7.22), its

permeability through the stratum corneum was substantially enhanced. Fortu-

nately, permeability of NANOEGG can be indirectly evaluated in terms of histolog-

ical staining of Ca2þ ions (Fig. 7.23). After treatment, red-smeared domains of bi-

opsy specimens extended over time to the entire epidermis (Fig. 7.23b and c), while

CaCO3-treated subjects displayed no permeation to the inner dorsal skin (Fig.

7.23a).

Surprisingly, it is obvious that even in a quite short time (10 min, Fig. 7.23b)

NANOEGG can already permeate into the skin. Not only the high permeation of

NANOEGG, but also the stability of the capsule showed drastic performance in

the epidermis. Since after 24 h the epidermal layer was more stained than the der-

mis, it indicates that NANOEGG capsules may be trapped in epidermis.

The skin is the outermost organ of the body. It is a complex membrane compris-

ing of three major layers – epidermis, dermis and hypodermis. The epidermis is an

avascular stratifying layer of epithelial cells that overlies the connective tissue layer

– the dermis. The outermost layer of epidermis, i.e. the stratum corneum, is pri-

Figure 7.22. Solubility of NANOEGG 0.1% in polar (water) and

nonpolar (corn oil) solvents. Both solutions showed a quite

transparent appearance because of the amphiphilic property on

the surface of NANOEGG.
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marily responsible for the barrier properties of the skin. The underlying viable epi-

dermis is different from the stratum corneum in being physiologically more akin

to other living cellular tissues, but also plays the role as second barrier, especially

for ions. Following passive application, the unionized form of any compound is

better absorbed than its ionized counterpart [38]. However, the penetration rates

of drug molecules across skin or other epithelial surfaces are usually low due to

their excellent barrier properties.

For the reasons discussed above, it can be suggested here that NANOEGG cap-

sules could successfully permeate into skin due to passive diffusion.

7.5

NANOEGG for Other Indications

In multicellular organisms, a balance between differentiation, proliferation and

cell death maintains tissue homeostasis in adult tissues and directs normal devel-

opment during embryonic morphogenesis. Retinoic acid is one of the critical fac-

tors regulating the molecular events involved in these processes. The requirement

for ATRA for normal development and tissue homeostasis has been known since

Wolbach and Howe first reported the defects that occurred in vitamin A-deficient

animals in 1926. A large literature base has since appeared describing the role

of retinoids in promoting proliferation, differentiation or apoptosis in vivo, in a va-

riety of cell culture systems and more recently through studies using retinoid re-

ceptor knockout strategies. In addition, these investigations have provided the

mechanisms by which retinoids induce teratogenic effects and inhibit neoplastic

development, particularly in cancer. Significant progress has been made in under-

standing the molecular mechanism by which retinoids modulate the action of neg-

ative and positive growth factors including EGF, the transforming growth factor

(TGF) family, insulin, IL-1a, IL-6, IFN-g, estrogen and vitamin D3. Regulation by

Figure 7.23. Dahl’s calcium staining, which

selectively traps the presence of Ca. Red

smeared domains correspond to Ca

distribution, particularly CaCO3 [indicated by

arrow as positive control (a)]. Permeation

potential of NANOEGG through mouse skin as

a function of time after external administration.

The tissues of ddY mice were utilized for

staining. Calcium was regarded as a permea-

tion maker from the stratum corneum epider-

mis to the dermis region. As the NANOEGG

particle is at the nanoscale, the stain in the

specimen would be detected as smeared

domains. Treatment with 0.1% NANOEGG

Vaseline cream after (b) 10 min and (c) 24 h.
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retinoids can occur at the level of expression of growth factors and cytokines, and

their respective receptors/binding proteins in the signaling pathway.

Many of the biological effects and changes in gene expression induced by ATRA

are mediated by six known retinoic acid receptors (RARa, RARb and RARg) and/or

retinoid X receptors (RXRa, RXRa and RXRg) [39–41]. It is known that each of the

RAR subtypes has a specific tissue distribution pattern [42]. For example, RARg is

the most abundant retinoid receptor in the skin [43, 44], whereas RARb is found

primarily in the heart, lung and spleen. RARa is expressed at low levels in many

tissue types. It follows that retinoids that activate a particular receptor subtype

may elicit biological responses in specific tissues. Thus, it can be expected that ret-

inoids would greatly improve therapeutic indices in the treatment of retinoid-

responsive diseases because of receptor expression on many tissues. The full ther-

apeutic potential of ATRA may only be realized if new technologies with vastly

improved therapeutic indices can be developed.

We have been investigated the radical therapy of diabetes mellitus induced by

NANOEGG. Since the ATRA molecule is soluble in water, it is impossible to inject,

whereas NANOEGG is easily soluble in aqueous media. Injection of NANOEGG

may systematically induce the proliferation of pancreatic b cells and differentiation

of anaplastic cells in Langerhans islands and/or pancreatic ducts, resulting in the

regeneration of b cells. Recent studies showed that differentiation of in different

cells on pancreatic ducts could be induced by HB-EGF and, as a result, glucose

tolerance was improved [45]. As already shown, the topical treatment of NANO-

EGG could produce abundant HB-EGF. The pancreas must also express retinoic

acid receptors. HB-EGF induced by NANOEGG, thus, will be expected to regener-

ate pancreatic b cells in diabetic animal models. Figure 7.24 shows the change of

body weight of type I diabetic rats induced by streptozotocin in the case of sub-

cutaneous administration of NANOEGG. Obviously the loss of weight was stopped

Figure 7.24. Change of body weight of Wistar rats (male) in

subcutaneously administered NANOEGG (6 mg as ATRA, once

a week). Model animals were induced with type I diabetes by

STZ administration.
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in the NANOEGG-injected group around 60 days. In this case, the concentration

of insulin in plasma also increased compared to the nontreated group (Fig. 7.25).

Expression of transcription factor of pancreas PDX-1 in Langerhans islands re-

lates to the differentiation of somatic stem cells to b cells [46, 47]. Figure 7.26

Figure 7.25. Change of insulin level in plasma after the

administration of NANOEGG (6 mg as ATRA, once a week).

Model animals were induced with type I diabetes by STZ

administration.

Figure 7.26. Immunostaining of insulin and transcription

factor PDX-1, and b cells in Langerhans islands of rat pancreas.

Model animals were prepared by the administration of STZ.

Over 99% of b cells could not be observed in Langerhans

islands in the case of STZ groups.
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shows slight expression of PDX-1 in Langerhans islands in the group administered

NANOEGG.

The administration of NANOEGG cannot only be used for the regeneration of

skin, but also can be expected to be used for the regeneration therapy of b cells.

New nanoshell technology NANOEGG may also be useful for other retinoid re-

sponse diseases. Major advances with ATRA and/or its nanocapsule NANOEGG

would be continuously in progress in clinical applications.

7.6

NANOEGG for Other Drugs

The self-assembly property in aqueous media is absolutely necessary to prepare

NANOEGG. The physicochemical amphiphilic balance of the molecular structure

leads to molecular association in water. ATRA can spontaneously form micelles in

water with a small amount of alkaline. If drugs can form self-assemblies like mi-

celles and their surfaces have ionic charges, the NANOEGG structure should be

prepared. Even if drugs have a high molecular weight, it is possible to form the

core–shell structure of the NANOEGG system. Prostaglandin and its derivatives

may be able to form micelle-like structures. It would expect that NANOEGG tech-

nology will be also indicated in other drugs.

7.7

Conclusion

Up to now, clinical responses predominantly comprised severe irritant dermatitis

in the early stages of application (around 3 or 4 days) of ATRA. This problem is

generally managed by modifications to the dosage and schedule. Such damage

with a high magnitude of inflammatory events after ATRA treatment can induce

chronic skin pigmentation in the area being treated, potentially resulting in imper-

fect repair of skin displaying a pigmented appearance. Preventing undesirable ad-

verse effects would be expected to allow ATRA therapy to overcome the limitations

of classical ATRA therapy. Herein, we describe the development of a novel drug de-

livery system using nanotechnology. The conceptual framework in this study is

that NANOEGG plays a crucial role in solving the low permeation of ATRA into

spaces in the stratum corneum epidermis and the also the symptoms of irritation.

The newly developed drug delivery system technology described herein could

help with nonsurgical treatment of photodamaged skin for which use of ATRA

has been recommended. Detailed studies concerning the efficacy of NANOEGG

have already been reported [19, 48, 49], suggesting not only improved permeability

to the stratum corneum, but also simultaneous enhanced keratinization due to

CaCO3. Drastically increased epidermal thickness could be expected to result in a

relative decrease in melanin content and excess expression of HA aids induction of

hyperplasia, resulting in less-wrinkled skin. Moreover, the high permeability and
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controlled release of ATRA induces accelerated epidermal turnover. Promotion of

keratinocyte proliferation and acceleration of keratinocyte differentiation are most

likely the result of ATRA in regimenting treatments. Melanin granules may be

washed out of the epidermis by a rapid and stronger stream of keratinocytes in

the epidermis compared to topical ATRA treatment. This study clearly shows that

our newly developed novel drug delivery system technology for NANOEGG offers

great potential for new ATRA therapy. Histological and ultrastructural findings for

empirical evaluation of NANOEGG indicate that ATRA therapy causes more than

esthetic improvement, inducing histological changes in the epidermis, in all likeli-

hood without regard to changes induced by time or sunlight.

The new nanoshell technology NANOEGG can be useful for other clinical ap-

proaches and other drugs. It would expect that drastic advances in the treatment

of intractable diseases will be achieved by the NANOEGG drug delivery system.
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Polymeric Nanomaterials – Synthesis,

Functionalization and Applications in Diagnosis

and Therapy

Jutta Rieger, Christine Jérôme, Robert Jérôme,

and Rachel Auzély-Velty

8.1

Introduction

In the last decade, polymeric nanoparticles have received increasing interest

both for drug delivery purposes and as diagnostic tools. The interest in nanopar-

ticles as drug carriers relies on the difficulties met in drug delivery. In fact, after

extravascular administration of a drug, its fate is determined by the combination

of several processes, i.e. absorption, distribution, metabolism and elimination

(ADME). In contrast, intravenous routes circumvent the absorption process as the

drug is directly available in the blood circulation. Regardless of the administration

route, each of these processes depends mainly on the physicochemical properties

of the drug. Therefore, drug carrier systems have been developed that allow for

controlling the fate of a drug within the patient. These ‘‘drug delivery systems’’

cannot only influence the absorption of a drug from the gastrointestinal tract, but

they also permit governing of the drug distribution within the organism. In par-

ticular, nanoparticles have received increasing interest because of their ability to de-

liver a wide range of drugs (or diagnostic agents) to various organs or tissues for

sustained periods of time. In this chapter, two applications of nanosized polymeric

colloidal carrier systems are discussed together: their use as drug delivery systems

and as diagnostic tools. Indeed, for both applications most of the required features

and preparation techniques are similar, if not identical.

As a remark, polymer nanoparticles are considered here as submicron carriers in

the nanometer range (diameter below 1 mm) mainly prepared from natural or syn-

thetic polymers. This definition does not take into account the morphological and

structural organization of the polymer. The term ‘‘nanosphere’’ is used to describe

nanoparticles that are constituted by a solid ‘‘homogeneous’’ polymeric matrix. The

delivery of the therapeutics proceeds either by the diffusion through the polymer

matrix or, in the case of biodegradable particles, by the degradation of the latter,

or by both processes. In contrast, ‘‘nanocapsules’’ are nanoparticles where a poly-

meric membrane surrounds a cavity filled by an oily or an aqueous content. They

are therefore considered as a ‘‘reservoir’’ system, where the diffusion of the hydro-
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philic or hydrophobic drug is controlled by the nature of the polymeric membrane.

In this chapter, we focus on ‘‘frozen’’, not dynamic systems, i.e. systems where an

exchange between individual polymer chains and polymer chains of the nano-

object cannot take place. Consequently, dynamic systems such as micelles as well

as liposomes are barely considered in this review. However, in Section 8.4.3.4.1,

several approaches based on so-called shell crosslinked knedel-like (SCK) nano-

particles are quoted. Such SCK nanoparticles are micelles, whose outer shell is

crosslinked. They can be prepared in two steps, starting from the self-assembly of

amphiphilic block copolymers to form micelles, of which the shell formed by the

outer block is frozen by crosslinking in a second step [1].

Polymeric nanoparticles have now been the subject of numerous studies for

more than 20 years and have progressed since then. Three generations of nano-

particles may be considered.

(i) First-generation nanoparticles. Nanoparticles with no specific surface properties

have been called ‘‘nanoparticles of the first generation’’. Indeed, whenever such

kinds of nanoparticles are introduced in the human body, they are rapidly recog-

nized as foreign bodies and, as a consequence, removed from the blood circulation.

Once nanoparticles are introduced in a biological system, numerous plasma pro-

teins adsorb at their surface, leading to the activation of the complement system.

As a consequence, the colloidal drug carriers are rapidly recognized by macro-

phages of the mononuclear phagocyte system (MPS) and removed within seconds

from the blood stream. Organs with high phagocytic activity are the liver, spleen

and bone marrow. These organs possess a discontinuous, i.e. more permeable, en-

dothelium, where the blood is directly in contact with the immune active macro-

phages. Therefore, nanoparticles of the first generation accumulate in and pas-

sively target the liver, spleen and bone marrow. This natural tendency to be

captured by the MPS has therefore found application in the treatment of liver can-

cer and other liver-related diseases.

The protein adsorption on the nanoparticle surface, i.e. the key step to induce a

cascade of biological processes leading to their elimination, is based on various in-

teractions, but especially on interactions of hydrophobic domains of the proteins

with hydrophobic domains present at the nanoparticle surface.

(ii) Second-generation nanoparticles. In order to target other organs than tissues

with high phagocyte activity, further developments strove for avoiding the rapid

adsorption of blood proteins, i.e. the activation of the complement system. This

has been achieved by modifying the surface of the nanoparticles, especially by hy-

drophilic materials, in order to inhibit hydrophobic protein–particle interactions.

The coating of the particle surface by hydrophilic chains leads to repulsion of pro-

teins and consequently a prolonged residence time of the particles in the blood

stream. These surface-modified nanoparticles are also called carriers of the ‘‘sec-

ond generation’’, or ‘‘StealthTM’’ nanoparticles, as they are designed to successfully

avoid MPS sequestration. The hydrophilic polymers that have been used for the

surface coating of nanoparticles are synthetic polymers, particularly poly(ethylene

oxide) (PEO) [2, 3], but also polysaccharides, such as heparin [4, 5] and dextran

[6].
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These long-circulating colloidal systems have received much interest in the field

of cancer diagnosis and treatment. Indeed, cancerous tissues are characterized by

an ‘‘enhanced permeability and retention’’ effect [7] (Fig. 8.1). The phenomenon,

that long-circulating colloidal systems are preferentially accumulated in cancerous

tissues, is called ‘‘passive targeting’’, and is used in numerous studies both for

drug delivery purposes and diagnosis [8].

(iii) Third-generation nanoparticles – active targeting. It is possible to give carriers

affinity to specific tissue by decorating their surface with targeting ligands. This

kind of carrier delivers a drug specifically to its pharmacological site in the organ-

ism, and thus allows us to decrease the administered quantity of drugs and to min-

imize side-effects. Indeed, the latter are generally the result of the presence of the

drug at other tissues than at the desired one.

Targeting ligands can be monoclonal antibodies, sugars, hormones, peptides

(e.g. the tripeptide, arginine–glycine–aspartic acid (RGD) [9]), vitamins (e.g. biotin

[10]) or other small organic molecules (e.g. folic acid [11]). Colloidal carriers, of

which the surface is decorated with targeting moieties, are also called ‘‘nano-

particles of the third generation’’ and today most studies tend to design such

nano-objects. Quite a lot of systems have already been patented. Targeting de-

mands optimal interaction between a targeted site and its ligand. Therefore, target-

ing molecules have been fixed at the end of linker molecules, such as flexible PEO

chains [10].

The surface functionalization of polymeric nanoparticles is thus the key point for

both targeted drug delivery and diagnosis. Indeed, this chapter focuses mainly on

nanoparticles of the third generation, i.e. surface-modified nanoparticles, designed

for drug delivery and diagnosis. The objective of this chapter is to discuss (i) the

different ways to obtain surface-modified nanoparticles, (ii) the biological mole-

cules used for surface modification, and (iii) the current and future applications

of such polymeric nanoparticles in the field of drug delivery and diagnosis. In line

Figure 8.1. Extravasation of long-circulating (Stealth)

nanoparticles in the tumor interstitium by passive diffusion or

convection across the altered and hyperpermeable neoplastic

endothelium.
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with our subjects of research, we mainly report on nanospheres, rather than nano-

capsules, and restrict the cited examples to approaches interesting for biomedical

applications. Because of their importance for diagnosis purposes, we also report

on nanoparticle composites composed of both polymer and inorganic materials

(that serve as label/marker). However, metallic nanoparticles coated by polymer

chains are not the subject of this chapter.

The chapter is divided into five main sections. Section 8.2 deals with polymeric

materials used for the preparation of nano-sized carrier systems. In Section 8.3, the

different techniques to obtain such systems are discussed. Section 8.4 describes

how the surface of nanoparticles can be modified and briefly summarizes the

most common techniques to characterize nanoparticle surfaces. Section 8.5 de-

scribes their application as drug delivery systems and diagnostics.

8.2

Polymer Materials Used for the Synthesis of Nanoparticles

Depending on the route of administration (oral or parenteral) and the application

of polymeric nanoparticles (drug carriers or diagnostic systems), the materials used

to produce the colloidal systems meet different physiological and biological re-

quirements. Among these requirements, biocompatibility and safety are of crucial

importance.

Additionally, it must be considered whether bioerosion and/or biodegradation

is desired or not. Although there is no universally accepted definition for the terms

bioerosion and biodegradation, bioerosion refers to solubilization of an initially

water-insoluble material with or without changes in the chemical structure, while

biodegradation refers to solubilization that occurs as a consequence of cleavage of

main-chain bonds. The prefix ‘‘bio’’ is used because the erosion or degradation

takes place in a biological environment, either by biocatalytic processes (fungi,

enzymes, etc.) or by chemical/radical processes (hydrolysis, oxidation, UV irradi-

ation). Degradable synthetic polymers have great potential for drug delivery

purposes. They are typically degraded by chemical hydrolysis, whereas the degrada-

tion of natural polymers (i.e. polymers derived from animal or plant sources) gen-

erally requires enzymes to catalyze the hydrolysis. On the other hand, polymers

used for diagnosis purposes, especially in the case of ex vivo (in vitro) tests, should
not be biodegradable; therefore, nondegradable, i.e. long-term stable polymers,

which are often more easy to synthesize, are used. In that way, recycling and re-

peated use of the device are possible. Concerning synthetic biodegradable poly-

mers, it must be noted that not only the polymer itself used for the formulation,

but also the degradation products (metabolites) must be nontoxic, biocompatible

and chemically inert. The practical consequence of that is that only a limited num-

ber of nontoxic, monomeric starting materials can be really applied for the devel-

opment of biodegradable nanoparticles.

In the following, the main polymers used for the preparation of nanocarriers

will be described. We distinguish three groups of polymers, i.e. (i) natural poly-
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mers (‘‘biopolymers’’), (ii) synthetic polymers which are ‘‘degradable’’ by biological

or chemical processes in the human body and (iii) ‘‘nondegradable’’ synthetic

polymers.

8.2.1

Natural Polymers

Polysaccharides represent – besides polypeptides – the most important group of

natural polymers [12]. We have chosen to focus here only on polysaccharides that

display very interesting physicochemical properties, in terms of gelation character-

istics, chelating properties and biological activity. Many polysaccharides show bio-

compatibility and biodegradability, which are the basic characteristics for using

polymers as biomaterials, as reviewed by Dumitriu and coworkers [13]. Moreover,

their physicochemical properties as well as their interactions with living medium

can be altered by chemical modifications.

Several biocompatible polysaccharides such as chitosan, dextran, heparin and hy-

aluronic acid have been shown to be interesting candidates for the modification of

nanoparticle surfaces. This allows, for instance, reducing nanoparticle uptake by

the MPS and also, in some cases, conferring specific biological functions [14].

In addition, due to its polycationic nature, chitosan could be advantageously

used as a constitutive core material of nanoparticles. This biopolymer is obtained

by partial N-deacetylation of chitin – a natural polysaccharide found in crustaceous

shells. Chitosan consists of a linear chain of (1–4)-linked 2-amino-2-deoxy-b-d-

glucopyranose and 2-acetamido-2-deoxy-b-d-glucopyranose units (Fig. 8.2). It is

water-soluble in acidic conditions (pH < 6) due to the existence of amino groups

making it thus possible to prepare derivatives with optimized properties under

homogeneous conditions. Its hydrophilicity allows covering the domain of applica-

tions in solution and in gel (after crosslinking by chemical or physical bonds). Due

to its mucoadhesive properties, chitosan has been largely investigated for coating

colloidal carriers administered to the gastrointestinal tract [15], or by nasal, ocular,

buccal and vaginal routes. The strong mucoadhesion of chitosan can be explained

by ionic interactions between this polycationic molecule and anionic substructures

such as sialic moieties of the mucus gel layer on mucosa. Apart from its muco-

Figure 8.2. Chemical structure of chitosan.
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adhesive properties, chitosan displays low toxicity, degradability by enzymes such

as chitinase and lysozyme [13], anticoagulant properties, and antibacterial and anti-

fungal action. It has also been demonstrated to be a promoter of wound healing in

the field of surgery.

As mentioned above, taking advantage of the polycationic nature of chitosan,

Alonso and coworkers [12, 16] developed chitosan nanoparticles based on ionic ge-

lation of chitosan with sodium tripolyphosphate. The size, surface characteristics

and in vitro release properties of these nanoparticles can be modulated by the prep-

aration conditions and in particular by incorporation of an additional polymer such

as a diblock copolymer of ethylene oxide and propylene oxide (PEO–b–PPO). The

authors demonstrated that these nanoparticles have a great protein-loading capac-

ity (protein loading up to 50%, i.e. 50 mg of protein per 100 mg of nanoparticles).

Such drug-loaded chitosan-based nanocarriers have been mostly administered by

mucosal routes (i.e. oral, nasal, ocular). Alonso and coworkers also investigated the

nasal absorption of such chitosan nanoparticles loaded with insulin (via the glu-

cose blood concentration) and, furthermore, studied the in vitro release profiles of

hydrophilic drugs, such as anthracycline and doxorubicin [12], as well as of hydro-

phobic peptides such as cyclosporine A.

Furthermore, the polycationic character of chitosan makes it an interesting ma-

terial for nonviral gene delivery. It forms polyelectrolyte complexes with the nega-

tively charged DNA, condenses the DNA, which protects it from degradation by

DNase [12, 17]. Nevertheless, the transfection rate of such chitosan–DNA com-

plexes is very low. Therefore, more sophisticated DNA-loaded chitosan-based nano-

particles have been developed and shown to be promising gene delivery systems

exhibiting better transfection rates [12].

Finally, the properties of chitosan have been modified by chemical modifications

such as deacetylation, N-sulfation or modification by organic molecules (e.g. sugars

etc.), which give rise to other applications. Very recently, polyelectrolyte complex

nanoparticles have been prepared from self-complexation of amphoteric N-sulfated
chitosan [18].

In contrast to topical (locally applied) application of chitosan-based formulations,

the safety/toxicity of positively charged polysaccharides for systemic applications

(e.g. intravenous administration) is currently controversial. Indeed, it has been re-

ported that chitosan induces the opening of tight junctions between epithelial cells,

enhancing their permeability [19, 20].

Exhaustive reviews on recent advances on chitosan-based micro/nanoparticles

are given by several authors [21, 22].

Dextran is an a-d-1,6-glucose-linked glucan with side-chains 1–3 or 1–4 linked

to the backbone units (Fig. 8.3). The branches are mostly one or two glucose units

long. This biopolymer can be obtained from fermentation of sucrose-containing

media by Leuconostoc mesenteroides bacteria. The clinical use of dextran over the

past 50 years provides impressive proof of its safety and quality. Dextran may be

ingested orally and is well tolerated. Due to its biocompatibility and hydrophilicity,

it is often utilized as a coating material for nanoparticles. Indeed, it has been dem-

onstrated to display protein-repulsive properties and to decrease the uptake by the

8.2 Polymer Materials Used for the Synthesis of Nanoparticles 347



MPS. Moreover, the dextran macromolecule presents a large number of reactive

hydroxyl groups for chemical attachment of functional molecules. Many reactions

characteristic for alcohol can be used; however, due to the presence of three hy-

droxyl groups per glucose residue in the backbone, such reactions are not selective.

Hyaluronic acid (HA) is a linear polysaccharide composed of a repeating disac-

charide unit of N-acetyl-d-glucosamine and d-glucuronic acid, belonging to the gly-

cosaminoglycan family (Fig. 8.4). It is a component of the synovial fluid, cartilage,

vitreous humor and extracellular matrices [13, 23]. Protein interactions with HA

play crucial roles in cell adhesion, cell mobility, inflammation, wound healing and

cancer metastasis. Its carboxyl groups are mostly deprotonated at physiological pH,

thus conferring a polyanionic character to the polymer. Similar to chitosan, the

advantage of using HA as a surface modifier in the field of drug delivery/

nanoparticles relies on its bioadhesive properties, which have been particularly ex-

Figure 8.3. Chemical structure of dextran. R1, R2 and R3 are positions of branching.

Figure 8.4. Repeating disaccharide units of HA.
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ploited for ophthalmic applications. Indeed, as for other anionic polymers [e.g.

poly(acrylic acid) (PAA)], it has been found that carboxylic groups are responsible

for their adhesion to the mucus gel layer. Carboxylic acid moieties are supposed to

form hydrogen bonds with hydroxyl groups of the oligosaccharide side-chains of

mucus glycoproteins. It should also be emphasized, that the biological activity of

HA depends on the molecular weight [24].

Chemically modified natural polymers have received increasing interest, and es-

pecially hybrid materials combining synthetic and natural polymers open up new

possibilities and applications, combining the unique features of the different mate-

rials. As an example, poly(e-caprolactone) (PCL)-grafted dextran copolymers (glyco-

polymers) have demonstrated amphiphilic properties, and have been used as emul-

sifiers and for the preparation of nanoparticles (by an emulsion-evaporation

technique) [25].

8.2.2

Degradable Synthetic Polymers

In contrast to natural polymers, of which the molecular weight and distribution de-

pend on the fabrication and extraction procedure, synthetic polymers can be tailor-

made. Their physical and chemical properties can be varied over a wide range,

particularly by copolymerization with appropriate (functional) comonomers. Addi-

tionally, using controlled polymerization techniques, the macromolecular charac-

teristics can be adjusted and narrow molecular weight distribution (PDI) can be

reached, in contrast to most of the natural polymers. Furthermore, some synthetic

polymers can be obtained in oil-in-water (o/w) emulsions, which makes the in situ
synthesis of nanoparticles by emulsion-polymerization possible.

Fig. 8.5 presents the chemical structure of the main synthetic polymers used for

the preparation of nanoparticles.

Domb and coworkers have given a complete review on ‘‘biodegradable polymers

as drug carrier systems’’ [26]. The first and probably most important and fre-

quently used groups of biodegradable polymers are linear polyesters. (Co)polyest-

ers based on poly(lactic acid) [or poly(lactide) (PLA)], poly(glycolic acid) (PGA) and

poly(lactide-co-glycolide) (PLGA) have been used for more than three decades for a

variety of medical applications [26], and are considered as the best biomaterials

with regard to design and performance. Indeed, they meet the biological require-

ments of safety and are biodegradable to nontoxic metabolites, and are approved

by the Food and Drug Administration (FDA).

Since lactid acid contains an asymmetric a-carbon atom, two different optical iso-

mers exist, d- and l-lactid acid, that give rise to morphologically distinct poly-

mers. The polymers derived from the optically active monomers, i.e. poly(d-lactide)

[(P(d-LA)] and poly(l-lactide) [(P(l-LA)] are semicrystalline materials and exhibit

identical physicochemical properties, whereas the racemic P(d,l-LA) is purely

amorphous and has striking different properties. Furthermore, these racemic and

semicrystalline polymers exhibit different degradation rates, as the (bio)degrada-

tion is dependent on the polymer crystallinity [27].
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However, apart from the morphological state of the macromolecule, the biode-

gradation of polymeric devices is affected by many other important factors such as

the chemical stability of the hydrolytically sensitive groups in the polymer back-

bone, the hydrophilic/hydrophobic character of the repeating units, the initial mo-

lecular weight and the molecular weight distribution. The fabrication process, size,

geometry (specifically the surface area to volume ratio) and porosity of the device

also have a tremendous impact on the degradation rate as well as the environmen-

tal conditions [27]. Since the hydrolytic degradation is caused by the reaction of

water with labile bonds, typically ester bonds in the polymer chain, the reaction

rate is intimately connected with the ability of the polymer to absorb water. Thus,

devices made of PGA erode faster than identical devices made of the more hydro-

phobic PLA, although the ester bonds have almost the same chemical reactivity to-

ward water in both polymers. Furthermore, as mentioned above, although P(l-LA)

Figure 8.5. Chemical structure of (a) the

main biodegradable synthetic polymers: (4)
poly(glycolic acid), (5) poly(lactic acid),

(6) poly(lactide-co-glycolide), (7) poly(e-

caprolactone), (8) poly(malic acid),

(9) poly(ethylene carbonate) (R ¼ H)/

poly(propylene carbonate) (R ¼ CH3) and

(10) poly(anhydride), and (b) the main

nondegradable synthetic polymers:

(11) poly(methyl methacrylate) (R ¼ CH3)/

poly(hydroxyethyl methacrylate) (R ¼
CH2CH2OH), (12) poly(N-isopropylacryl-

amide), (13) poly(alkylcyanoacrylate) and

(14) poly(ethylene oxide) used as core material

for the preparation of polymeric nanoparticles.
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and P(d,l-LA) have chemically identical backbone structures and an identical de-

gree of hydrophobicity, devices made of P(l-LA) tend to degrade much more slowly

than identical devices made of P(d,l-LA). The slower rate of erosion of P(l-LA) is

related to its semicrystalline morphology.

Vert and coworkers [28] demonstrated the complexity of PLA, PGA and PLGA

degradation, and emphasized that the hydrolytic process depends on the size and

morphology of the biomedical device. Although at first sight astonishing, it has

been demonstrated that PLA microparticles degrade faster than PLA nanoparticles,

and that this phenomenon relies on a diffusion mechanism [29]. Indeed, due to

the large nanoparticle surface in relation to the volume, the acid (produced during

the degradation) can easily diffuse out of the nanoparticle. On the contrary, within

microparticles, the produced acid accumulates inside the particle as the diffusion is

slower. This local decrease of the pH has an autocatalytic effect on the degradation

process. Indeed, after the water uptake the polymer chains degrade in the core of

the nanoparticles (corresponding to a decrease of the molecular weight), and only

afterwards appears weight loss of the material due to the diffusion of the degraded

polymer chains out of the bulky material.

Another example of a polyester is PCL, which is widely used in the field in bio-

materials. This polymer is semicrystalline, more hydrophobic than PLA and PLGA,

and hence is characterized by a slower (bio)degradation.

Furthermore, other biodegradable polyesters derived from naturally occurring,

multifunctional hydroxy acids and amino acids, such as malic acid and aspartic

acid, have been investigated by Lenz and Guerin [30]. Poly(malic acid) is biocom-

patible and degradable, and water-soluble in contrast to PLA and PCL. Biocompat-

ibility tests indicated that poly(b-malic acid) is nontoxic and nonimmunogenic [31].

Due to the fact that most of these polyesters lack functional groups, efforts have

been made to prepare biodegradable aliphatic polyesters bearing functional groups

available for further modification. Such copolymers can be reached by copolymer-

ization of novel functional monomers with conventional ones [32–36]. Their fea-

tures are affected by the comonomer compositions, the polymer architecture, and

the molecular weight. Copolymers have thus been synthesized in order to adjust

degradation rates as well as mechanical properties. For instance, PEO-b-PLA block

copolymers have been synthesized and used to prepare nanoparticles showing a

faster degradation with respect to plain PLA nanoparticles. Indeed, the introduc-

tion of a hydrophilic polymer (PEO) favors hydration of the polyester nanoparticles,

which is the key requirement for the hydrolytic degradation to take place as ex-

plained above. For the same reason, the ester functions next to the PEO segment

degrade first and the PEO chains are lost rapidly.

In addition, polycarbonates, such as poly(ethylene carbonate) and poly(propylene

carbonate) have been explored in the design of new polyester-related structures

for the preparation of nanoparticles for drug delivery. For instance, they have been

tested as biodegradable carriers for the delivery of 5-fluorouracil [37] and were

found to be degraded enzymatically [38].

In addition to natural proteins, synthetic (co)poly(amides), such as poly(lysine)

and poly(glutamic acids), have also been studied as drug carriers [39].
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As well as the described groups of biodegradable polymers, there are a lot

of other classes of biodegradable polymers used for biomaterials, such as

poly(anhydrides), poly(phosphate esters), poly(phosphazenes) and poly(ortho-

esters). An exhaustive overview on their properties, synthesis, degradation char-

acteristics, biocompatibility and toxicity is beyond the scope of this work, and may

be found in the literature [26].

8.2.3

Nondegradable Synthetic Polymers

Polymers made of acrylic or vinylic monomers constitute an important group of

nondegradable materials used for the preparation of ‘‘biostable’’ polymeric nano-

particles. The interest of these materials relies mainly on the ease of preparation

and the availability of functional groups.

Poly(alkylcyanoacrylate) (PACA) represents an intermediate class between the

synthetic biodegradable and nonbiodegradable polymers [40]; indeed, it has been

shown that PACA particles are degraded by a surface erosion process [41], through

enzymatic hydrolysis of the ester side-chains of the polymer. The polymer chains

are therefore degraded to hydrophilic compounds and the rate of elimination is de-

pendent of the length of the nondegradable alkyl chain [42]. It was demonstrated

that materials based on PACA are well tolerated in vivo.
Finally, we would like to emphasize, that stimuli responsive polymers, such as

poly(N-isopropylacrylamide) (PNIPAAm), are promising materials for the prepara-

tion of stimuli responsive colloidal carrier systems. Despite the importance of this

group of materials, we are not able to discuss the materials used for nanoparticles

in this chapter. There are a lot of reviews on this subject [43, 44] (see also Sections

8.5.1.3 and 8.5.2.3).

8.2.4

PEO

This section is dedicated to PEO because of its importance and frequency of use

for biomaterials and, especially, nanoparticles. PEO is a hydrophilic, neutral, very

flexible polymer, which is widely used for the surface modification of nano-

particles. It is FDA approved and quite an important number of PEO–drug conju-

gates are on the market for intravenous administration. PEO is nonbiodegradable

but, due to its hydrophilicity, bioeliminable whenever its molecular weight is less

than 20 000 g mol�1 [45].

The mechanisms of PEO–protein interactions are reported in the review by

Vermette and coworkers [46]. Briefly, the protein repellence of PEO coatings has

been associated to ‘‘steric repulsion’’ and/or ‘‘hydration’’/‘‘water structuring’’ of

the chains. The flexibility of these PEO chains, which is particularly high in com-

parison to other hydrophilic polymers, is one explanation for its protein-repulsive,

antifouling properties. Indeed, the reason for its flexibility must be found in the
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easy rotation of the ether bonds and in the absence of any bulky substituent on the

PEO skeleton. The rapid and transitory change of the conformation of PEO chains

is probably responsible for the poor interaction of the PEO chain with proteins. In

addition, whenever a protein or another surface approaches with sufficient kinetic

energy, PEO chains forming a dense brush at a surface will be compressed by the

collision. This will increase the local concentration of polymer segments (corre-

sponding to a loss of entropy of the PEO chains), enhancing the free energy and

inducing the repulsion of the protein from the surface [46]. The interaction energy

is thus repulsive.

A lot of works tried to understand the influence of the density and length of PEO

chains at surfaces on its protein-repulsive properties. The conformation of the PEO

chains changes when the distance D that separates two neighboring PEO chains

tethered at the surface becomes close to or smaller than the radius of gyration of

the polymer (Rg) (Fig. 8.6). In good solvents for PEO such as water, the polymer

chains form ‘‘mushroom’’-like structures at long distances (DgRg), as illustrated

in Fig. 8.6(A) and (B), in poor solvents flat ‘‘pancake’’-like structures are expected.

With decreasing distance (D@Rg), the chains start to interact with each other and

approach the mushroom to brush transition (Fig. 8.6(C) and (D)). For D < Rg, the

polymer chains strongly interact and in order to minimize the contact between

them they stretch away from the surface, forming the so-called ‘‘brush’’ conforma-

tion [46]. It is thus clear that one of the most important parameters in determining

the protein adsorption onto PEO layers is the grafting density of the PEO chains. It

Figure 8.6. Schematic representation of polymer (PEO) structures at the interface.
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has been reported that a distance d of 1.5 nm between two terminally attached PEO

chains at the nanoparticle surface was found ideal for reducing protein adsorption.

In addition, it has been demonstrated that rather long PEO chains (a molecular

weight of 2000–5000 g mol�1 has been proposed as ideal molecular weight earlier

[47–49]) are not necessarily a prerequisite for low protein adsorption [46].

These are the reasons why PEO is the polymer of choice for the design of nano-

particles of the second generation and third generation.

8.3

Preparation of Polymeric Nanoparticles

In the last decades, several techniques have been developed to prepare colloidal

carrier systems from polymeric materials. These can be obtained either (i) by asso-

ciation of preformed polymers (natural, modified natural or synthetic polymers,

see Section 8.2) using techniques, such as emulsion-evaporation, emulsion-

diffusion and salting-out, or (ii) by (mini)emulsion or micellar polymerization of

polymerizable monomers dispersed in an aqueous phase. The preparation tech-

nique must be suitable for the material with regard to solubility and stability of

the polymer. In the case of emulsion polymerization, the availability of monomers

polymerizable in o/w emulsion is the limiting factor.

8.3.1

Preparation of Nanospheres from Preformed Polymers

The use of preformed polymers for the preparation of nanospheres has several ad-

vantages, such as the availability of a large variety of materials with controlled and

optimized macromolecular characteristics (molecular weight and polydispersity),

as well as suitable physicochemical and biological properties. Indeed, in order

to favor reproducibility, colloidal carriers must be synthesized from well-defined

macromolecular materials. A large number of reviews are available describing in

detail the different techniques to obtain colloidal carriers (e.g. Ref. [50]). In the fol-

lowing, we briefly discuss the most popular methods to obtain nanospheres from

preformed polymers, i.e. emulsion-evaporation, emulsion-diffusion, salting-out

and nanoprecipitation.

Polymers that are insoluble in water are generally used for the formation of

dispersed colloidal systems in aqueous media. Thus, organic solvents are often re-

quired to dissolve the polymers – the first step to nanoparticle formation. Depend-

ing on the preparation procedure described in the following sections, the organic

solvents used are either miscible or immiscible with water.

8.3.1.1 Emulsion-evaporation

Organic volatile solvents, such as chloroform and dichloromethane that are poorly

miscible or immiscible with water, are suitable for the emulsion-evaporation tech-
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nique, patented by Vanderhoff and coworkers [51]. First, the polymer is dissolved

in the organic solvent and tiny solvent droplets are formed by emulsification in

an aqueous phase containing an emulsifier [e.g. poly(vinyl alcohol) (PVA) or albu-

min]. Then, the crude o/w emulsion is exposed to a high-energy source, such as

ultrasonic devices or homogenizers, etc. [50], and, finally, stable solid nanoparticles

are formed from the emulsion droplets by slight evaporation of the organic solvent

(under reduced pressure). During the evaporation process, the organic solvent dif-

fuses from the inner core of the droplets to the external phase, maintaining a sat-

uration of the water phase by the organic solvent. The progressive elimination of

the solvents induces the precipitation of the polymer and the nanoparticles forma-

tion. The size of the droplets and also the nanoparticles can be adjusted by the na-

ture and quantity of emulsifier, the viscosity of the dispersing phase, and stirring

rate. Unfortunately, this method requires the use of large quantities of surfactants

(e.g. ranging from 0.5 to 8 wt% for PVA [50]) and high energy to form stable

homogeneous emulsions. When ultrasonication is used instead of high-speed

homogenizers, only very polydisperse nanosuspensions could be obtained. Only

hydrophobic drugs can be efficiently encapsulated, by this o/w process. As far as

hydrophilic drugs are concerned, a double-emulsion (w/o/w) technique has been

developed in order to obtain nanospheres of hydrophobic polymer (such as PLGA)

loaded by hydrophilic biomolecules, such as proteins [52]. Therefore, an inverse

w/o emulsion is first prepared from an aqueous phase, containing the hydrophilic

drug, and the organic phase, containing the matrix building polymer. Then this

emulsion is emulsified in a second surfactant-containing aqueous phase to form

the w/o/w emulsion. Finally, the organic solvent is removed by evaporation at re-

duced pressure.

8.3.1.2 Salting-out

Solvent immiscibility and polymer precipitation can be induced through changes

in temperature, pH or the addition of alcohol, but also by the addition of large

quantities of salt (‘‘salting-out’’). The principle of the salting-out method [53] is

to saturate the aqueous phase by electrolytes in order to reduce drastically the mis-

cibility of the organic solvent (normally water miscible) with the aqueous phase.

First, an o/w emulsion is formed between the organic phase and the surfactant

[e.g. PVA, hydroxyethylcellulose or poly(vinyl pyrrolidone) (PVP)]-containing aque-

ous phase, which was previously saturated by the salt. Then, distilled water is

added in such an amount that the total quantity of the organic solvent becomes

miscible with the aqueous phase. As a result, the organic solvent diffuses into the

aqueous phase, leading to the precipitation of the polymer as nanospheres. Several

factors, such as stirring rate and polymer concentration, have been reported to in-

fluence the mean size of the nanoparticles. The salt is generally removed by cross-

flow ultrafiltration/dialysis. This methodology allows using organic solvents of low

toxicity (generally acetone) and which can be easily removed at the end of the prep-

aration process by ultrafiltration or evaporation. However, the use of large amount

of surfactants and electrolytes is necessary.
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8.3.1.3 Emulsification-diffusion

The emulsification-diffusion method can be considered as a modification of the

salting-out procedure, avoiding the use of salts and hence intensive purification

steps [54]. Before dissolution of the polymer, the partially water-miscible organic

solvent (ethyl acetate, propylene carbonate, benzyl alcohol) is saturated in water to

ensure the thermodynamic equilibrium of both liquids. Then, the polymer solu-

tion is emulsified (o/w emulsion) under vigorous stirring in an aqueous solution

containing a stabilizer (e.g. PVA or poloxamers, i.e. a series of copolymers com-

posed of two PEO blocks separated by a PPO block). The subsequent addition of

water to the system causes the diffusion of the organic solvent to the external aque-

ous phase, resulting in the formation of nanoparticles. Finally, the organic solvent

is removed, depending on its boiling point, either by evaporation or crossflow

ultrafiltration. The size of the nanoparticles depends on numerous factors, such

as the concentration of the stabilizer (emulsifier), as well as the nature of the poly-

mer and the stirring rate [55].

This method is only efficient for the encapsulation of lipophilic drugs. In addi-

tion, it requires the removal of large volumes of water due to the dilution-induced

diffusion process. However, the advantages of this approach rely on its good repro-

ducibility and high loading efficiencies.

8.3.1.4 Nanoprecipitation

Fessi and coworkers [56] described and patented a simple technique to obtain poly-

meric nanoparticles which does not require the preliminary formation of an emul-

sion. It relies on the use of organic solvents that are perfectly miscible with water,

such as acetone, ethanol or dimethyl sulfoxide (DMSO). Furthermore, the poly-

mer must be insoluble in the aqueous phase, but also in the mixture of both

phases. This method is called the ‘‘nanoprecipitation’’ or ‘‘solvent displacement’’

technique.

Thus, the organic polymer solution is added drop-by-drop into a large volume of

an aqueous phase, typically containing a surfactant (e.g. PVA, Poloxamer1). Under

these conditions, the nanoparticles are formed instantaneously by the precipitation

of the polymer induced by the diffusion of the organic solvent in the aqueous

phase. Depending on its boiling point, the organic solvent is then eliminated by

evaporation or dialysis. This technique has been modified and adjusted by various

research groups [57, 58]. Polymer precipitation has also been induced by gentle

progressive diffusion of water to an organic polymer solution placed in a tube of

dialysis membranes [59]. The size of the nanoparticles obtained by nanoprecipita-

tion processes is typically about 200 nm depending on the nature, miscibility and

viscosity of the solvent, the polymer and its concentration in the organic solvent,

and the preparation conditions.

This technique is especially interesting because of its low energy consumption

and very simple handling.

As described above, most of these techniques require the use of surfactant in the

aqueous phase, i.e. amphiphilic polymers such as PVA or triblock copolymers of
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PEO and PPO (PEO-b-PPO-b-PEO, known as poloxamers) that exhibit interfacial

activity, to guarantee the stability of the colloidal dispersions.

8.3.2

Synthesis of Nanospheres by In Situ Polymerization

In contrast to the techniques described above, where preformed polymers are used,

nanoparticles can also be synthesized by polymerization of suitable monomers in

(mini)emulsion [60, 61] or dispersion. Emulsion polymerizations employ water-

insoluble monomers that are emulsified as micron-sized oil droplets (1–10 mm) in

an aqueous phase stabilized by a surfactant. The initiators used in emulsion poly-

merizations are generally water-soluble and dissolved in the aqueous phase. Most

emulsion polymerizations use a radical polymerization method. The drawback of

such (macro)emulsion polymerizations is that the size of the latex particle does

not correspond to the primary emulsion droplets, but rather depends on polymer-

ization kinetic parameters. Miniemulsion polymerizations (Fig. 8.7) are a special

class of emulsion polymerizations. They have many similarities, but the particle

nucleation and reagent transport phenomena are different. In fact, miniemul-

sions consist of two immiscible liquids, a surfactant and a special cosurfactant

(additive) that is only soluble in the dispersed phase. They are prepared by high-

shear treatment of these mixtures, either by ultrasound or by a high-pressure

microfluidizer and contain stable nanodroplets with a diameter of 30–300 nm.

Figure 8.7. The principle of miniemulsion polymerization.
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The combination of the two surfactants makes the droplets extremely stable,

inhibiting the diffusion of monomers out of the miniemulsion droplets and pre-

venting their coalescence [60]. The size of the polymer nanoparticles corresponds

thus to that of the initially formed nanodroplets, which is controlled by the shear

and the stabilizer system, and not [as for the (macro)emulsion] by the polymeriza-

tion parameters. The active compound (drug) is generally incorporated in the

dispersed phase, and therefore encapsulated in the nanoparticles during the poly-

merization process. More seldom, it is adsorbed onto the surface of preformed

nanoparticles (after the polymerization).

Nanoparticles made of PNIPAAm, poly(N-vinylacetamide) (PNVA), poly-

(vinylamine) (PVAm) and poly(methacrylic acid) (PMAA) have been prepared ac-

cording to this methodology. The corresponding vinylic and (meth)acrylic mono-

mers are generally polymerized under free radical conditions using, for instance

2,2 0-azobisisobutyronitrile (AIBN) as an initiator [62].

New processes based on the miniemulsion concept use amphiphilic polymers

both as emulsifiers and surface modifiers of the final nanoparticles. For instance,

the radical polymerization of styrene has been carried out in miniemulsions stabi-

lized by amphiphilic derivatives of dextran [63]. The size of the polysaccharide-

coated polystyrene particles was directly correlated to that of the initial nanodroplet

and depended on the monomer concentration. The use of functional emulsifiers as

surface modifiers is discussed in detail in Section 8.4.3.3.

Furthermore, other polymerization systems have also been used to prepare poly-

meric particles, such as dispersion or suspension polymerization. In the suspen-

sion polymerization process, the initiator is soluble in the monomer and larger

particles (above 1 mm) are obtained.

In addition, dispersion polymerizations have been rediscovered in recent years

for the preparation of (sub)micron-size polymer particles with narrow size distribu-

tions. This process differs notably from emulsion and suspension polymerization

as it starts with a homogeneous solution of monomer(s), stabilizer(s) and initiator in

a mostly organic solvent. The polymer precipitates as a colloidal dispersion during

the polymerization process. As an interesting example, polystyrene core glycopoly-

mer corona nanospheres have been obtained by free radical copolymerization of hy-

drophilic macromonomers and styrene (as hydrophobic comonomer) in dispersion

in a polar solvent (e.g. ethanol/water mixture) [64–66] (details see Section 8.4.3.3).

One of the advantages of emulsion polymerization for the preparation of poly-

meric nanoparticles is its reproducibility regarding size and drug-loading rate,

even at a semi-industrial level. On the other hand, the disadvantages of this

approach are the possibility of residual emulsifiers, monomers, but also oligomers,

and the risk of drug interaction (with the reactives) during polymerization and

thus inactivation.

8.3.3

Preparation of Nanocapsules

As mentioned in the Introduction (Section 8.1), nanocapsules are built of an oily or

sometimes aqueous core, surrounded by a thin polymeric wall. Similar to nano-
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spheres, nanocapsules can be obtained from either preformed polymers or by (in-

terfacial) polymerization of monomers at the oil–water interface. The main tech-

niques for the synthesis of nanocapsules rely on the use of a water-miscible organic

solvent, solubilizing the polymer or monomer, and the insolubility of them in both

the oil and the aqueous phase. The miscibility of the organic solvent is thus the

driving force for the diffusion of the polymer (or monomer) to the water–oil inter-

face [67, 68].

In general, the polymer or monomer is first dissolved in the organic phase (con-

sisting of the oil and a water-miscible organic solvent). Then, upon addition of the

organic phase to the aqueous phase (containing a hydrosoluble surfactant), the

polymer/monomer diffuses with the water-miscible organic solvent and is stranded

at the interface between oil and water. As an example for interfacial polymeriza-

tion, the polymerization of alkylcyanoacrylate has been initiated at the oil–water in-

terface by hydroxyl ions present in the aqueous phase, leading to the formation of

nanocapsules [69].

It should be mentioned that colloidal capsules can also be prepared by the layer-

by-layer approach. This technique is based on the self-assembly of two oppositely

charged species by electrostatic interactions [70, 71]. In general, the capsule wall

is formed by alternating deposition of a two oppositely charged polyelectrolytes on

a template core, which can be removed at the end of the process e.g. by dissolution.

However, the size of the as-prepared capsules is generally in the micrometer-scale

(1–5 mm) rather than in the nanoscale [72, 73].

One of the advantages of nanocapsules over nanospheres is their low polymer

content and a high loading capacity for lipophilic drugs. The percentage of encap-

sulation is generally related to the solubility of the drug in the core phase [74].

8.4

Surface Functionalization

The surface characteristics of nanoparticles are of fundamental importance for

their interaction with the environment, i.e. with living medium. In the last decade,

numerous surface-modified carrier systems have thus been developed allowing

the targeting of specific tissues. Polymeric materials functionalized with targeting

moieties, such as sugars [75], peptides [76], folic acid [77] and antibodies [78], have

received considerable interest as means to generate intelligent delivery vehicles ca-

pable of (polyvalent) specific binding interactions.

8.4.1

Functionalization with Biological (Macro)molecules

The first group of bioactive molecules considered here interacts nonspecifically

with tissues. Among them, polysaccharides are of great interest, especially to con-

fer to nanoparticles bioadhesive or mucoadhesive properties (cf. Section 8.2).

Therefore, nanoparticles have been surface-coated by polysaccharides, such as chi-
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tosan [19] and HA [14]. It could be demonstrated that nanoparticles coated by such

bioadhesive polymers, especially HA, significantly increased the ocular drug avail-

ability [79].

To overcome the fast capture of nanoparticles by the MPS, nanoparticles have

been coated with dextran and heparin. Such nanoparticles circulate for an en-

hanced period of time in the blood stream. The polysaccharide shell probably

avoided complement activation and opsonization of the nanoparticles by prevent-

ing protein adsorption [80, 81]. Aside from being long circulating, heparin-coated

nanoparticles showed antithrombic activity [81].

In the 1980s, a tripeptide, RGD, was identified to promote cell attachment [9].

Consequently, RGD peptides have been attached on the surface of polystyrene

nanoparticles. These nanoparticles have been shown to induce a 50-fold increase

in transport across the human intestine epithelial cells compared to blank polysty-

rene nanoparticles [82, 83]. It has also been demonstrated that a number of RGD

peptides and peptidomimetics bind preferentially to a particular integrin avb3,

which is often overexpressed on endothelial cells in tumor neovasculature [84]. A

cyclic peptide with the RGD sequence has thus been covalently attached to the sur-

face of doxorubicin-loaded nanoparticles and it was shown that they were preferen-

tially internalized in tumoral tissues compared to other organs, such as the liver or

the spleen [85].

8.4.2

Functionalization with Specific Ligands: Specific Interaction through Biological

Recognition

One of the greatest challenges is to find the optimal vector molecules or ligand

to transport nanoparticles specifically to the targeted tissue. The strategy relies

on the ability of the targeting agents or ligands to bind specifically to cell surface

receptors triggering receptor endocytosis. The following will describe some exam-

ples of these ligands identified and used up to now for the functionalization of

nanoparticles.

8.4.2.1 Mono- or Oligosaccharides (Carbohydrates)

As well documented in the literature [86–88], cell surface carbohydrates from gly-

coproteins and glycolipids play an essential role as recognition sites between cells

or cells and microorganisms. These recognition mechanisms are essentially based

on specific interactions between the oligosaccharide chains and soluble or mem-

brane proteins called lectins. The communication network based on carbohydrate–

protein interactions is crucial in a large variety of important biological phenomena

such as cell growth, inflammation, cancer, viral and bacterial infections.

Taking advantage of these specific carbohydrate–lectin interactions, numerous

glycomimetics have been developed for analytical, diagnostic and therapeutic pur-

poses. In particular, sugar-mediated drug delivery allows targeting cells that pos-

sess glycoreceptors on their plasma membrane. Such a mode of drug delivery is

considered as one of the most promising routes in cell-specific targeting. Indeed,
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membrane lectins of some cell types are able to internalize their ligands and hence

the glycoconjugates that are specifically recognized by these lectins can be used

as efficient carriers of drugs [89]. In particular dendritic cells of the human blood

express cell surface mannose-specific lectins, i.e. specific receptors for mannose

(mannose receptors) [90, 91]. In fact, these cells capture, process and present anti-

gens to native T cells, inducing the cellular immune response [92, 93]. The possi-

bility to target specifically dendritic cells thus makes mannose-coated nanoparticles

attractive delivery systems for vaccines (see Section 8.5.1.2). Apart from this po-

tential application, mannose-coated nanoparticles have been designed to target

specifically Gram-negative bacteria, exposing mannose receptors at their surface.

They could be used as carriers for antibacterial drugs [94].

In contrast to mannose, galactose interacts with hepatic cells via a Gal/GalNAc-

binding mammalian lectin. Galactose conjugates have thus been synthesized,

which have been used to carry antiparasitic [95] and antiviral drugs [96] specifically

to liver cells. For the same purpose, polymeric nanoparticles decorated with galac-

tose [97, 98], have been synthesized for hepatocyte-specific targeting.

It should be noted that the binding of a particular sugar to its glycoreceptor oc-

curs in a regioselective manner [87] and thus the introduction of saccharidic

ligands on polymers is generally performed by 1-O substitution of the sugar. Fur-

thermore, it has been emphasized that sugar–lectin interactions depend on the

‘‘density’’ of the partners at a surface. Indeed, their affinity can be enhanced by

multiple interactions between the binding proteins and the carbohydrate ligands,

which is known as the glycoside cluster effect [99].

8.4.2.2 Folate Receptor

All cells require folic acid as a vitamin for essential functions. They are thus

equipped with several pathways for folate internalization. Folate conjugates were

shown to enter cells only via the ‘‘alternative route’’, i.e. via the folate receptor.

This cell surface receptor is only expressed in measurable quantities on activated

macrophages and at the apical surface of some polarized epithelia. In addition,

the folate receptor is significantly overexpressed on the surface of many cancer

cells because they require more extensive folic acid to enable their rapid prolifera-

tion. The folate receptor is thus a possible target for a number of types of cancer.

Their localization on activated macrophages, but not on their quiescent or resting

counterparts, makes folate conjugates promising in targeting inflammatory and

autoimmune diseases because those specific macrophages cause or contribute to

these diseases.

It has been shown that folate-targeted delivery cannot only enhance the drug up-

take in the targeted pathologic cells, but can also reduce the drug deposition into

nonpathologic cells, thereby diminishing collateral toxicity to normal tissues. This

is due to the high specificity of folate for its receptors combined with the high sta-

bility of the folate-receptor complex (Kd @ 10�10). Consequently, such conjugates

can be administered at very low (nontoxic) concentrations and still achieve a clini-

cal response [100].

Similar to the uptake of the free vitamin, folate conjugates are taken up into cells
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via folate receptor-mediated endocytosis and released into the cytosol. Since folic

acid is taken into cells to favor their proliferation, they are thus not delivered to

lysosomes for destruction. In contrast to that, other ligands are destroyed in the

latter in order to prevent continuous signalization of the cells. This feature is im-

portant when macromolecular or hydrolytically sensitive drugs have to be deliv-

ered, since most of them are inactivated by the lytic enzymes that are concentrated

in lysosomes. A lot of studies on targeted drug delivery are thus based on the func-

tionalization of nanoparticles by folic acid [11, 101–103].

8.4.2.3 Antibodies

Apart from ligand–receptor interactions, antigen–antibody interactions are highly

specific molecular recognition processes and thus promising tools for specific tar-

geted delivery. In fact, with the advent of monoclonal antibody technology, the uti-

lization of antibodies increased dramatically. Monoclonal immunoglobulin G anti-

bodies represent today a promising groups of vector molecules to transport a

colloidal carrier system very specifically to the target tissue. In particular, in the field

of cancer, monoclonal antibodies have been shown to be able to bind to specific tu-

mor antigens. The ideal antigen should be expressed on all tumor cells, but not ex-

pressed on critical host cells. To date, a remarkable number of antibodies that are

specific to a certain cancer type have been identified and approved by the FDA.

Unlike folic acid, which is chemically very stable (e.g. to organic solvents, acids

and bases), antibodies are sensitive biomolecules and thus their introduction on the

surface of nanoparticles requires the use of mild chemical ligation reactions. Apart

from the interest for targeted drug delivery, antibody-decorated nanoparticles are

useful tools for clinical analysis by immunoassays and medical diagnostics [104].

8.4.2.4 Biotin

Finally, biotin (vitamin H), a small organic biomolecule, is widely used as a versa-

tile linker molecule to which a large variety of functional moieties can be bound via

a biotin–avidin complex. Actually, biotin is known to form very stable complexes

with its tetravalent ligand, avidin. The avidin–biotin complex is known as one of

the strongest noncovalent biological interactions (association constant Ka ¼ 1015

M�1). In addition, a large variety of biotinylated targeting ligands are commercially

available and they can be attached to the surface of biotin-coated nanoparticles via

biotin–avidin–biotin complexes (Fig. 8.8) [10].

Figure 8.8. Surface functionalization via biotin–avidin–biotin complex formation.
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Indeed, after complex formation with one of the sites of avidin, the residual

three binding sites of avidin are still available for the binding of biotin conjugates.

A very versatile tool for surface modification was thus made available. It is,

however, questionable whether the stability of colloidal dispersions of such nano-

particles may be maintained after the addition of avidin, as interparticular cross-

linking via free avidin binding sites might take place.

To avoid this problem, it might be advantageously to attach avidin (NeutrAvidin)

directly in a covalent manner to the surface of nanoparticles (Fig. 8.9). This

has been developed in the work of Balthasar and coworkers (see Section

8.4.3.4.2) who prepared antibody-decorated crosslinked gelatin nanoparticles as

drug carriers for the specific targeting of T lymphocytes (using biotinylated anti-

CD3 antibodies).

8.4.3

Strategies for Surface Modification

Surface functionalization of nanoparticles can be achieved by various approaches.

In general, the posterior attachment of bioactive molecules on the surface of pre-

formed nanoparticles may be achieved by (i) noncovalent interaction, (ii) specific

complex formation and (iii) covalent linking of the targeting moieties to the nano-

particles by chemical reactions (Fig. 8.10).

These different strategies are closely connected with each other and often com-

bined. As mentioned above, complexing molecules such as avidin have first been

covalently coupled to the nanoparticle surface before the desired biotinylated tar-

geting moiety could be attached to the surface by avidin–biotin complex formation

[102]. Figure 8.10 makes it clear that the crucial condition for successful attaching

targeting moieties at the nanoparticle surface is the presence of ‘‘reactive sites’’,

such as (i) charges, (ii) biomolecules and (iii) reactive groups, at surface of the

nanoparticles. They can be introduced by different ways: by adsorption of reactive

molecules on the surface of preformed nanoparticles, by preparing nanospheres

from preformed polymers in the presence of ‘‘functional surfactants’’, or by in situ
emulsion polymerization using functional surfactants/emulsifiers or functional

monomers or functional initiators. It should be noted that these techniques can

also be used to directly modify the surface by bioactive targeting probes. Therefore,

the synthesis of hybrid materials, i.e. materials containing both the biologically

Figure 8.9. Surface functionalization of avidin-bearing

nanoparticles with biotinylated molecules.
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active molecules and synthetic (polymeric) components, is often required. In this

context, a major problem is maintaining the biomolecule–nanoparticle conjugates

bioactive and to ensure the bioavailability of the bioactive entity. For this purpose,

hydrophilic spacer molecules, such as PEO chains [10], have often been introduced

between the surface and the biological ligand, thereby allowing the accessibility of

the biomolecule and its interaction. Furthermore, the conjugation reactions must

be carried out under mild, nondegrading reaction conditions.

The different strategies to achieve surface modifications of nanoparticles as well

as the chemistry used to reach biomolecule–nanoparticle conjugates are detailed

in the following sections. Finally, ‘‘molecular imprinting’’ of the surface of nano-

particles using template molecules is also discussed as a promising approach to

modify the surface of nanoparticles.

8.4.3.1 Adsorption on Preformed Nanoparticles

Polymer adsorption on solid–liquid interfaces is a widely studied phenomenon

connected with many important processes such as colloidal stabilization, floccula-

tion, adhesion and coating [105]. Based on this concept, several works report on

the adsorption of functional molecules on preformed nanoparticles [106]. The driv-

ing force for physisorption to happen is the affinity of at least part of the molecule

to the nanoparticle surface.

Figure 8.10. Different strategies for the conjugation of

targeting moieties to nanoparticles. (i) Unspecific noncovalent

interactions, adsorption of functional molecules by (a)

electrostatic and (b) hydrophobic interactions. (ii) Complex

formation. (iii) Covalent linking by chemical reactions.
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Two kinds of adsorption should be distinguished: (i) the adsorption of polyelec-

trolytes or charged molecules onto oppositely charged nanoparticles and (ii) the ad-

sorption of hydrophobic or hydrophobically modified (macro)molecules onto pre-

formed hydrophobic polymeric nanoparticles [107].

Quite a lot of studies used electrostatic interactions to coat nanoparticles. For in-

stance, positively charged chitosan nanoparticles loaded with proteins have been

coated with sodium alginate in order to avoid a burst release, and to enhance their

mechanical and thermal stability [14]. Furthermore, chitosan has been adsorbed on

negatively charged PLA nanoparticles to prepare fully bioresorbable mucoadhesive

nanoparticles [108].

Very recently, potential targeting probes have been adsorbed onto polymer

nanoparticles by electrostatic interactions: cationized antigens [Tat(1–72)] were ad-

sorbed on negatively charged nanoparticles [109].

On the other hand, hydrophobic nanoparticles has been surface-functionalized

by using amphiphilic or hydrophobically modified macromolecules, the hydropho-

bic part of the macromolecule ensuring their durable adsorption and physical an-

chorage. Based on this approach, numerous studies have used amphiphilic block

copolymers, such as Pluronics1 (block copolymers based on PEO and PPO, e.g.

PEO-b-PPO-b-PEO triblock copolymer also called poloxamers) as surface modifiers

of hydrophobic nanoparticles [110]. The hydrophobic PPO block is the driving ele-

ment for the adsorption onto the surface of nanoparticle, while the hydrophilic

PEO chains expand in the aqueous environment forming a steric barrier that sta-

bilizes the nanoparticles, prevents their aggregation and makes them stealthy to

the MPS. Similarly, polystyrene nanoparticles have been surface-modified by Plur-

onic F-108 (PEO129-b-PPO56-b-PEO129) end-capped by polypeptides containing the

RGD sequence. Exposing cell adhesive peptides at their surface, these nano-

particles are promising devices for diagnostic purposes [83].

Apart from amphiphilic block copolymers, randomly hydrophobically modified

polymers have also been used. Polystyrene-divinylbenzene (PS-DVB) particles have

been coated with dextran partially substituted by phenoxy groups. Adsorption was

achieved by simple incubation of the particles in the polymer solution (20 h) and

the adsorbed polymer layer was then chemically crosslinked in order to avoid poly-

mer desorption (using epichlorhydrin or butanediol diglycidyl ether). The dextran

layer was shown to greatly reduce the nonspecific adsorption of bovine serum albu-

min (BSA) [105].

Furthermore, dextran-bearing hydrophobic phenoxy groups and comb-like

copolymers of dextran-bearing pendant phenoxy groups and PEO chains (DexP-g-
PEO) were synthesized [111]. They were adsorbed on polystyrene nanoparticles

and the effects of the polymer composition and architecture on the protein adsorp-

tion were studied (Fig. 8.11).

It was found that the most important parameter in preventing the adsorption of

BSA was the extent of the contact points between dextran and the surface, rather

than the grafting density of PEO chains, in the case of DexP-g-PEO [111].

On the other hand, the naturally occurring adsorption of proteins, which is

generally not desired, has also been exploited, e.g. in the case of protein delivery

[109].
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The advantage of surface modification via adsorption relies on the complete lo-

calization of the adsorbed molecules at the surface. However, it must be considered

that the post-modification of the surface of preformed nanoparticles can alter their

stability and induce their aggregation. In fact, the stability of colloidal systems

relies on steric or electrostatic repulsion of the particles, so that the adsorption of

material on the nanoparticle surface might diminish the interparticular repulsion

and would thus induce their aggregation. Finally, the risk of desorption upon dilu-

tion and introduction into complex biological media must be considered. There-

fore, most of the recent approaches rely on the covalent linking of the functional

(macro)molecules to the nanoparticle’s constitutive polymer (Section 8.4.3.2) or

directly to the nanoparticle surface (Section 8.4.3.4).

8.4.3.2 Functional Surfactants as Stabilizers and Surface Modifiers

As explained in Section 8.3, methods for the preparation of polymeric nano-

particles generally use surfactants, which play the role of emulsifier and stabilizer.

It was demonstrated that in the case of hydrophobic nanoparticles, the amphiphilic

surfactant is located at the surface of the particle, i.e. at the water–hydrophobic

solid interface [14, 49]. Amphiphilic copolymers conjugated with bioactive mole-

cules may thus serve as both emulsifiers and surface modifiers. Such copolymers

may be synthesized with various architectures, e.g. block [diblock (Scheme 8.1A

Figure 8.11. Adsorption of amphiphilic dextran (DexP) with (a)

high and (b) low amounts of grafted phenoxy groups and (c) of

graft DexP–g–PEO copolymer at the hydrophobic surface [111].

Scheme 8.1. Amphiphilic copolymers: red ¼ hydrophobic,

blue ¼ hydrophilic, star ¼ functional (bio)molecule.
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and B) or triblock] or comb-like structures (Scheme 8.1C–E), employing controlled

polymerization techniques. The functional biomolecule is rather attached on the

hydrophilic part of the copolymers, in order to optimize its availability for interac-

tion in aqueous environment. PEO has preferentially been used because of its hy-

drophilicity and flexibility properties (see Section 8.2.4).

8.4.3.2.1 Functional Amphiphilic Block Copolymers A first group of copolymers

used for surface functionalization typically consists of amphiphilic block copoly-

mers as schematically presented in Scheme 8.1A. In general, such copolymers

can be obtained through four different strategies: (i) by post-polymerization func-

tionalization, where the functional moiety is grafted to the hydrophilic end of the

amphiphilic block copolymer bearing a reactive group [112], (ii) by linking the bio-

active group at one end of an a,o-bifunctional hydrophilic homopolymer, followed

by the initiation of the polymerization of the second block from the other chain

end, (iii) by using biologically active molecules as initiators for the sequential poly-

merization of the diblock copolymer (hydrophilic block being polymerized first) or

(iv) by using polymerizable hydrophilic biomolecules.

The first approach (i) has mainly been applied for the functionalization of

diblock copolymers by sugars and peptides. For instance, the hydrophilic end of

amphiphilic PEO-b-P(d,l-LA) diblock copolymers has been end-capped by man-

nose [112], lactose [113] or peptides [114] using a reductive amination reaction.

For this purpose, aldehyde (CHO)-capped copolymers and amino or aminophenyl

derivatives of the biomolecule were synthesized. Then, the conjugation of both

compounds was carried out in the presence of reducing agents [NaBH(OAc)3 or

NaBH3CN] [112–114].

On the other hand, biotin [115] or protected monosaccharides [86] have been

used to initiate the polymerization of the hydrophilic block (approach iii). For

instance, Qi and coworkers [115] prepared nanoparticles coated by biotin from

biotin-terminated PAA-b-poly(methyl acrylate) diblock copolymers (biotin–PAA-b-
PMA). These functional copolymers were prepared using a biotinylated initiator

for the sequential atom transfer radical polymerization (ATRP) of acrylic acid and

methyl acrylate (Fig. 8.12).

Not only radical polymerizations, but also ring-opening polymerizations (ROPs)

have been successfully initiated by suitably protected molecules. Yasugi and co-

Figure 8.12. Synthesis of biotin end-capped PAA-b-PMA by ATRP.
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workers [86] synthesized amphiphilic biodegradable PEO-b-PLA diblock copoly-

mers that were end-functionalized by galactose. Therefore, they initiated the

anionic polymerization of ethylene oxide by a metal alkoxide of a regioselectively

protected galactose, followed by ROP of lactic acid.

Finally, amphiphilic functional copolymers were prepared using polymerizable

carbohydrates as monomers. Armes and coworkers synthesized new sugar-

modified methacrylic monomers (2-gluconamidoethyl methacrylate and 2-lacto-

bionamidoethyl methacrylate) suitable for the preparation of sugar-modified

methacrylate-based diblock (see Fig. 8.13) and triblock copolymers by ATRP start-

ing from different (macro)initiators [116].

8.4.3.2.2 Functional Random (Comb-like) Copolymers The most popular pathway

to amphiphilic random (comb-like) copolymers (Scheme 8.1C–E) functionalized

by biomolecules relies on the synthesis of copolymers bearing groups that are

prone to further chemical modification. Then, in a second step, reactive biomole-

cule derivatives can be grafted onto the (hydrophobic or hydrophilic) polymer back-

bone (called ‘‘grafting onto’’ approach).

For example, the pendant carboxylic acid groups of poly(methyl methacrylate-co-
methacrylic acid) copolymers have been successfully used as reactive sites for the

covalent linking of biotin molecules [117]. These random amphiphilic copolymers

were efficient stabilizers and surface modifiers of PLA nanoparticles [117].

With the purpose to obtain fully biodegradable nanoparticles, biodegradable

amphiphilic copolymers bearing reactive sites have been synthesized. For instance,

e-caprolactone has been randomly copolymerized with g-substituted functional e-

caprolactone (comonomers) (bromo-, hydroxyl-, carboxylic acid-substituted), allow-

ing the posterior reaction with biologically active compounds. Fully biodegradable

surface-modified nanoparticles could be obtained by coprecipitation of PLA with

these functional amphiphilic copolymers and the presence of the latter at the nano-

particle’s surface was demonstrated [118].

Maruyama and coworkers also prepared biodegradable nanoparticles based on

poly(d,l-LA) and poly(l-lysine)-g-polysaccharide (dextran, maltose or amylose) co-

Figure 8.13. Sequential polymerization of 2-lactobionamidoethyl

methacrylate (LAMA) with methacrylic monomers (R-MA) by

ATRP at 20 �C.
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polymers either by a solvent evaporation process or a diafiltration method. These

copolymers were easily prepared by a reductive amination reaction between the

pendant amine function of the polypeptide and the reductive extremity of the poly-

saccharide. Aggregation assays using specific lectins revealed the presence of

carbohydrate moieties at the nanoparticle surface. Furthermore, due to the poly-

cationic nature of poly(lysine), the nanoparticles are positively charged. Conse-

quently, they appear as promising candidates for the transfection of DNA (gene de-

livery) [119].

The efficient synthesis of amphiphilic maleic anhydride copolymers grafted by

galactose units and dodecyl chains has been recently reported. (Fig. 8.14) In fact,

reactive anhydride functions were introduced through copolymerization of maleic

anhydride and N-vinylpyrrolidone in a copolymer backbone. They have then been

used as reactive sites for further functionalization with N-(4-aminobutyl)-O-b-d-

galactopyranosyl-(1–4)-d-gluconamide (an amine-functionalized galactose deriva-

tive) and dodecylamine. As illustrated in Scheme 8.1(E), amphiphilic maleic anhy-

dride copolymers bearing pendant hydrophilic galactose moieties, as biological

targeting units, and hydrophobic alkyl chains (for the interfacial activity) could be

obtained [120]. These copolymers were successfully used as stabilizers and surface

modifiers to produce stable nanoparticles coated with galactoses as targetable moi-

eties on their surface, using the emulsification-diffusion technique. The presence

and bioavailability of the galactose moieties at the nanoparticle surface were clearly

demonstrated by lectin–sugar interactions [98].

8.4.3.3 Emulsion, Miniemulsion or Dispersion Polymerization

As mentioned in Section 8.3.2, polymeric nanoparticles can be prepared using

emulsion, miniemulsion or dispersion polymerization. In order to modify the

surface of nanoparticles, several approaches have been proposed. One relies

on the miniemulsion polymerization of monomers in the presence of amphiphilic

biopolymers as emulsifiers. A second approach is based on the dispersion copoly-

merization of a hydrophilic functional macromonomer with a hydrophobic

comonomer.

Figure 8.14. Structure of amphiphilic galactosylated copolymers Galx–Dody.
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According to the first strategy, the polycation chitosan [121] has been used as sta-

bilizer to prepare chitosan-coated latexes by (mini)emulsion polymerization. While

the use of chitosan alone resulted in rather large droplets and a major amount of

coagulate, addition of a low-molecular-weight surfactant or a flexible polymeric

costabilizer significantly improved the stabilization of the nanodroplets during the

polymerization. This efficient stabilization allowed the production of well-defined

chitosan-coated nanoparticles in the range of 100–300 nm.

Later, Dellacherie and coworkers coated polystyrene nanoparticles by dextran in

a miniemulsion process which did not require the addition of any costabilizers

and led to monodisperse nanoparticles. For this purpose, they hydrophobically

modified dextran chains by randomly grafted phenoxy groups. This amphiphilic

dextran showed strong interfacial activity, and could be successfully used as an

emulsion stabilizer and surface modifier in miniemulsion processes to prepare

polystyrene particles carrying dextran at the surface [63].

In contrast to this approach, the macromonomer method allows covalently link-

ing biomolecules, such as monosaccharide moieties, to the surface of nanopar-

ticles. A direct pathway to carbohydrate-functionalized nanoparticles has thus been

proposed [66]. For this purpose, a hydrophilic macromonomer bearing glucose

moieties has been synthesized by radical polymerization of 2-(glucosyloxy)ethyl

methacrylate (GEMA) in the presence of 2-mercaptoethylamine as a chain transfer

agent, followed by a peptide-like coupling reaction with 4-vinylbenzoic acid (VBA)

(Fig. 8.15). Nanospheres with a polystyrene core and a GEMA oligomer corona

were then obtained by free radical copolymerization of the GEMA macromonomer

with styrene in an ethanol/water mixture. As mentioned in Section 8.4.2.1, such

glucose-decorated nanoparticles were expected to increase the interaction with a

glucose specific lectin [concanavalin A (Con A)] due to the cluster effect. Hence,

investigation of the glucose-lectin interaction by the enzyme-linked lectin assay

(ELLA) demonstrated that the binding activity of the carbohydrate decorated nano-

particles was less than that of the free GEMA macromonomer. It decreased even

with increasing amount of glucose at the nanospheres. Steric hindrance was pro-

posed as a possible explanation for the low bioavailabilty [66] (Fig. 8.16).

The choice of technique for the surface modification by biomolecules is thus

crucial. Biological recognition assays are necessary to test the bioavailability of the

biomolecules.

8.4.3.4 Covalent Linking of Functional Molecules to Preformed Nanoparticles

The surface functionalization of nanoparticles by covalent grafting of functional

molecules on preformed polymeric nanoparticles is challenging (see Fig. 8.10, iii).

Such reactions require (i) the availability of functional reactive groups at the

nanoparticle surface, (ii) the synthesis of biomolecules bearing reactive groups,

and (iii) the use of coupling reactions that are selective and efficient. Above all,

they must be smooth, not causing neither denaturation of the biomolecules nor

degradation of the polymer material. These challenges led to the development of

‘‘chemical ligation’’, i.e. the selective covalent coupling of mutually and uniquely

functional groups under mild and aqueous conditions [122]. Hitherto, only a few
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of these methods have been applied to the chemical coupling of biomolecules onto

preformed nanoparticles.

In the following, we report on the universally applied amine–acid coupling and

on another very selective and smooth coupling reaction, relying on the reaction of

thiol groups with maleimides.

Figure 8.16. Schematic representation of a GEMA nanosphere

and its interaction with Con A [66].

Figure 8.15. Synthesis and copolymerization of a glucose-

capped macromonomer (GEMA macromonomer).
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8.4.3.4.1 Amine–Acid Coupling The amine–acid coupling is one of the most uni-

versally applied and efficient coupling reactions. As an example, biomolecules bear-

ing carboxylic acid groups have been conjugated onto NH2-coated nanoparticles.

Such nanoparticles have been prepared using amine-functionalized comonomers,

either in an in situ copolymerization process (Section 8.3.2) [101], or by using am-

phiphilic copolymers that serve as surfactants and surface modifiers, e.g. in a

nanoprecipitation technique (Section 8.3.1) [102]. Folic acid was then successfully

conjugated to the surface using 1,3-dicyclohexylcarbodiimide (DCC).

Based on the same conjugation reaction, biomolecules bearing an amine func-

tion have been conjugated to nanoparticles exposing carboxylic acid groups. Woo-

ley and coworkers prepared SCKs from micelles formed by poly(e-caprolactone-b-
acrylic acid) diblock copolymers (PCL-b-PAA) [123] followed by crosslinking of the

PAA shell (consumption of approximately 50% of the acrylic acid groups) (Fig.

8.17, step 1). The remaining acrylic acid groups were then used for the conjugation

to the amino group of a fluorescent dye [fluorescein-5-thiosemicarbazide (FTSC)

(Fig. 8.17, step 2) and a biologically active peptide sequence, respectively. The latter

was prepared by standard solid-phase peptide synthesis (SPPS) and extended with

a flexible linker. (Fig. 8.17, step 3). The following conjugation of the peptide to the

SCK nanoparticle was performed on a solid support. This technique allows attach-

ing the peptide selectively to the surface of the SCKs, as the reaction can only take

place at the interface of the SCK and the peptide-bearing resin. Moreover, by per-

forming the SCK–peptide coupling on a solid support, any nonconjugated nano-

particles were removed by washing of the resin support. Finally, by degradation of

the PCL core, fluorescent peptide-exposing nanocapsules (nanocages) could be ob-

tained, which demonstrated good binding interactions with cells and transduction

into cells [124] (Fig. 8.17, step 4).

8.4.3.4.2 Thiol–Maleimide Coupling The introduction of thiol groups at the sur-

face of nanoparticles opens up a lot of new possibilities in ligand conjugation (liga-

tion). In particular, conjugation reactions between thiols and maleimides have re-

ceived increasing interest due to their specificity and reactivity. Such reactions have

been found to be quantitative under physiological conditions [125]. Antibody

or protein conjugation is commonly performed using bifunctional crosslinkers

such as m-maleimidobenzoyl-N-hydroxysuccinimide ester (MBS) that offers two

binding sites – one for primary amino groups (present in antibodies, drugs, spe-

cific peptides) and one for thiol functions (Fig. 8.18) [126].

Thus, thiolated polymer nanoparticles have been synthesized. For instance,

Langer and coworkers introduced free sulfhydryl groups onto the surface of

gelatin (protein) nanoparticles by the reaction of primary amino groups with 2-

iminothiolane [127]. Furthermore, Nobs and coworkers developed a suitable

method for the introduction of thiol functions on the surface of PLA nanoparticles.

The modification of the surface involved the activation of the carboxylic acid end-

groups of PLA followed by the nucleophilic attack by cysteine or cystamine in a

carbodiimide reaction (providing thiol functions via an amide bond) [128].
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In both cases (gelatin and PLA nanoparticles), thiol-functionalized nanoparticles

were thus made available. Then, avidin (NeutrAvidin), as a model protein and

linker molecule (see Section 8.4.2.4), could be successfully conjugated to the nano-

particles via MBS, as illustrated in Fig. 8.19 [129]. Balthasar and coworkers have

further attached biotinylated antibodies at the surface via avidin–biotin complex

formation and their bioavailability could be shown using indirect methods, such

as immunoblotting or fluorimetry [130].

8.4.3.4.3 Molecular Imprinting In the last decade, so called molecular-imprinted

polymeric materials (MIP) have gained increasing interest for biomimetic molecu-

lar recognition elements [131]. The three-dimensional arrangement of the binding

functional groups on the MIP is obtained by linking the functional monomers co-

valently or noncovalently to the template during polymerization (Fig. 8.20).

Removal of the template from the formed polymer then generates a structure

that is complementary to the template structure. Very recently, based on this prin-

Figure 8.19. Schematic representation of

antibody-loaded NeutrAvidin-modified gelatin

nanoparticles. Sulfhydryl groups were

introduced onto the particle surface by 2-

iminothiolane followed by a conjugation

reaction with NeutrAvidin using the

heterobifunctional crosslinker MBS. A

biotinylated anti-CD3 antibody was then

attached to the particle surface by avidin–

biotin complex formation.

Figure 8.18. Coupling agent: bifunctional MBS.
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ciple interfacial imprinting techniques have been developed to reach surface-

imprinted (colloidal systems). This approach has been used for the synthesis of

surface-imprinted polymeric nanoparticles. Therefore, using emulsion or precipita-

tion polymerization techniques monomers bearing bonds to a ‘‘template molecule’’

have been polymerized in the presence of bioactive molecules as templates [132].

Removal of the latter leaves a polymer nanoparticle containing a memory of its

shape and functionality on its surface. They are therefore synthetic analogs of bio-

logical recognition systems.

First attempts have been undertaken, and Carter and coworkers synthesized

nanoparticles bearing imprints of caffeine or theophylline at their surface that

show a high affinity to the template molecule (caffeine or theophylline). Such par-

ticles possessed a core–shell structure [133]. The core was prepared first by emul-

sion polymerization of styrene and divinyl benzene monomers (1:1). The resulting

particles were then coated, in a second polymerization stage, with the imprinting

monomer mixture consisting of ethylene glycol dimethacrylate and oleyl phenyl

hydrogen phosphate, and caffeine (or theophylline) as noncovalent template.

8.4.4

Analytical Techniques for Surface Modification

The efficiency of the surface functionalization of nanoparticles with biomolecules,

but also their bioavailability for recognition interactions, depends on many factors.

Figure 8.20. Strategies used to place binding or catalytic

functional groups at defined positions in imprinted sites of

network polymers.
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These include the architecture and composition of the polymers, the conformation

of the polymer chains, and also the conditions employed for the nanoparticle for-

mation. Therefore, numerous (indirect and direct) techniques have been developed

and used to characterize the surface of nanoparticles [134]. Some of the most fre-

quently used physicochemical techniques (Section 8.4.4.1) and biological assays

(Section 8.4.4.2) are highlighted next.

8.4.4.1 Physicochemical Techniques

Physicochemical techniques can supply information both on the chemical com-

position of the surface and also on its physical properties, such as hydrophilicity

or surface charge. In addition, the biological properties of a surface can be investi-

gated. Thus, specific interaction reactions between biomolecules fixed on the nano-

particles and their ligands fixed on the analytical device can be revealed by physico-

chemical means.

8.4.4.1.1 The z Potential The z potential measurement of aqueous suspensions of

nanoparticles is one of the most common techniques to determine surface charges

and therefore surface modification. The z potential reflects the electrical surface

potential of particles, which is influenced by the different materials located at the

interface with the dispersing medium. Thus, the mobility of charged particles

is monitored by applying an electrical potential. High z potential values, above

30 mV (positive or negative value), lead generally to stable colloidal suspensions,

because electrostatic repulsion between particles prevents their aggregation.

8.4.4.1.2 X-ray Photoelectron Spectroscopy (XPS) Another commonly used tech-

nique is XPS, also known as electron spectroscopy for chemical analysis (ESCA),

which provides information about the chemical (atomic) composition of the top

layer of nanoparticles. Here, under ultra-high vacuum, the dried sample is bom-

barded with X-rays. When the photon is of suitable energy, it is absorbed by an

atom causing ionization and the emission of a core electron (inner shell electron).

Since binding energies of core electrons are characteristic for elements in a certain

chemical environment, the spectrum gives information on the elemental composi-

tion of the shallow surface region. From small shifts in the binding energies, addi-

tional chemical information can be derived (e.g. the oxidation state of the element).

Since photons possess a limited penetration energy, only those electrons pertaining

to atoms at or near the surface (up to 10 nm) escape and can be counted. This

quantitative technique gives the average composition over about 10 nm depth in-

side the nanoparticles. XPS at various angles allows for the determination of the

composition on different depth of the sample.

8.4.4.1.3 Time-of-Flight Secondary Ion Mass Spectroscopy (TOF-SIMS) SIMS is a

physicochemical technique of the outmost surface (10 Å). TOF-SIMS uses a pulsed

primary ion beam to desorb and ionize species from a sample surface. The result-

ing secondary ions are accelerated into a mass spectrometer, where they are mass
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analyzed by measuring their TOF from the sample surface to the detector. The

mass spectrum and the secondary ion images are then used to determine the com-

position and distribution of the sample’s surface constituents. TOF-SIMS provides

spectroscopy for the characterization of the surface’s chemical composition, imag-

ing for determining the distribution of the chemical species, and depth profiling

for thin-film characterization. This technique thus allows to prove the chemical

linkage of biomolecules to a surface via the analysis of the fragments.

8.4.4.1.4 Electron Paramagnetic Resonance (EPR) EPR, or electron spin resonance

(ESR), is a spectroscopic technique that detects species that possess unpaired elec-

trons. The basic physical concepts of the technique are analogous to those of nu-

clear magnetic resonance (NMR); however, instead of the spins of the atom’s nu-

clei, electron spins are excited. Due to the difference in mass between nuclei and

electrons, weaker magnetic fields and higher frequencies are used compared to

NMR. For electrons in a magnetic field of 0.3 T, spin resonance occurs at around

10 GHz. EPR is helpful for nanoparticle characterization by using nanoparticles

tagged with biological spin probes. EPR of free radicals conjugated to polymer

chains has been used to discriminate between highly mobile (liquid-like) and

slowly mobile (solid-like) spin labels on the basis of their magnetic relaxation times.

EPR can thus provide useful information at the molecular level on the structure,

mobility and organization of polymers at interfaces [135, 136].

8.4.4.1.5 Surface Plasmon Resonance (SPR) [137] SPR is a biophysical technique

allowing us to measure biomolecular interactions in a quantitative, real-time man-

ner. A ligand (‘‘target’’) is immobilized on a special chip (SPR crystal) and a solu-

tion of the analyte (‘‘binding partner’’) flows across the chip. The progress of bind-

ing is then measured by optical instruments.

This technique was applied to measure the interaction of nanoparticle–

biomolecule conjugates with surfaces that had been modified by the corresponding

ligand (generally a protein). As an example, for the measurement of interactions of

folic acid-coated nanoparticles with the folate-binding protein, the latter was immo-

bilized on the sensor surface [102]. It could be demonstrated that the folate nano-

particle conjugates were able to bind specifically to immobilized protein, whereas

nanoparticles without folic acid-targeting moieties showed a much lower interac-

tion (Fig. 8.21).

8.4.4.2 Biological Assays/Methods

8.4.4.2.1 Nonspecific Interactions with Proteins The adsorption of proteins has

often been used to indirectly demonstrate the presence of a protein-repulsive coat-

ing. For this purpose, the amount of adsorbed model proteins, such as bovine- or

human serum albumin (BSA or HSA), has been determined by quantification of

the nonadsorbed proteins in the supernatant after centrifugation and precipita-

tion of the nanoparticles. In a recent study the repellent properties of dextran

and PEO could be demonstrated. Indeed, PCL–dextran nanoparticles adsorbed
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only 0.2 mg m�2 BSA, which is comparable with the amount detected on the cor-

responding PEGylated nanoparticles taken as control [138, 139].

Other approaches tend to identify the proteins that are adsorbed most when

incubating the nanoparticles with mixtures of proteins. Two-dimensional poly-

(acrylamide) gel electrophoresis, (2-D PAGE) has thus been used to reveal adsorp-

tion and to identify proteins and fragments.

Finally, Passirani and coworkers [5] and Chauvierre and coworkers [81] evaluated

the activation of the complement system by nanoparticles, which leads to their

rapid elimination from the blood circulation through the uptake by macrophages

of the MPS. In fact, the key step of complement activation to take place is the ad-

sorption of serum proteins on the surface of the nanoparticles. Thus, nanoparticles

coated by different polysaccharides were incubated in normal human serum

(NHS) and the activation of the complement systems determined by quantification

of a key protein – complement component C3.

8.4.4.2.2 Specific Interactions (Carbohydrates–Lectins, etc.) Apart from physico-

chemical techniques, numerous biological methods have been used for the investi-

gation of specific interactions between surface-functionalized nanoparticles and

their targets, such as protein–ligand interactions.

Based on such lectin–carbohydrate interactions, the surface modification of

nanoparticles by galactose could be demonstrated. Therefore, pyrene-labeled

galactose-coated micelles (galactose–PEO-b-PLA) have been passed on a column

packed with Ricinus communis lectin (RCA-1 lectin) immobilized beads. By fluores-

cence spectroscopy, they were shown to be specifically retained at the column, in

comparison to non- and glucose-functionalized micelles [86].

Furthermore, numerous biological assays (based on specific biomolecular inter-

actions) such as enzyme-linked immunosorbent assay (ELISA), ELLA and aggrega-

tion assays have been used to demonstrate the presence of biomolecules at the sur-

face of nanoparticles.

Figure 8.21. SPR on folate-coated nanoparticles.
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ELISA is a biochemical test that quantifies by colorimetry a biological substance

(e.g. proteins, sugars) in a biological liquid using the reaction of an antibody to its

antigen. This method is based on the fixation of a first antibody to a solid device.

Once the antibody is fixed and nonfixed residual free molecules are eliminated,

the sample (to be quantified) is incubated, using conditions that favor antibody–

protein interaction. Then, after a washing step, the complex formed is revealed by

reaction with a second, detecting antibody, which is specific to another site of the

protein. This antibody is typically linked to an enzyme, which serves for the quan-

tification of the initial protein-antibody complex by reaction with a substrate and

coloration of the medium by the formed product.

ELLA is a descendant of ELISA employing the lectin–carbohydrate interaction. It

allows to quantify the capacity of a ligand X (e.g. sugar moieties at the surface of a

nanoparticles) to inhibit the adhesion of a lectin on a reference ligand Y deposited

on a solid device. Using this method, the surface functionalization of polymer

nanoparticles with monosaccharides could be demonstrated via biotin–avidin sand-

wiching using streptavidin–horseradish peroxidase (HRP) as a detection system

[98] (Fig. 8.22).

Finally, aggregation assays, based on the aggregation of carbohydrate-decorated

nanoparticles by multivalent lectins, have been used to indirectly show the pre-

sence of poly- or monosaccharides at the surface of nanoparticles [119, 140] (see

also Section 8.5.2.1.2). Similarly, hemagglutination inhibition assays have been de-

veloped, which are based on the inhibition of the agglutination of erythrocytes by

lectins. In fact, erythrocytes are naturally decorated by saccharidic moieties. Carbo-

hydrate-bearing polymeric particles can therefore act as inhibiting agents, as they

compete with erythrocytes for the interaction with lectins [94].

Figure 8.22. Scheme for the multistep titration of particle-fixed

mannose by biotin-labeled biotin.
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8.5

Applications

8.5.1

Drug Delivery Systems [141]

As already mentioned, colloidal drug delivery systems are designed to modify the

pharmacokinetics and biodistribution of their associated drugs, and/or to serve as

drug reservoirs (i.e. as sustained release systems). Indeed, one of the main prob-

lems of drug delivery is the poor solubility of hydrophobic drugs in aqueous media.

Drug delivery systems that provide hydrophobic domains can be advantageously

used to help ‘‘solubilization’’ of the drug. By the careful choice of the drug delivery

system and the polymer material, the release profile of the drugs from the device

and thus their blood concentration with time (pharmacokinetics) can be sub-

stantially controlled. Additionally, sensitive drugs can be protected from premature

(enzymatic/metabolic) degradation by encapsulating them in a protecting polymer

matrix.

Furthermore, colloidal drug carrier systems change the biodistribution of drugs.

Due to their ‘‘large’’ size, colloidal drug delivery systems accumulate in diseased

tissues such as tumors, which are characterized by an enhanced permeability and

retention (‘‘passive targeting’’). On the other hand, the surface functionalization of

particulate carriers by specific ligands should allow the specific targeting of tissues.

The gain in selectivity thus leads to the concentration of the drugs at the targeted

tissues, which permits to reduce the amounts of administered drug and conse-

quently avoids side-effects resulting from the presence of the drug at undesired

sites (‘‘active targeting’’).

8.5.1.1 Routes of Administration

Nanoparticles can be administered via multiple routes, such as intravenous,

oral, pulmonary, nasal and ocular routes, as a solid or suspension. It should be

noted that most of the current systems are designed for intravenous and oral

administration.

Oral administration is the most convenient route for drug delivery, improving

the compliance and quality of life of the patients compared to therapy by injection

or infusion. However, the oral absorption of many therapeutic agents, such as pep-

tides [142] (e.g. insulin), proteins, oligodesoxynucleotides (ODN) and also cancer

drugs, is one of the greatest challenges in the pharmaceutical field. Indeed, their

bioavailability is low because of instability in the gastrointestinal tract and low per-

meability through the intestinal epithelium. Nanoparticles are promising carriers

for such bioactive molecules, because they may protect them against enzymatic/

hydrolytic degradation (e.g. by gastric or intestinal juices, which are rich in pro-

teases such as trypsin and chymotrypsin) and they may enhance their bioavailabil-

ity. Polymeric particles have been shown to cross the intestine barrier. The size of

the particles as well as the nature of the polymer are critical parameters for the

particle uptake by the gastrointestinal tract. Bioadhesion of nanoparticles to the
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mucous membrane in the gastrointestinal tract can be a tool to prolong the

residence time of the drug carriers at the absorption sites and thus enhance the

drug absorption. In fact, the coating of nanoparticle surfaces with hydrophilic

mucoadhesive polymeric chains, such as PMAA [143] and chitosan [15, 19, 22],

was shown to increase the absorption of the nanoparticles from the gastrointestinal

tract.

Whenever drugs or drug delivery systems are degraded or not sufficiently ab-

sorbed after oral administration, parenteral administration, i.e. administration

other than via the digestive system, is the route of choice.

Nowadays, alternative routes of administration via mucosal membranes, such as

pulmonary and nasal mucosae, that circumvent the passage by the gastrointestinal

tract and the liver presystemic metabolism (known as the ‘‘first-pass effect’’ – the

first metabolic process with cytochrome P450 in the liver) are receiving a great deal

of attention. Pulmonary delivery for both local and systemic treatments via aerosol

inhalation has many advantages over other delivery pathways. Indeed, the lungs

are characterized by a large surface area (43–102 m2), slow mucociliary clearance

and low enzymatic activity. Compared to other nasal administration, they possess a

thinner, more permeable absorption barrier. Recently, various high-molecular-

weight drugs have been successfully absorbed through alveolar region of the lungs,

e.g. heparin, growth factors (e.g. granulocyte colony stimulating factor), peptides

and proteins such as insulin [144, 145]. Micro/nanoparticles are interesting drug

delivery systems for pulmonary administration as they [146] increase the systemic

availability of substances by offering protection as well as exhibiting controlled re-

lease properties. The pulmonary route of application is challenging, requiring the

optimal size of the drug formulation, in order to ensure the ‘‘atomization’’ of the

drug formulation for inhalation and deposition of the aerosol particles in the alveo-

lar region, where the drugs are absorbed best. It was found that microdrug

particles (below 5 mm) were rapidly eliminated from the lung by ciliary movement

and phagocytosis with macrophages [147]. Recently, polymeric nanoparticles for

administration in the respiratory tract have been coated by mucoadhesive

copolymers. Similar to the results of earlier studies on the intestine mucosa,

chitosan-coated nanoparticles were proposed to open the tight junctions of the

lung epithelium [20], enhance mucoadhesion and enable pulmonary systemic

delivery [19]. Apart from the pulmonary route, nasal administration of drugs and

especially of vaccines has found increasing interest. Similar to the lungs, the nasal

mucosa is thin, highly permeable and incorporates a dense vascular network, and

possesses a surface of ‘‘only’’ 50 cm2. As an example, chitosan-coated PLGA nano-

particles have been found to enhanced the nasal transport of encapsulated tetanus

toxoid [148, 149].

Numerous colloidal carrier systems have also been designed for the intravenous

route of administration, especially in the case of the delivery of proteins and oligo-

nucleotides. However, severe requirements concerning the size, size distribution

and surface properties of nanoparticles are imposed. In fact, the smallest capil-

laries in the body are only 5–6 mm in diameter. Consequently, particles being dis-

tributed in the blood stream must be significantly smaller than 5 mm in diameter
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and ought not show aggregate formation in order to avoid clog formation and em-

bolism. As mentioned in Section 8.1, the surface properties of the colloidal systems

must be adapted in order to tune their biodistribution, pharmacokinetics and resi-

dence time in the vascular system before elimination by the MPS.

Compared to the intravenous route, subcutaneous/intramuscular administra-

tion imposes fewer requirements concerning particle size and size distribution.

The subcutaneous route has proved to be promising in different therapeutic appli-

cations; subcutaneous injection of PLGA nanoparticles containing antitubercular

drugs in mice resulted in sustained therapeutic drug levels in the plasma for 32

days and in lung/spleen for 36 days. In the field of tumor therapy, it has been

demonstrated very recently that subcutaneous injection near the tumor site is the

preferential route for facilitating high tumor uptake and retention, compared to in-

travenous or intraperitoneal injection [150]. Additionally, it should be emphasized

that subcutaneous injection of nanoparticles proved to be very promising for vac-

cine delivery. Indeed, colloidal formulations of vaccines administered subcutane-

ously have been found to have strong ‘‘adjuvant activity’’ (defined in Section

8.5.1.2), which is usually required to cause a sufficient immune response [151,

152].

Polymeric nanoparticles have also demonstrated great potential for ophthalmic

formulations. Probably the most severe disadvantage of eye-drop formulations is

their rapid elimination of the instilled drug solution from the precorneal site [153].

In fact, only 1–2% of the applied dose reaches intraocular tissues. Consequently,

colloidal suspensions were designed to combine ophthalmic sustained action with

the ease of application of eye-drop solutions. Upon topical instillation, these par-

ticles are expected to be retained in the ‘‘cul-de-sac’’ and the drug to be slowly

released from the particles through diffusion, chemical reaction or polymer degra-

dation, or by an ion-exchange mechanism. Concerning the size of particles for oph-

thalmic purposes, Sieg and Triplett demonstrated that an upper size limit (below

10 mm) should be considered to avoid discomfort of the patients and that the reten-

tion time before washout diminishes with decreasing particle diameter. Apart from

the size, the surface properties of nanoparticles have been changed in order to pre-

vent their premature elimination. HA was found to be the polysaccharide of choice

to coat polymeric nanoparticles and has been proved to enhance the ocular bio-

availability of drugs, probably due to its mucoadhesive properties [79].

Finally, nanoparticles are also used for topical applications. In particular,

polysaccharide-coated nanoparticles, such as chitosan-coated particles, are promis-

ing drug delivery systems for their enhanced wound-healing properties [154].

8.5.1.2 Therapeutic Applications of Nanoparticles

Nanoparticles cannot only change the distribution of drugs at the organ or tissue

level, but also at the cellular level, by increasing uptake or modifying the intracel-

lular localization of the drug. This opens up the route for a large variety of thera-

peutic applications. In this section we report examples of three important groups

of therapeutics that can be delivered by colloidal systems, i.e. chemotherapeutics

(anticancer drugs), ODNs or genes, and proteins for cancer treatment, gene ther-

apy and vaccination.
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Anticancer drugs are often poorly bioavailable and barely compatible with oral

delivery, due to their poor solubility, stability and permeability across biological

membranes. After intravenous administration, they are distributed throughout

the body as a function of the physicochemical properties of the molecule and do

not necessarily accumulate in the targeted tissues. Due to the strong toxicity of

cytostatic drugs, the specific targeting of the tumor cells is extremely interesting,

allowing for effective therapy by reducing side-effects. Another major problem in

cancer chemotherapy is the ability of tumor cells to develop simultaneous resis-

tance to multiple lipophilic therapeutics. This resistance has been attributed to an

active drug efflux from resistant cells linked to the presence of transmembrane P-

glycoprotein (P-gp), which forms transmembrane channels and pumps the drugs

out of the cell. The use of nanoparticulate carriers seems a promising solution to

address these problems.

In fact, as already reported in Section 8.1, cancerous tissues possess a defective

vascular architecture (due to the rapid vascularization, which is necessary to serve

fast-growing cancers) coupled with poor lymphatic drainage. This phenomenon

is known as an ‘‘enhanced permeation and retention’’ effect and allows long-

circulating nanoparticles (due to their large size in comparison to free drugs) to

passively target cancerous tissues [7]. The coating of nanoparticles by hydrophilic

polymers avoids their rapid uptake in the liver and spleen, and favors their pro-

longed circulation time in the blood stream allowing the nanoparticles to accumu-

late in tumor tissues. It has actually been shown that anticancer drugs encapsu-

lated in such surface-modified nanoparticles accumulate preferentially in cancer

cells [8, 11]. To further enhance the targeting specificity, probes that are specific to

tumor cells have been conjugated to the surface of nanoparticles. One of the great-

est challenges is thus defining the optimal targeting agent to selectively and suc-

cessfully transport nanoparticles systems (nanoparticles) to cancerous tissue.

These strategies also rely on the ability of the targeting agents or ligands to bind

to the tumor cells’ surface in an appropriate manner then triggering receptor endo-

cytosis (receptor-mediated cell internalization). The therapeutic agent will hereby

be delivered to the interior of the cancer cell. The folate receptor, which is over-

expressed on malignant human cells, has been found to be a promising target.

The folate-conjugated nanoparticles not only selectively target cancer cells, but

they also improve the internalization of the encapsulated drugs within the targeted

cancer cells [8]. On the other hand, monoclonal antibodies that specifically bind to

the tumor antigens of a specific cancer type have been identified, and are currently

used and approved by the FDA for targeted cancer treatment [11]. Thus, antibodies

specific to breast cancer, etc. seem promising ligands for the covalent conjugation

to nanoparticles [155].

Another challenging application of nanoparticles is their use as carriers for (anti-

sense) nucleotides and plasmid DNA in the field of gene therapy. The ultimate

goal of gene therapy is to cure both inherited and acquired disorders in a straight-

forward manner by removing their cause, i.e. by adding, correcting or replacing

genes [156]. However, the administration of genes poses a challenge to pharma-

ceutical technology because of their susceptibility to enzymatic degradation (by nu-

cleases) and their poor penetration across biological membranes (poor bioavailabil-
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ity). The first potential gene delivery vectors were viruses. In the last decade, how-

ever, nanoparticles, similar to liposomes, have received growing interest as con-

densing nonviral gene carrier systems. These synthetic colloidal carrier systems

are expected to be safer, but must be optimized in terms of keeping a comparable

transfection rate. Such ODN-carrying nanoparticles are generally prepared on the

basis of the electrostatic interactions (ion pairing); indeed, due to the phospho-

diester group, ODN are negatively charged and can therefore be adsorbed at the

surface of positively charged nanoparticles (such as chitosan nanoparticles [12]) or

encapsulated in the core of nanoparticles.

Nanoparticles have also been designed as delivery vehicles for proteins. Similar

to oligonucleotides and genes, proteins and peptides are very sensitive compounds

that need to be protected from degradation in the biological environment. More-

over, their efficiency is highly limited by their inability to cross biological barriers

and to reach the target site. As such, appropriate colloidal carriers for the success-

ful delivery of proteins in the body have been designed, either incorporating the

protein into the nanocarrier [157] or else adsorbing it on the surface of the nano-

carrier [109].

Nowadays, both proteins and genes are the agents of choice for vaccination.

Nanoparticles are very promising carriers for subcutaneous or mucosal vaccination

[149, 151]. In fact, it has been reported that due to their size, nanoparticles have

general ‘‘adjuvant’’ properties, i.e. act in a nonspecific manner to increase the spe-

cific immunity to an antigen (as compared to that introduced by the vaccine or the

antigen alone) [158].

Concerning mucosal vaccination, the use of nanoparticles coated by mucoadhe-

sive polymers is particularly interesting, because they exhibit prolonged residence

time at the mucosae and avoid a premature clearance (see Section 8.5.1.1). As an

example, chitosan nanoparticles have been found successful as a nasal vaccine in

some animal studies, producing significant IgG serum responses when using in-

fluenza, pertussis and diphtheria vaccines [149].

Another approach to enhance the immune response after subcutaneous injec-

tion relies on the specific targeting of dendritic cells that are involved in the im-

mune response and have been identified as target cells for the particle-mediated

immune response [93]. It has been reported that dendritic cells expose specific

receptors to mannose (mannose receptor) [91]. Therefore, the functionalization of

vaccine-loaded particles by mannose seems a promising approach to specifically

target dendritic cells [91, 93].

In contrast to other drug delivery systems, such as drug–polymer conjugates and

liposome-based formulations, nanoparticles are in clinical trials, but have not yet

reached the market [159].

8.5.1.3 Triggered Release

Recently, stimuli-responsive nanoparticles have been proposed as exciting delivery

systems. Such delivery systems enable the release in response to an appropriate

stimulus at the target site and/or at the right moment [160]. This stimulus can be

environmental, chemical or physical, such as a change in pH [161, 162], tempera-
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ture [101, 163, 164], ionic strength, application of laser light [165, 166] or magnetic

field [167], and/or physiological, such as a change in enzyme concentration [168].

Up to date, only few works have been dedicated to the design of stimuli-responsive

nanoparticles. Due to the importance of this application, some recent promising

approaches to particulate-responsive systems are highlighted here.

It is known that in some tissues/physiological fluids of the human body, the pH

may be different from most of the other physiological fluids. The pH is therefore

an interesting stimulus. Apart from the drop in pH in the stomach, two other sites

of low pH have been reported. So, the pH in endosomes is lower than that of the

cytosol by 1–2 pH units [169]. It is known that endosomes are one of the principle

transporters for drugs or drug delivery systems to enter a cell (by endocytosis).

Once introduced in the cytosol, the release of the drug from the drug delivery sys-

tems may thus be induced by the drop in endosomal pH as triggering mechanism

[169].

Furthermore, most solid tumors can be distinguished from normal surrounding

tissues by a decrease in extracellular pH due to the higher aerobic and anaerobic

glycolysis in cancer cells. Drug delivery systems have thus been designed that re-

lease anticancer drugs in response to a drop in pH [170].

For instance, Soppimath and coworkers prepared pH-triggered thermally re-

sponsive polymer core–shell nanoparticles for the delivery of chemotherapeutics

(doxorubicin) to tumor cells [161]. They synthesized core–shell nanoparticles self-

assembled from the amphiphilic tercopolymer poly(N-isopropylacrylamide-co-N,N-
dimethylacrylamide-co-10-undecenoic acid), P(NIPAAm-co-DMAAm-co-UA) (Fig.

8.23). The UA was used as the core building hydrophobic and pH-sensitive seg-

ment, whereas the PNIPAAm segment exhibits a low critical solution temperature

(LCST) in aqueous solution (about 32 �C) and is thus thermosensitive. DMAAm

was employed to adjust the LCST of the polymer. The stability of nanoparticles pre-

pared from the tercopolymer with optimized ratios of the different monomers at

37 �C depended on the environmental pH. Indeed, at physiological pH (pH 7.4)

the LCST was 38.6 �C, meaning that the nanoparticles remained in their initial

shape. However, in slightly acidic environments (pH < 6:6), the LCST of the ter-

polymer was decreased to 35.5 �C, i.e. a temperature lower than the normal body

temperature. At this pH, the release of a model anticancer drug (doxorubicin) from

Figure 8.23. Molecular structure of P(NIPPAm-co-DMAAm-co-UA).
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such nanoparticles was found to be significantly enhanced compared to the release

at pH 7.4, probably due to the deformation and precipitation of the nanopar-

ticles in acidic environment triggering the release of the entrapped anticancer

drug (doxorubicin).

Recent efforts have focused on the development of optically addressable delivery

systems, since irradiation with light promises to be an effective mean of releasing

bioactive materials. The method relies on making the wall of polymer capsules sen-

sitive to light by doping them with metal nanoparticles or organic dyes [171, 172].

Then, upon pulsed (below 10 ns) laser illumination, they absorb laser energy and

disrupt the local environment due to a temperature increase, thus increasing the

permeability of the capsule wall [166]. Such polyelectrolyte microcapsules were ob-

tained using a layer-by-layer technique (see Section 8.3.3). This permitted for the

tailoring of the composition of the wall, and the incorporation of metal nanopar-

ticles (Fig. 8.24). In biological systems, it is desirable to trigger drug release in the

near-infrared (NIR), around 800–1200 nm, as most tissues show negligible absorp-

tion in this region. Indeed, the absorption of gold nanoparticles incorporated in a

polymeric capsule wall is red-shifted to the NIR (700–1500 nm) compared to the

absorption of individual gold nanoparticles (around 500 nm). Such gold nanopar-

ticles should thus absorb under in vivo conditions [171]. It has further been shown

that fluorescein isocyanate (FITC)-labeled dextran [165] and rhodamine-labeled

polystyrenesulfate (PSS-Rh) [166], convenient models for high-molecular-weight

biomolecules, can be loaded into the capsules by exploiting the pH dependence of

the shell permeability and then released on demand from the capsules by irradia-

tion with 10-ns pulses of laser light at 1064 nm. These systems are thus promising

vehicles for triggered topical or endoscopic drug delivery. Recently, the surface of

such light-responsive polyelectrolyte/gold nanocapsules has been functionalized

Figure 8.24. Schematic representation of a polyelectrolyte

multilayer capsule incorporating PSS-Rh. The polyelectrolyte

multilayer walls consist of PSS and PAH polymers and metal

nanoparticles.
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by model ligands (monoclonal immunoglobulin G antibodies), which opens new

possibilities to targeted light-responsive drug delivery [165].

Similar to this work, magnetic fields has been used to trigger release from poly-

electrolyte microcapsules. These capsules were designed to be more or less perme-

able to macromolecules depending on the application of a magnetic field. Indeed,

ferromagnetic gold-coated cobalt nanoparticles (3 nm) (‘‘Co@Au’’) were embedded

inside the capsule wall made of bilayers of poly(sodium styrene sulfonate)/

poly(allylamine hydrochloride) (PSS/PAH). It could be shown that upon applica-

tion of an external alternating magnetic field, the permeability of the capsules for

hydrophilic macromolecules increased significantly due to the rapid movement of

the embedded Co@Au nanoparticles. Figure 8.25 illustrates the synthesis of such

particles by a layer-by-layer technique and shows how dextran can be encapsulated

in such particles upon application of an oscillating magnetic field inducing an en-

hanced permeability of the capsule wall. This process was found to be reversible

and the triggered release of dextran could be demonstrated [167].

Finally, magnetites of a suitable size and magnetic properties have also been

used for magnetic heating [173]. The phenomenon of magnetic hyperthermia

may be exploited for colloidal drug carrier systems that are composed of magnet-

ites embedded in a thermoresponsive polymer matrix (exhibiting LCST). In fact,

the application of a magnetic field leads to the heating of the colloidal system and

may induce the phase transition of the thermosensitive polymers. Consequently,

the release or entrapment of a drug may be triggered. Indeed biocompatible poly-

mer drug carriers, which released drugs in response to the application of a high-

frequency magnetic field, have been reported [174].

Figure 8.25. Scheme of the assembly and permeability test for

microcapsules embedded with Co@Au nanoparticles under an

oscillating magnetic field.
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8.5.2

Diagnosis

Polymeric nanoparticles have found great interest not only as drug delivery sys-

tems, but they have also been used as carrier systems of molecules/labels that al-

low for their detection in vivo and in vitro. Labeling nanoparticles allows for their

(optical) imaging, and thus provides a valuable tool to follow the delivery vehicle

on its journey through the body, to elucidate the real-time cellular localization of

nanoparticles and to determine their in vivo distribution after administration. It is

a powerful means to ascertain whether successful delivery to the desired organ or

tissue structure can take place.

As an example, the monitoring of optically labeled drug delivery devices in the

field of tumor targeting is one of the many applications in which the imaging pro-

cess has been implanted successfully. Indeed, many of the same techniques used

to reach delivery of drugs to cancerous tissues may also be used to target imaging

agents. In fact, as targeted delivery systems approach the stage where they can be

used clinically, primary assessment of the utility of a particular colloidal formula-

tion in a particular patient may be made with imaging agents to verify that the

delivery system goes rapidly to the cancerous tissues before any drug regimen is

begun.

Apart from that labeled polymeric nanocarrier have found rising interest as diag-

nostics, i.e. in the field of medical imaging [magnetic resonance imaging (MRI),

etc.] to detect morbid tissues and diseases. The interest of using polymeric nano-

particles as diagnostic tools (by encapsulating the diagnostic label) relies in (i) its

size, (ii) the possibility of using biocompatible materials and (iii) the possibility of

modifying the surface of the colloidal vehicle to achieve targeting devices. As ex-

plained in Section 8.1, the nanoparticles’ size allows for the passive targeting of or-

gans such as the liver or spleen, whereas the use of coating materials (e.g. PEO)

permits the passive targeting of cancerous tissues (due to the enhanced permeabil-

ity of blood vessels), together with an enhanced residence time (half-life time) in

the blood. In addition, the surface functionalization of nanoparticles by specific

probes/molecules allows the active targeting of specific cellular districts.

The following gives a nonexhaustive overview on the different types of diagnostic

systems based on polymeric nanoparticles. It is structured with regard to the differ-

ent labels (fluorescent dyes, contrast agents for MRI, quantum dots, gold nanopar-

ticles, radiolabeled nanoparticles, nanoparticles for ultrasound imaging). Further-

more, their utility for in vitro (immunoassays, biosensors, etc.) and in vivo tests

(MRI, etc.) is mentioned.

8.5.2.1 Fluorescence Labeling of Polymeric Nanoparticles

8.5.2.1.1 Organic Fluorescent Dyes Fluorescent labeling is a widely used and con-

venient tool in biology and biological imaging. In the field of drug delivery, it has

been used to (i) simulate drug release (establishment of release profiles) or (ii) to
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localize nanoparticles and understand their fate after administration. The fluores-

cent label has to be chosen depending on the purpose and the physicochemical

properties of the nanoparticles. In the first case (i), the fluorescent dye is used as

a model drug and should therefore have similar physicochemical properties as the

drug. For instance, commercially available FITC-labeled dextran (‘‘FD-4’’) and

tetramethylrhodamine-labeled dextran have often been used as a model for hydro-

philic macromolecular ‘‘drugs’’ (such as proteins) to study their release profile

from nanospheres [143] and nanocapsules [165].

For diagnostic applications (case ii), however, a durable encapsulation of the dye

is desired, requiring good affinity of the dye for the nanoparticles material. For in-

stance, small organic hydrophobic fluorescent molecules (rhodamine [175], fluo-

rescein [176], etc.) are suitable for nanoparticles made of hydrophobic polymers

or nanocapsules with an oily core [146]. In the case of PLGA nanoparticles labeled

by lipophilic 3-(2-benzothiazolyl)-7-(diethylamino)coumarin (‘‘coumarin 6’’) [177],

it has been demonstrated that the nanoparticles’ physical properties, such as parti-

cle size and z potential, were not significantly different from those of unloaded

nanoparticles. As to the preparation, the small organic fluorescent molecule is gen-

erally dissolved together with the core-forming polymer during the nanoparticle

preparation. These fluorescent nanoparticles thus allow the calculation of the

amount of fluorescent carriers taken up by cells (in vivo or in vitro) by fluorimetry.

However, particles labeled by ‘‘free’’ fluorescein rapidly released this fluorescent

probe in the medium used for the biological investigation [176], as a consequence

of diffusion. Thus, recent developments tend focus on covalently conjugate/link

fluorescent dyes to (co)polymers in order to avoid diffusion of the dyes from the

polymer matrix of nanoparticles to the surrounding medium, e.g. fluorescein has

been conjugated to PLGA end-capped by a carboxylic group using carbodiimide

chemistry in order to diminish the diffusion from the fluorescent dye from PLGA

nanoparticles [178].

8.5.2.1.2 Quantum Dots Semiconductor nanocrystals (also known as quantum

dots) are emerging as a new class of fluorescent probes for in vitro and in vivo bio-

molecular and cellular imaging [179, 180]. In comparison with organic dyes and

fluorescent proteins, quantum dots, whose size ranges from 1 to 10 nm in radius,

have unique optical and electronic properties, including sharp emission spectra

(with full width at half maximum as narrow as 25 nm) improved signal brightness

and photostability [181], resistance against photobleaching (long fluorescent life-

time), and tunable size dependent emission peaks. Due to their broad excitation

profiles and narrow/symmetric emission spectra, high-quality quantum dots are

also well-suited for multicolor optical coding for biological assays, by combining

different color quantum dots with different intensity levels. Quantum dots are

mostly synthesized in nonpolar organic solvents, such as tri-n-octylphosphine ox-

ide, which coordinate on the surface of quantum dots to prevent the formation

of bulk semiconductors. As a result, the nanoparticles are capped with a monolayer

of organic ligands and are soluble only in nonpolar organic solvents. However, for

biological imaging, quantum dots must be water-soluble. To address this, different
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strategies have been devised including ligand exchange with thiol-functionalized

molecules, and encapsulation by a layer of diblock or triblock copolymers or else

in silica shells, phospholipid micelles or polymer beads. Further developments in

biological applications of quantum dots aimed to functionalize the surface of quan-

tum dots by bioaffinity ligands, such as monoclonal antibodies, peptides, oligonu-

cleotides or carbohydrates. Thus, hydrophilic a-mannopyranosyl moieties have

been linked to a phosphine oxide, which could then be used as ligand in the sur-

face-functionalized hydrophilic quantum dots [182]. Furthermore attachment of

PEG could lead to improved biocompatibility and reduced nonspecific interactions

[183]. Such bioconjugated quantum dots thus have raised new possibilities for

ultrasensitive and multiplexed imaging of molecular targets in living cells, animal

models and, possibly, in humans.

Recent works have focused on the encapsulation of the nanocrystals in natural or

synthetic polymeric materials to form ‘‘bigger’’ quantum dot–polymer composites

in the range of some hundreds of nanometers. Such systems were expected to re-

duce the toxicity of quantum dots and to be suitable for further conjugation with

biomolecules, while maintaining the high emission quantum yield of the quantum

dots. It should be emphasized that the use of a polymeric matrix also opens up the

possibility of incorporating several probes (quantum dots of different size), allow-

ing in particular multiplexed optical coding. In the following, we will focus on

quantum dot–polymer composites.

Several strategies to embed quantum dots in polymer matrices have been envis-

aged. Quantum dots have been incorporated either by noncovalent interactions,

such as electrostatic and hydrophobic interactions, or by copolymerization of

monomers with quantum dots surrounded by polymerizable ligands.

In 2003, Chen and coworkers developed an interesting method to assemble neg-

atively charged CdSe–ZnS quantum dots into glyconanospheres through electro-

static interactions with carboxymethyldextran and poly(lysine). To enhance the

long-term stability of these glyconanosphere composites built by the layer-by-layer

procedure, quantum dots were cross-linked with the polysaccharide matrix by cova-

lent amide bonds. Spherical luminescent glyconanospheres of an average diameter

of 190 nm were thus obtained. The presence of glucose residues at the surface of

the nanoparticles was evidenced by fluorescent imaging microscopy; indeed, upon

addition of a carbohydrate-binding protein, Con A, the glyconanoparticles aggre-

gated (Fig. 8.26(A)). As shown in Fig. 8.26(B), this aggregation was, however, pre-

vented when free a-d-glucose was added, since glucose effectively competes

with the glyconanospheres on the binding sites of Con A. These quantum dot–

polysaccharide composites are thus promising tools for real-time monitoring of

carbohydrate–protein (lectin) interactions that are critical steps in bacterial and vi-

ral infection [140].

On the basis of hydrophobic interactions, polymeric microbeads loaded with

quantum dots could be prepared, allowing multiplexed/multicolor optical probing

for biological assays. Several groups have successfully incorporated quantum dots

into polymeric nanoparticles via polymerization in dispersed media [184–187]. Hy-

drophobic quantum dots (ZnS-capped CdSe nanocrystals) with different sizes were
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thus embedded at precisely controlled ratios in the outer layer of swollen polysty-

rene polymer beads, previously prepared by miniemulsion polymerization of sty-

rene, divinylstyrene and acrylic acid (98:1:1). The quantum dot-loaded particles

were sealed by a silica layer, then, streptavidin molecules were covalenty coupled

to the surface via the carboxylic acid groups of acrylic acid [184]. Biomolecular

probes, such as oligonucleotides or antibodies, were then conjugated to the silica

surface via streptavidin–biotin complex formation. The fluorescence spectra of the

quantum dot-tagged beads (1.2 mm) were narrow (even narrower than those of free

quantum dots) and the emission maxima remained unchanged, which indicates

that the beads were highly uniform and reproducible, and that the beads were spa-

tially separated by the beads structure. Thanks to the identification code embedded

in the interior of the beads, bead identification accuracies as high as 99.9% could

be reached. This approach allows combining molecular recognition and optical

‘‘barcoding’’ by polymeric beads, which is expected to open new opportunities in

gene expression studies, high-throughput screening and medical diagnostics

[184]. In comparison with bigger (150 mm� 150 mm� 150 mm) planar DNA chips,

encoded-bead technology is expected to be more flexible regarding target selection

(e.g. adding new genes or single-nucleotide mutations), to show faster binding

kinetics (similar to that in homogenous solution) and to be less expensive to

produce.

In contrast to these approaches based on the noncovalent immobilization of

quantum dots in polymeric materials, O’Brien and coworkers adapted an approach

previously reported by Emrick and coworkers [188] and covalently incorporated

Figure 8.26. Lectin (Con A) initiated

aggregation of CdSe–ZnS quantum dot

luminescent glyconanospheres. (A)

Luminescence image of aggregated

glyconanospheres in the presence of Con A.

(B) Luminescence image of the glyconano-

spheres in the presence of Con A and free

a-d-glucose molecules. The latter compete with

the glyconanospheres for the Con A binding

sites and prevent nanoparticle aggregation.
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quantum dots into a polymer matrix using suspension polymerization. Thus, they

prepared quantum dots surrounded by polymerizable ligands and copolymerized

them with styrene using DVB as crosslinking agent. This facile procedure seems

very promising for the commercialization of many bead-types with diameters rang-

ing from 100 nm to 500 mm, where the CdS quantum dots are evenly distrib-

uted throughout the polystyrene spheres. These quantum dot–polymer composites

may be used for optical biological probing/assays or combinatory chemistry appli-

cations (in solid phase organic chemistry), benefiting from quantum dots encoding

[189, 190]. Employing miniemulsion polymerization, Elaissairi and coworkers syn-

thesized quite monodisperse (100–350 nm) quantum dot-tagged colloids by copoly-

merization of styrene with vinyl-functionalized quantum dots [191]. Very recently,

another promising approach to covalently incorporate quantum dots in latexes was

proposed by Esteves and coworkers [192]. Indeed, they applied radical polymeriza-

tion to miniemulsion using ATRP and initiated the miniemulsion polymerization

of butyl acrylate by quantum dots functionalized by an ATRP initiator.

In conclusion, the use of fluorescent nanocrystal–polymer composites opens

up new possibilities for designing luminescent surface-modified nanoparticles

to deliver quantum dots specifically to the targeted tissue or cells. These lumines-

cent quantum dots are ideal fluorophores for biological labeling because their fluo-

rescence emission wavelength can be continuously tuned by changing the particle

size and a single wavelength can be used for simultaneous excitation of different

sized quantum dots. The unique properties of luminescent quantum dots thus al-

low multicolor experiments in cellular imaging and diagnosis, offering substantial

advantages over organic dyes in multiplexed target detection.

8.5.2.2 Contrast Agents for MRI

MRI is based on the NMR signal of hydrogen present in body tissues (water, mem-

brane lipids, proteins, etc.). It is currently the most important available diagnostic

method and as a noninvasive technique routinely clinically used for diagnostic

imaging. However, the intrinsic sensitivity and selectivity of conventional MRI

techniques is very low. It has been clearly shown that the use of contrast agents,

which alter the relaxivity of water, can greatly improve the sensitivity and thus the

diagnostic value of MRI.

The first generation of contrast agents consists of high-spin paramagnetic ions

(Gd3þ chelates) that are at present routinely used as MRI contrast agents. More re-

cently, magnetic nanoparticles, with a size generally between 3 and 10 nm, have

been used as contrast agents for MRI. Due to their size, these superparamagnetic

nanoparticles accumulate in MPS organs (passive targeting). Third-generation

magnetic nanoparticles are surface-modified by specific ligands, such as anti-

bodies, allowing the specific targeting of cells/tissues.

Recent works tend to incorporate magnetic nanoparticles in larger polymeric

nanoparticles. Such relatively ‘‘big’’ polymer nanoparticles are expected to passively

target tumors. In addition, targeting moieties may be attached at the surface of

the latter (active targeting). For this purpose, polymeric nanoparticles decorated
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by targeting molecules and labeled by contrast agents have been designed. One

interesting work published recently reports on the synthesis of a novel intracellular

polymeric carrier as a MR molecular image diagnostic agent. Here, superpara-

magnetic iron oxide nanoparticles were encapsulated with peptide-conjugated

PLGA using an emulsification-diffusion method. In addition, these polymer nano-

particles were labeled twice: first, by encapsulation of metallic nanoparticles for

MRI and, second, by a fluorescent dye for detection by fluorescence microscopy;

actually, a FTIC-conjugated arginine peptide, a ‘‘cell penetration peptide’’, was con-

jugated via its thiol group to maleimide-derivatized PLGA. Thus, nanoparticles

of 110 nm diameter have been synthesized allowing for combined targeting and

multiple/versatile detection [193] (Fig. 8.27).

Aside from their use in MRI, there are multiple other applications of magnetic

particles encapsulated in polymer beads which are illustrated in the following.

8.5.2.3 Magnetic Nanoparticles for In Vitro Assays

Increasing interest has been focused on the preparation of surface-modified la-

texes, and their use as solid supports of biomolecules in biomedical diagnostics

Figure 8.27. (a) Schematic diagram for preparing the g-Fe2O3–

PLGA–Arg–FITC nanoparticles. (b) Sequence of arginine peptide.
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and purification of biological materials. The particular interest in using such colloi-

dal systems for biomedical diagnostic systems relies on their high specific surface.

Due to their size, surface-modified latex beads have been used for the capture of

biological materials, their purification and concentration, and more specifically in

immunoassays. In fact, the size of the nanoparticles allows their separation from

the biological medium by centrifugation. Recent studies tend towards the use of

magnetic latex particles. Magnetism is used here as an easy tool to separate the

nanoparticles, replacing the centrifugation step applied in the case of classical non-

magnetic particles. Similar to the latter, magnetic latex nanoparticles are princi-

pally used as a solid support for biomolecules involved in the specific capture of

targeted biomolecules, such as antigens for immunoassays [i.e. ELISA, Fig. 8.28,

and nucleic acid detection in ‘‘enzyme-linked oligosorbent assay’’ (ELOSA), Fig.

8.29]. For that purpose, magnetic latex particles bearing either immobilized anti-

bodies or ODNs, complementary to the single stranded DNA of interest, are used.

Furthermore, such nanoparticles can be used for the nonspecific capture of bio-

molecules or viruses [194] in order to concentrate or to purify samples. In fact, this

process is based on the well-controlled adsorption of biomolecules on the colloidal

particles, followed by the concentration of the nanoparticles and, finally, the de-

sorption of the adsorbed biomolecules. Thus, for the capture of nucleic acids, cati-

onic magnetic colloids are used in order to favor attractive electrostatic interactions.

Adsorption and desorption are controlled by monitoring the pH and the salinity of

Figure 8.28. Schematic representation of the specific capture

and detection of the targeted antigen (ELISA).

394 8 Polymeric Nanomaterials – Synthesis, Functionalization and Applications in Diagnosis and Therapy



the medium [195]. Similarly, magnetic latex particles with a hydrophobic surface

have been successfully used for the extraction, purification and concentration of

proteins. Indeed, as mentioned in Section 8.1, unspecific adsorption of proteins

on surfaces is mainly governed by hydrophobic attractive forces, such as van der

Waals forces [196].

The synthesis of ‘‘smart’’ magnetic colloids has also been reported. Thus, ther-

mosensitive magnetic latex particles have been synthesized, allowing the controlled

adsorption, concentration and desorption of proteins [197]. At temperatures above

the LCST, thermosensitive polymers undergo a phase transition from a hydrophilic

to a hydrophobic state. Thus, nanoparticles with a thermosensitive PNIPAAm shell

showed a volume phase transition temperature (TVPT), below which protein ad-

sorption was low (due to the hydrophilic character of the particle surface) and

above which the adsorption was considerably high [198].

Recently, an interesting approach for the synthesis of fluorescent magnetic nano-

particles that possess reactive carboxylic acid groups at their surface was reported.

First, fluorescent polystyrene nanodots (25 nm) were adsorbed onto magnetic

emulsions (250 nm) via electrostatic interactions. The surface of these ‘‘hydride’’

particles was then sealed by adsorbing film-forming polymer nanobeads (40 nm)

on their surface and heating above the grass transition temperature (Tg) [199].

A representative review about magnetic colloids, their preparation and their use

in biomedical diagnostics was given by Elaissari [200]. The incorporation of mag-

netic nanoparticles in polymer beads is thus a promising tool in the field of diag-

nosis and triggered drug delivery, but they can also serve as therapeutic systems. In

Figure 8.29. Schematic representation of the specific capture

and detection of targeted DNA or RNA (ELOSA).
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fact, magnetic nanoparticles have potential therapeutic applications as they can lo-

cally induce hyperthermia by application of an alternating magnetic field. This

magnetically induced hyperthermia remains promising for cancer therapy aside

from conventional methods, such as surgery, chemotherapy and radiotherapy

[173]. Depending on the temperature, hyperthermia can be used either for im-

mune stimulation (41–46 �C) or tumor destruction (46–56 �C).

As illustrated in Section 8.1, encapsulating magnetic nanoparticles in a sub-

micron polymeric vehicle allows for the size-controlled ‘‘passive targeting’’ to

tumoral tissue. Besides, they are suitable for surface functionalization by targeting

biomolecules. In fact, the combination of magnetic particles in a drug-containing

polymeric matrix that is sensitive to temperature is a very comprising approach. As

developed in Section 8.5.1.3, the release of drugs embedded in a stimuli-responsive

polymer can be induced by various stimuli, such as pH or temperature. Intracellu-

lar drug release from polymeric nanoparticles could thus be triggered by the tem-

perature increase during the hyperthermia sequence under MRI monitoring. In-

stead of using thermosensitive polymers (e.g. PNIPAAm), such a mechanism

could also use thermolabile bonds [174].

8.5.2.4 Electron Dense Agents for Transmission Electron Microscopy (TEM)

Organic fluorescent labels allow studying intracellular nanoparticle uptake and dis-

tribution using confocal fluorescence microscopy. More precise TEM observation

requires the labeling of the nanoparticles by an electron-dense agent. For that pur-

pose, e.g. PLGA nanoparticles have been successfully loaded with osmium tetrox-

ide – a widely used staining agent for TEM observation [177].

Another approach relies on the labeling by gold nanoparticles. For this purpose,

the surface of gold nanoparticles must be modified in order to enhance/optimize

their affinity to the nanoparticles’ core-forming polymer. Indeed, Qiu and co-

workers successfully encapsulated gold nanoparticles surface-modified by PLA

chains in PLA nanospheres [58].

8.5.2.5 Radiolabeled Nanoparticles

For a long time, radiolabeled (e.g. 3H, 14C) polymers have been synthesized for

nanoparticles, and then the radioactivity could be quantified in order to elucidate

their uptake and distribution [10, 201]. However, this method necessitates not

only the synthesis of radiolabeled polymers, which require special laboratories,

but also expensive equipment for the quantification.

8.6

Conclusion and Perspectives

Polymeric nanoparticles are of particular interest due to their size, the wide range

of polymeric materials available, and the possibility to tailor-make both the con-

stituting elements and the nanoparticles. Furthermore, recent developments in

(polymer) chemistry, biology, biotechnology and physics have drastically enlarged
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the use and importance of polymeric nanoparticles. For drug delivery purposes,

polymeric nanoparticles no longer possess only a protecting role, while releasing

drugs in a controlled way. They are rather ‘‘Trojan’’ horses that allow drug delivery

to a selected target, such as cancerous cells, organs or even viruses. Further trends

go towards smart colloidal drug delivery systems that release drugs in response to

an external trigger, such as light or a magnetic field, or even in response to an

physiological internal trigger, such as pH, glucose concentration, etc.

Nanoparticles possessing targeting moieties on their surface have also found ap-

plications in diagnosis. In fact, the surface functionalization of fluorescent and

magnetic colloids allows the selective detection of, for example, a tumor expressing

specific antibodies at its surface. The latest developments in quantum dots technol-

ogy allowing multiplexed sensing have been a revolution in the field of diagnostics.

Nowadays, the developments in polymeric nanoparticles tend towards multi-

functional nanoparticles, which allow simultaneous targeting, imaging and treat-

ment by one single system. Monitoring of the localization of the drug in a living

system and the release of the drug as response to an external trigger is no longer

a dream. First attempts of such combined drug delivery systems have been already

proposed as ‘‘nanoclinics’’ [202], i.e. complex surface-functionalized polymeric

nanoparticles that contain various probes for diagnostics and drugs for targeted de-

livery in one single unit.
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P., Combination of ring-opening

polymerization and ‘‘click’’ chemistry

towards functionalization of aliphatic

polyesters. Chem. Commun. 2005, 42,
5334–5336.

36 Rieger, J., Bernaerts, K. V., Du
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Jérôme, R., Preparation of poly(d,l-

lactide) nanoparticles assisted by

amphiphilic poly(methyl methacrylate-

co-methacrylic acid) copolymers.

J. Biomater. Sci. Polym. Edn. 2001, 12,
429–450.

118 Gautier, S., D’Aloia, V., Halleux,

O., Mazza, M., Lecomte, Ph., Jérôme,
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Sukhorukov, G. B., The role of metal

nanoparticles in remote release of

encapsulated materials. Nano Lett.
2005, 5, 1371–1377.

167 Lu, Z. H., Prouty, M. D., Guo, Z.,

Golub, V. O., Kumar, C. S. S. R.,

Lvov, Y. M., Magnetic switch of

permeability for polyelectrolyte

microcapsules embedded with

Co@Au nanoparticles. Langmuir 2005,
21, 2042–2050.

168 Qiu, Y., Park, K., Environment-

sensitive hydrogels for drug delivery.

Adv. Drug Del. Rev. 2001, 53, 321–339.
169 Lackey, C. A., Press, O. W.,

Hoffman, A. S., Stayton, P. S.,

A biomimetic pH-responsive polymer

directs endosomal release and intra-

cellular delivery of an endocytosed

antibody complex. Bioconjug. Chem.
2002, 13, 996–1001.

170 Stubbs, M., McSheehy, P. M. J.,

Griffiths, J. R., Bashford, C. L.,

Causes and consequences of tumor

acidity and implications for treatment.

Mol. Med. Today 2000, 6, 15–19.
171 Radt, B., Smith, T. A., Caruso, F.,

Optically addressable nanostructured

capsules. Adv. Mater. 2004, 16,
2184–2189.

172 Skirtach, A. G., Antipov, A. A.,

Shchukin, D. G., Sukhorukov, G.

B., Remote activation of capsules

containing Ag nanoparticles and IR

dye by laser light. Langmuir 2004, 20,
6988–6992.

173 Mornet, S., Vasseur, S., Grasset, F.,

Duguet, E., Magnetic nanoparticle

406 8 Polymeric Nanomaterials – Synthesis, Functionalization and Applications in Diagnosis and Therapy



design for medical diagnosis and

therapy. J. Mater. Chem. 2004, 14,
2161–2175.

174 Mueller-Schulte, D., Thermo-

sensitive, biocompatible polymer

carriers with a variable physical

structure for treatment, diagnosis

and analysis. WO 2005042142,
2005.

175 Garcia-Fuentes, M., Prego, C.,

Torres, D., Alonso, M. J., A

comparative study of the potential of

solid triglyceride nanostructures

coated with chitosan or poly(ethylene

glycol) as carrier for oral calcitonin

delivery. Eur. J. Pharm. Sci. 2005, 25,
133–143.

176 McLean, S., Prosser, E., Meehan, E.,

O’Malley, D., Clarke, N., Ramtoola,

Z., Brayden, D., Binding and uptake

of biodegradable poly-dl-lactide micro-

and nanoparticles in intestinal

epithelia. Eur. J. Pharm. Sci. 1998, 6,
153–163.

177 Panyam, J., Sahoo, S. K., Prabha, S.,

Bargar, T., Labhasetwar, V.,

Fluorescence and electron microscopy

probes for cellular and tissue uptake

of poly(d,l-lactide-co-glycolide)
nanoparticles. Int. J. Pharm. 2003, 262,
1–11.

178 Tosi, G., Rivasi, F., Gandolfi, F.,

Costantino, L., Vandelli, M. A.,

Forni, F., Conjugated poly(d,l-lactide-

co-glycolide) for the preparation of

in vivo detectable nanoparticles.

Biomaterials 2005, 26, 4189–4195.
179 Alivisatos, A. P., Semiconductor

clusters, nanocrystals, and quantum

dots. Science 1996, 271, 933–937.
180 Bruchez, M. Jr., Moronne, M., Gin,

P., Weiss, S., Alivisatos, A. P.,

Semiconductor nanocrystals as

fluorescent biological labels. Science
1998, 281, 2016–2018.

181 Chan, W. C.-W., Maxwell, D. J., Gao,

X. H., Bailey, R. E., Han, M. Y., Nie,

S. M., Luminescent quantum dots for

multiplexed biological detection and

imaging. Curr. Opin. Biotechnol. 2002,
13, 40–46.

182 Tamura, J., Fukuda, M., Tanaka, J.,

Kawa, M., Synthesis of hydrophilic

ultrafine nanoparticles coordi-

nated with carbohydrate cluster.

J. Carbohydrate Chem. 2002, 21,
445–449.

183 Ballou, B., Lagerholm, C., Ernst,

L. A., Bruchez, M. P., Waggoner,

A. S., Noninvasive imaging of

quantum dots in mice. Bioconjug.
Chem. 2004, 15, 79–86.

184 Han, M., Xiaohu, G., Su, J. Z., Nie,

S., Quantum-dot-tagged microbeads

for multiplexed optical coding of

biomolecules. Nat. Biotechnol. 2001,
19, 631–635.

185 Yang, X., Zhang, Y., Encapsulation

of quantum nanodots in polystyrene

and silica micro-/nanoparticles.

Langmuir 2004, 20, 6071–6073.
186 Fleischhaker, F., Zentel, R.,

Photonic crystals from core–shell

colloids with incorporated highly

fluorescent quantum dots. Chem.
Mater. 2005, 17, 1346–1351.

187 Esteves, A. C. C., Barros-Timmons,

A., Monteiro, T., Trindade, T.,

Optical properties of the synthetic

nanocomposites SiO2/CdS/

poly(styrene-co-maleic anhydride) and

SiO2/CdS/poly(styrene-co-maleimide).

J. Nanosci. Nanotechnol. 2005, 5,
766–771.

188 Skaff, H., Illker, M. F., Coughlin,

E. B., Emrick, T., Preparation of

cadmium selenide-polyolefin com-

posites from functional phosphine

oxides and ruthenium-based meta-

thesis. J. Am. Chem. Soc. 2002, 124,
5729–5733.

189 O’Brien, P., Cummins, S. S., Darcy,

D., Dearden, A., Masala, O., Pickett,

N. L., Ryley, S., Sutherland, A. J.,

Quantum dot-labeled polymer beads

by suspension polymerization. Chem.
Commun. 2003, 2532–2533.

190 Li, Y., Liu, E. C. Y., Prickett, N.,

Skabara, P. J., Cummins, S. S., Ryley,

S., Sutherland, A. J., O’Brien, P.,

Synthesis and characterization of

CdS quantum dots in polystyrene

microbeads. J. Mater. Chem. 2005, 15,
1238–1243.

191 Joumaa, N., Lansalot, M., Théretz,
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Polymeric Nanoparticles for Drug Delivery

Paraskevi Kallinteri and Martin C. Garnett

9.1

Introduction: Application of Nanoparticles for Noncancer Applications

The scientific literature contains many reviews on the therapeutic uses of nanopar-

ticles, from formulation through to in vitro and in vivo assessment of activity, and

for various routes of delivery, including oral, lung, mucosal and parenteral. Thera-

peutic development of nanoparticulate delivery systems has been dominated by ap-

plications for cancer because of the potential advantages in localization in cancer

tissues and hence in targeting advantages to drugs which lack specificity. However,

there are a variety of more subtle reasons why nanoparticle therapeutics should be

useful for other delivery routes and diseases. These include protection of the drug,

enhancing circulation half-life, acting as a slow release system and compartmental-

ization of the delivery system either by preventing the drug reaching certain tissues

or by enhancing uptake into particular cells/tissues. These potential advantages

have led to work on nanoparticles in a number of other areas including delivery

to local sites such as the eye and lung, the delivery of peptides and proteins via a

number of alternative routes, including oral, nasal and pulmonary routes, and for

treatments where cells of the immune system can be readily targeted by nanopar-

ticles e.g. vaccine delivery, AIDS, antifungal treatment and tuberculosis. However,

we have been unable to find any recent reviews covering the noncancer applica-

tions as a group, the distinctive reasons why these should be useful targets for

polymeric nanoparticles or why nanoparticles may produce more effective delivery

systems.

In this chapter, we have attempted to bring together a number of different areas.

First, to understand the physiology and anatomy underlying the diseases which

may be treatable using nanoparticulates and the way that nanoparticles are

handled by the body. The effect of the route of application has also been considered

here. Second, to review the main work that has been carried out with polymeric

nanoparticle formulations for this range of applications and assess their future

potential. This second area of work has been arranged into individual diseases

or groups of diseases which would benefit from similar formulations or similar
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principles of delivery for the nanoparticles. Finally, we draw some brief overall

conclusions.

One of the first areas to consider in assessing the potential of nanoparticles as

delivery systems are the potential physiological barriers to transport of nanopar-

ticles and how physiological factors can be best exploited to maximize the advan-

tages of nanoparticulates.

9.1.1

Physiological and Uptake of Particles

In general, nanoparticles cannot simply partition across membranes, or cells, so

uptake is limited to specific transport pathways through cells and the paracellular

route passing between cells. The paracellular route poses a problem for the passage

of nanoparticles through epithelia and endothelia because of the presence of tight

junctions in most of these tissues. The tight junctions typically restrict the gap be-

tween cells to about 4–6 nm in endothelia and 2 nm in epithelia, and would there-

fore be expected to prevent the passage of macromolecules and nanoparticles past

these barriers [1]. In addition the presence of a basement membrane underlying

these tissues, with a fibrous mesh thought to be around 15 nm between strands,

would also be expected to restrict passage of nanoparticles [2].

9.1.1.1 Routes of Tissue and Cellular Uptake of Particles

Although unable to partition through membranes and gain direct access into cells,

there are a variety of endocytic mechanisms for the uptake of macromolecules and

small particles into cells. These include phagocytosis of large particles by special-

ized cells such as macrophages and neutrophils [3], and uptake of macromolecules

and smaller particles by a variety of mechanisms, which probably include a non-

specific pinocytosis as well as receptor-mediated uptake involving clathrin [4]

or uptake via caveolae [5]. Endocytosis may offer two major drug delivery advan-

tages: (i) a preferential uptake to macrophages and other cells associated with

the immune system, and (ii) access to the endosomal/lysosomal compartments of

cells where the acidic and degradative environment offers a useful drug release

mechanism.

More recently, evidence is beginning to accumulate that the endothelium may

be less of a barrier to nanoparticle delivery systems than once believed. It was pro-

posed some years ago that the extravasation of macromolecules into lymphatic tis-

sues was mediated by a process of transcytosis in which macromolecules were en-

docytosed on one side of the cell and exocytosed on the other through a vesicular

system [6]. Recent evidence suggests that this process may be mediated by caveolae

and involves some specific transport [7]. Some nanoparticles have been reported

able to exploit this transcytosis process to pass across endothelia for the brain [8],

lymph nodes [9] and bone marrow [10], although it is not yet clear how many tis-

sues can be accessed by this route nor how selective it is for particular tissues. Too

little work has been done in this area for this to be reflected in the development of

drug delivery systems for specific applications, except as directed towards therapy
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of brain tumors [8]. However, it offers prospects to widen the range of diseases,

which may be accessible to nanotherapeutics.

9.1.1.2 Uptake by Macrophages and Lymphoid Tissues

Delivery to macrophages and other cells of the immune system could allow access

to a range of conditions. A number of parasites and diseases are known to inhabit

the endosomal compartment of macrophages, e.g. malaria and tuberculosis [11].

In addition, both macrophages and other cells of the immune system are involved

in antigen processing, so serve as a port of entry for vaccine antigens.

The macrophages are the main component of the mononuclear phagocytic sys-

tem (MPS). Due to the preferential uptake of particulates by macrophages, par-

ticles tend to accumulate in the main tissues of the MPS such as liver, spleen and

lymph nodes. For nanoparticles less than 250 nm, the spleen tends to be less im-

portant as a site for uptake [12]. This uptake is potentiated by opsonization [13] –

the coating of particulates by blood proteins occurring either specifically through

antigen recognition or nonspecifically mainly through hydrophobic interactions.

The surface properties of nanoparticles are therefore very important and hydro-

philic coatings by polymers such as polysaccharides or poly(ethylene glycol) (PEG)

reduce both opsonization and uptake by the MPS. These coatings are usually

achieved either by coating with PEG containing surfactants which adsorb to the

surface of particles or by the use of PEG copolymers incorporated into the nano-

particles. The hydrophilic coatings also stabilize the particles against aggregation

[14]. A further property of the coatings in reducing protein adsorption is that cer-

tain blood components can adsorb preferentially to the coated surfaces and this can

result in adsorption of a protein, mediating transcytosis to specific organs such as

the brain [8].

A further consequence of the MPS uptake of particulates is that, eventually, most

particulate preparations do end up in the liver for detoxification and this has the

potential to cause liver toxicity. This is particularly important because there is no

opportunity for elimination of drug through the kidney until drug has been re-

leased from the particle, either by slow release from the particle or by metabolism

at its target site or the liver. However, once more this offers a possible drug delivery

opportunity by providing a generalized slow release system for drugs mediated by

liver metabolism.

9.1.1.3 Mucosal-associated Lymphoid Tissues (MALT)

The mucosae have an important role as an interface between the outside world and

the body. They are thus a key element of the defense of the body, both from the

point of view of acting as a barrier to the outside world, while at the same time be-

ing uniquely placed to sample the environment. Lymphatic tissue is found at a va-

riety of mucosal sites including the bronchi (BALT), nose (NALT) and gut (GALT)

[15]. These lymphoid tissues constitute an efficient way of inducing protective im-

mune responses, both humoral and cellular. Moreover, the stimulation of one mu-

cosal site can result in dissemination of response to other mucosal sites. MALT

constitutes 80% of immunocytes and functions independently from the systemic
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system. The lymphoid tissues contain a number of specialized cells, which include

fixed macrophages, and also cells like dendritic cells, which act as mobile scouts

sampling the environment. These lymphoid tissues, as will be seen below, also

seem to act as conduits by which particles may pass through to other tissues.

9.1.2

Routes of Delivery

9.1.2.1 Oral

The gut at first sight appears an unpromising route for nanoparticle delivery

systems. The presence of a very acid environment in the stomach, high concentra-

tions of degradative enzymes and a thick layer of mucus above an epithelial layer

are all significant physiological barriers. Also, it is well known that macromole-

cules are poorly absorbed in the gut. However, reports of orally administered par-

ticles being present in the lymphatics and circulation have been documented for

many years. There have been a number of recent and comprehensive reviews col-

lating the evidence supporting this route of particle uptake. These include specific

consideration of the physical barriers and their relevance to oral absorption [16],

how particles are taken up across the epithelium and into the lymphatics [17], spe-

cific mechanisms and routes of trancytosis [18], and the role of polymers compris-

ing the nanoparticles in influencing uptake [19]. Consequently, only a brief sum-

mary of these aspects of oral particulate delivery will be presented here.

Mucus does appear to operate as a barrier to uptake, particularly for larger

particles (above 300 nm). Penetration of mucus by nanoparticles is also affected

by surface characteristics, with hydrophilic particles penetrating more easily. There

are several potential routes of nanoparticle uptake in the gut. Paracellular transport

is not expected to be significant as there are tight junctions in the gut as in most

other epithelial tissues. However, there have been reports of particles up to 50–100

nm penetrating by this route in the presence of modifiers such as chitosan or cal-

cium ions. Polyacrylate and starch have also been reported to enhance paracellular

transport. The process of persorption has also been described in the gut, where the

tips of villi become denuded of epithelial cells allowing larger particles access to

the underlying mucosa. However, it is not thought that this route of uptake is par-

ticularly prominent.

There has been intensive study of the lymphoid tissue within gut as a possible

portal of entry for particles. Peyer’s patches consisting of multiple lymphoid fol-

licles are the most widely discussed, but are not the sole lymphoid tissue within

the gut. A significant number of isolated lymphoid follicles and lymphocyte-filled

villi also exist. However, the degree to which these various lymphoid tissues con-

tribute to particle uptake is widely debated. Similarly, it is unclear the extent to

which nonlymphoid epithelium is involved in nanoparticle uptake. The principal

route of uptake is often assumed to be the M cells in Peyer’s patches, but it may

be that only a small proportion of M cells are involved.

Uptake of particles involves both trancytosis across the epithelial layer and trans-

location to other tissues. Peyer’s patches, as well as containing M cells also have a
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more porous basement membrane and are closely associated with efferent lym-

phatics. These characteristics would account for the reported route of translocation

of nanoparticles via the mesenteric lymph ducts. It is also possible that particles

may be shuttled to distant mucosal sites following uptake by immune cells.

The uptake of particles by Peyer’s patches has, like passage through mucus,

been found to be dependent on size. Uptake and translocation to mesenteries and

liver seems to be greatest for particle of 50 nm. However, immune responses are

most effectively stimulated by particles of 4 mm, which correlates with the obser-

vation that larger particles tend to be found in dendritic cells. The surface charac-

teristics of particles have also been reported to be important for both uptake and

translocation.

Overall, studies show that there are clearly routes of nanoparticle uptake, but the

extent of uptake is under debate due to the wide range of uptake rates reported. It

is thought that in general uptake rates are lower than for typical small drug mole-

cule administration. Consequently it is likely that nanoparticle delivery systems

will be most appropriate for immune delivery, delivery to intestinal lymph and

drugs which are poor for oral delivery because of poor solubility or permeability

characteristics, e.g. potent and labile biological macromolecules.

9.1.2.2 Nasal

The nasal epithelium has been investigated as a delivery route for conventional

drugs, peptides and proteins, and vaccines. A useful description of the anatomy of

the nose relevant to drug delivery can be found in reviews by Illum [20] and Jones

[21]. The nasal epithelium has a relatively large surface area because of the pre-

sence of microvilli and has the advantage that it avoids first-pass metabolism to

the liver. However, the nasal mucosa has a significant level of degradative enzymes.

Like the gut, nasal mucosa is covered by a layer of mucus, which poses a barrier to

delivery mainly because of the rate of clearance into the nasopharynx and gut. The

epithelium is well vascularized.

In humans, there is a limited amount of macroscopically visible nasal lymphoid

tissue, which is confined to the nasopharynx and tonsils. However, antigen-

presenting cells (APCs), and B and T lymphocytes are present within the mucosa.

9.1.2.3 Pulmonary

Delivery to the lung is an attractive route because of the easy access and adminis-

tration of formulations, and the large surface area of the lung provided by the al-

veoli, estimated to be about 140 m2 of internal surface area.

The lung structure is that of a multibranching tree with the airways dividing fur-

ther at each branch. The airways divide repeatedly into primary bronchi, lobar, seg-

mental bronchi and bronchioles until reaching the terminal bronchiole leading to

15–20 alveoli. The walls of the entire respiratory tract are covered by a mucus blan-

ket about 5 mm thick. The mucus is a mucopolysaccharide which can trap particles

for subsequent removal by the ciliated cells of the bronchi. This happens by a con-

tinual upwards movement of mucus known as the mucociliary escalator.
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The alveoli mainly consist of thin squamous cells about 5 mm thick (type I cells).

There are also a few thicker type II cells responsible for secreting the surfactant

coating the surface of the lungs. The capillaries are closely associated with the al-

veolar cells and partly form the wall of the alveoli. The alveolar wall therefore con-

sists of alveolar cells, basement membrane and capillary endothelial cells held to-

gether by connective tissue. The alveolar membrane is covered by a thin (15 nm)

layer of surfactant. Due to the tight junctions joining the alveolar epithelia and

the capillary endothelium, penetration of macromolecules from the alveolar space

into the capillary circulation is limited, so it would be expected that penetration of

nanoparticles would be even more limited. However, it is clear that there is trans-

port of materials across lung endothelium and epithelium by caveolae [22], so this

may also be a route for transport of small nanoparticles as well.

Alveolar macrophages may be found either fixed within the connective tissue

of the alveoli or free within the mucus layer. They can leave the lung either via

the mucus through the mucociliary escalator and out through the sputum or, alter-

natively, leave via the lymphatics within the lung. This may therefore be another

route of transfer of materials from within the airways of the lung into the tissues.

Delivery of particles to the lung is dependent on a number of physical processes,

which are diameter dependent. Particles larger than 5 mm are deposited by inertial

impaction on the trachea walls following a change in direction of air flow. Settling

is proportional to the square of the particle diameter and is less important for

small particles. Particles less than about 500 nm in diameter are deposited largely

by Brownian diffusion. So, overall, particles in the size range 5 mm down to

500 nm largely avoid impaction on the airways and are large enough to deposit by

sedimentation, while those below 500 nm can only deposit by Brownian motion. In

general, optimum pulmonary penetration is found with monodisperse aerosols of

2–3 mm diameter. Extremely small aerosols (below 100 nm diameter) also appear to

deposit very efficiently through Brownian diffusion, but such fine aerosols are very

difficult to produce. Only particles that contact the mucus layer can be deposited

and thus be available for either drug release into the mucus or uptake into the

macrophages, or possibly the epithelial cells. There may therefore be some possi-

bility of exploiting these various transport mechanisms for drug delivery systems.

A more complete description of pulmonary structure and its effects on drug de-

livery can be found in Washington and coworkers [23].

9.1.2.4 Transdermal/Subcutaneous

One of the main functions of the skin is to act as a barrier to the entry of macro-

molecules and particles. The stratum corneum, consisting of eight to 16 layers of

flattened, stratified and keratinized dead cells is largely responsible for the barrier

function of the cell. Due to the barrier function of the skin, there is also a complex

relationship with the immune system. Langerhans or dendritic cells are specialized

APCs, which constantly monitor the environment by taking up antigens and pro-

cessing them. They are an integral part of the immune system, and are involved in

migration from the epidermis to the regional lymph nodes, resulting in the induc-

tion and maintenance of cutaneous immunity sensitization or stimulation of the
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immune system [24]. These cells could therefore take up and transport particles to

the lymph nodes and lymphatics.

In addition to topical application of particulates, the intradermal or subcutane-

ous route of injection delivers particles to the extracellular space, where they can

be taken up by the lymphatics. This route therefore gives a potential route for de-

livery to the lymphatics, and in particular to the lymph nodes [25].

In summary, therefore, there are a number of routes with potential for delivery

of nanoparticles for a variety of therapeutic applications. Work carried out on these

applications is detailed below.

9.2

Drug Delivery

9.2.1

Ocular Delivery

9.2.1.1 Anatomy of the Eye

Current ocular drug delivery is by administration of eye-drops, suspensions, oint-

ments, gels, subconjunctival and intraocular injections, and, more recently, im-

plants. There are, however, physiological and anatomical features of the eye that

prevent effective therapy. Looking in detail at the eye (Fig. 9.1), there are anterior

and posterior sections.

Figure 9.1. Anatomy of the eye. The general anatomy of the

eye is shown on the right, with an inset on the left showing the

detailed structure of the cornea.
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The anterior section includes the lens and the cornea. The posterior segment

consists of three layers, i.e. the sclera, choroid and retina, surrounding the vitreous

cavity, which is filled by the vitreous humor [26].

The first barrier to drug uptake is the cornea comprising three parts. The outer

part is the epithelium, consisting of five to six layers of tightly packed cells restrict-

ing the passage of hydrophilic and ionized compounds, with little penetration

via the paracellular route. The middle part is the hydrophilic stroma restricting

passage of lipophilic compounds. Due to a relatively open structure, drugs with

a molecular size up to 50 000 can diffuse in normal stroma. The third part is a

monolayer of endothelial cells. Effective drugs therefore need to combine both

hydrophilic and hydrophobic properties to be able to pass through the cornea. For-

mulation pH adjustment can improve the trans-corneal drug accumulation.

It has been reported that less than 5% of the applied eye-drop reaches the intra-

ocular tissues [26–28]. The percentage dose of the drug absorbed through the cor-

nea depends very much upon the time that the instilled drop remains on the cor-

neal surface, which is mainly dependent on the lachrymal system of the eye. The

lachrymal glands secrete tears, which are distributed over the eyes by the blinking

reflex of the eyelids and collected in the lower conjuctival sac. From there, the tears

are drained into the lachrymal sac through the puncta and the lachrymal duct.

Eventually, the fluid reaches the nasopharynx and, finally, the gastrointestinal tract.

Consequently, blinking and tear secretion stimulated after the eye-drop instillation

are responsible for the fast washout of the drug from the precorneal area, while

nasolacrymal drainage can lead to serious side-effects through uptake into the

blood circulation. A good example is the b-blocker, timolol, which is used for the

treatment of the wide-angle glaucoma and can cause side-effects to the heart if

transported to the systemic circulation via nasolacrymal drainage.

The conjunctiva, a thin vascularized mucus membrane, which lines the inner

surface of the eyelids and covers the anterior part of the sclera up to the cornea is

also responsible for a large amount drug uptake. This uptake route adds to the sys-

temic side-effects [28].

In the posterior section, the sclera maintains the shape of the eyeball and the

choroid is a vascular layer that provides the blood supply that supports the retinal

cells. The retina is separated from the choroid by Bruch’s membrane.

9.2.1.2 Pathology

Ocular formulations aim to treat either inflammatory external eye infections (i.e.

conjunctivitis, blepharitis, keratitis sicca) or intraocular diseases like glaucoma,

uveitis, etc. The latter can be classified to anterior (iritis, iridocyclitis), intermediate

(behind the iris and lens in the region of ciliary body and pars plana), posterior

(retinitis, choroiditis, optic neuritis) and diffuse (all parts of the eye).

9.2.1.3 Drug Delivery

Ocular delivery has a low efficiency due to the cornea’s low permeability to drugs,

rapid tear turnover and nasolacrymal drainage. Diseases of the posterior segment
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are treated by intravitreous or subconjunctival injections, which are quite invasive

and are able to cause inflammatory reactions.

There is a need for production of new formulations able to ensure increased sta-

bility of the drug and longer elimination half-life through sustained release. Nano-

particles and nanospheres are attractive as alternative delivery systems for the treat-

ment of eye disorders because they are characterized by increased stability and

longer elimination half-life in the tear fluid (20 min) in comparison to conven-

tional drugs applied topically to the eye (1–3 min).

Ideally, particles need to be biodegradable, biocompatible, nontoxic, sterile, have

a sustained release at a desirable rate, easy manufacturing procedure and be

smaller than 10 mm so as to avoid any scratching or discomfort to the patient.

Other important factors influencing the efficiency of such carriers are the charge,

the drug lipophilicity and/or the carrier.

A number of polymers can be used to prepare particles (nanoparticles or nano-

spheres), which can be classified mainly into two categories: acrylate derivatives

like poly(butyl cyanoacrylate) (PBCA) [29], PEG–polyethyl-2-cyanoacrylate (PECA)

[30], poly[methoxy poly(ethylene glycol)cyanoacrylate-co-hexadecyl cyanoacrylate]

(PEG–PHDCA) [31], copolymers of poly(ethylacrylate, methyl methacrylate and

chlorotrimethyl-ammonioethyl methacrylate) [Eudragit1] [32–34] and the posi-

tively charged chitosan [35–37]. Poly(lactic acid) (PLA) [38], poly(d,l-lactic-co-
glycolic) acid (PLGA) [39] and poly(e-caprolactone) (PCL) [40] have been tested,

too. Particles have been made using the mucoadhesive poly(acrylic acid) (PAA) and

poly(itaconic acid) (PIA) [41], while hyaluronic acid (HA) [40] has been treated as a

coating material for nanospheres made out of PCL (Fig. 9.2). Enhanced polymer–

cornea affinity is the main aim to increase the particle residence time in the eye.

The mechanism of action is different for each of these polymers. PBCA, PAA,

PIA and HA are characterized as mucoadhesive because they attach to the precor-

Figure 9.2. Scanning electron microscopy

photographs of PCL nanospheres positively

charged by stearylamine (SA) (a) or BKC (b)

and coated with HA 0.025% (PCL/SA/HA ads

and PCL/BKC/HA ads) Bar ¼ 1 mm; original

magnification �10 000. (Reprinted from Ref.

[40], 8 2002, with permission from Elsevier.)
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neal mucin layer via noncovalent bonds [40]. PEG molecules interact via hydrogen

bonds with the mucin macromolecules present on the ophthalmic surface and

may induce reversible opening of the tight junctions of the conjunctival tissue (al-

lowing paracellular transport of drug molecules across ophthalmic tissues) [30].

Positively charged EudragitTM and chitosan interact strongly with the negatively

charged sialic acid residues in mucus. PLA and PLGA are generic materials for

particle preparation, with FDA approval.

The physicochemical and surface characteristics are important in efficient drug

accumulation into the eye. Other important factors are the preparation method

and the presence of surfactants. Most of the particles produced using the materials

mentioned above have a size range between 35 [Eudragit RL100, poly(acrylic acid)

(PAA)] and 280 nm [PBCA, chitosan, PCL–benzalkonium chloride (BKC)] with an

average size around 100 nm. The particle size mainly depends on the preparation

method. According to de Campos and coworkers [35], the production of chitosan

nanoparticles is dependent upon the chitosan concentration (decreased concentra-

tion leads to decreased size) and the acetonitrile/water volume (increasing the ratio

leads to size decrease). Ibuprofen-loaded Eudragit RL100 and RS100 nanoparticles

are prepared by the quasi-emulsion solvent diffusion method. Thus, the particle

size is reduced as the polymer concentration or the volume of ethanol decreases

[32]. Giannavola and coworkers [38] studied the incorporation of acyclovir into

PLA nanoparticles using the nanoprecipitation method using various nonionic sur-

factants (Triton X-100, Tween 80, Brij 96, Pluronic F68). The particle size decreased

as the polymer molecular weight increased while Tween 80 was the most efficient

in decreasing the size and maintaining particle stability. Fresta and coworkers [30]

produced similar PECA nanospheres by micellar polymerization using Pluronic

F68.

Nanoparticles are preferred to microparticles because Giordano and coworkers

[42] reported that the latter can cause a localized reaction confined to the inferior

retina involving macrophages and multinucleated giant cells. Also, there was a

nonuniform drug distribution within the vitreous cavity due to the accumulation

of the particulate systems at the inferior retina [43]. Calvo and coworkers [44] re-

ported that the in vivo corneal uptake of indomethacin-loaded PCL colloidal par-

ticles was higher than microparticles after topical instillation into the albino rabbit

eye. Qaddumi and coworkers [39] drew the same conclusion studying the uptake

of PLGA nanoparticles of 100 nm, 800 nm and 10 mm on primary cultured rabbit

conjunctival epithelial cells (RCECs) The smaller (100 nm) particles exhibited the

highest uptake.

The surface charge of the particles is important for particle adhesion to cornea.

Positively charged colloids are able to deliver drugs to the eye due to their interac-

tion with the negatively charged cornea. Positively charged chitosan nanoparticles

or microspheres are much more effective than negatively charged particles due to

the strong electrostatic interaction of the former with the negatively charged sialic

acid residues in mucus [45]. The particulate nature is also important in increasing

the intraocular penetration of drugs and decreasing the systemic absorption [46].

The importance of the cationic surface was shown by studying indomethacin con-
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taining nanocapsules coated with either poly(l-lysine) (PLL) or chitosan, resulting

in completely different drug kinetics profiles [47]. Chitosan-coated nanocapsules

significantly increased the indomethacin concentration in the cornea and aqueous

humor 30 min and 1 h after the instillation to the eye in comparison to the un-

coated and PLL-coated nanocapsules. The bioavailability [area under the concentra-

tion–time curve (AUC)] of indomethacin from chitosan-coated nanocapsules was

7- to 8-fold higher in the cornea and aqueous humor respectively, while the values

for PLL-coated capsules were almost 4-fold higher than the Idocollyre1 in both cor-

nea and aqueous humor.

Drug incorporation and drug release are the main limiting factors for these sys-

tems. The drug–polymer affinity, the drug hydrophilic/lipophilic balance and solu-

bility are some of the main obstacles and challenges to efficient ocular nanoparticle

formulations. A great example is cyclosporin A (CyA) – an endecapeptide used in a

variety of immune-mediated ocular surface phenomena like vernal conjunctivitis,

dry eye syndrome, prevention of corneal allograft rejection [36]. Its high lipophilic-

ity reduces corneal uptake and many formulations (e.g. oil solutions, complexation

with cyclodextrins, micelles, etc.) were unsuitable for a variety of reasons. However,

Calvo and coworkers [48] achieved a 50% incorporation of CyA in the oily phase of

Mygliol nanocapsules surrounded by PCL where the final drug concentration was

10 mg mL�1. These nanocapsules were taken up by corneal epithelial cells, so the

drug level at the cornea was increased 5 times more than that obtained using the

conventional 10 mg mL�1 CyA oily solution. Even here, drug retention at the ocu-

lar mucosa was poor, so it was considered useful only for the treatment of extra-

ocular diseases. Chitosan particles were more promising carriers since the drug

loading was approximately 9%, but they were characterized by rapid drug release

(62% in 15 min in sink conditions). Even so 2- to 6-fold increase of CyA was found

in cornea and conjunctival after topical instillation of these carriers. It was also

noteworthy that the CyA amount found in cornea was higher than that in conjunc-

tiva because drug-loaded carriers are cleared faster from the conjunctiva either due

to the uptake by macrophages or to the passage to the blood circulation [35].

The antivirals, aciclovir and ganciclovir, have been in the focus of research since

they are used for the treatment of herpes simplex infections and their ocular ad-

ministration faces some problems. Aciclovir is used for Herpes simplex keratitis

with the spread of the virus, at the most severe cases, in to the stromal cells, thus

damaging them. However, the topical administration of the drug is difficult due to

the low corneal penetration, and its poor water and lipid bilayer solubility [38].

The incorporation of aciclovir into PLA and PEG–PLA nanospheres was at-

tempted in the presence of Tween 80 (0.5% w/v). The loading capacity was 2–

5.9% in the former and 7.7% in the latter. The drug loading increased as the poly-

mer molecular weight decreased for the PLA spheres, while it exhibited a further

increase after the PEG insertion. This probably happened because the drug inter-

acted with the PEG moiety, which retained the drug close to the particle surface.

The drug release showed a burst effect and biphasic kinetics. Drug release reduced

as the polymer molecular weight increased, while the presence of PEG did not of-

fer any advantage in the release rate. In fact, the drug release was faster than the
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uncoated particles, which indicated a different drug distribution in the polymeric

matrix.

Fresta and coworkers [30] studied the drug loading in PECA or PEG–PECA

nanospheres in the presence of Pluronic F68, and showed that the drug entrap-

ment was not affected by the presence of either PEG or cyclodextrins, or the con-

centration of surfactant used. PEG-coated spheres released aciclovir slower than

uncoated PECA nanospheres, while the presence of cyclodextrin did not improve

the release rate. The aciclovir release showed the same profile as that observed us-

ing the PLA nanospheres.

Ocular bioavailability tests showed that using PLA nanospheres, the effective

levels of aciclovir in the aqueous humor at 6 h were (1 mg of aciclovir mL�1

aqueous humor) in comparison to the free drug formulations (no drug was

detected 6 h later). PEG-coated PLA nanospheres were more effective than the

uncoated PLA nanospheres and the free drug formulation, with 1.8- and 12.6-fold

increase, respectively [38]. Similar results were reported after the instillation of

aciclovir-loaded PEG–PECA nanospheres to the eye, which showed a 25-fold in-

crease in comparison to free drug suspensions. Both research groups attributed

the higher degree of success to mucoadhesive properties because of the polyoxy-

ethylene presence on the nanosphere surface.

Ganciclovir is used for the treatment of more acute viral infections like the hu-

man cytomegalovirus (HCMV) retinitis, which is the major cause of visual loss in

AIDS patients. Intravitreal administration of the drug is quite effective with a half-

life of about 13 h, so frequent injections are needed to maintain the therapeutic

efficacy. On top of that, the administration route imposes a high risk of cataract

development, retinal detachment and endophthalmitis [49–50].

Another Food and Drug Administration (FDA)-approved antiviral drug is fomi-

virsen, which exhibits a 55-h half-life after intravitreal administration [51]. Despite

its resistance to the nucleases, the administration of this drug is problematic due

to its poor penetration through cell membranes because it is a polyanion. Albumin

nanoparticles have been investigated for the entrapment of those drugs and

the study of the intraocular disposition after their intravitreal injection to rats.

Ganciclovir-loaded albumin nanoparticles were prepared by either adding drug af-

ter the particle preparation or during the preparation procedure. Drug loading and

release was 15 mg ganciclovir mg�1 nanoparticles and 60% in 24 h for the first

preparation, while it was 27 mg ganciclovir mg�1 nanoparticles and 40% in 24 h

for the latter. The first formulation was more active and inhibited the expression

of the HCMV early antigens at a lower concentration than the conventional drug

solution after their incubation on a cell line.

Formivirsen was entrapped into albumin nanoparticles made in the same way as

the ganciclovir, and resulted in 3.35 and 5.24 mg mg�1 nanoparticles, respectively.

The oligonucleotide release was 100% after 8 h, while the latter formulation exhib-

ited sustained release for up to 5 days. The release of both drugs show the same

biphasic release profile with burst release as described earlier. According to the

literature [51, 52], the albumin molecules have fusogenic properties enabling the

transfer of the oligonucleotides to the nucleus of the cells. The intraocular disposi-
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tion of biotin-labeled albumin nanoparticles was studied by intravitreal injection of

900 mg of particles per 5 ml. Two weeks later it was shown that the carriers diffused

through the vitreous space, with most of them located in a thin layer overlying the

retina as well as in adjacent sites to the blood aqueous barrier and the ciliary body.

There was no evidence of nanoparticles in the inner retinal layers like the visual

cells and the neuronal interplay area.

Tamoxifen (nonsteroidal estrogen receptor modulator) for the treatment of

uveoretinitis [31] has been formulated into PEG-coated PHDCA nanoparticles.

The drug loading and release were not reported but it was found that the intraocu-

lar injection of 0.25 mg of tamoxifen/10 ml incorporated in PEG–PHDCA particles

was efficient in reducing the uveoretinitis induced to rats while the free tamoxifen

had no effect on the inflammation. According to the reported results in the rats

carrying uveoretinitis, the nanoparticles were dispersed through the anterior and

posterior segments of the eye 8 h after intravitreal injection. After 24 h, the par-

ticles passed through the edematous retina, and accumulated in the subretinal

space and within the retinal pigment epithelium. Particles were not found in the

choroid, but a high amount was detected in the anterior chamber of the eye.

the particles were still detected in the retinal pigment epithelium 3–9 days after

the injection.

The nonsteroidal anti-inflammatory drugs, ibuprofen and flurbiprofen, were for-

mulated into RS100 and RL100 acrylate nanosuspensions to treat miosis induced

by surgical manipulation, e.g. cataract extraction [32, 34]. Approximately 92% of

flurbiprofen incorporation into both types of nanoparticles was achieved. Drug

release from RS100 particles was slower than that from RL100 particles because

the latter contain a higher amount of quaternary ammonium group which makes

the nanoparticle matrix more permeable. Drug release studies showed no burst re-

lease. The flurbiprofen-loaded RS100 formulation was found in the aqueous hu-

mor and antagonized successfully the miosis caused because of a surgical trauma.

Ibuprofen incorporation was as high as flurbiprofen in RS100 particles (approxi-

mately 90%). Most of the drug was released after 24 h, but even though the drug

concentration in the aqueous humor was higher than that of the free drug solu-

tion, the reduction of miosis was not significant [33].

Brimonidine (a2-adrenoreceptor antagonist) has been incorporated into PAA and

polyitaconic acid (PIA) [41] nanoparticles with a loading capacity of 3.6 and 2.7 mg

per 10 mg of nanoparticles respectively at pH 6.5. This corresponds to 80–85 and

70–75% loading efficiency in these systems, and 98% of the drug was retained for

a period of 5 weeks at room temperature.

An alternative way to increase the residence time of the drug in the eye is the

loading of nanocapsules into disposable soft contact lenses [53]. Nanocapsules

were made with octadecyltrimethoxysilane (OTMS) in presence of Brij 97 (final

size 13 nm) and loaded with lidocaine. OTMS creates a silica shell around the par-

ticles. The capsules were added to the polymerization medium, for lens formation

of 1 mm thickness from poly(2-hydroxyethyl methacrylate) (pHEMA). The final

particle content in the gel was 25%. When the gels were soaked in water, the drug

was released almost completely after 7–8 days with burst release.
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The mechanism of action is described herein. The drug diffuses from the par-

ticles through the lens matrix. A tear film is trapped between the cornea and lens;

therefore, drug molecules will remain longer (30 min) in the post-lens tear film

than in the case of eye-drops (2–5 min). This will enhance the influx of the drug

through the cornea and reduce the systemic escape of the drug. Even so, there is

still a fraction of the drug that will be lost due to tear drainage and absorption

through the conjunctiva. According to these researchers, loading the lens with

0.024 mg of timolol will be enough to release therapeutic levels of the drug for 4

days.

The mechanism of interaction of various particles was studied either using

primary cell lines or in vivo. Qaddoumi and coworkers [39] investigated the uptake

mechanism of PLGA nanoparticles (100 nm) by primary cultured RCECs. After us-

ing a series of inhibitors for different specific uptake mechanisms located on the

cell membrane, the group concluded that particle endocytosis takes place inde-

pendently of both clathrin heavy chain and caveolin-1, although PLGA uptake may

in part occur via clathrin-mediated processes. However, some endocytic process

must be occurring because the conjunctival epithelium is a very strict barrier [54]

and the paracellular pore radius is only 5 nm [55].

Chitosan nanoparticles are taken up by conjunctival epithelial cells more effec-

tively than corneal epithelial cells because the conjunctival epithelium covers a

larger surface area, and the concentration of mucin is higher there [56]. Chitosan

nanoparticles can be transported by both paracellular and transcellular pathways

because they are able to open the tight junctions between the epithelial cells due

to the interactions between the positively charged groups of the polymer and the

negative sites of the cell membrane and tight junctions. However, in conjunctiva,

chitosan nanoparticles are located mostly in the cells rather than in the intercellu-

lar spaces. This happens because the conjunctival epithelium is more heteroge-

neous than that of cornea and contains goblet cells and APCs as well as epithelial

cells. Thus, the particles could be transported to the APCs (Langerhans cells and

macrophages) or even a specific cell receptor might be involved in the transport to

some epithelial cells [45].

9.2.1.4 Tolerability

As potential candidates for ocular drug delivery, most of the systems described

above were well tolerated without any sign of irritation or inflammation to the an-

imal model tested, apart form the PIA nanoparticles, which were proved highly cy-

totoxic. Approximately 90% loss of corneal epithelial cells viability was observed 30

min after the incubation of the PIA nanoparticles with the cells.

9.2.1.5 Future Prospects for Nanoparticles in Ocular Delivery

Polymeric nanoparticles seem promising carriers for drug delivery to the eye. Some

particles have shown adequate drug loading, prolonged site residence and good tol-

erability, but there are many more challenges to be faced yet. Drug loading, sus-

tained release, storage stability and shelf-life are the main problems for many for-

mulations. From a manufacturing point of view, the difficulty of producing sterile
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dispersions is also problematic. No nanoparticulate systems have yet solved all

these problems and reached the market.

9.2.2

Macrophage-related Diseases

9.2.2.1 Leishmaniasis

Leishmaniasis is a disease occurring mostly in tropical and subtropical countries.

Leishmanial promastigotes invade macrophages and survive in the phagolyso-

somal compartments of the host cells [57]. Primaquine, an antimalarial drug, has

demonstrated some activity against visceral leishmaniasis, but it is highly toxic

against red blood cells. PACA nanoparticles without drug showed some activity

against Leishmania donovani infection in rats [58]. Primaquine-loaded poly(isohexyl

cyanoacrylate) (PIHCA) nanoparticles were tested for their anti-infection activity

in vitro using the macrophage-like J774G8 cell line. PIHCA nanoparticles can be

phagocytosed by Kupffer cells and spleen macrophages; hence, they can be poten-

tially used against visceral leishmaniasis [59]. The nanoparticles were not toxic to

the J774G8 cells at concentrations up to 48 mg mL�1 for 48 h of incubation.

Primaquine-loaded PIHCA nanoparticles showed a 21-fold increase of antileishma-

nial activity, while the two components, i.e. primaquine and nanoparticles, acted

synergistically compared to the mixture of free drug and nanoparticles at equiva-

lent concentrations.

Primaquine was also incorporated in poly(d,l-lactide) nanoparticles and was ad-

ministered intravenously to healthy and infected BALB/c mice with the aim to eval-

uate tolerance [60]. The particles were formed in presence of phospholipids and

Poloxamer (1%) and the final drug-loaded carriers were 150–200 nm, while the z

potential was �14.6 mV. The efficiency of primaquine was 85–94% using an initial

drug concentration 0.5 mg mL�1.

The acute lethal toxicity of primaquine after intravenous administration to

healthy mice was reduced after incorporation of the drug in the particles. For ex-

ample, LD50 of free primaquine was 17.5 mg of drug kg�1, while for drug-loaded

particles it was 26.9 mg kg�1, corresponding to 536 mg PLA kg�1. The lower toxic-

ity is attributed to the rapid clearance of the particles to the MPS system so that the

drug showed activity in the infected macrophages.

Neither free drug nor primaquine-loaded particles showed any lethal toxicity

after injection of 10 mg kg�1 3 times in a 5-day period to infected BALB/c mice.

As reported previously, the primaquine-loaded nanoparticles were 3.3 times more

effective than the free drug in the suppression of the amastigotes of L. donovani in
the liver of BALB/c mice [61].

Another drug used for the treatment against Leishmania is pentamidine, which

is not fully effective and it has toxic side-effects [62]. Pentamidine has been incor-

porated onto the surface of methacrylate nanoparticles based on the ionic interac-

tions with the free carboxyl groups of the polymer. Complete binding of pentami-

dine was obtained after mixing the drug (7 mg mL�1 nanoparticle suspension). The

particle size was approximately 330 nm. Methylglucamine antimoniate was used as
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the reference antileishmanial drug. The drug-loaded carriers suppressed the para-

site burden by 77%, which was close to that achieved administering the reference

drug (86%). The mean suppression by free drug was 35% while unloaded particles

had no effect.

The pentamidine-loaded methacrylate particles were found to be effective against

Leishmania infantum infection of BALB/c mice [63]. Parasite suppression of 50%

was obtained after 1.06 mg of free drug kg�1 and 0.17 mg of pentamidine-loaded

particles kg�1. The latter ED50 was comparable to that achieved using liposomal

amphotericin B (0.256 mg kg�1).

Paul and coworkers [64] studied the physicochemical properties of pentamidine-

loaded methacrylate nanoparticles and shown that the optimum stabilization of the

drug on the particle surface was pH 7.5, where both drug and polymer are highly

ionized. They found out that at the lysosomal pH of 5, 50% of the drug is released.

Following the fate of the drug-loaded vesicles in the liver Kupffer cells of infected

BALB/c mice, the authors found that phagocytotic vacuoles containing nanopar-

ticles were fused with primary lysosomes to form secondary lysosomes. Half of the

pentamidine was released in the lysosome due to its acidic pH. However, the drug

is still ionized, so it cannot pass through the lysosomal membrane. The parasito-

phorous vacuole (pH 4.7–5.2) is fused with the secondary lysosome and the drug

is still retained in the vacuole. Despite the fact that nanoparticles cannot be inter-

nalized by the parasites, the released pentamidine resulted in parasite growth

suppression.

Another group incorporated amphotericin B in PLGA nanoparticles (size 166

nm), and evaluated the leishmanicidal potency of those particles on macrophages

in vitro as well as the effect of trehalose on the multiplication of promastigotes and

the macrophage activation [65]. Amphotericin B is sometimes used for the treat-

ment of visceral leishmaniasis when the usual antimonial drugs are noneffective

[66]. Liposomal amphotericin is used to reduce the toxicity and increase the drug

efficacy. However, the amphotericin-loaded nanoparticles did not exhibit any ad-

vantage over the free amphotericin B in treating the infected macrophages, proba-

bly because the majority of the particles were washed away so there was only a

limited amount endocytosed by the macrophages. Moreover, trehalose reduced pro-

mastigote multiplication. It has been shown previously that L. donovani promasti-

gotes interact with the mannose/fucose receptors on human monocyte-derived

macrophages in order to invade the host cells [67]. The presence of trehalose was

shown to be toxic to the macrophages in a concentration higher than 50%. The

sugar was tolerated in a concentration of 1 mg mL�1 by both infected and non-

infected macrophages, but infected macrophages showed higher tolerance than

the noninfected ones. This happened because lower amounts of specific receptors

were available on the infected macrophages rather than the noninfected ones. Also,

both infected and noninfected macrophages were activated by the presence of tre-

halose, while a greater effect was obtained for the infected ones. Thus, the sugar

can alter the fate of L. donovani in the cells.

There is still a need for the development of new molecules with antileishma-

nial activity due to the toxic effects of the current drugs or due to their lack of
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efficiency [68]. Based on a previous report that the chalcones are quite effective

against L. donovani [69], a group of researchers incorporated 2 0,6 0-dihydroxy-4 0-

methoxychalcone (DMC) extracted from Piper aduncum in PLA nanoparticles [70].

Pluronic F68 (1%) was used as surfactant to facilitate the particle formulation. The

size of empty and loaded-nanoparticles was 130 and 168 nm, respectively, and the

encapsulation efficiency was approximately 92%. BALB/c mice infected with L. am-
azonensis promastigotes were injected intraperitoneally with either empty particles

(1 mg), DMC–PLA particles (200 mg DMC mg�1 PLA), glucantime (200 mg) or

phosphate-buffered saline alone on days 42 and 48 after infection. It was shown

that DMC–PLA particles were as effective as glucantime (first choice drug for the

treatment of leishmaniasis) in reducing the number of parasites into the cells,

making the drug-loaded particles promising agents for antileishmanial treatment.

Many other attempts to develop new antileishmanial agents have been reported

[71–73]. One of these is quercetin, which belongs to the flavonoid family and is

metabolized in the colon – it exhibits mostly antioxidant, anti-inflammatory, anti-

hepatotoxic and antiulcer properties [71]. It has been formulated in different car-

riers, like liposomes, niosomes, microspheres and nanocapsules (PLA). It has been

shown that quercetin inhibits the growth of L. donovani promastigotes and intracel-

lular amastigotes both in vitro and in vivo, while it leads L. donovani promastigotes

to apoptosis through inhibition of DNA topoisomerase II inhibition [74]. Quercetin

EC50 was 3 mg kg�1 body weight; therefore, the different formulations were ad-

ministered subcutaneously to hamsters after 30 days of their infection at a dose of

300 mg per 0.5 ml of vesicles suspension every 3 days for a total of 6 doses in 15

days. The final administered dose was equivalent to the EC50 of quercetin. The

highest efficiency was obtained after the quercetin-loaded nanocapsules, which

demonstrated 87% reduction of spleen parasite burden compared to the 25%

achieved with the free drug. As for the rest of the formulations tested, the efficacy

was 68, 51 and 44% for drug loaded-niosomes, liposomes and microspheres,

respectively.

The same set of experiments was carried out with the carriers mentioned

above using another potential antileishmanial agent named harmine (7-methoxy

1-methyl b-carboline), previously shown to be effective at Parkinson’s disease and

related neurological/psychiatric diseases [72]. Harmine has also exhibited activity

against Trypanosome cruzi, while it can be effective against AIDS and tumors. It is

believed that harmine condenses chromatin [75] and inhibits DNA topoisomerase

I [76]. The effective dose of harmine was found to be 25 mg kg�1 body weight in

24 h after incubation of L. donovani in vitro. After the subcutaneous injection of the

harmine-loaded particles, the reduction of the spleen parasite load was by 44% for

the free drug, and 61, 67 and 79% for liposomes, niosomes and nanocapsules, re-

spectively. One reason for the highest efficacy of the nanocapsules was the fact that

they were the smallest formulation and their composition enabled them to circu-

late in the blood stream longer in comparison to the other type of vesicles, proba-

bly due to the presence of Tween 80 as a capsule component.

The same group carried out a similar piece of work on arjunglucoside, a penta-

cyclic triterpene glycoside of the saponin group, in nanogels of 90 nm or PLA
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nanoparticles (250 nm) for similar reasons [73]. The nanogel consisted of N-
isopropyl-acrylamide (NIPAAm) and N-vinyl-pyrrolidone (VP). The drug incorpora-

tion efficiency was 80 and 60% for nanogel and PLA nanoparticle, respectively. Af-

ter the subcutaneous injection of the two formulations in infected hamsters, they

both exhibited a similar reduction in the spleen parasite load, which was recorded

to be 75 and 79% for the nanogel and the nanoparticles, respectively. The effective

dose of the drug was 4 mg kg�1 body weight. In vitro release of drug from nano-

gels was accompanied with an initial burst release of 50% and a total release of

75% after 25 h, while the drug release from PLA nanoparticles was 40% initially

and it remained mostly constant up to 25 h.

Particles with neoglycoproteins having either glucose, mannose or fucose moi-

eties grafted on the vesicle surface would enable more effective macrophage target-

ing according to comparative studies between liposomes, niosomes, microspheres

and nanoparticles as presented by Basu and coworkers [77].

9.2.2.2 Other Parasitic Infections

Unloaded poly(isobutyl cyanoacrylate) (PIBCA) nanoparticles demonstrated anti-

trypanosomal activity after their in vitro and in vivo tests on Trypanosoma brucei
[78]. More specifically, after in vitro treatment of T. brucei with different concentra-

tions of PIHCA, the parasitic mobility disappeared in the presence of 1.2 mg mL�1.

Mice pretreated with 1.2 mg mL�1 and infected with trypanosomes survived until

30 days later, but they were not completely cured. The above nanoparticles were

not effective against Trypanosoma vaginalis or Entamoeba histolytica.
Schistosomiasis is another serious public health problem in tropical countries.

Praziquantel is the drug of choice, but the poor water solubility and the fast metab-

olism make long-lasting therapy hard to achieve. PLGA polymer was used to

prepare nanoparticles with the emulsion-solvent evaporation method and a variety

of factors were considered in order to prepare a formulation with optimum physi-

cochemical properties [79] (Fig. 9.3). Those factors were PLGA and surfactant

content in the formulation, time of sonication, ratio of the volume of aqueous

to organic phase, and praziquantel content. Sonication (20 min) led to a particle

size of 255 nm with polydispersity index of 0.22 and a monomodal distribution.

Figure 9.3. PLGA nanoparticles prepared with 20% of

praziquantel. (Reprinted from Ref. [79], 8 2005, with

permission from Elsevier.)
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Using 12.5 mg of PLGA polymer, the particles were of spherical shape without

agglomeration.

As the polymer concentration (12.5, 25 and 50 mg) increased, the particle size

increased and the particle shape deviated from the spherical pattern. As the surfac-

tant content increased, the particle size reduced and the best formulation was ob-

tained using 0.7% of surfactant. Also, the rate of evaporation of the organic solvent

should be as slow as possible, so as the volume of the organic phase is reduced and

the viscosity increases, the droplet size equilibrium will not change instantane-

ously and the particles will have the time to be formed in a good spherical shape

of small size without agglomeration.

Praziquantel encapsulation efficiency was constant (approximately 75%) over the

range of initial amount of the drug used from 10 to 30%. As the drug content in-

creased, the size of the particles increased due to the increase of the dispersion vis-

cosity. In vitro release of praziquantel was studied using particles prepared in the

presence of 10 and 30% theoretical loadings; 100% of the drug was found in the

dispersion medium in 2 h. As for the drug-loaded particles, 6 and 20% of drug

was released from nanoparticles after 24 h from 10 and 30% drug-loaded particles.

It is concluded that highest drug release is obtained with the highest drug loading.

An Antimalarial nanoparticle formulation has been reported by Legrand

and coworkers [80]. Nanocapsules were prepared using PLA–PEG copolymers

(PLA:PEG molecular weight ratios of 45:5 and 45:20) and Miglyol 810 to encapsu-

late halofantrine – a very hydrophobic antimalarial drug. Drug incorporation was

better then 99.5% with 25% drug by weight of nanocapsules. Ther particles were

stable for more than 10 months at 4 �C and had a size of 175–220 nm.

Drug release was slow in the presence of Tween 80 (used to allow solubility of

drug in water), but rapid in the present of serum proteins. The nanocapsules

were long circulating and when administered to mice infected with Plasmodium
berghei showed a reduction in parasite infection within a short period, which was

maintained for several days. The nanocapsule treatment was much more rapid in

onset than with the free drug. The toxicity of the encapsulated drug was also much

reduced in comparison to free drug.

9.2.3

Antifungal

9.2.3.1 Treatment

Drugs used in fungal infections are polyene antifungals (amphotericin, nystatin),

imidazole antifungals (ketoconazole, miconazole), triazole antifungals (flucona-

zole, itraconazole), and others like griseofulvin, caspofungin, flucytosine and terbi-

nafine [66]. Some of those drugs exhibit limitations either of absorption via the

oral route or high toxicity. For example, polyene antifungals are not absorbed

when given orally. They are used for oral, oropharyngeal and perioral infections

by local application in the mouth. Amphotericin is highly toxic and mostly nephro-

toxic, but lipid formulations (Abelcet1, AmBisome1 and Amphocil1) have been

produced reducing its toxicity.
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Also, ketoconazole is characterized as highly hepatotoxic, but it is absorbed well

when it is given orally. Itraconazole is another drug associated with liver damage.

9.2.3.2 Drug Delivery Systems

Only a few attempts have been reported using nanoparticles to improve the thera-

peutic prospects of the above mentioned drug molecules by reducing their limita-

tions. Amphotericin B (used against infections by Candida albicans) was launched
in the market as lipid formulations that are expensive. Thus, Tiyaboonchai and

coworkers [81] have incorporated the antifungal drug in polyethylenimine (PEI)–

dextran sulfate (DS) nanoparticles produced with the complex coacervation method

(Fig. 9.4).

This method has the advantage of being simple and low cost without the need

for organic solvents. It is based on the electrostatic interaction of the two oppositely

charged molecules. Due to the poor water solubility of amphotericin B and low ab-

sorption from the gastrointestinal tract, the drug is administered parenterally. Par-

ticle size and size distribution are crucial parameters for parenteral formulations.

The pH of PEI solutions, the charge and mass ratio of the two polymers as well as

the zinc concentration influenced the particle size. The optimal conditions for am-

Figure 9.4. Scanning electron microscopy

micrographs of unloaded nanoparticles formed

with pH 7 PEI solution and a PEI:DS mass

ratio of 1:1, and washed in (A) water and

(B) 5% w/v mannitol. (C) Scanning electron

microscopy micrograph of amphotericin B

particles formed with pH 8 PEI solution and a

PEI:DS mass ratio of 2:1, and washed in 5%

mannitol. (Reprinted from Ref. [81], 8 2001,

with permission from Wiley.)
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photericin B nanoparticle formation was the use of a PEI solution of pH 8, PEI:DS

polymer ratio 2:1 and 25 mm zinc sulfate. Entrapment efficiency was about 85%.

The particles produced had an average size of approximately 260 nm with a range

of 100–600 nm. Mannitol was used as a cryoprotectant during the lyophilization

procedure making the particles easily redispersable, which was not the case when

mannitol was not present.

In vitro dissolution studies showed a rapid release of the drug, which, according

to the authors, would be clinically useful due to the poor drug solubility and thus,

the sustained release effect.

After incubating the drug-loaded nanoparticles with human cells, amphotericin

B-loaded vesicles exhibited 100-fold lower toxicity compared to a reduction in the

antifungal activity of the molecule of only 2-fold.

A different approach was to prevent the adhesion of C. albicans so to prevent

the start of the infection [82]. This was based on using poly(propyl cyanoacrylate)

nanoparticles in the presence of anionic, cationic or nonionic surfactants to pro-

mote adsorption onto the blastospore surface and, hence, reduce blastospore adher-

ence to buccal epithelial cells. The adherence of blastospores that had been treated

with nanoparticles produced in presence of docusate sodium was 73% lower than

that of untreated blastospores. This phenomenon was reported to be due to the

steric hindrance that the particles cause after their adherence on the spore’s

surface.

Molina and coworkers [83] improved the therapeutic efficacy of a sterol bio-

synthesis inhibitor, DO870, by incorporating it into PEG–PLA nanoparticles. This

inhibitor was used successfully against the Y and CL strains of Trypanosome
cruzi in Chagas’ disease, but its development has been discontinued [84]. Also,

ketoconazole- and itraconazole-loaded particles were used for comparison. Particle

sizes in the range 100–200 nm were achieved and entrapment efficiencies were

90, 87 and 92% for DO870, itraconazole and ketoconazole, respectively. The drug-

loaded nanoparticles were administered to infected mice either orally or intrave-

nously and were well tolerated by the mice for the treatment period of 93 days. In

contrast, for the group of mice treated with free DO870, 100% death was observed

at the day 93, postinfection period.

After administration of DO870-loaded particles via the intravenous route (1.5–

3.0 mg kg�1 day�1) or the oral route (5 mg kg�1 day�1) no reappearance of para-

sites in the blood was observed. The cure rate for those formulations was approxi-

mately 80% in mice infected with the CL strain of T. cruzi. For the Y strain,

infected mice received an intravenous administration of 3 mg kg�1 day�1. The

cure rate of DO870-loaded particles was 60%, while there was no positive influence

of the ketoconazole or itraconazole-loaded spheres.

Nisin is a bacteriosin produced by Lactococcus lactis and is used as a food preser-

vative, but it is unstable and so it was incorporated into nanoparticles [85]. Those

particles were made using PLA with the method of supercritical fluids. Using

supercritical or compressed gas techniques to make nanoparticles is very attractive

due to the omission of surfactants or stabilizers that may cause protein denatura-

tion or toxic effects, the process flexibility, the high product yield and, possibly,
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efficient protein encapsulation. The optimal ratios for particle preparation were: di-

methylsulfoxide:dichloromethane 50:50 where the nisin solubility was 60 mg mL�1,

and a PLA solution of 10 mg mL�1 containing 0.5 or 2 mg mL�1 nisin. The opti-

mal preparation conditions were: 1 ml min�1 organic solution injection into the

precipitation vessel, 288 K and 15 MPa, 1500 NL (normal liters) h�1 CO2 flow rate

and 1 h CO2 washing after the particle preparation. The process yield was approx-

imately 80% and the remaining DMSO and DCM were less than 300 and 15 p.p.m.,

respectively. Biological studies showed that nisin was entrapped in the particles in

its active form so the efficacy of the preparation procedure was demonstrated.

However, the nisin-loaded particles had a weaker antibacterial activity attributed to

the delay of protein release from the spheres.

Finally, we should mention the recently reported antibacterial activity of chitosan

nanoparticles and copper-loaded chitosan nanoparticles [86] (Fig. 9.5). The particle

preparation took place in presence of tripolyphosphate (TPP) with anionic gelation

at room temperature. Absorption of copper ions on the particle surface affected the

physicochemical properties of the particles. The particle sizes were 4 and 275 nm

and the z potentials were 51 and 96 mV for the chitosan and copper-loaded chito-

san nanoparticles, respectively.

Bacteria can adhere on the chitosan surface either in the particle or the mo-

lecular form in 30 min. According to the literature, chitosan possess antimicrobial

activity against a number of Gram-negative and Gram-positive bacteria [87–88].

Chitosan nanoparticles and copper-loaded chitosan nanoparticles showed stronger

antibacterial activity than chitosan alone or doxycycline. Chitosan nanoparticles

surround the bacteria after 30 min. This leads to the cell degradation in 60 min

and finally the cells begin to fragment after 3 h. A possible mechanism of action

is that either it chelates with nutrients and so inhibits the bacteria growth or chito-

Figure 9.5. Atomic force micrographs of chitosan

nanoparticles at pH 5.0: chitosan nanoparticles (A) and copper-

loaded nanoparticles (B). (Reprinted from Ref. [86], 8 2004,

with permission from Elsevier.)
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san interacts with the anionic groups of the cell surface and forms polyelectrolyte

complexes with bacterial surface compounds. Hence, they form an impermeable

layer around the cell, which prevents the transport of essential solutes in the bacte-

rial cell. Also, it was shown that the nanoparticle nature of chitosan was responsi-

ble for the higher antimicrobial activity.

In the case of copper-loaded nanoparticles, copper was adsorbed on the chitosan

particles and passes through the pores of the vesicles towards the inner surface of

the particles, where it is chelated. The antimicrobial mechanism of action of cop-

per is that copper is reduced from Cu2þ to Cu1þ in the bacteria. The O2
� and

H2O2 produced by such redox reactions cause cytotoxicity by inhibition of DNA

synthesis and thus reduction of cell viability.

9.2.4

Tuberculosis

9.2.4.1 Physiology and Pathology

Mycobacterium tuberculosis is the causative organism of tuberculosis, which occurs

mainly in the lungs, although it can be disseminated to other organs. Bacteria reach

the deep lung and are phagocytosed by alveolar macrophages. There, the bacteria

will be either destroyed, replicate within the macrophages or remain latent indefi-

nitely. If replication is not prevented the bacilli will multiply and eventually cause

the macrophage to rupture.

Tuberculosis is transmissible between people and is most prevalent in places

where poor hygienic conditions are found, e.g. during war, famine, homelessness,

people lacking adequate medical care, etc. It continues to be found worldwide and

causes about 2 million deaths per year. Treatment is long and inadequate or incom-

plete treatment promotes the development of resistant strains of tuberculosis.

9.2.4.2 Treatment

Tuberculosis is treated in two phases. (i) An initial phase of 2 months, which com-

prises daily administration of a combination of at least three of the drugs rifampi-

cin (RIF), isoniazid (INH), pyrazinamide (PZA) or ethambutol according to the pa-

tient tolerance or bacterial strain resistance. (ii) A continuation phase of 4 months

using two drugs, mainly INH and RIF. The treatment is usually oral, but some-

times treatment is parenteral. INH, RIF and PZA are associated with liver toxicity,

so hepatic function and renal function should be checked before the treatment

commences. Visual acuity should be tested before induction of ethambutol to the

therapeutic scheme. Patient noncompliance due to daily multidrug dosing is a sig-

nificant drawback in tuberculosis therapy.

The main aim of microparticles or nanoparticles for antituberculosis therapy is

to reduce the drug systemic toxicity and dosage whether by oral or pulmonary de-

livery. According to Pandey and coworkers [89], using nanoparticles is preferable to

microspheres because of ‘‘the high drug loading minimizing the consumption of

polymers, their ability to pass through various barriers due to their small size elic-

iting better therapeutic response’’.
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9.2.4.2.1 Oral Polymeric nanoparticles for oral delivery have been prepared

using PLGA polymer [90–92]. The three drugs, RIF, INH and PZA were coencap-

sulated and exhibited a high drug encapsulation efficiency of 56.9, 66.3 and 68%,

respectively with a particle size range of 186–290 nm. After a single oral adminis-

tration (therapeutic dose of RIF: 12 mg kg�1 þ INH 10 mg kg�1 þ PZA 25 mg kg�1)

of these particles to mice with experimental tuberculosis, therapeutic levels in

plasma were maintained for 4 days in the case of RIF, and for up to 9 days for

INH and PZA. Therapeutic concentrations in the tissues higher than the mean in-

hibitory concentration (MIC) were found for up to 11 days for INH. The free drugs

or mixture of free drugs with empty PLGA nanoparticles, administered as a one

single oral dose, were cleared rapidly since no drug was detected in the plasma

after 12–24 h. According to Pandey and coworkers [90], PLGA polymers are adhe-

sive to the intestinal mucosa so the nanoparticles can be adsorbed directly by in-

tracellular or paracellular routes. More specifically, the nanoparticles can be taken

up either by transcytosis via M cells, or intracellular uptake and transport via the

epithelial cells lining the intestinal mucosa or uptake via Peyer’s patches [93]. In-

creased lung accumulation was not observed with multiple dosing (five doses at

10 day intervals), but no tubercle bacilli could be detected in the tissues. It was

also shown that reducing the oral administration of the previously mentioned for-

mulation by one-third, RIF remained in the circulation for 5 days while INH

and PZA remained for 12 days. The drug tissue levels were higher than the MIC

up to 14 days in guinea pigs [91]. Even with two-thirds of the therapeutic dose of

PLGA-NP, bacilli could not be detected after five doses of treatment.

In order to increase the therapeutic efficacy of the PLGA nanoparticles, the lec-

tin, wheat germ agglutinin (WGA), was incorporated onto the particle surface [92]

to interact with specific receptors on intestinal and alveolar epithelium. This lectin

has very low immunogenicity, thus making these particles potential candidates for

oral and aerosol drug delivery. After a single oral administration of drug-loaded

WGA–PLG nanoparticles to guinea pigs with tuberculosis, RIF was still found in

the blood circulation 7 days later, and INH and PZA after 13 days. The therapeutic

levels in the tissues were maintained higher than the MIC for 15 days and nano-

particle formulations did not show any hepatotoxicity.

9.2.4.2.2 Pulmonary During oral administration, only a fraction of the total dose

of drugs reaches the lungs and even this fraction is cleared quickly so that frequent

doses of antitubercular drugs are necessary [89]. Bearing in mind those problems

as well as the fact that the pulmonary route leads the drug directly to the most af-

fected organ, the lungs, nanoparticle administration has also been attempted via

nebulization or aerosolization. Pulmonary administration is particularly attractive

because of the direct targeting of alveolar macrophages, which are used by myco-

bacteria as a site for their prolonged survival. Lung delivery will also reduce drug

systemic toxicity, therefore improving patient compliance. The lungs offer an enor-

mous surface area for absorption, a favorable environment for proteins, avoidance

of first-pass metabolism and better patient acceptability than an injection [94].
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PLGA nanoparticles loaded with RIF, INH and PZA with a mass median aerody-

namic diameter (MMAD) of 1.88G 0.01 mm were used for inhalation as a single

dose every 10 days in guinea pigs [95, 96]. The drug plasma concentration was de-

tected from 6 h onwards until 6 days for RIF, and until 8 days for INH and PZA.

The tissue drug concentration at levels higher than MIC was seen for up to 11

days. When the WGA lectin was incorporated on the surface of those nanoparticles

[4] (MMDA 2.8G 1.4 mm), the formulation showed improved potency. After one

dose to guinea pigs the INH and PZA plasma levels were retained up to 13 and

14 days, respectively, whereas the RIF levels were detected for up to 6 days. The

tissue drug levels higher than MIC were estimated up to 15 days and no hepatotox-

icity was observed.

PLGA polymer has limitations as a carrier for lung delivery because of the degra-

dation products of the polymer which can be accumulated in the lung tissue. The

polymer induced a mild inflammation lasting for 2–3 weeks [97], but with no ob-

vious consequence on lung function. Bulk PLGA degradation creates an acidic en-

vironment, which can damage pH-sensitive drugs such as peptides and proteins

[94].

New biomaterials have also been used for drug delivery via aerosolization. Fu

and coworkers [94] synthesized the polyether anhydride, sebacic acid (SA)–PEG co-

polymer, consisting of FDA-approved materials. The PEG content of this polymer

leads to the decrease of aerodynamic diameter as well as to increased degradation

times. These characteristics give the flexibility of producing particles of different

properties for different parts of the lung.

Dailey and coworkers [98] prepared nanoparticles with the branched polyester,

diethylaminopropylamine–poly(vinyl alcohol)-g-poly(lactide-co-glycolide) (DEAPA–
PVAL-g-PLGA). The nanoparticles included some polyions [carboxymethylcellulose

(CMC), dextran sulfate, DNA] in order to modify the physicochemical properties

and to study the formulation with the best stability. The greatest advantage of these

polymers was that they could be assembled into particles in the absence of sur-

factant, to reduce possible effects on lung function. It was shown that the posi-

tively charged particles interacted efficiently with lung cells, unfortunately only the

anionic particles, which did not show any interaction with cells, could be nebulized

efficiently.

Alginate, a biodegradable FDA-approved natural polymer, has also been investi-

gated. Nanoparticles made after cation-induced controlled gelification of alginate

were of approximately 235.5 nm diameter and the drug encapsulation efficiency

was 80–90% for RIF, and 70–90% for INH and PZA. After aerosolization the

MMAD was 1.1G 0.4 mm [99]. A single dose of particles loaded with RIF, INH

and PZA was administered to guinea pigs. The drugs were detected in the plasma

from 3 h onwards. RIF was found in the plasma up to 10 days, and INH and PZA

for 14 days. The drug tissue levels were higher than MIC up to 15 days. Thus, over-

all, alginate particles appeared earlier in the plasma, and RIF was present in the

serum for longer than WGA–PLGA nanoparticles with similar retention of tissue

drug levels. Again, hepatotoxicity was not observed using the alginate nanopar-
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ticles. All these formulations were capable of eliminating the mycobacteria after

administration of five doses once every 10 days.

9.2.4.2.3 Subcutaneous Administration PLGA nanoparticles loaded with RIF,

INH and PZA, and administered via subcutaneous injection to mice, showed sus-

tained release maintaining therapeutic drug levels for up to 36 days in the lungs

and the spleen and up to 32 days in the plasma [100]. This resulted in undetectable

colony-forming units, while the subcutaneous injection of the free drugs did not

reduce the bacterial presence in the organs of infected mice.

9.2.4.3 Future Prospects

From the results reported so far, it seems that the formulation of the three main

antitubercular drugs into nanoparticles is very promising for the effective treat-

ment of the disease using either the oral or the pulmonary pathway. The drug load-

ing was high and inhalable formulations were produced from polymer nanopar-

ticles. The use of ligand-bearing particles or particles made with natural polymers

promoting cell binding and uptake showed prolonged therapeutic efficacy. A signif-

icant reduction in dosage from 45 administrations to five was achieved without

compromising performance. The reduction of the dosing scheme is very encourag-

ing because it contributes to patient convenience. The problems that still have to be

tackled are mainly the improvement of inhalable formulations, and the cost for the

large-scale production of those particles and final products, which will have to ex-

hibit long shelf-life.

9.2.5

AIDS

9.2.5.1 Pathology

HIV is a retrovirus with two primary types: HIV-1 and HIV-2. There are many

strains of both types and all mutate rapidly, which has made it particularly difficult

for researchers to find an effective vaccine or treatment for the virus. HIV infection

is often mostly or entirely asymptomatic (without symptoms) and the most com-

mon signs, which include fever, fatigue, rash and lymphadenopathy (swollen

lymph nodes), are often mistaken for mononucleosis, flu or similar, comparatively

harmless diseases. Eventually, full-blown AIDS develops in the vast majority of

cases.

9.2.5.2 Treatment

The infection caused by the HIV cannot be cured, but drugs are used to slow down

the progression of the disease [66]. Drugs for HIV are toxic and expensive, but they

increase life expectancy considerably. The aim of the treatment is to reduce the

plasma viral load as much as possible and as long as possible before the immune

system is irreversibly damaged. The treatment scheme should be chosen taking

into account the drug toxicity, patient convenience and tolerance. Using a combina-
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tion of drugs can halt the drug resistance. This drug combination should have a

synergistic therapeutic effect, but not an additive toxic effect. The suggested treat-

ment is the combination of two nucleoside reverse transcriptase inhibitors with

either a non-nucleoside reverse transcriptase inhibitor or one or two protease

inhibitors.

Nucleoside analogs or nucleoside reverse transcriptase inhibitors were the first

substances used for the HIV treatment. They are DNA chain terminators or com-

petitive inhibitors of the virus-associated reverse transcriptase. Such nucleoside

analogues are zidovudine [azidothymidine (AZT)], abacavir, didanosine, lamivu-

dine, stavudine, tenofovir and zalcitabine.

The second group of molecules used for HIV treatment are protease inhibitors,

and include amprenavir, indinavir, lopinavir, nelfinavir, ritonavir and saquinavir.

They can block the replication of HIV in chronically infected cells. They are metab-

olized by P450 enzyme systems, and are associated with lipodystrophy and meta-

bolic effects.

The third category of anti-HIV drugs is made up of the non-nucleoside reverse

trancriptase inhibitors efavirenz and nevirapine.

9.2.5.3 Nanoparticle Delivery Systems

Due to the high dosage scheme in order to achieve antiviral activity and the high

toxicity of anti-HIV drugs, there have been attempts to entrap some of these drugs

into polymeric nanoparticles to make the treatment more tolerable for the patient

and to effectively reduce the drug dosage.

At first, the potential of the antiviral activity of zalcitabine or saquinavir loaded

into nanoparticles was studied by incubating HIV-infected primary human macro-

phages in vitro and comparison with the free drug activity on the same cells [101].

The problem with zalcitabine is the rapid viral resistance, while saquinavir is a

poorly soluble drug with low bioavailability. Poly(hexyl cyanoacrylate) (PHCA) was

used as the polymer of choice to make nanoparticles, which entrapped 15–20%

of zalcitabine and 50–60% of saquinavir, respectively. The particle size was approx-

imately 200 and 475 nm, respectively. After the incubation of the drug-loaded

nanoparticles with the macrophages, the antiviral activity of zalcitabine did not

show any advantage by incorporating the drug into the polymeric carriers, while

the activity of saquinavir showed 10-fold improvement. This can be explained on

the basis that the zalcitabine molecule itself enters the cell through diffusion and

through some transport mechanisms. The activity of this drug is depended on its

intracellular conversion to the corresponding 5 0 mono-, di- and triphosphate deriv-

atives [102].

Later, AZT bound to hexylcyanoacrylate nanoparticles was administered intrave-

nously to rats to estimate the targeting feasibility of these nanoparticles to macro-

phages [103]. Polysorbate 80 (1%)-coated nanoparticles loaded with AZT were used

as well to study the influence of the surfactant on the uptake by the brain with the

aim of treating the dissemination of the virus to the brain (microglia). Indeed, 8 h

postinjection, 60% of AZT was found in the reticuloendothelial system (RES) or-
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gans, while only 12% of the drug injected in its free form was found in the same

organs (Fig. 9.6). No trend was obtained in the other organs mainly due to the

large fluctuations observed.

Polysorbate-80-coated nanoparticles showed a significant decrease in the liver

accumulation, prolonged half-life and significant increase in the brain 1 h after

intravenous injection. The increase of the surfactant coated nanoparticles was

35% higher compared to the uncoated particles and 45% compared to the unbound

AZT, so there is the possibility of reducing the AZT dose to reduce the AZT side

effects.

The same drug was formulated in nanospheres made by PIHCA aiming to con-

centrate AZT in the intestinal epithelium and associated immunocompetent cells

which are known to be one of the major reservoirs of HIV [104]. PIHCA was

used due to the controlled release properties in the gastrointestinal tract and its

tendency to interact with the intestinal mucosa. The nanospheres were adminis-

tered by intragastric intubation to rats. The carrier size was approximately 250 nm

and the z potential �23 mV. The release of AZT was estimated in different media;

a burst release of 35% of AZT was observed in water or USP XIII-simulated gastric

medium containing pepsin. In the presence of pancreatin, 80% of AZT was re-

leased 8 h later, probably due to the presence of esterases.

AZT accumulation was 4.4 and 5.9 times higher in intestinal mucosa 30 and 90

min later, respectively, in comparison to the control systems. Similarly, 67% and

64% of the initial dose of AZT was found in the gastrointestinal tract, while only

Figure 9.6. Liver concentrations of AZT (mg of

AZT g�1 liver) after intravenous injection of

Polysorbate-80-coated AZT nanoparticles, AZT

nanoparticles, an AZT control solution (with

emulsifier) and a saline AZT solution (without

emulsifier). (Reprinted from Ref. [103], 8 1998,

with permission from Elsevier.)
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15 and 11% of the drug was found, respectively, after the administration of drug

solution.

The drug accumulation from the particles was 4- and 28-fold higher in stomach

30 and 90 min postadministration, respectively and around 5.5-fold higher in intes-

tine. AZT concentration was maintained constant in the intestine, while it was very

low in cecum and colon. Additionally, nanoparticles resulted in higher AZT con-

centrations in the mucus when compared to the solution (59 and 60.5 nmol AZT

g�1 organ for the nanoparticles at 30 and 90 min, respectively, compared to 8.1 and

10.6 nmol g�1 organ for the solution). Moreover, 4-fold AZT increase was achieved

in Peyer’s patches while a very low concentration was found in the lymphatics.

HIV protease inhibitors are characterized by poor pharmacokinetic character-

istics and bioavailability problems, which were addressed by the use of nanopar-

ticles. Thus, the HIV protease inhibitor, CGP-57813, was incorporated into pH-

sensitive nanoparticles made by Eudragit S100 or L100-55 (approximately 14%

drug loading, 250 nm size) [105]. The difference between the two types of poly-

mers lay in the part of the gastrointestinal tract where they were soluble. Also, the

influence of the presence of food in the gastrointestinal tract in the effective deliv-

ery of the HIV protease inhibitor was studied after the oral administration (25 mg

CGP 57813 mL�1) of the particles to dogs. According to these studies, Eudragit

L100-55 particles did not show any improvement in bioavailability in fasted dogs

and only a small increase was obtained in fed dogs, probably because of the rapid

dissolution of the polymer in the intestinal pH, which led to the precipitation of

the compound.

The presence of food had a more pronounced effect on CGP 57813 bioavailabil-

ity, while no detectable plasma levels were reported in fasted dogs. The same series

of experiments were carried out in mice with opposite results. Eudragit L100-55-

loaded particles were more favorable in increasing the bioavailability of the pro-

tease inhibitor, indicating that the optimal formulation depends strongly on the an-

imal species [106].

Eudragit L100-55 was studied for improvement of the solubility and bioavailabil-

ity of HIV-1 protease inhibitor CGP 70726 after oral administration to dogs in the

presence or absence of food [107]. Not only nanoparticles, but microspheres were

studied here to investigate the influence of the size. The latter did not seem to

make any significant difference in the performance of those pH-sensitive systems,

but the presence of food reduced the bioavailability especially in the case of nano-

particles. This is probably due to the pH alterations in the gastrointestinal tract in

presence of food, which resulted in fast release and precipitation of the drug in the

stomach.

Saquinavir is a HIV-1 and HIV-2 protease inhibitor, which is well tolerated,

but suffers from low oral bioavailability [108]. This is because it undergoes hepatic

metabolism, it exhibits poor water solubility and thus a very low absorption, and

it is unable to cross the intestinal barrier due to the multidrug resistance trans-

porter, P-glycoprotein. Therefore, saquinavir was complexed with hydroxypropyl-b-

cyclodextrin (HPbCD) and incorporated in nanoparticles made by either PIBCA or

PIHCA polymers. Only 2.4 and 2.9 mg of saquinavir mg�1 of polymer, respectively,
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were incorporated in to the nanoparticles mentioned earlier. However, in the pre-

sence of 10% HPbCD, the entrapped saquinavir was 45 and 50 mg mg�1 of par-

ticles for PIBCA and PIHCA, respectively. The drug loading reached a plateau

when the HPbCD–saquinavir complex attained 5 and 7.5 mg mL�1 for PIBCA

and PIHCA, respectively, which corresponds to a 20-fold increase. The z potentials

of unloaded nanoparticles were �36.9 and �37.1 mV for PIBCA and PIHCA, re-

spectively. These values became more positive as the cyclodextrin concentration in-

creased. Apparently, PIHCA exhibited higher drug loading because it was more hy-

drophobic. This study showed that these nanoparticles could potentially reduce the

dose of saquinavir for the treatment of HIV patients.

Berton and coworkers [109] tried to protect a cytotoxic phosphorothioate oligo-

nucleotide, GEM91 in polymeric nanoparticles consisting of PLA. Antisense oligo-

nucleotides (AS-ODNs) are used to block different replication phases of the virus

life cycle and phosphorothioate analogs are less sensitive to nucleases than phos-

phodiesters. Another serious obstacle for the successful antiviral activity of these

oligonucleotides is their uptake into appropriate cellular compartments. The re-

sults indicated that the PLA formulation facilitated the delivery of the incorporated

oligonucleotides to both HeLa P4a2CD4
þ and CEM (human lymphoid T cells) cell

lines at nanomolar concentrations. [The P4a2 indicators cells are HIV-1-susceptible

HeLa CD4
þ cells carrying the bacterial lacZ gene driven by the HIV-1 long terminal

repeat (LTR). b-Galactosidase expression is induced by the LTR transactivation by

the viral Tat protein produced during infection.]

Models used to test the antiviral activity were: (i) cells containing the Tat

activation region (TAR) of the HIV-1-LTR, which controls the transcription of

the b-galactosidase reporter gene. Incubation of cells with the oligonucleotide-

loaded nanoparticles at the time of virus infection resulted in a reduction in b-

galactosidase production 48 h later. This indicates that these antisense carrier sys-

tems have the ability to inhibit the early events of the viral cycle life. (ii) Acutely

infected CEM cells were treated with the oligonucleotide carriers and it was

showed that the HIV-1 reverse transcriptase activity was reduced significantly and

kept at low levels for the duration of the experiment. GEM91 alone (100 nm) did

not have any impact on the HIV-infected cells, while it caused 90% inhibition after

incorporation into the particles.

Another way to enable the delivery of AS-ODNs into cells is by complex forma-

tion with protamine, which was studied using primary human macrophages and

CD4
þ T cells [110]. Protamine complexation shields the negative charge of the

ODN and protects it from degradation. The mean particle size was 150–180 nm

and the z potential was positive for protamine:AS-ODN ratios above 1.5 and nega-

tive for protamine:AS-ODN ratios below 0.5. Complete complexation occurred

when protamine:AS-ODN ratio was above 1.25. High internalization rates were

obtained after the treatment of primary human macrophages and T cells with

protamine/AS-ODN nanoparticles with no any sign of cytotoxicity up to 5 mM

concentration.

By tracking both components of the complex by fluorescent labeling and incu-

bating them with primary human macrophages, it was shown that the AS-ODN
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was released in the cell 24 h after cellular uptake. Complexes comprised of phos-

phorothioate (PTO) and protamine treated in the same way as the protamine/AS-

ODN mentioned earlier, showed that the particles were stable even after 48 or 72 h

following their cellular uptake. The specific inhibitory effect of protamine/anti-Tat

AS-ODN nanoparticles was about 30% at a concentration of 2 mM, in contrast to

protamine/PTO complexes, which did not show any significant inhibition. The

latter happened due to the very slow release of the PTO from its carriers indi-

cating that the dissociation of the antisense compound from the complex was an

essential process for antisense activity.

9.2.5.4 Vaccines and AIDS

Apart from the improvement in delivery of anti-AIDS drugs incorporated into

nanoparticles, research has been focused on development of anti-HIV vaccines.

AIDS is characterized by immunosupression due to the overproduction of immuno-

suppressive cytokine interferon (IFN)-a and the regulating HIV-1 Tat protein re-

leased in the extracellular compartment of acutely infected lymphoid tissue [111].

Tat reduces the immune reactivity of still uninfected T cells and further induces

overproduction of IFN-a by APCs. Tat toxoid is the version of Tat that is detoxified,

but still immunogenic. This is the antigen used to produce anti-Tat antibodies.

Anti-Tat vaccination is aimed at mucosal immunity since the virus entry to the

body is through the mucosal membranes, which constitutes the 70% of lymphoid

tissues of an organism. Therefore, the induction of mucosal immunity was at-

tempted towards Tat protein in mice by either intranasal or oral route using either

an oily adjuvant, chitosan nanoparticles or PLGA microparticles. None of these for-

mulations was found to be more advantageous over the other and it seems that all

of them were effective enough to cause the production of anti-Tat IgA antibodies. It

was shown that cell-mediated immunity was caused as the stimulation indices ob-

tained after the treatment of splenocytes of anti-Tat-immunized mice with Tat pro-

tein or Tat toxoid were higher than those of nonimmunized mice.

Using Tat toxoid may not be the optimum antigen because some important epit-

opes could have been damaged due to the preparation procedure [112]. In more

detail, Tat protein is a small protein consisting of 86–101 amino acids and encoded

by two exons. There are five domains, but the three most important are the amino-

terminal domain (1–21 amino acids), the cysteine rich domain (22–37 amino

acids), which is the trans-activation domain, and the basic domain (49–72 amino

acids), which contains the nuclear localization signals. That basic domain is re-

sponsible for the transactivation of HIV to the other cells and of cellular processes

altering the intracellular signaling of various cell types [113, 114]. The biologically

active Tat (1–72) protein, which was confirmed to be immunogenic and non-

immunosuppressive, was adsorbed on the surface of anionic nanoparticles. The

latter were made by the emulsification of wax (oil phase) and sodium dodecyl sul-

fate (SDS, anionic surfactant) dissolved in water. Tat was adsorbed on the particles

(100 nm) produced by its basic domain and the final formulation was administered

subcutaneously to mice on days 0 and 14. Immune responses recorded from mice

immunized with the particle formulation were compared to those obtained from
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mice immunized either with alum Tat (Th2 control) with alum adjuvant and Tat

(Th1 control) with lipid A as adjuvant. There were strong antibody responses (IgG

and IgM) and the IgG titer from the Tat-immunized mice was approximately 3-fold

higher than that in ‘‘naive’’ mice, even after 10 000 dilution of the particle formula-

tion. The Tat-coated nanoparticles caused the production of IFN-g to the same level

as the Tat with lipid A as adjuvant, which indicates that the specific formulation

induces an enhancement of Th1 immune response and, thus, is considered as a

promising vaccine product.

Another novel nontoxic polyelectrolyte formulation is composed of polylysine

modified with imidazole side-chains condensing HIV-2 env DNA into nanopar-

ticles [115]. The size of the resulting nanoparticles was approximately 150 nm

and it was considered ideal for targeting clathrin-coated pit uptake into the cell.

The complexation with cationic polymer prevents DNA degradation in the lysoso-

mal compartment and the imidazole side-chains optimize the escape to the cyto-

plasm of the target cell. The polyelectrolyte complexes induced higher levels of

IgA, IgM and IgG antibodies by the intradermal route to BALB/c mice (Fig. 9.7).

Kawamura and coworkers [116] used concanavalin A-polystyrene nanospheres

(Con A-NS) to capture HIV-1 envelope antigen gp120 due to the high affinity that

the lectin exhibits for the HIV-1 antigen. In this study, dendritic cells were the tar-

gets for the immune response since they are unique major APCs capable of stim-

ulating ‘‘naive’’ T cells in the primary immune response and more potent APCs

Figure 9.7. Comparison of HIV-2 gp120-

specific antibodies in mice immunized with a

polylysine nanoparticle formulation. Serum

from mice was evaluated using samples taken

28 days after the third DNA immunization by

the intradermal route. IgG subclasses (A) and

antibody isotypes (B) were evaluated in mouse

serum samples. ELISA results are shown using

serum from mice immunized with polylysine

nanoparticles containing DNA encoding HIV-2

gp140 (solid bars), naked DNA encoding

gp140 (diagonal lines) and plasmid vector

DNA formulated with polylysine nanoparticles

(stippled bars). (Reprinted from Ref. [115],

8 2003, with permission from Elsevier.)
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than monocytes/macrophages or B cells. This is due to the high level of expression

of major histocompatibility complex (MHC) and costimulatory molecules such as

CD40, CD80 and CD86. They cause the secretion of Th1 cytokines (interleukin-12,

IFN-a). BALB/c mice were immunized intranasally with either gp120, or p24 or

HIV-NS suspension on days 0, 7, 14 and 42. After that, a low level of gp120-specific

IgA was detected in the vaginal samples of the HIV-NS immunized mice. Con A-

NS were taken by pulmonary dendritic cells 24 h after intranasal administration.

Phagocytosis was partially responsible for the uptake of Con A-NS and gp120-NS.

Thus, approximately a 100-fold increase of the gp120-NS uptake was observed

in comparison to gp120 alone. T cells from mice immunized with gp120-NS pro-

duced much more IFN-g than those immunized with gp120, which indicates that

the gp120-NS are more advantageous in inducing Th1 responses.

However, according to Miyake and coworkers [117], the mouse is not a represen-

tative model for developing a HIV-1 vaccine. That group tested inactivated simian/

human immunodeficiency virus KU-2-capturing nanospheres (SHIV-NS) in ma-

caques, while Con A-NS were used as control. Two groups of three macaques

in each group were given a series of six immunizations in a week with either Con

A-NS or SHIV-NS intranasally. Vaginal anti-HIV-gp120 IgA and IgG antibodies

were detected in all SHIV-NS-immunized macaques, but not in the Con A-NS-

immunized macaques. After intravaginal challenge with the virus SHIV-KU2, one

of the three macaques of each group was infected. The population of CD4þ T cells

was less in the Con A-NS and ‘‘naive’’ macaques, while it remained constant in

the SHIV-NS-immunized mammals. The two uninfected macaques were rechal-

lenged with the intravenous injection of SHIV-KU2, which led to infection of all

macaques. A significant decrease of RNA viral loads was observed in SHIV-NS-

immunized macaques 3 and 8 weeks after their rechallenge with the virus. The

peripheral CD4þ T cell population decreased at the beginning of the infection and

recovered to about 30–50% of the preinfected levels. Also, the intravenously in-

fected SHIV-NS macaques showed a rapid antibody response and the highest levels

of anti-gp120 antibodies, which means that gp120 specific memory cells were

acquired.

9.2.6

Vaccines

Vaccines are a form of active immunity because they cause the production of anti-

bodies and cellular responses in the patient [66]. Vaccines can be:

� Live attenuated form of a virus or bacteria.
� Inactivated preparations of the virus or bacteria.
� Extracts of or detoxified exotoxins produced by a microorganism.

The immunization after administration of live attenuated vaccines is generally

achieved with a single dose and lasts for long time, but not as long as if it was pro-

duced from the natural infection. Inactivated vaccines need more than one dose for
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adequate immunity to be achieved. The duration of immunity varies from months

to years. Extracts of or detoxified exotoxins are more immunogenic if adsorbed

onto an adjuvant (i.e. aluminum hydroxide). They require a series of injections fol-

lowed by booster doses.

9.2.6.1 Delivery Route

The most common way of administering vaccines is by injecting them intramusc-

ularly or subcutaneously. Of course this is not a pleasant way, especially for chil-

dren. Therefore, the formulation of vaccines to exploit other available routes (i.e.

oral, intranasal) is under investigation. Also, many vaccines in the form of peptides

are difficult to administer due to low immunogenic response or the toxicity of the

adjuvants used. Nanoparticles have been tested as potential carriers to increase the

immune response or for alternative routes of administration.

9.2.6.1.1 Systemic Again as reported in previous sections, chitosan and PLGA

are the main polymers of choice for nanoparticle formulation. A number of param-

eters like polymer hydrophobicity, particle size and the use of adjuvants were eval-

uated for the best immunization responses. Raghuvanshi and coworkers [118]

used a mixture of nanoparticles and microparticles prepared with either PLA or

PLGA using the water/oil/water (w/o/w) emulsification technique to entrap teta-

nus toxoid (TT) in the particles. The mean size of nanoparticles and microparticles

were 630 nm and 4 mm, respectively. TT was released from the particles with a

burst release (20%).

The immunization responses were recorded after intramuscular injection of a

mixture of either, PLA (45 kDa) nanoparticles and microparticles (1/1) or PLGA

(50:50) nanoparticles and microparticles (1:1) to rats. Immune responses from

polymer-entrapped TT particles were higher than those obtained with saline TT

and lasted for 5 months. However, a single injection of the particles, either one

type or the physical mixture of particles, resulted in immune responses lower that

those achieved after two doses of alum-adsorbed TT.

Low-molecular-weight PLGA particles elicited higher and faster immune re-

sponses in comparison to high-molecular-weight PLGA due to the lower Tg of the

polymer. Thus, the polymeric matrix was softening and released the entrapped TT

near the periphery of the particle matrix more rapidly, so the antigens were pre-

sented quickly to the APCs. Immunization with PLA particles elicited significantly

higher anti-TT antibody titers than PLGA particles (antibody titers were 2-fold

higher from PLA than PLGA particles). This is believed to be because the PLA

polymer is more hydrophobic than the PLGA and so the APCs are attracted more

to the PLA particles.

Coadministration of alum (adjuvant) at the same time as the particles improved

serum immune responses still further. High antibody titers were detected 15 days

postimmunization using PLGA and alum, which was faster than that obtained

with the particles alone. PLA microparticles administered with alum proved almost

as effective as a two-dose immunization with alum-adsorbed TT only. The antibody

titers were not only high, but were also maintained for almost 150 days. This in-
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creased effect is probably due to the adsorption of the TT by the alum, enabling the

antigen to be presented to the APCs, resulting in high antibody response. Also, it

was shown that Al3þ cations neutralize the negatively charged protein and make it

more hydrophobic facilitating the attraction to APCs [119].

The desirable physicochemical properties that particles should possess to de-

velop an optimum vaccine delivery system able to permeate the skin were investi-

gated by other groups. Kohli’s group [120] used latex nanoparticles of various sizes

(50, 100, 200 and 500 nm) and surface charge (positively charged, neutral and neg-

atively charged particles). Only negatively charged particles of size 50 and 500 nm

permeated through the skin. The authors assumed that the contradictory phenom-

enon of the permeability of negative particles through the skin is due to repulsive

forces between negatively charged lipids within the skin and particles at the sur-

face. These forces might result in a temporary initiation of channels in the skin,

allowing for particle permeation. On this basis, it was suggested that there might

be a threshold charge, which must be reached to allow adequate repulsion of lipids

to permit permeation of species through the skin, although this mechanism has

not been confirmed yet.

According to Newman and coworkers [121], PLGA nanoparticles are taken up

preferably by dendritic cells after intradermal administration of the particles in

mice. Based on this finding, the same group studied the in vitro optimization of

PLGA particle delivery for activation of T cells using murine bone marrow-derived

dendritic cells [122]. Also, the influence of the coadministration of an immuno-

modulator [monophosphoryl-lipid A (MPLA)] was evaluated. The PLGA nanopar-

ticles contained a human MUC1 lipopeptide, BLP25 prepared with the double-

emulsion technique (mean size: 287 nm, peptide loading: 1% w/w). Particle uptake

was found to depend on the incubation time and particle concentration. The opti-

mum incubation conditions used were 2 mg of nanoparticles with 1� 107 den-

dritic cells (day 7 culture) in 20 ml medium for 24 h in a Petri dish. Finally, it was

shown that after incubation of dendritic cells with PLGA particles, dendritic cells

exhibited an increase in the expression of MHC class II and CD86 compared to un-

treated cells. This phenomenon was increased further after the coincubation of

PLGA particles and the immunomodulator, MPLA. Particle size is an important

parameter for the maturation of dendritic cells according to results reported after

the incubation of PLGA microparticles (approximately 10 mm) with dendritic cells,

which did not increase the expression of MHC class II and CD86 [123].

PLGA nanoparticles were then used to incorporate either the hepatitis B core

antigen (HBcAg) only or HBcAg plus the immunomodulator, MPLA, in order to

examine their influence on the Th1 immune responses [124]. PLGA particles were

prepared with the emulsification method, and the loading efficiency of HBcAg was

50.8 and 51.0% in the absence and presence of MPLA, respectively. When MPLA

was incorporated in the particles, the loading efficiency was approximately 45%.

The average size of all formulations was approximately 265–270 nm. Particles (10

mg) containing 1 mg of HBcAg and 20 mg of MPLA were injected subcutaneously

to mice. It was shown that the mice immunized with HBcAgþMPLA nanopar-

ticles exhibited the strongest HbcAg-specific T cell proliferation. The incorporation
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of MPLA in the HBcAg nanoparticles increased the stimulation index almost 4

times compared to the unencapsulated HBcAg. Also, the high level of IFN-g

production from the primed T cells due to the immunization with HBcAgþMPLA

nanoparticles indicated a predominant Th1 immune induction.

Again, the particle size importance was emphasized by those authors because

particles of size smaller than 500 nm induced higher immune responses than par-

ticles of mean size greater than 2 mm [125].

Due to the fact that dendritic cells are the most important APCs involved in an-

tigen uptake and presentation to antigen-specific T cells, the state of maturity of

dendritic cells was evaluated as to the nanosphere uptake and the dendritic cell re-

sponses [126]. However, both immature and mature dendritic cells exhibited the

same ability to take up polystyrene nanospheres or antigen-loaded nanospheres in

a dose- and time-dependent manner. Phagocytosis was the suggested mechanism

of nanosphere uptake. The particulate nature of the antigen-loaded nanoparticles

was responsible for the enhanced immune responses by dendritic cells in compar-

ison to soluble antigens. Thus, when low amounts of ovalbumin (OVA) were ad-

sorbed on the nanosphere surface, strong antigen-primed T cell proliferation and

production of IFN-g were induced in vitro. The antigen adsorption/loading on the

particle surface means that lower amounts of antigens will be needed to induce im-

munity in the future.

Nanoparticles have also been used for DNA vaccine formulations. Cui and co-

workers [127] have tried to develop chitosan-based nanoparticles containing plas-

mid DNA (pDNA) as a potential approach to genetic immunization by topical ap-

plication. The pDNA was either added during the preparation procedure or added

on preformed cationic chitosan/CMC nanoparticles. Different ratios of chito-

san:CMC and chitosan oligomers (lower molecular weight than that of chitosan:

102 kDa) were used. The particle size range was between 90 and 270 nm for al-

most all of the ratios tested. A chitosan:CMC ratio of 1:1 (w/w) was chosen for

pDNA coating studies because of the relatively small size (179 nm) and positive z

potential (þ44 mV) of the particles produced. Chitosan oligomer:CMC ratios of 3:1

and 4:1 were chosen for pDNA coating studies due to the particle small size (121

and 93 nm, respectively) and positive z potential (þ24 and þ25 mV respectively).

The incorporation efficiency of pDNA on the chitosan oligomer/CMC complexes

was almost 100%, which was expected using positively charged nanoparticles.

The final pDNA-coated chitosan/CMC or chitosan oligomers/CMC complexes

selected for the genetic immunization by topical application were negatively

charged. The latter is based on previous results reported by the same group [128],

suggesting that the positively charged particles or complexes produce lower im-

mune responses and gene expression in comparison to negatively charged ones.

A number of particle specifications were tested. Also, ‘‘naked’’ DNA was adminis-

tered topically as control. Only pDNA (300 mg mL�1) coated on chitosan oligomer/

CMC nanoparticles (300/100 w/w, mg mL�1) caused a 32-fold increase of the IgG

titer in mice as compared to that obtained after immunization using ‘‘naked’’

pDNA alone applied topically. None of the other formulations tested demonstrate

any influence in comparison to the administration of the ‘‘naked’’ pDNA alone.
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The same group carried out further work using pDNA-coated nanoparticles

to induce immune responses after topical application to the skin [129]. The differ-

ence in this study was the type of the nanoparticles. They were not made with

chitosan but with a mixture of emulsifying wax/Polysorbate 60 in a ratio 20/1

with hexadecyltrimethyl-ammonium bromide (CTAB) as a surfactant (cationic)

(mean size 100 nm, z potential about 25 mV). No allergic, inflammatory or toxic

effects have been observed with these systems in mice after their delivery via the

intramuscular, subcutaneous and topical route. Also, dioleoyl phosphatidylethanol-

amine (DOPE) and cholesterol were part of the nanoparticle composition as endo-

somolytic agents. DOPE causes disruption of the endosomal membrane because

it changes to the hexagonal conformation in the acidic environment of the endo-

some. In vitro studies showed a 7-fold increase of the transfection efficiency com-

pared to nanoparticles without DOPE, but the effect of the cholesterol incorpora-

tion was not statistically significant. Also, pDNA remained functional after coating

onto the preformed engineered cationic nanoparticles. Mannan cholesterol was

also incorporated into the nanoparticles because human and mice dendritic cells

have mannose receptors, which stimulated robust Th1 and cytotoxic T lymphocyte

responses [130–132]. Negatively charged nanoparticles were also used for these for-

mulations (Fig. 9.8).

It was shown that pDNA-coated nanoparticles and pDNA-coated particles with

DOPE and the mannan ligand caused 6- and 16-fold enhancement of IgG titer, re-

spectively, compared to that of ‘‘naked’’ DNA. In vitro and in vivo studies proved

that the incorporation of DOPE in the nanoparticles improved both the transfec-

Figure 9.8. Transmission electron

micrographs. (A) Mannan-coated cationic

nanoparticles and (B) pDNA-coated

nanoparticles. Spherical and homogeneous

cationic nanoparticles were engineered directly

from the oil droplets of a clear microemulsion

composed of emulsifying wax (2 mg), DOPE

(100 mg) and CTAB (15 mM) in 1 mL water at

55 �C, cooling to room temperature during

gentle stirring. Chol-mannan was added.

Mannan-coated nanoparticles were purified

by gel permeation chromatography, prior to

the addition of pDNA. pDNA (CMV-b-

galactosidase) was coated on the surface of

the cationic nanoparticles (1 mL) to obtain a

final pDNA concentration of 50 mg mL�1.

(Reprinted from Ref. [133], 8 2003, with

permission from Elsevier.)
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tion efficiency and the overall immune response. Surprisingly, the mannan-coated

nanoparticles showed only a modest effect on enhancing the immune response.

This was subsequently shown to be due to the reduced binding of mannan caused

by the presence of pDNA on the particle surface. Thus, maybe the topical route

is not the most efficient to target the dendritic cells using the mannan ligand. In

these studies, pDNA doses as low as 4–5 mg applied topically to chemically un-

treated skin resulted in significant and measurable humoral and proliferative im-

mune responses.

The route of injection has also been investigated. The same type of nanoparticles

was administered either (i) via topical immunization with application of the formu-

lation over the skin without applying pressure, (ii) via subcutaneous injection or

(iii) via jet injection [133]. It was shown that the intradermal jet injection of

pDNA-coated nanoparticles led to the highest antibody titer of all groups. The titer

obtained with pDNA-coated nanoparticles delivered by jet injection was over 20 and

65 times higher than that obtained after subcutaneous or the topical route, respec-

tively. After the administration of the ‘‘naked’’ DNA via the routes mentioned

above, the IgG titers after jet injection and subcutaneous injection were almost the

same, and both titers were significantly greater than after topical application of the

‘‘naked’’ DNA only. Also after the subcutaneous injection of pDNA-coated nanopar-

ticles, the IgG titer in sera was 10-fold higher in comparison to DNA only. Intra-

dermal injection of the same particles increased the IgG titer in sera 200-fold com-

pared to DNA alone.

Various adjuvants have been investigated for promotion of DNA vaccine effec-

tiveness. When the pDNA was coadministered with cholera toxin (CT) (10 or 100

mg) via the topical route, the IgG titer increased 4- and 20-fold, respectively,

compared to pDNA alone. The IgG titer demonstrated a more than 300-fold in-

crease after the topical administration of pDNA-coated nanoparticles with 100 mg

of CT compared to ‘‘naked’’ DNA alone. Another known adjuvant, lipid A, was co-

administered subcutaneously in mice with either pDNA or pDNA-coated nanopar-

ticles [134]. A 16-fold increase of the IgG titer was achieved after immunization

with ‘‘naked’’ pDNA in presence of lipid A (50 mg) compared to pDNA alone. In

the case of delivery of pDNA-coated nanoparticles with lipid A (50 mg), the IgG titer

showed a 16- and 250-fold increase compared to pDNA nanoparticles without lipid

A or pDNA alone in absence of lipid A, respectively. Therefore, lipid A (subcutane-

ous) and CT (topical route) are potential adjuvants to further improve immune re-

sponses using the novel cationic nanoparticle-based DNA vaccine delivery system

described.

9.2.6.1.2 Oral The main reason to develop oral vaccines is that the mucosal sur-

faces are the entry point for many pathogens to the body [135]. However, purified

antigens given orally are not effective due to their degradation in the gut and

because the antigens give only short-lived low-titer immune responses. A major

obstacle to mucosal vaccination is the absence of nontoxic but potent adjuvants,

which are able to enhance the poor immunogenicity of antigens delivered via mu-

cosal routes. In order to protect the antigens and change their immune potency,
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nanoparticles have been formulated loaded with the mucosal antigens and help

them to reach the desirable sites of action – the M cells in the Peyer’s patches.

PLGA nanoparticles were made with the double-emulsification method incorpo-

rating Helicobacter pylori lysates with a loading efficiency of 67% and a mean parti-

cle size of 320 nm [135]. Oral immunization of mice took place in three doses at

weeks 0, 1 and 2, and another booster dose was given at week 8. The adjuvant, CT,

was given in a mixture with either the H. pylori lysates or the H. pylori lysate-loaded
PLGA nanoparticles. H. pylori lysate-loaded PLGA nanoparticles induced high im-

mune responses at week 9, after the booster dose at week 8. A mixture of H. pylori
with 10 mg of CT induced high immune responses at week 4 and was enhanced

significantly after the booster at week 8. A mixture of H. pylori with CT enhanced

the immune response significantly higher than the H. pylori-loaded PLGA par-

ticles. Apart from IgA, the major IgG subclasses produced were IgG1, IgG2b and

lower levels of IgG2a. The synthesis of those antibodies was supported by Th2 cell-

secreted cytokines induced by CT. This means that the H. pylori loaded nanopar-

ticles resembled the action of CT since both a mixture of H. pylori with CT and

the H. pylori-loaded PLGA particles induced the production of the same antibodies

after oral immunization.

The low entrapment efficiency of peptides/proteins in PLGA nanoparticles, the

unavoidable use of organic solvents and the emulsification preparative technique

are obstacles that demand alternative solutions. Therefore, Jung and coworkers

[136] evaluated the adsorption of TT on particles made with the branched polymer

poly(sulfobutyl-polyvinyl alcohol)-g-(lactide-co-glycolide) (SB-PVAL-g-PLGA) using a

solvent displacement technique. The particle size was in the range from 100 to 200

nm and different degrees of sulfobutylation produced particles with different z po-

tentials ranging from �3.2 to �22 mV (for a degree of substitution of 43%). The

amount of TT adsorbed on the particle surface started from 6.5 mg mg�1 polymer

in the case of PVAL-g-PLGA up to 56.8 mg mg�1 for the 43% substituted polymer.

Increasing surface hydrophilicity and/or surface charge density resulted in a higher

TT adsorption onto the particle surface. The adsorption is a result of the electro-

static interactions between the negatively charged particle surface and positively

charged protein residues. According to adsorption isotherm data, a monolayer ad-

sorption model describes the interaction of TT with the particle surface. The anti-

genicity of the TT was influenced only slightly making the delivery system a potent

one for mucosal immunization.

In another attempt to improve the formulation characteristics and preparation

procedure, mucoadhesive cationic and anionic materials like alginate, carragee-

nens and pectin [137] were used. Also a different method was tried in order to

omit the harmful organic solvent during the preparation procedure and to create

a friendlier environment in the interior/core of the nanoparticles. According to

this, the anionic solution (core) was introduced in the form of a mist into the cati-

onic solution (corona), which resulted in instantaneous particle formation [138].

The antigen is part of the core and the shell according to the nature of the pro-

tein/peptide entrapped and the particle composition. The z potential was positive

and the entrapment efficiency varied (it could reach even almost 50%). By using
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polydextran aldehyde, crosslinking could occur and, thus, the particles were stabi-

lized even more. The 100% crosslinked particles released only about 20% OVA

after 24 h incubation in presence of 3% NaCl as dissolution medium, while ap-

proximately 40% was released after 5 days incubation from the same particles

in a medium of pH 1.83. Also, the crosslinked nanoparticles provoked high im-

mune responses while the noncrosslinked ones did not cause any response after

oral immunization. This was the case for particles having either OVA or TT incor-

porated. The OVA-loaded nanoparticles show a dramatic difference in the immune

response compared to that obtained with OVA in solution and OVA in a mixture

with empty nanoparticles. Concluding, this system seems to offer a higher versatil-

ity in developing protein-loaded carriers for oral vaccination.

The hydrophilic polymer chitosan, due to its mucoadhesive properties, is very

popular in the field of vaccine development. The cationic nature of the polymer en-

sures electrostatic interactions with negatively charged proteins (i.e. BSA, TT, CT)

according to the pH of the preparation solutions during the nanoparticle formation

and the pI of each protein [139]. The loading efficiency was estimated as almost 90,

50 and 50% for BSA, TT and CT, respectively, when the proteins were dissolved in

the TPP solution (pH 8.3) and the particle formation took place with a chitosan so-

lution of pH 5.0. Poly(ethylene oxide-co-propylene oxide) (PEO–PPO) polymer was

introduced to the nanoparticles during the preparation procedure in order to mod-

ify the particle size and z potential. Thus, lower entrapment efficiency of BSA was

obtained due to the lower amount of chitosan available when PEO–PPO was pres-

ent. BSA release from 25% CS nanoparticles or 20% CS/PEO–PPO nanoparticles

was slow and prolonged without a burst release. A burst release was exhibited by

40% BSA-loaded particles, probably due to adsorbed BSA molecules on the carrier

surface. TT release from 14% TT-loaded CS particles at pH 5 was approximately

20% after 18 days and the toxoid was still antigenically active.

From a formulation point of view, coating of OVA-adsorbed chitosan nano-

particles with sodium alginate increased both the stability of protein adsorbed on

the particle surface and the particle stability in simulated intestinal fluid at 37 �C

[140] (Fig. 9.9).

The loading capacity with OVA on the chitosan nanoparticles ranged from 30 to

50%, but significant desorption of OVA occurred during the coating procedure, es-

pecially if the latter took place at pH 5.5. Thus, the coating procedure was carried

out at pH 7.4 due to compromised results between loading capacity and coating ef-

ficiency. Another drawback of the preparation procedure was the high polydisper-

sity of the particle population produced, with a mean average size of approximately

650 nm. Despite those disadvantages, the alginate coating offered protection

against the degradation of chitosan and OVA in the simulated intestinal fluid as it

showed a 60% release of OVA after 7 h of particle incubation at 37 �C.

The introduction of lectins on the particle surface was also shown to enhance the

uptake of antigen-loaded nanoparticles by M cells or other epithelial cells of the in-

testinal wall [141, 142].

DNA vaccines have also been incorporated into nanoparticle formulations for

oral delivery. Toxoplasma gondii GRA1-pDNA was incorporated into chitosan nano-
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particles of mean size of 400 nm and z potential of 27 mV [143]. The incorporation

into the polymeric carriers (more than 98%) protected the plasmid from the degra-

dation of DNase I. The interaction of pDNA with the chitosan molecules in the for-

mulation was strong enough so DNA did not escape into the dissolution medium 8

days after the carrier incubation in pH 7.3 at 25 �C. However, the plasmid-loaded

nanoparticles did not induce any significant response 1 month postintragastric ad-

ministration of the formulation in mice. Therefore, mice were boosted with intra-

gastric administration of chitosan nanoparticles and, indeed, a higher response was

obtained from mice immunized with either GRA1 microparticles or GRA1-pDNA-

loaded nanoparticles. The latter response was enhanced more after a second round

of immunization with intramuscular administration of pDNA, although, GRA1-

loaded microparticles demonstrated the highest immune responses compared to

GRA1-pDNA-loaded nanoparticles. The difference between the two types of formu-

lations is that the GRA1-microparticles raised/caused a mixed Th1/Th2 response,

while the GRA1-pDNA-loaded nanoparticles induced the secretion of IgG1, which

is associated with Th2-type responses. The latter is unusual as Th1 immune re-

sponses were expected to be obtained as reported previously by the same and other

research groups.

In another study it was shown that the pDNA of a house dust mite allergen,

Der p1, was incorporated in chitosan nanoparticles efficiently enough to be able

to cause immune responses (IgG2a production) to Der p1 and the Der p1-derived

peptides after oral administration in mice [144]. The intramuscular administration

of those particles could not raise such responses. However, the orally induced im-

mune responses could be boosted about 13 weeks postfeeding by intramuscular in-

jection of ‘‘naked’’ DNA.

9.2.6.1.3 Intranasal The advantages of drug delivery through the nasal cavity

have already been highlighted, but the most important feature is that the drug

Figure 9.9. Scanning electron micrographs of chitosan

nanoparticles. (A) After freeze-drying and resuspending in

water. (B) After the coating procedure with sodium alginate.

(Reprinted from Ref. [140], 8 2005, with permission from

Elsevier.)
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delivery system bypasses the liver. The required qualities for a drug delivery

system appropriate for intranasal delivery, such as particle hydrophobicity, size

and z potential, were investigated more thoroughly by Tobio and coworkers [145].

TT-loaded PLA and PLA–PEG nanoparticles were prepared with the double-

emulsification method and the final size was less than 200 nm. The z potential of

PLA and PLA–PEG particles was �50 and �30 mV, respectively. The encapsulation

efficiency was about 35% regardless of the particle composition. PLA–PEG par-

ticles showed a prolonged TT release in comparison to the more hydrophobic PLA

particles. At 24 and 48 h postintranasal administration of the toxoid-loaded PLA–

PEG nanoparticles in rats, TT was found in a 10-fold higher concentration in blood

and lymph nodes compared to TT levels obtained after PLA intranasal particle ad-

ministration. The accumulation of TT in the lymph nodes after administration of

PLA–PEG vesicles was almost 2-fold higher than that recorded in blood 24 and

48 h after intranasal administration. Also, the TT accumulation in the lymph nodes

was significantly higher than that in organs like the liver, spleen, lungs and small

bowel 24 and 48 h postadministration. Therefore, the suggested hypothesis was

that a part of PLA–PEG nanoparticles was taken up by the M cells of the NALT

and another part passed to the submucosal layer and then to the lymphatics and

the blood. Also, some of the particles could have been taken up by the BALT and

GALT. This hypothesis can be supported by the fact that the free toxoid was cleared

from the blood rapidly and absorption by the organs was very much lower com-

pared to the particles.

Another study demonstrated the potential of using PLGA as a carrier for the

entrapment of bovine parainfluenza type 3 virus (BPI-3) for vaccination of young

calves [146]. However, preliminary experiments were carried out by intranasal in-

oculation in mice using two particle types: PLGA, where BPI-3 was incorporated

in the particle matrix, and poly(methyl methacrylate) (PMMA), where the antigen

was adsorbed on the particle surface. The latter formulation was not successful in

inducing any immune response in contrast to BPI-3-loaded PLGA particles.

The use of particles made from high-molecular-weight chitosan have already

been described. Vila and coworkers [147] investigated the feasibility of using lower

molecular weight chitosan (23 and 38 kDa molecular weight) to formulate nano-

particulate vaccine carriers incorporating TT. The nanoparticles had a size of ap-

proximately 350 nm and z potential of þ40 mV, while the TT loading efficiency

was 50–60%. Burst release occurred, but the release profile was prolonged and

the TT was antigenically active. Indeed, it was shown that the TT-loaded nanopar-

ticles significantly enhanced either the humoral (IgG) or mucosal (IgA) immune

responses compared to those achieved by the soluble vaccine. Also, the immune

responses were not affected significantly by the dose of the antigen-loaded low-

molecular-weight chitosan nanoparticles for the range used between 70 and 200 mg.

An alternative to the previous chitosan formulations was the development of

chitosan-coated emulsions where OVA and CT were adsorbed on the emulsion sur-

face [148]. Chitosan nanoparticles were prepared for comparison, and the two

types of formulations were administered intranasally and intraperitoneally in rats.

The particle sizes achieved for the nanoparticles and the chitosan-coated emulsions
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were in the range of 0.4–3 and 0.4–0.7 mm, respectively. The z potential was posi-

tive due to the chitosan presence, and it was approximately 35 and 15 mV, respec-

tively. The adsorbed OVA was very high in both formulations (85 and 100%, re-

spectively) and there was no release of OVA detected after 3 h of incubation in

phosphate-buffered saline (pH 7.2) at 37 �C. Nanoparticles induced significantly

higher IgG response in comparison to control (OVA only, or nanoparticles only)

administered either intraperitoneally or intranasally regardless of the particle size.

Nanoparticles of 0.4 and 1 mm exhibited significantly higher IgA response than

those of 3 mm.

Chitosan-coated emulsions did not elicit IgG production of any significance com-

pared to control after intraperitoneal administration irrespective of the particle

size, while the IgA levels were similar to those obtained with the nanoparticles af-

ter intraperitoneal administration. However, chitosan-coated emulsions showed a

significant increase of both IgG and IgA levels compared to control after intranasal

administration regardless of the particle size. Thus, the chitosan-coated emulsions

are considered as another approach for vaccine formulation for intranasal delivery.

Some work has also been carried out on DNA vaccines for intranasal delivery.

Cui and coworkers [149] worked on cationic emulsions made of the emulsifying

wax CTAB and/or Brij 78 where pDNA was adsorbed on the surface of the final

products. The positive z potential of the particles is attributed to CTAB presence.

Due to its potential toxicity, the amount used is being reduced and partly replaced

by Brij 78. IgG responses caused by pDNA on the Brij 78 and CTAB nanoparticles

were 18- and 28-fold higher than those recorded with pDNA alone. Also, the IgA

levels increased 25- and 30-fold more than pDNA alone. It is worth noting that

the amount used for the intranasal immunization in this study was 1.25 mg com-

pared to 50 mg used by another group [150]. This system would probably enable

immunization with significantly lower doses of pDNA.

9.2.7

Diabetes

Diabetes is classified as insulin- and noninsulin-dependent diabetes type I or II, re-

spectively [66]. Type I diabetes is also known as diabetes mellitus (IDDM) and it is

caused because of a deficiency of insulin following autoimmune destruction of

pancreatic b cells. Patients with type I diabetes require administration of insulin.

Type II diabetes (NIDDM) is due to insufficient secretion of insulin or to periph-

eral resistance to the action of insulin. Type II diabetes can be controlled by diet

alone, but oral antidiabetic drugs or insulin can be used if needed.

9.2.7.1 Treatment

Insulin is a polypeptide hormone of complex structure and is the required treat-

ment for IDDM and ketoacidosis. Insulin used for therapeutic purposes can be ex-

tracted from pig pancreas, or, alternatively, human sequence insulin can be pro-

duced either semisynthetically by enzymatic modification of porcine insulin or

biosynthetically by recombinant DNA technology from bacteria or yeast.
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It is inactivated by gastrointestinal enzymes and has to be administered by sub-

cutaneous injection. Fat hypertrophy can occur due to subcutaneous injections, but

can be minimized by rotating the injection sites. Soluble insulin is administered

for urgent treatment, for fine control in serious illness and in the perioperative

period.

Drug administration via injections is not the most convenient or desirable route

for the patient; therefore, alternative routes of insulin administration, mainly oral

or intranasal, have been investigated. These have utilized complexation of insulin

with polymeric materials into self-assembled nanoparticles. A brief overview of the

current research towards these objectives follows.

9.2.7.2 Delivery Routes

9.2.7.2.1 Oral PIBCA and chitosan have been the polymers of choice for insulin

formulation into nanoparticles. PIBCA was shown by Damgè and coworkers [151–

152] to be able to deliver a sufficient amount of active insulin after oral administra-

tion of insulin-loaded PIBCA nanocapsules to fasted, streptozotocin-induced dia-

betic rats and they decreased the blood glucose level from 300 to the normal 125

mg dL�1. Indeed, PIBCA nanocapsules were found to protect insulin in the gastric

environment both in vitro in reconstituted gastric and intestinal medium compared

to phosphate-buffered saline as control, and in vivo (intragastric administration to

rats; insulin dose: 57 and 2.8 IU kg�1) [153]. In the intestine, 75% of insulin was

released, although most of the capsules were degraded after 30 min according to

results deduced from the in vitro release of insulin in reconstituted intestinal me-

dium. The remaining intact nanocapsules were localized on the intestinal mucosa

and passed through the submucosal layers.

In another study, the same polymer was used to prepare nanoparticles and not

nanocapsules, incorporating the insulin at the very beginning of the polymeriza-

tion procedure and using a pluronic surfactant as stabilizer [154]. The desired par-

ticle size was less than 100 nm and was achieved by using an appropriate concen-

tration of pluronic acid (2.0%) in contrast to nanocapsules of 265 nm used in the

previously mentioned study. Insulin-loaded nanoparticles were administered sub-

cutaneously or orally to streptozotocin-induced diabetic rats. A prolonged hypo-

glycemic effect of the hormone was observed up to 72 h postinjection. A similar

pattern was observed after oral delivery of insulin-loaded nanoparticles with the

hypoglycemic effect starting 2 h postadministration, while a less prominent effect

was shown by the same dose of insulin-loaded nanocapsules as reported by Damgè

and coworkers [151]. The enhanced effect in the case of nanoparticles could be due

to the smaller particle size, leading to faster intestinal absorption.

Chitosan is used to enhance the absorption of insulin by the intestinal mucosa

due to its mucoadhesive properties and transient opening of the tight junctions

between the epithelial cells. Pan and coworkers [155] made insulin-loaded chitosan

nanoparticles by ionotropic gelation of chitosan with tripolyphosphate anions. In-

sulin association was found up to be approximately 80%, and the electrostatic inter-

actions between the acidic groups of insulin and the amino groups of chitosan
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were highly contributory to this. Insulin was rapidly released from nanoparticles in

pH 7.4 and 4.0, but it was slower at pH 5.8, probably due to lower insulin solubility

at this pH. After oral administration of insulin-loaded chitosan nanoparticles at a

dosage of 14 IU kg�1, there was no significant blood glucose decrease observed

for the first 6 h, but the hypoglycemic effect was very prominent 10 h later (post-

administration) in comparison to the insulin control solution and lasted for 10 h

from the onset of the hypoglycemia (Fig. 9.10). Increasing the insulin-loaded nano-

particle dosage to 21 IU kg�1, the blood glucose dropped to normal levels for more

than 8 h. These results show that the chitosan nanoparticles facilitated the intesti-

nal absorption of insulin.

The presence of Poloxamer 188 in the nanoparticle formulation could have af-

fected the in vivo behavior of insulin-loaded nanoparticles because it can reduce

the intestinal peristalsis and so prolong the retention of nanoparticles in the intes-

tinal tract. Also, the surfactant can reduce the opsonization and thus the particle

clearance from the RES due to the hydrophilic groups on the particle surface.

The successful incorporation of insulin in the nanoparticles depends strongly on

the formulation conditions and pH is a very important parameter of the procedure.

Optimization of the formulation process will lead to highly efficient nanoparticles

in delivering insulin after oral administration [156]. Thus, insulin was premixed

with either pentasodium TPP anions or the chitosan solution prior to nanoparticle

formulation and the particles produced were designated as TPP-np or CS-np, re-

spectively [155] (Fig. 9.11). The particle preparation was carried out in a pH range

of 2.3–6.3. Up to that maximum of pH 6.3, the particle size was not affected sig-

nificantly by the pH changes, but beyond that value, particle agglomeration was

observed.

When the initial insulin concentration was 0.88 mg mL�1, the association effi-

ciency of insulin was pH-dependent. Maximum association efficiency was 62.99

Figure 9.10. Hypoglycaemic effect of oral

administration of: control (drinking saline

without oral administrating anything, Y);

insulin-chitosan solution (s); insulin solution

(i); 14 IU kg�1 insulin-loaded chitosan

nanoparticles suspended in pH 5.5 saline (�).

Data represents the meanG SD, n ¼ 8 per

group. Statistically significant difference from

control (*P < 0:01). (Reprinted from Ref. [155],

8 2002, with permission from Elsevier.)
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and 57.67 at pH 6.1 for the TPP-np and CS-np nanoparticles, respectively. Small

changes around pH 6 led to big variations of association efficiency in both types

of formulations. This is not the case for more acidic environments. The association

efficiency of insulin was improved significantly by increasing insulin-loading

concentrations. Regardless of the insulin concentration, the maximum association

efficiency was achieved at pH 6.1. Insulin-loading concentration did not affect the

mean particle size. The loading efficiency (amount of insulin incorporated per mil-

ligram of nanoparticle) was not affected by the pH of the formulation process.

Although, insulin was released rapidly (100%) from the particles made at pH 6.1

even if the association efficiency was approximately 80%, it was very much slower

(10–20%) from particles made at pH 5.3 (association efficiency approximately

50%). At pH 5.3, the association of insulin to chitosan occurs via stronger electro-

static interactions and it is pH dependent, while at higher pH seems that the asso-

ciation is of a hydrophobic nature.

Lim’s group also evaluated the uptake of chitosan molecules and chitosan nano-

particles by Caco-2 cells, and their ability to enhance the insulin transport into

these cells [157]. They show that nanoparticle uptake was dependent on time, tem-

perature and loading concentration. It was a saturable event and more likely to be

taken up by clathrin-mediated adsorptive endocytosis.

In contrast, chitosan polymer molecules were taken up by endocytosis through

caveolae. The chitosan polymer was more effective at disrupting the intercellular

tight junctions than chitosan nanoparticles, so the former facilitated the insulin

transport via the paracellular pathway, being more effective than the particles.

Their results agree with those reported by Dyer and coworkers [158], where the

insulin-loaded nanoparticles given intranasally showed a lower hypoglycemic effect

in comparison to chitosan solutions in sheep and rats.

Figure 9.11. Scanning electron microscopy

micrographs of (A) TPP-np and (B) CS-np

prepared at pH 5.3 with an insulin-loading

concentration of 4.28 U mL�1. Nanoparticles

were prepared by ionotropic gelation of

chitosan with TPP anions; TPP-np were

obtained by premixing insulin with TPP

solution, and CS-np by premixing insulin with

chitosan solution, prior to nanoparticle

formation. (Reprinted from Ref. [156], 8 2002,

with permission from Wiley.)
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After particle optimization for different pH range and insulin-loading concentra-

tions, in vivo evaluation of two chosen formulations [made at pH 5.3 (f5.3) and 6.1

(f6.1)] followed in streptozotocin-induced diabetic rats [159]. Particles were admin-

istered orally at two insulin doses: 50 or 100 IU kg�1. It was shown that the 100

IU kg�1 insulin of f5.3 demonstrated a higher hypoglycemic effect lasting up to

11 h. The f6.1 nanoparticles were less efficient even if the hypoglycemic action

started 2 h postadministration in comparison to f5.3 particles where blood glucose

dropped only after 10 h.

9.2.7.2.2 Nasal The intranasal administration of insulin has been attempted

using chitosan nanoparticles or more recently nanocomplexes with branched poly-

esters. Chitosan is by far the most used polymer in research in the delivery of

small or larger molecules via the oral, nasal or pulmonary route due to the previ-

ously mentioned properties of mucoadhesion and transient opening of the tight

junctions of the epithelial cells. Urrusuno and coworkers [160] studied the poten-

tial of chitosan nanoparticles as a formulation to increase the availability of insulin

after nasal instillation to rabbits. The particles were made with the ionotropic gelat-

ion method using two types of chitosan (0.1% CS-210Cl and 0.2% CS-110Cl) with

TPP in a ratio chitosan:TPP 6:1. The particle size was 300–400 nm and the z po-

tential varied from 25 to 54 mV. Insulin association efficiency was greater than

87% and loading efficiency was approximately 55%. After nanoparticle instillation

to rabbits, the blood glucose level dropped to 60% of basal levels at 1 h post-

administration of insulin-loaded CS-210Cl nanoparticles. This formulation demon-

strated the strongest hypoglycemic effect. The same activity was obtained using the

insulin-loaded CS-110Cl nanoparticles (two types of chitosan were used in the form

of HCl salt, CS-110Cl and CS-210Cl, and their differences were molecular weight,

below 50 and 130 respectively, deacetylation degree, 87 and below 70% respectively,

and intrinsic viscosity, 10 and 20–200, respectively) (Fig. 9.12). In contrast, the ad-

ministration of 5 IU kg�1 insulin control solution (pH 4.3) resulted in a decrease

of blood glucose levels of less than 15% at 30 min postinstillation. This is an indi-

cation that insulin was released from the nanoparticles in its active form, which

meant that the formulation preparation did not affect the peptide. Moreover, these

authors showed that chitosan in nanoparticle form decreased blood glucose more

significantly than the chitosan solution, a finding that is different to that reported

by other groups [157].

The pH of chitosan solutions plays an important role in their ability to act as

absorption enhancers. The in vivo effect was investigated by comparing insulin-

loaded nanoparticles with insulin solutions following nasal instillation at pH 6.4

and 4.3. The hypoglycemic effect of insulin solution at pH 6.4 was negligible

due to slow solubility and formation of high-molecular-weight aggregates. When

insulin-loaded chitosan nanoparticles were administered intranasally at the same

pH, a reduction of blood glucose levels was recorded for 1.5 h. Even if the hypogly-

cemic effect of insulin from the nanoparticles was lower at pH 6.4 than 4.3, the

increase in the response to the hormone-loaded nanoparticles and the insulin/

chitosan solutions was the same: 18.6% at pH 6.4 and 17.4% at pH 4.3.

9.2 Drug Delivery 455



Insulin/chitosan solutions and insulin-loaded chitosan nanoparticles were

studied for their ability to improve the bioavailability of insulin in two animal

models [157]. Again particles were made by the same gelation method used by Ur-

rusuno and coworkers [159]. In this study, insulin-loaded chitosan nanoparticles

were used as well as postloaded insulin/chitosan nanoparticles. The empty (non-

loaded) nanoparticles had a mean particle size around 250 nm and a z potential of

about 29 mV. All nanoparticles exhibited a size less than 1 mm. The result was that

in the rat model the chitosan nanoparticles were not advantageous in comparison

to the chitosan solutions in the overall hypoglycemic effect.

Regarding the response in the sheep model, the insulin/chitosan solution was

more effective than the insulin-loaded and postloaded insulin chitosan nanopar-

ticles. However, the best acting formulation was the insulin/chitosan powder,

which is assumed to remain longer (115 min) in the nasal cavity of the sheep than

the chitosan solution (45 min).

Another promising approach to develop a carrier system for insulin delivery ex-

ploiting the intranasal or the oral route was one based on the complexation be-

tween polymer/peptide according to the hydrophobic and electrostatic interactions

of the two parts [161]. Therefore, a hydrophilic charged-modified poly(vinyl alco-

hol) backbone was produced with covalently bound diethylamine groups. l-Lactide

groups were grafted onto the backbone imparting a hydrophobic character to the

previously hydrophilic molecule. The nanocomplexes produced were of a range of

sizes between 200 and 500 nm according to the backbone composition and num-

ber of grafted lactic acid groups. Increasing the amount of lactic acid groups, the

Figure 9.12. Plasma glucose levels achieved in

rabbits following nasal administration (at pH

4.3) of: insulin-loaded chitosan 210 Cl

nanoparticles suspended in acetate buffer,

0.16 mg kg�1 chitosan (e) and 0.35 mg kg�1

chitosan (i), and insulin-loaded chitosan 110

Cl nanoparticles suspended in acetate buffer

(a) (n ¼ 6). (MeanG SD n ¼ 6.) *Statistically

significant differences from insulin-loaded

chitosan 210 Cl nanoparticles suspended

in acetate buffer, 0.16 mg kg�1 chitosan

(P < 0:05). (Reprinted from Ref. [160],

8 Plenum Publishing Corporation with

permission of Springer Science and Business

Media.)
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complexes tend to be smaller and more compact. The z potential ranged from þ3

mV at a low substitution to þ35 mV at the highest substitution. The insulin com-

plexation was higher with high degrees of amine substitution or by a combination

of medium charge density and a higher lactic acid content. When the initial insu-

lin concentration was 1.25 mg mL�1, approximately 98% of insulin was found in

the complexes.

9.2.7.2.3 Pulmonary Drug delivery via the pulmonary route is, of course, prefera-

ble to injections because it is noninvasive and systemic absorption is expected to be

at higher rates since the lung provides a large surface area and enzymic degrada-

tion is relatively low. PBCA nanoparticles were used to compare the pharmacologi-

cal potential between pulmonary and subcutaneous delivery of insulin-loaded par-

ticles [162]. The mean size of the particles was 255 nm and the insulin association

efficiency was 79%. Burst release phenomena accompanied the release profile of

insulin at pH 7 in saline at 37 �C. The particles were administered intratracheally

to normal rats and an increase in the reduction of blood glucose level was observed

as the insulin dose increased from 5 to 20 IU kg�1, while the minimum glucose

level was reached in 4, 4 and 8 h for 5, 10 and 20 IU kg�1, respectively. The hypo-

glycemic effect of insulin-loaded nanoparticles at doses 10 and 20 IU kg�1 was pro-

longed compared to that obtained with the insulin solutions (Fig. 9.13). However,

the hypoglycemic effect achieved after subcutaneous administration of 5 IU kg�1

insulin-loaded nanoparticles was much higher than that obtained after intratra-

cheal delivery of the same nanoparticles. According to these authors, this phenom-

enon is attributed to the ability of normal rats to adjust the blood glucose level.

An idea for pulmonary delivery of insulin-loaded chitosan nanoparticles was the

microencapsulation of those particles into microspheres made by lactose or manni-

tol by spray-drying [163]. Indeed, it was shown that the microspheres produced

were mostly spherical with the appropriate aerodynamic properties for good deliv-

Figure 9.13. Hypoglycaemic effect of a single

intratracheal administration of insulin-loaded

nanoparticles of 20 IU kg�1 (m) and insulin

solution of 20 IU kg�1 (C) to normal rats

fasted overnight. The glucose concentration at

time zero served as the basis for comparison

(%). Results are means for five or six animals.

The control (Y) is phosphate buffer solution

(pH 7). (Reprinted from Ref. [162], 8 2001,

with permission from Elsevier.)
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ery, but their morphology was strongly influenced by the nanoparticle content. The

microspheres with the best properties were those made with mannitol:nanopar-

ticles 80:20 and the nanoparticles were made with chitosan:TPP: 6:1. The insulin-

loaded chitosan/TPP nanoparticles were of approximately 350 nm size, and had a z

potential of þ40 mV and a protein loading capacity 65–80%. After 15 min incuba-

tion in phosphate-buffered saline (pH 7.4) at 37 �C, 75–80% of insulin was re-

leased from either nanoparticles or nanoparticles encapsulated into microspheres.

Also, the nanoparticles could be recovered from microspheres after their contact

with water with no significant changes in their physicochemical properties. There-

fore, the microspheres containing nanoparticles would be able to be delivered to

the deep lung and thereafter the aqueous environment would release the nano-

particles and subsequently the entrapped insulin.

9.2.7.2.4 Parenteral Delivery (Subcutaneous, Intravenous, Intraperitoneal) In addi-

tion to the high instability and degradation of insulin in the gastrointestinal tract,

it also exhibits a short half-life when administered by subcutaneous injections. Its

incorporation in to nanoparticles was therefore also investigated to sustain the hy-

poglycemic effect. Barichello and coworkers [164] evaluated the use of Pluronic

gels (20% and 30% Pluronic concentration used), PLGA nanoparticles and their

combination for parenteral delivery of peptides and proteins having short half-

lives, using insulin as a model molecule. The important characteristic in using

Pluronic gels is the enhanced protein stability into the gel matrix with complete

recovery of full insulin activity when the gel is dissolved in excess buffer. The draw-

back is the loss of gelation ability in the presence of inorganic salts used to control

the pH in such gels. Insulin was released more slowly from gels with higher con-

centration of Pluronic (20 and 30% Pluronic concentrations in the gels were used)

while the possible mechanism is erosion and probably some diffusion due to zero-

order release kinetics.

PLGA nanoparticles were produced with an insulin content around 60% and

particle size 128 nm. After subcutaneous injection of insulin-loaded PLGA nano-

particles, a constant hypoglycemic effect was observed with a slow recovery of the

serum glucose levels during the 2 h postadministration period. Subcutaneous in-

jection of insulin solution only demonstrated an acute hypoglycemic effect of insu-

lin with a peak 1 h later; however, when insulin loaded in the Pluronic gel was

injected, the impact of the hormone was more prolonged. The same profile was

obtained after nanoparticle-gel injection with an effect up to 6 h later. The bioavail-

ability of the peptide from the nanoparticle-gel formulation increased almost 3-fold

to that estimated after the subcutaneous injection of insulin solution only.

A sustained hypoglycemic effect up to 4 h after subcutaneous injection to dia-

betic rats was achieved using nanoparticles made with the oppositely charged PEI

and DS stabilized by crosslinking with zinc [165]. PEI solution of pH 9 was mixed

with DS in a ratio of approximately 2:1 with 25 mM of zinc as a stabilizer in the

presence of insulin in the polymer mixture. Ninety percent of insulin was en-

trapped in to particles of size 250 nm and of z potential þ30 mV. However, 70%

of particle-bound insulin was dissociated from the particles in 10 mM phosphate
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buffer in 5 min, which suggests that insulin was adsorbed on the particle surface

through apolar interactions. The interaction of insulin with PEI caused conforma-

tional changes to insulin at low pH, but not at pH 9. Moreover, a hypoglycemic ef-

fect was induced in diabetic rats regardless of polymer ratio, indicating preserva-

tion of insulin biological activity.

Simple mixing of cholesterol-bearing pullulan with insulin resulted in complex

formation (size of 20–30 nm) that did not demonstrate any particular advantage

to the blood glucose reduction in comparison to free insulin solution after intrave-

nous injection to normal fasting rats [166]. Insulin was stabilized in those com-

plexes, but it was replaced with BSA after nanoparticle incubation in the presence

of the latter protein (50 mg mL�1) for 1 h at 37 �C.

9.2.7.2.5 Other Formulations A very promising technique for enhancement of

insulin incorporation into nanoparticles is the use of gas antisolvent techniques

or supercritical fluids [167]. This method is considered advantageous for labile

pharmaceutical molecules and polymers due to mild operation conditions and a

reduction in the amount of organic solvent used. The remaining organic solvents

in the final preparation are much reduced and the ability of drug entrapment

higher as entrapment is not dependent on the drug partitioning between the liquid

phases. Supercritical carbon dioxide precipitation was applied to a mixture of

PLA (molecular weight 102 000)/insulin or PLA/PEG/insulin organic solutions

(DMSO:dichloromethane 50:50) resulting in polymeric nanoparticles with a mean

size of 400–600 nm. The residual dichloromethane was only 8 p.p.m., less than

that of 400 and 600 p.p.m. reported by the US and European Pharmacopoeia, re-

spectively. The residual DMSO was 300 p.p.m.

Insulin loading was 90% and it was affected by the presence of PEG in the nano-

particle composition. By increasing the PEG content or the PEG molecular weight,

a decrease of insulin loading was observed. High insulin loading was achieved us-

ing PEG molecules of less than 1900 molecular weight The content and molecular

weight of PEG used influenced the insulin release from those particles. Using

PEGs of higher molecular weight of 1900 or a high concentration of PEG, insulin

was released with a burst release phenomenon, which is not the case with PEGs

smaller than 1900. Less than 3% of insulin was released from particles with PEG

of molecular weight 350, 750 or 1900. Additionally, 80% of the peptide activity was

retained, as an induced-hypoglycaemic effect was caused in mice by the insulin ex-

tracted from the nanoparticles.

A self-regulating insulin delivery system was developed by Zhang and coworkers

based on insulin release from membranes embedded with insulin-loaded nanopar-

ticles. A decrease in the pH of the microenvironment is caused when the system

senses an increase in glucose concentration [168]. When the pH of the microenvir-

onment decreases, the particle size in the matrix decreases and insulin is released.

Glucose oxidase (GOD) embedded in the membrane was used as a glucose sensor.

GOD converts glucose to gluconic acid causing the pH to decrease. Due to the low

amount of oxygen available for the amount of glucose to be oxidized and because

of toxic hydrogen peroxide formation as a side-product, catalase is coentrapped in/
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on to the membrane breaking down the hydrogen peroxide into oxygen and water.

The GOD incorporated in to the membrane retained 80% of its activity in compari-

son to free enzyme and the addition of catalase favored the oxidation rate of glucose.

The nanoparticles were made with the pH sensitive polymer poly(NIPAAm-co-
methacrylic acid) and the insulin was released after 5–15 min from the onset of

hyperglycemia. The responsiveness of the system to glucose levels was evaluated

by increasing the amount of glucose in the surrounding medium. It was found

that the insulin permeability increased 3-fold as the glucose concentration in-

creased from 50 to 200 mg mL�1. In general, it was shown that the glucose con-

centration fluctuations stimulated the insulin release in a rapid and reversible way.

9.3

Conclusions

This chapter has presented most of the ongoing research using polymeric nanopar-

ticles for noncancer applications. The most important diseases have been dis-

cussed in some detail, but nanoparticles have been evaluated on a few other non-

cancer diseases as well, such as arthritis, osteoporosis, problems with arteries, etc.

Most of the applications reported in this chapter have displayed very promising

therapeutic results with only a few exceptions, and the advantages and limitations

of using polymeric nanoparticles have been reported in each case examined.

The most obvious advantages of incorporating drugs into nanoparticles are the

reduced toxicity of highly toxic drugs, the protection against environmental condi-

tions, the reduction of the drug dose to give the prospect of better patient compli-

ance and versatility in delivery route. The latter advantage arises because the char-

acteristics of the final formulation, which can favor the use of alternative delivery

routes over conventional ones (e.g. pulmonary or nasal delivery instead of subcuta-

neous injection).

PLGA polymer and chitosan have been the most used polymers. In general,

chitosan seems to be more favorable than PLGA, especially when the particles

are destined to interact with mucosal surfaces (pulmonary, nasal, ocular, oral/

gastrointestinal tract interaction), because it seems to enable the paracellular trans-

port of the nanoparticles. Also, chitosan particles can be made into nanoparticles

using methods that do not need the use of organic solvents (important because

solvents remain in the particles at low levels and can be irritant or toxic in some

cases). In addition, PLGA can be disadvantageous because its degradation products

can create an acidic environment, damaging pH-sensitive proteins or peptides.

The drug release profile is one factor that requires further development. With

some drugs and applications, the rapid rate of drug release can be a limiting factor

(e.g. PLGA almost always shows a significant initial burst release). Thus, there is a

need for polymer development to produce particles with sustained drug release

and which retain the essential properties of polymer delivery systems, such as bio-

degradability and biocompatibility.
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Finally, in order to reach the clinic and the market, these polymeric formulations

will need to be produced in a large scale, have to exhibit a long shelf-life, and to be

characterized by reasonable manufacturing cost and formulation stability. There is

still a problem of producing sterile dispersions for ocular delivery, too. However,

with the promise already shown in the formulations discussed above, it seems

likely that the necessary resources will be found to resolve these remaining issues.
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nanocapsules á temps de circulation
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Remuñán-Lopez, C., Vila-Jato, J. L.,

Alonso, M. J. Enhancement of nasal

absorption of insulin using chitosan

nanoparticles, Pharm. Res. 1999, 16,
1576–1581.

161 Simon, M., Wittmar, M., Bakowsky,

U., Kissel, T. Self-assembling

nanocomplexes from insulin and

water-soluble branched polyesters,

poly[(vinyl-3-(diethylamino)-

propylcarbamate-co-(vinyl acetate)-co-
(vinyl alcohol)]-graft-poly(l-lactic acid):

a novel carrier for transmucosal

delivery of peptides, Bioconjug. Chem.
2004, 15, 841–849.

162 Zhang, Q., Shen, Z., Nagai, T.

Prolonged hypoglycemic effect of

insulin-loaded polybutylcyanoacrylate

nanoparticles after pulmonary

administration to normal rats, Int. J.
Pharm. 2001, 218, 75–80.

163 Grenha, A., Seijo, B., Remuñán-
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10.1

Introduction

Over the past few years, significant effort has been devoted to design and develop

nanoparticles and nanosystems for drug delivery. Scientists have understood that

apart from the synthesis of the drug molecule, the efficient release of the latter

from the drug delivery system is essential if a suitable therapeutic efficacy is to be

achieved. Therefore, the development of effective drug delivery systems which

could transport and deliver the drug at the right time, in a safe and reproducible

way, and only to the target where it is needed is becoming the ‘‘holy grail’’ of phar-

maceutical researchers [1, 2].

The idea that nanotechnology could be used as a tool for efficient drug delivery

has recently emerged since nanoparticles can be designed with different structures

and compositions favoring a wide range of therapeutic applications [3]. Nanopar-

ticles do not only differ in their relative size, but also in their biopharmaceutical

properties and therapeutic applications. In general, the therapeutic product [drug,

peptide, protein, DNA, small interfering RNA (siRNA), etc.] is either entrapped,

adsorbed, attached, dissolved or encapsulated into the particle, allowing the precise

control over drug release profiles [4]. Nanoparticles are less than 1000 nm in size

and they present higher intracellular uptake compared with microparticles, which

makes nanoparticles excellent candidates for targeted drug delivery to specific in-

tracellular compartments.

One focus of research is the technological design and development of the nano-

particles assuming that the latter can present very different compositions and bio-

logical properties. However, a more interesting and effective way to design these

nanosystems would be to rationally fabricate them based on a full understanding

of the pathobiological characteristics of the disease under study and the biological

microenvironment where the nanoparticles are to suppose to work. For example, if

the intracellular release of the drug is required, a deep knowledge of the mecha-
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nisms that regulate the uptake of the particles, intracellular trafficking, retention

and sorting pathways will be necessary [5]. Furthermore, the biopharmaceutical

and technological properties of the nano drug delivery systems are also major is-

sues to be considered. In fact, the therapeutic dose to be administered and the du-

ration of drug delivery required at the target site are key factors in the pharmaceu-

tical design of the nanoparticles in order to obtain an efficient treatment.

The present chapter describes two different types of nanoparticles suitable for

continuous drug delivery. The selection of these nanoparticles is based on their ex-

tensive application for drug delivery purposes. The basic principles of solid lipid

nanoparticles (SLNs) and polymeric nanoparticles will be presented in detail. The

aim of this chapter is to describe the production processes and the main parame-

ters related to their characterization. Furthermore, a wide range of therapeutic ap-

plications of both types of nanoparticles will be discussed in detail.

10.2

SLNs

10.2.1

Introduction

SLNs are colloidal carrier systems made from solid lipids with an average diameter

in the nanometer range, introduced at the beginning of the 1990s as a drug deliv-

ery system alternative to existing colloidal carriers. Incorporation of a drug into a

carrier system can protect it against degradation, the release can be controlled and

it also offers possibilities of targeting. There is, however, a need for further, im-

proved particulate carrier systems, which should fulfill as much as possible the fol-

lowing main requirements [6]:

� Easy to produce.
� Applicable to as many drugs as possible.
� Physically stable.
� Being composed of well-tolerated excipients that are accepted by the regulatory

authorities.
� Feasibility of large-scale production.
� Production lines should be able to be qualified and acceptable by regulatory au-

thorities.

The SLN is a particulate drug carrier system developed with the aim of combining

the advantages of other innovative carrier systems such as lipid emulsions, lipo-

somes and polymeric micro/nanoparticles, minimizing the associated problems.

Excellent tolerability and the possibility of qualified industrial large-scale produc-

tion are clear advantages of SLNs. Main disadvantages are the coexistence of alter-

native colloidal structures and, in general, low drug-loading capacity.
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10.2.2

Composition

SLNs are particles made from solid lipids (usually lipids in solid state at room tem-

perature and also at body temperature), water and stabilized by surfactant(s); for

certain preparation methods a cosolvent, which is generally removed, is also used.

In general, physiological lipids such as triglycerides (e.g. tristearin), partial

glycerides (e.g. Imwitor), fatty acids (e.g. stearic acid), steroids (e.g. cholesterol)

and waxes (e.g. cetyl palmitate) are used. This physiological lipid matrix is more

biocompatible, thus decreasing the danger of acute and chronic toxicity, and in-

creasing their toxicological safety. There are a few exceptions and some authors

have prepared SLNs with different types of molecules, such as amphiphilic cyclo-

dextrins [7] and calixarenes [8, 9].

Most of the lipids used represent a mixture of several chemical compounds. The

general lipid composition will have different crystallinities and capacities for ac-

commodating foreign molecules. The composition might therefore vary from dif-

ferent suppliers and even for different batches. However, small differences in the

lipid composition (e.g. impurities) might have a considerable impact on the quality

of SLN dispersion [10] (e.g. by changing the z potential, retarding crystallization

processes, etc.).

In addition to the lipid composition, the influence of lipid content on particle

size has been studied, showing that increasing the lipid content over 5–10% in

most cases results in larger particles (including microparticles) and broader parti-

cle size distributions [11]. The other main SLN ingredient is the stabilizing agent;

a large variety of ionic and nonionic emulsifiers of different molecular weight have

been used to stabilize the lipid dispersions and to prevent particle agglomeration.

The most frequently used compounds include different kinds of poloxamer, poly-

sorbates, lecithin and bile salts. The choice of the emulsifier depends on the ad-

ministration route and is more limited for parenteral administrations [10]. The

emulsifiers selected and their concentration have a great impact on the quality and

stability of the SLNs dispersion [12–14]. It has been found that the combination of

emulsifiers might prevent particle agglomeration more efficiently than the use of a

single surfactant. Another important point to consider is the influence of the emul-

sifier on drug incorporation; stabilizing agents are not localized exclusively on the

lipid surface, but also in the aqueous phase in different forms, which might serve

as an alternative location to accommodate the drug molecules [10].

As it has been reported [6, 10, 15, 16], the status of excipients for SLNs has to be

discussed as a function of the administration routes. SLNs can be produced with

regulatory accepted excipients or at least with material able to be degraded in the

body to physiological compounds or to products used for parenteral nutrition.

Therefore, they are not problematic at all for topical and oral administration. The

full range of surfactants and lipids used in dermal products, tablets and capsules

can be exploited. Even such ‘‘nasty’’ surfactants with regard to parenteral adminis-

tration such as sodium dodecyl sulfate can be applied to stabilize the suspension.

They possess excellent dispersing properties and are accepted up to a certain con-
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centration in oral products. The situation is slightly different for parenteral admin-

istration – to our knowledge, no solid lipids have been administered parenterally;

therefore, they would require a toxicity study before their use. However, the glycer-

ides used for nanostructured lipid carrier (NLC) production can be selected with

this purpose, since they are composed of fatty acids already present in the oils of

emulsions for parenteral nutrition [6].

10.2.3

Production Processes

The four main procedures existing for the preparation of lipid nanoparticles disper-

sions are briefly described in this section. Later, scaling-up feasibility and second-

ary production steps such as drying and sterilization will be reviewed.

10.2.3.1 Preparation Techniques

10.2.3.1.1 High-shear Homogenization and Ultrasound High-shear homogeni-

zation and ultrasound are dispersing techniques which were initially used for the

production of solid lipid nanodispersions [17, 18]. Both methods are widespread

and easy to handle. The disadvantages of these techniques are due to the presence

of microparticles and the fact that metal contamination has to be considered when

ultrasound is used.

10.2.3.1.2 High-pressure Homogenization (HPH) HPH has emerged as a reliable

and powerful technique for the preparation of SLNs. Homogenizers of different

sizes are commercially available from several manufacturers at reasonable prices.

The two basic production methods for SLNs are the hot homogenization technique

and the cold homogenization technique. In both cases the drug is incorporated in

the lipid melt. The hot homogenization technique is carried out at temperatures

above the melting point of the lipid. The drug-containing melt is dispersed under

stirring in a hot aqueous surfactant solution to the same temperature. Then the

obtained pre-emulsion is homogenized. The primary product is a hot oil/water

(o/w) nanoemulsion that is cooled down to room temperature, leading to solid

lipid nanoparticles.

Cold homogenization has been developed to overcome the following three prob-

lems of the hot homogenization technique: temperature-induced drug degradation,

drug distribution into the aqueous phase during homogenization and complexity

of the crystallization step of the nanoemulsion. This technique minimizes thermal

exposure of the sample. The drug-containing lipid melt is rapidly cooled and the

solid lipid ground to lipid microparticles which are dispersed in a cold surfactant

solution yielding a presuspension. Then this presuspension is homogenized at or

below room temperature leading to solid lipid nanoparticles.

10.2.3.1.3 Microemulsion Microemulsion-based SLNs preparation techniques

have been developed by Gasco [19]. Emulsions are made by stirring the melted
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lipid and a mixture of water, cosurfactant(s) and the surfactant heated to the same

temperature as the lipid. A transparent, thermodynamically stable system is

formed when the compounds are mixed in the correct ratio. Finally, this micro-

emulsion is dispersed in a cold aqueous medium (2–3 �C) under stirring, thus re-

sulting in the formation of SLNs.

10.2.3.1.4 Solvent Emulsification/Evaporation Sjöström and Bergenståhl described

in 1992 a production method to prepare nanoparticles in o/w emulsions [20]. The

lipophilic material is dissolved in a water-immiscible organic solvent that is emul-

sified in an aqueous phase to give an o/w emulsion. Upon evaporation of the sol-

vent a nanoparticle dispersion is formed by precipitation of the lipid in the aque-

ous medium. An important advantage of this method is the avoidance of heat

during the preparation, which makes it suitable for the incorporation of highly

thermolabile drugs. However, problems might arise due to solvent residues in the

final dispersion.

10.2.3.2 Scaling-up, Sterilization and Drying

10.2.3.2.1 Scaling-up The possibility of qualified industrial large-scale production

must be provided for the introduction of a product to the market. HPH production

for SLNs and scaling-up feasibilities have been widely investigated [21–24]. More-

over, production lines for HPH already exist in the pharmaceutical industry and

have been even used for the production of parenteral products. The HPH lines

used for parenteral nutrition can be qualified and accepted by the regulatory au-

thorities. Based on this premise, no regulatory hurdles are expected in the use

them for SLNs carriers systems [6]. A system has been developed and scale-up fea-

sibility has been investigated for the production via microemulsions [25].

10.2.3.2.2 Sterilization SLN dispersions can be sterilized or prepared aseptically

using already established techniques in the pharmaceutical industry. Aseptic pro-

duction, filtration, g-irradiation and heating are normally used in order to achieve

sterility. Filtration sterilization of dispersed systems requires high pressure and is

not applicable to particles larger than 0.2 mm. SLN dispersions can be sterilized by

filtration similar to emulsions for parenteral nutrition. It is very important to filter

them in liquid state, since this allows particles with a size larger than the pores in

the filter to be filtered [10, 15, 25].

10.2.3.2.3 Drying It is expected that the solid state of SLNs will present a better

chemical and physical stability than aqueous lipid dispersions. Transformation into

a solid form will prevent crystal growth by Ostwald ripening and avoid hydrolysis

reactions.

Lyophilization is a widely used process in the pharmaceutical field to remove

water from samples. This technique involves two necessary and additional transfor-

mations that may be the source of additional stability problems – freezing of the

sample and evaporation of water under vacuum. The addition of cryoprotectants
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to the sample will be necessary in order to decrease SLN aggregation and to obtain

a better redispersion of the dry product. Typical cryoprotective agents are sorbitol,

mannose, trehalose, glucose and polivinylpyrrolidone. The lyophilization process

has been optimized with regard to the operating conditions, lipid concentration,

type and concentration of cryoprotectant, and redispersing conditions [26–28].

Spray-drying might be an alternative procedure to lyophilization. The influence

of lipid type and concentration, carbohydrate type and concentration, redispersion

medium, and spraying medium has been investigated by Freitas and coworkers

[29]. An evaporative drying process with a nitrogen stream at low temperatures

has been evaluated and compared to lyophilization by Marengo and coworkers

[30]. The advantages of this process are the avoidance of freezing and the energy

efficiency resulting from the higher vapor pressure of water.

10.2.4

Drug Incorporation, Loading, Incorporation Efficiency, Nanoparticle Recovery and

Drug Release

10.2.4.1 Drug Incorporation

In different studies, which were later reviewed by Müller [15], Menhert proposed

that there are basically three different models for the incorporation of active ingre-

dients into SLNs (Fig. 10.1):

� Homogeneous matrix model: consisting of a homogeneous matrix with molecu-

larly dispersed drug or drug being present in amorphous clusters.
� Drug-enriched shell model: an outer shell enriched with active compound.
� Drug-enriched core model: a core enriched with active compound. This leads to a

membrane controlled release governed by the Fick law of diffusion.

The structure obtained is a function of the formulation composition (lipid, active

compound, surfactant) and of the production conditions (hot versus cold homoge-

nization). A large number of drugs with a great variety of lipophilicity and different

structures have been studied with regard to their incorporation into SLNs. How-

ever, few data exist on the localization site and the physical state of the drug mole-

Figure 10.1. Three drug incorporation models. (Adapted from

Ref. [15], with permission from Elsevier.)

476 10 Solid Lipid and Polymeric Nanoparticles for Drug Delivery



cule. Drug incorporation implies the localization of the drug in the solid lipid ma-

trix. Micelle-forming surfactant molecules will be present in different forms, and

may lead to colloidal species such as micelles, mixed micelles and liposomes, that

are known to solubilize drugs and are, therefore, alternative drug incorporation

sites [10].

10.2.4.2 Drug Loading

SLNs were first developed for the administration of lipophilic drugs, although they

have been also applied for the encapsulation of hydrophilic drugs. One of the main

drawbacks of particulate drug carriers is drug-loading capacity, which is limited to

approximately 25% with regard to the lipid matrix. The drug-loading capacity of

SLNs is limited by the solubility of drug in the lipid melt, miscibility of the melted

drug and lipid, chemical and physical structure of the matrix, and the polymorphic

state of the lipid matrix [15]. The prerequisite to obtain a sufficient loading capacity

is a sufficiently high solubility of the drug in the lipid melt. To enhance the solubil-

ity in the lipid melt one can add solubilizers, especially in the case of hydrophilic

drugs.

The structure of the lipid is important because if the lipid matrix consists of es-

pecially similar molecules (i.e. tristearin or tripalmitin), a perfect crystal with few

imperfections is formed and cannot accommodate large amounts of drug. There-

fore, the use of more complex lipids (mono-, di- and triglycerides with different

chain lengths) is more sensible for higher drug loading.

Crystalline structure – related to the chemical nature of the lipid – is a key factor

to determine whether a drug will be expelled or firmly incorporated. The transition

to highly ordered lipid particles is also the reason for drug expulsion. Directly after

production, lipids crystallize; if the crystallinity index increases during the storage,

then the drug will be expelled from the lipid matrix and it can then neither be pro-

tected from degradation nor released in a controlled way [31]. Consequently, inten-

sive characterization of the physical state of the lipid particles is highly essential in

order to get a controlled optimization of drug incorporation and loading.

10.2.4.3 Determination of Nanoparticle Recovery and Drug Incorporation Efficiency

These are general characterization parameters that can be applied to any type of

nanoparticle, including SLNs.

The nanoparticle (NP) recovery, which is also referred to as nanoparticle yield in

the literature, can be calculated using:

nanoparticle recovery ð%Þ ¼ mass of nanoparticle recovered� 100

mass of drug and excipients
: ð1Þ

An additional important in vitro characterization parameter is the determination of

the drug incorporation efficiency in nanoparticle formulations. Drug incorporation

efficiency is expressed both as drug content (% w/w), also referred to as drug load-

ing in the literature, and drug entrapment efficiency (%); represented by:
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drug loading ð% w=wÞ ¼ mass of drug in nanoparticle

mass of nanoparticle recovered
� 100 ð2Þ

drug entrapment efficiency ð%Þ ¼ mass of drug in nanoparticle

mass of drug used in formulation
� 100: ð3Þ

Two different methods have been suggested for the determination of drug loading

and entrapment efficiency. The first involves the solubilization of nanoparticles by

dispersing a measured amount of them in a suitable medium under agitation. The

second method is based on the estimation of the differences between the total

amount of the drug added to the formulation and the unentrapped amount de-

tected in the supernatant of the nanoparticle dispersion. The amount of drug is an-

alyzed by an appropriate analytical technique.

10.2.4.4 Drug Release

The effect of formulation parameters and production conditions on the release pro-

file from SLNs was intensively investigated by Mehnert and zur Mühlen [32, 33] by

the study of the model drugs tetracaine, etomidate and prednisolone. A burst drug

release was obtained with tetracaine and etomidate SLNs; in contrast, prednisolone

SLNs showed a prolonged release. This demonstrated the principle suitability of

the SLNs system for prolonged drug release. More interestingly, they showed that

it was possible to modify the release profiles as a function of lipid matrix, surfac-

tant concentration and production parameters (e.g. temperature).

Müller and coworkers [34] reviewed in detail the release of active compounds

from SLNs and summarized that the higher the solubility in the water phase dur-

ing production, the more pronounced is the burst effect. The solubility increases

with increasing production temperature and increasing surfactant concentration

(the latter only when the surfactant solubilizes the active compound). Conse-

quently, little or no burst will be obtained when SLNs are produced at low temper-

atures, low surfactant concentration or in surfactant-free medium.

10.2.5

Related Structures and Stability

Potential problems associated with SLNs such as limited drug-loading capacity, ad-

justment of drug release profile and potential drug expulsion during storage are

avoided or minimized by the new generation of lipid nanoparticles, the NLCs, al-

though the term SLNs is sometimes used to describe different types of lipidic

matricial structures [such as NLCs and lipid–drug conjugates (LDCs)] regardless

of their composition and arrangement. Using spatially incompatible lipids leads

to special structures of the lipid matrix and, thus, three types of NLCs [35] (see

Fig. 10.2):

(i) The imperfect type. A potential problem in SLNs is the formation of a perfect

crystal. Using spatially different lipids leads to imperfections in the crystal to

accommodate the drug.
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(ii) The amorphous (structureless) type. Drug expulsion is caused by an ongoing

crystallization process of the solid lipid towards a perfect crystal. The particles

are solid, but crystallization upon cooling is avoided by mixing special lipids.

(iii) The multiple type. System comparable to w/o/w emulsions since it is an oil-in-

solid lipid-in-water dispersion. The solid lipid matrix contains tiny liquid oil

nanocompartments. Many drugs show a higher solubility in oils than in solid

lipids so that they can be dissolved in the oil and still be protected from degra-

dation by the surrounding solid lipids.

Recent studies concluded that neither SLNs nor NLCs lipid nanoparticles

showed any advantage with respect to the incorporation rate or retarded accessibil-

ity to the drug compared with conventional nanoemulsions. It is has been shown

that the liquid lipid forms a half drop on the solid platelet [36–38]. SLNs are useful

for the incorporation of lipophilic (soluble) drugs. Aiming to increase the drug-

loading capacity of hydrophilic drugs, the structure of LDCs has been recently sug-

gested as more adequate [16].

LDC nanoparticles present drug-loading capacities of up to 33% [39, 40]. Here,

an insoluble drug–lipid conjugate bulk is prepared either by salt formation (e.g.

with a fatty acid) or by covalent linking (e.g. to esters or ethers). In the salt forma-

tion process, the free drug base and fatty acid are dissolved in a suitable solvent.

The solvent is then consequently evaporated under reduced pressure. For the cova-

lent linking, the drug (salt) and a fatty alcohol react in the presence of a catalyst,

and the LDC bulk is then purified by recrystallization. The obtained LDC bulk is

then processed with an aqueous surfactant solution to a nanoparticle formulation

using HPH.

Figure 10.2. The three types of NLCs compared to the

relatively ordered matrix of SLNs (upper left); NLCs types:

imperfect type (upper right), amorphous type (lower left) and

multiple type (lower right). (Adapted from Ref. [34], with

permission from Elsevier.)
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The physical stability of SLN dispersions has been investigated intensively, e.g.

by measurements of particle size [photon correlation spectroscopy (PCS), laser

diffraction (LD)], charge (z potential) and thermal analysis [differential scanning

calorimetry (DSC)], as reviewed later in this chapter. In addition, as noted above,

transformation of SLNs into a solid form by drying will have a better chemical and

physical stability than aqueous lipid dispersions.

10.2.6

Analytical Characterization of SLNs

An adequate characterization of SLNs is a prerequisite for the control of the quality

of the product. Several parameters have to be considered in the characterization of

lipid nanoparticle formulations which have direct impact on the stability and re-

lease kinetics [10, 15]:

(i) Particle size and z potential.

(ii) Degree of crystallinity and lipid modification.

(iii) Coexistence of additional colloidal structures (micelles, liposomes, super-

cooled melts, drug nanoparticles) and dynamic phenomena.

10.2.6.1 Particle Size

Particle size is predominantly used to evaluate the colloidal size range. This param-

eter is crucial in the development and optimization of preparation processes as

well as in the evaluation of dispersion stability.

The most widely used method to characterize the size of SLNs is PCS. This

method measures the fluctuation of the intensity of the scattered light which is

caused by Brownian motion. PCS is a good tool to characterize nanoparticles, but

it is not available for the detection of larger microparticles. They can be visualized

by means of LD measurements. This method is based on the dependency of the

diffraction angle on the particle radius (Fraunhofer spectra). Smaller particles

cause more intense scattering at high angles compared with the larger ones. Diffi-

culties may arise both in PCS and LD measurements for samples which contain

several populations of different size. Therefore, additional techniques might be

useful. The Coulter counter method and light microscopy may be considered to

detect trace amounts of microparticles in SLN dispersions. Electron microscopy,

in contrast to PCS and LD, provides direct information on the particle shape and

structure. However, possible artifacts may be caused by the sample preparation.

Atomic force microscopy (AFM) has also been applied to image the morpho-

logical structure of SLNs [41, 42]. Advantages of AFM are the simplicity of sample

preparation as no vacuum is needed during operation and that the sample does not

need to be conductive. Therefore, it has the potential for the direct analysis of the

originally hydrated, solvent-containing samples. A disadvantage of this method is

the required fixation of the particles (by removal of water), which changes the sta-

tus of emulsifier and might also cause polymorphic transitions of the lipid.

480 10 Solid Lipid and Polymeric Nanoparticles for Drug Delivery



Particle sizing by field-flow fractionation (FFF) is based on the different effect

of a perpendicular applied field on particles in a laminar flow. The separation

principle corresponds to the nature of the perpendicular field and may, for exam-

ple, be based on different mass (sedimentation FFF), size (cross-flow FFF) or

charge (electric-field FFF). Mäder and coworkers have been applied recently cross-

flow FFF to investigate nanoemulsions, SLNs and nanostructure lipid carriers [38].

10.2.6.2 The z Potential

The surface charges and the strength and extension of the electrical field around

the particles play an important role in the manual repulsion of nanoparticles, and

thus in their stability against aggregation. Therefore, the measurement of the z po-

tential allows for predictions about the storage stability of colloidal dispersion. In

general, particle aggregation is less likely to occur for charged particles (high z po-

tential) due to electric repulsion. However, this rule cannot strictly be applied for

systems which contain steric stabilizers, because the adsorption of steric stabilizers

will decrease the z potential due to the shift in the shear plane of the particle [10].

10.2.6.3 Crystallinity and Polymorphism and Colloidal Structures

Particle size measurements alone are not sufficient for the characterization of SLN

dispersions. The degree of crystallinity and lipid modifications are strongly corre-

lated with drug incorporation and release rates. DSC and X-ray techniques are the

most widely used for the characterization of crystallinity and polymorphism of

solid lipid particles. DSC uses the fact that different lipid modifications possess dif-

ferent melting points and melting enthalpies. By means of X-ray scattering it is

possible to assess the length of the long and short spacing of the lipid lattice [15].

The coexistence of additional colloidal structures (micelles, liposomes, mixed mi-

celles, supercooled melts, drug nanoparticles) has to be taken into account for all

SLN dispersions. Nuclear magnetic resonance (NMR) and electron spin resonance

(ESR) are powerful tools for investigating dynamic phenomena and the character-

istics of nanocompartments in colloidal lipid dispersions. Both methods are sensi-

tive to the simultaneous detection of different colloidal species, do not require pre-

paratory steps and, due to the noninvasiveness, repeated measurements of the

same sample are possible. Similar results to the ERS experiments can be obtained

with fluorescence measurements [36]. Rheometry has been used for the character-

ization of the viscoelastic properties of SLN formulations [43].

10.2.7

Applications

Since the development of lipid microparticles by Speiser and coworkers at the be-

ginning of the 1980s [44] and the later evolution in the 1990s towards SLNs, these

lipidic particulate systems have been applied to encapsulate different drugs aiming

to get sustained release of the entrapped drug, to improve drug stability by protect-

ing the drug from degradation or to improve the bioavailability of poorly soluble

drugs. SLNs can be administered by different routes: parenteral, oral, ocular, pul-

monar, rectal, etc., as recently reviewed by Wissing and coworkers [16]. SLNs ap-
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pear to be a promising sustained release for orally administered lipophilic drugs

[45, 46], showing increased bioavailability and prolonged plasma peaks. In addi-

tion, these nanoparticles could be directly administered (as an aqueous dispersion)

or formulated in different dosage forms, such as tablets or capsules. Regarding

topical application, SLNs are considered as a good alternative to liposomes, pos-

sessing similar film-forming properties after application onto the skin [15]. These

can be presented either in creams, gels or ointments, or topically applied as highly

concentrated lipid dispersions [10]. Moreover, SLNs have been found to target

drugs to particular skin layers and to sustain drug release into the skin.

When thinking about SLN administration one should bear in mind the in vivo
fate after their administration. As widely reported in the literature, nanoparticles

with a hydrophobic surface administered by different routes that will reach the

blood stream will be rapidly taken up by the mononuclear phagocytic system

(MPS). As a result, several approaches have been developed in order to increase

the circulation time of the nanoparticles, and their targeting to organs and tissues

other than the liver, lung and spleen [47]. In order to increase nanoparticle circula-

tion time it has been stated that these particles should be 100 nm or less and have

a hydrophilic surface. The approaches used to avoid unwanted uptake by macro-

phages include adsorption of surfactants to the nanoparticle surface, formation

or inclusion with block copolymers with hydrophilic and hydrophobic domains

(poloxamers and poloxamines) or grafting of a hydrophilic polymer such as

poly(ethylene glycol) (PEG) [48].

In a recent study, Göppert and Müller [49] have investigated the surface modifi-

cation of SLNs by the use of different poloxamers and poloxamines, and the influ-

ence of such surface modification on the adsorption of different proteins to SLNs

assessed by two-dimensional polyacrylamide gel electrophoresis. They were look-

ing for the type of poloxamer/poloxamine which would render the surface more

hydrophilic, thus allowing the adsorption of albumin or apolipoproteins, giving

rise to stealth SLNs and a more prolonged blood circulation time. They found that

SLNs stabilized with low-molecular-weight Poloxamer 184 and Poloxamer 235

showed interestingly high adsorption of apolipoprotein E (ApoE), which mediates

the uptake through the blood–brain barrier and, thus, the delivery to the brain. In-

terestingly, they have also reported that nanoparticles surface modified with high-

molecular-weight Poloxamine 908 are able to circulate longer in the blood despite

the high adsorption protein patterns found in this study, concluding that in order

to avoid uptake by the MPS it is important to characterize the type of proteins

that are adsorbed onto SLNs surface; if dysopsonins (such as albumin and apolipo-

proteins) are adsorbed and the absence of immunoglobulins and complement-

activating proteins on the surface is avoided, a long circulation time of the nano-

particles might be expected.

Table 10.1 summarizes some of the main applications described for SLNs.

10.2.7.1 Gene Therapy

Gene therapy is a rapidly advancing field with great potential for the treatment of

genetic and acquired systemic diseases. Present delivery systems can be divided
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Tab. 10.1. Some examples of drugs and genes encapsulated into SLNs.

Application Drug/gene Administration route Reference

Gene therapy b-galactosidase expression

plasmid

– 50

dimeric HIV-1 Tat peptide

(TAT2)

lung (inhalation) 51

green fluorescent protein

(GFP) plasmid

– 52

Peptides and proteins gonadorelin oral–parenteral 53

calcitonin oral 54

insulin oral 55

[d-Trp-6]LHRH parenteral 56

thymopentin parenteral 57

lysozyme oral, nasal, parenteral

(immunization)

58

cyclosporin A oral 46, 59

sodium cromoglycate – 60

Low soluble drugs tobramycin ocular 61

ketoconazole topical 62

clobetasol propionate – 63

clotrimazole topical 64

THP-adriamycin parenteral 65

ibuprofen oral 66

all-trans retinoic acid
(anticancer drugs)

parenteral 67

paclitaxel parenteral 68

progesterone – 60

doxorubicin parenteral 69

bupivacaine parenteral 70

5-fluoro-2 0-deoxyuridine

(FUdR) derivative

parenteral 71

AZT and derivatives parenteral 72, 73

etoposide parenteral 74

acyclovir – 75

camptothecin oral 45

ascorbyl palmitate topical 76

piribedil oral 77

Topical/cosmetics vitamin A topical 78

coenzyme Q10 topical 79

vitamin E topical 80

sunscreens: n-dodecyl-ferulate topical 81

perfumes topical 82

a-lipoic acid topical 83
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into virus-based, plasmid-based, and composites of both virus-based and plasmid-

based systems. Plasmid-based delivery systems for so-called nonviral gene therapy

are being developed as an alternative to virus-based systems. The isolated plasmid

by itself can be administered locally, yielding expression in the injected tissue. For-

mulating the plasmid with synthetic gene delivery systems can increase the trans-

fection efficiency.

In recent years, SLNs have been developed as potential carriers for a number of

drugs, but there are only a few reports of the use of SLN delivery of genes [51, 84,

85]. However, there are a large number of publications about cationic liposomes

for gene therapy; in spite of that, no marketed products have been developed.

SLNs and liposomes formulated from the same cationic lipids showed equipotent

in vitro transfection efficiencies. It is not the colloidal structure in which the cati-

onic lipids are arranged, but the cationic lipid composition the seems to govern

gene transfer efficiency. As SLNs can be produced in large scale and under favor-

able technological parameters, they may become a valuable addition to the well-

established repertoire of nonviral transfection agents lead by cationic liposomes

[85].

Olbrich and coworkers [50] showed that cationic SLNs were able to transfect

mammalian cells (COS-1) in vitro.
For over a decade, cationic lipids have been used for gene transfer both in cell

culture and in animals [86, 87]. A cationic lipid is a positively charged amphiphile

with a hydrophilic head and a hydrophobic tail that self-associates in aqueous solu-

tion to form either micelles or bilayer liposomes. This results in particles which

can interact with the negative charges on a polynucleotide, such as DNA. The goal

of cationic lipid-mediated gene transfer is to deliver a plasmid of DNA to a cell such

that it becomes transcribed and translated into a desired protein/peptide [88]. The

sequence of events involve in cationic lipid-mediated gene transfer include, but are

not exclusive to: (i) the formation of the cationic lipid into a nanoparticle or lipo-

some, providing a multivalent surface charge that is (ii) attached via electrostatics

to the negative charges on the DNA phosphate backbone. This mixture forms a

small particle. If these particles have an excess of positive charge they will (iii)

bind to the negative charges on the surface of cells. The complexes become (iv) in-

ternalized though a vesicular pathway, followed by (v) the release of DNA form the

particle into the cell cytoplasm. The release of DNA is thought to occur concomi-

tantly with the release from the cationic lipid. Then some fraction of the released

DNA is (vi) successfully trafficked by, as yet, an unknown mechanism to the nu-

cleus where is transcribed and later translated to protein. These cellular barriers

to gene transfer are reviewed in depth by Meyer and coworkers [89].

SLNs must incorporate cationic lipids in order to facilitate DNA binding.

When SLNs are produced with cationic lipids, a matrix lipid and, in most cases,

additional surfactants are required. The resulting particles consist of a lipid core

that presents cationic lipids on its surface. The cationic components are likely to

be organized in raft-like monolayers that allow interaction between the modified

SLN surface and DNA. Recent studies revealed the relation between transfection

activity and SLN composition [85]. A large number of cationic lipids with low
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toxicity and exhibiting different abilities to mediate gene transfer have been synthe-

sized and studied for gene delivery [90–96]. In addition to N-[1-(2,3-dioleyloxy)-
propyl]-N,N,N-trimethyl ammonium chloride (DOTMA) and 1,2-dioleoyloxy-3-

(trimethylammonio)propane (DOTAP) (two of the most used cationic lipids),

which are both two-chained amphiphiles whose acyl chains are linked to the propyl

ammonium group (through ether and ester bonds, respectively), numerous new

lipids have become commercially available for transfection purposes. Although a

direct correlation between the nature of the cationic lipids and their ability to me-

diate transfection and to develop toxicity has been established, the nature of this

dependency has not yet been completely clarified [97].

The incorporation into nanoparticles of colipids such as DOPE and others

improves the ability to transfect cells. This fact has been attributed to the ability of

dioleoyl-l-a-phosphatidylethanolamine (DOPE) to facilitate the formation of the

complexes in conjunction with cationic lipids and to its tendency to undergo a

transition from a bilayer to a hexagonal configuration under acidic pH, which facil-

itates fusion with or destabilization to target membranes. More recently, it was sug-

gested that DOPE can also play a role in facilitating the disassembling of the lipid-

based DNA formulations after internalization and escape of DNA from endocytotic

vesicles. Cholesterol has also been employed as a colipid to prepare cationic lipo-

somes, resulting in the formation of more stable but less efficient complexes than

those containing DOPE [97].

Another approach to circumvent the problem of low efficiency of transfection is

to incorporate peptides that are capable of penetrating the plasma membrane.

Such peptides are called protein transduction domains (PTDs) or cell-penetrating

peptides (CPPs). The most well-known CPPs are penetratin, corresponding to the

third helix of the Antennapedia homeodomain, Tat(48–60), derived from HIV-1 Tat

protein and oligoarginines [98]. Thorén and coworkers [98] have studied the inter-

action of different CPPs with phospholipids vesicles in order to better understand

the mechanism of cellular uptake. Nonendocytotic uptake was only observed for the

arginine-rich peptides TatP59W and R7W. Studies of the leakage from dye-loaded

vesicles indicate that none of the assayed peptides (penetratin, R7W, TatP59W and

TatLysP59W) forms membrane pores and that vesicles fusion is not accompanied

by leakage of the aqueous content of the vesicles. The authors suggest that the dis-

covered variations in propensity to destabilize phospholipid bilayers between the

peptides investigated, in some cases to induce fusion, may be related to their differ-

ent cellular uptake properties. Hyndman and coworkers [99] have demonstrated

that the incorporation a protein transduction domain of the HIV-1 into gene deliv-

ery lipoplexes improves gene transfer, suggesting that the endocytosis uptake path-

way is involved. The mechanism for the CPP-facilitated cellular uptake is unknown

[100, 101]. Zieger and coworkers [102] have shown that membrane-associated hep-

aran sulfate is involved in the uptake of HIV-1 protein.

The attachment of ligands to target the particles for cell-specific uptake via

highly internalizing receptor can be a very useful strategy for the treatment of

some diseases. Pedersen and coworkers [103] prepared SLNs with Compritol

ATO 888 with a size of approximately 100 nm an a z potential of þ15 mV which
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were able to condense DNA, they are very stable under physiological conditions

and they display low cytotoxicity in cell culture. In addition to binding to DNA,

the SLNs could simultaneously bind substantial amounts of streptavidin directly

via electrostatic interactions. The SLN:DNA:streptavidin complexes are stable and

are capable of binding biotinlylated ligands, which can interact with surface

receptors.

10.2.7.2 Peptide and Protein Delivery

Over the last few years, and thanks to the development of the biotech industry, a

great number of bioactive molecules and vaccines based on peptides, proteins and

oligonucleotides have been discovered, showing great promise as therapeutic

agents. However, the administration of these molecules is often limited because

of their poor stability, low oral bioavailability, short in vivo half-lives and limited

ability to cross cell membranes. In order to overcome such disadvantages, a suit-

able design of sustained release carrier systems is needed to enter the therapeutic

market [104]. Peptide and protein nanoparticles can be administered by different

routes, depending on the application intended. If they are to be administered by

the oral route, formulation of peptides and proteins into a suitable drug carrier is

a relevant task, especially due to epithelial barriers of the gastrointestinal tract, and

gastrointestinal degradation by the acidic pH of the stomach and digestive en-

zymes [105].

The most commonly used particulate drug carriers for the administration of pep-

tide and protein drugs have traditionally been poly(lactic acid) (PLA), poly(glycolic

acid) (PGA) and their copolymers, poly(lactide-co-glycolide) (PLGA). However, there

are only a few of products on the market based on PLGA microparticles and, to the

best of our knowledge, no nanoparticulate product based on this kind of polymers

has reached the market, probably because of the cytotoxicity of polymers and the

difficulties for the scaling-up of the nanoencapsulation processes [15].

Among the different particulate drug carriers proposed as alternative materials,

lipids appear to be suitable matrix materials for sustained release formulations of

peptide and proteins, presenting good biocompatibility properties and being able to

form different colloidal drug carriers, as microemulsions, SLNs, lipospheres, NLCs

or microparticles.

In fact, one of the advantages of SLNs compared to PLGA nanoparticles is their

better tolerability. Müller and coworkers [106] compared the in vitro toxicity of PLA,
PLGA and SLN nanoparticles in order to determine the toxicological acceptance as

an intravenous formulation. They found that the effective dose to reduce viability

of the cells to 50% was around 0.30% for PLA polymers, 0.15% for PLGA and

above 10% for SLNs, proving that SLNs are the least cytotoxic preparation.

Schöler and coworkers [107] have recently studied the cytotoxic properties of

SLNs intended for parenteral administration, analyzing the viability and activation

of macrophages [production of interleukin (IL)-6, IL-12 and tumor necrosis factor

(TNF)-a as a function of the lipid type used and SLN particle size]. No activation of

peritoneal was observed when triglycerides, cetylpalmitate or paraffin were used for

the lipid matrices, although a concentration-dependent cytotoxicity was found for
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SLNs. This is the reason why it is essential to select properly the lipid matrices of

SLNs to be used for parenteral administration. As previously summarized in Tab.

10.1, SLNs have been applied to the encapsulation of different peptide and proteins

aiming a controlled release of the entrapped protein, to overcome the gastrointesti-

nal barriers for the oral administration of the peptide or even an adjuvant capacity

of the particulate carrier system.

Olbrich and coworkers [108] have described the adjuvant capacity of antigens

adsorbed or entrapped in SLNs, inducing an immune response comparable to that

of Freund’s incomplete adjuvant. However, this adjuvant capacity was found to be

strongly dependent on the SLN size: SLNs bigger than 100 nm exhibited a strong

adjuvant capacity, whereas for SLNs smaller than 100 nm this adjuvant capacity

was quite low or even negligible. In addition, SLNs may offer a sustained release

of the antigen, which can be continuously presented to the immune system contri-

buting to an optimized immune response and making these systems appropriate

for the administration of vaccines.

Morel and coworkers [56] first adapted the techniques they were using for the

preparation of microemulsions for the encapsulation of the peptidic drug [d-Trp-

6]LHRH. They obtained lipospheres by a warm multiple water/oil/water (w/o/w)

microemulsion using stearic acid as lipid matrix. The encapsulation efficiency was

about 90% and the drug was sustained release following a pseudo-zero-order ki-

netic. Later, the same research group [57] applied the same encapsulation method

(w/o/w microemulsion) and the o/w microemulsion for the formulation of thymo-

pentin. In order to increase the incorporation of hydrophilic drugs into lipo-

spheres, lipophilic ion-pairs of the drug with hexadecylphosphate were prepared

in this warm o/w microemulsion technique. As expected, this later technique

allowed the incorporation of a much higher amount of the drug than the w/o/w

multiple microemulsion technique (5.2 versus 1.7%). Moreover, the percentage of

the drug released from lipospheres prepared by both methods was practically iden-

tical (10% in 6 h).

One of the most interesting studies on the feasibility of the encapsulation of pep-

tide drugs into SLNs was published in 1997, when Almeida and coworkers [58]

studied the influence of production parameters of peptide SLNs using lysozyme

as model protein. These researchers applied the cold HPH technique for the en-

capsulation of this model peptide, studying different parameters that could affect

the formation of these SLNs: the type of lipid used, the time of exposure to differ-

ent temperatures, pressure and number of homogenization cycles. They showed

that lysozyme was able to withstand the formulation conditions needed to prepare

SLNs, without loosing its activity and integrity. The entrapment efficiency of hydro-

philic drugs of these SLNs is usually low (they obtained encapsulation efficiencies

between 43.2 and 59.2%), and depends on the lipid mixture employed and the ho-

mogenization conditions. However, every protein may behave differently, and its

encapsulation must be studied in depth and optimized accordingly.

As commented above, some of the peptidic drugs that have been successfully in-

troduced to the market in particulate drug carrier form are luteinizing hormone-

releasing hormone (LHRH) analogs. In order to improve the formulation by
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means of improving drug stability during polymer degradation, Hu and coworkers

[53] prepared SLNs to encapsulate gonadorelin. In this case, SLNs were obtained

by a novel solvent diffusion method in an aqueous system. Using this technique,

encapsulation efficiency increased up to 69.4%. In addition, gonadorelin showed a

slow release profile after a burst release period of 6 h in which 24% of the drug was

released, after that burst release almost 4% of gonadorelin was sustained-released

every day during the 14 days of the study.

Another procedure that has been applied for the preparation of SLNs containing

peptides is the w/o/w multiple emulsion technique. The group of Alonso [54, 55,

109] have modified this technique to develop surface-modified lipid nanoparticles

for the encapsulation of different peptidic model drugs. As previously reviewed

in this chapter, different polymers can be used to modify the surface properties of

lipid nanoparticles. In the first study, poloxamer and PEG–stearate were used

to form a coating on the surface, and thus protect orally administered nanopar-

ticles from the effect of gastrointestinal fluids. They established that coating lipid

nanoparticles with PEG–stearate prevents them from aggregation and reduced

pancreatin-induced degradation, making them suitable for oral administration. In

a later study, Prego and coworkers [109] coated lipid nanoparticles with chitosan,

reporting that this type of coating can switch their z potential from negative to pos-

itive, and confers on them the capacity of enhancing the in vitro intestinal absorp-

tion of calcitonin, assayed in Caco-2 cells – results that were corroborated after the

oral administration of calcitonin in rats. Next, this group [54] studied the release

profiles of these PEG–stearate- and chitosan-coated nanoparticles. Both types of

nanoparticles exhibited an initial burst release (lower for chitosan-coated nanopar-

ticles) followed by a more prolonged slow release in which 40% of calcitonin was

released during the 6 h of the study, for both PEG–stearate- and chitosan-coated

nanoparticles. Moreover, and as was the case for PEG–stearate nanoparticles, coat-

ing with chitosan also protected lipid nanoparticles from the acidic and intestinal

environment. Recently, they have determined the interaction of these surface-

modified nanoparticles (PEG–stearate and chitosan) with Caco-2 cells, concluding

that PEG–stearate did not affect the permeability of Caco-2 cells monolayers unlike

chitosan nanoparticles.

Cyclosporin is another of the peptidic drugs that has been successfully incorpo-

rated into SLNs [59, 46]. It is an undecapeptidic hydrophobic drug, insoluble in

water and widely used for the prevention of xenograft rejection following organ

transplantation. Cyclosporin was encapsulated into SLNs aiming to improve oral

bioavailability and thus reducing toxic side-effects, maintaining at the same time

good, sustained plasma levels.

10.2.7.3 Low-soluble Drugs

Despite having good therapeutic effects, many drugs fail in clinical situations due

to their poor water solubility. Although many techniques have been employed to

improve the oral absorption of poorly soluble drugs, little information is available

in the literature on the improvement in the oral bioavailability of poorly soluble

drugs by incorporation into SLNs. Like other formulations, such as microemul-
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sions or submicron emulsions, reduction in the particle size is a key factor for im-

proving the peroral performance of poorly soluble drugs. Due to their small parti-

cle size, SLNs may exhibit bioadhesion to the gastrointestinal tract wall or enter the

intervillar spaces, thus increasing their residence time in the gastrointestinal tract.

Another advantage of SLN formulations is the lipid protection of the drug from

chemical and degradation, thereby delaying the in vivo metabolism. Good physical

stability also plays an important key in the oral absorption of the incorporated

drugs [110].

Incorporation of drugs into SLNs opens the perspective of enhanced and/or less-

variable bioavailability and prolonged plasma levels [77, 111], which is postulated

due to a controlled, optimized release in combination with general adhesive prop-

erties of small particles [112]. Zimmermann and Müller [113] evaluated the influ-

ence of artificial gastrointestinal media on the physical stability of SLN formula-

tions consisting of different lipids and various surfactants/stabilizers with respect

to ionic strength and pH. They showed that it is possible to produce SLNs stable

in the gastrointestinal tract by optimizing the surfactant/mixture for each lipid

in vitro. The stabilizing properties obviously depend on the specific interaction of

the lipid matrix with the emulsifier, e.g. anchoring of the stabilizer on the lipid sur-

face and density on the surface.

On the other hand, knowledge about enzymatic degradation velocity of SLNs is

essential. Olbrich and Müller [114] studied the effects of different surfactants on

the degradation velocity. These authors showed that the degradation velocity is sub-

stantially affected by the stabilizer used for the preparation of the SLNs. Some sta-

bilizers such as cholic acid sodium salt have degradation accelerating effects, other

such as Poloxamer 407 distinctly slow down the degradation velocity. Degradation

velocity can be thus modulated by changing the surfactant ratio. Müller and co-

workers [115] had previously showed that the degradation velocity of SLNs in solu-

tions of pancreatic lipase/colipase depends on the composition on the lipid matrix.

In general, degradation velocity increased with decreasing length of the fatty acid

chain length when using glycerides as lipid matrix [116]. In addition, the degrada-

tion of SLNs based on waxes (e.g. cetylpalmitate) was found to be slower compared

to glyceride matrices.

El-Gibaly and coworkers [117] encapsulated allopurinol into sustained-release

solid lipospheres elaborated by melting wax components and hexaconasol, a new

hydrophobic wax modifier. The drug was dispersed in the respective molten wax

under continuous stirring using a magnetic stirrer. In this study, SLNs were in-

tended for use in a suspension formulation and other oral dosage forms. A signif-

icant decrease of plasma uric acid levels and hepatic impairment in male rats was

observed after oral administration of SLS suspension of one of their formulations,

compared to suspensions of pure allopurinol.

All-trans retinoic acid (ATRA) has been limited in clinical use due to its poor

aqueous solubility. ATRA has been formulated into SLNs [110] elaborated by

HPH with Compritol 888 ATO and soy lecithin/Pluronic F 68 or soy lecithin/

Tween 80 as emulsifiers in order to increase its oral bioavailability. After oral

administration to male rats, SLNs produced a significant improvement in the bio-
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availability of ATRA compared with ATRA solution. Compared with the ATRA

emulsion, which also produced an improvement in oral absorption, SLNs exhibit

a high physical stability.

10.2.7.4 Topical and Transdermal Administration

SLNs are being investigated as drug carrier system for topical application. These

carriers are composed of physiological and biodegradable lipids of low systemic

toxicity and also low cytotoxicity [118]. SLNs for topical application to the skin

are made up from lipids such as glyceryl behenate (Compritol 888 ATO), glyceryl

monostearate (Inwitor 900), glyceryl palmtostearate (Precirol ATO 5), triglycerides

(trimyristin, tripalmitin, tristearin) or the wax cetyl palmitate [119].

The generally low lipid content and the poor viscosity of lipid nanodispersions

render these preparations, as they are, less suitable for dermal drug application.

The handling of the preparation by the patient is improved by SLN incorporation

into ointments, creams and gels. Alternatively, ready-to-use preparations may be

obtained by one-step production, increasing the lipid phase to at least 30%. How-

ever, increasing the lipid frequently results in an unwanted increase in particle

size. Surprisingly, it has been found that very concentrated (30–40%) semisolid

cetyl palmitate formulations preserve the colloidal particle size [34]. If SLNs are

incorporated into vehicles, interactions with the vehicle constituents may induce

physical instabilities such as dissolution or aggregation of lipid particles. It is im-

portant to follow the particle size and the solid character of the particles during

storage.

Particle size of the SLNs influences drug penetration, as has been shown for

nanoemulsions, in such a manner that when decreasing particle size, drug pene-

tration and systemic activity of drug increase [120]. Similar effects for particle size

reduction on penetration into the skin were found for polymeric particles [121].

Occlusion properties which can enhance the penetration of drugs through the

stratum corneum by increased hydration have been reported [120, 122]. Occlusion

properties are due to the formation of a film on the skin which enhances the pen-

etration of drugs through the stratum corneum.

SLNs can provide a sustained drug release due to the solid matrix of the particles

[78]. Sustained drug release becomes important in dermal application concerning

drugs that are irritating at high concentrations. Furthermore, it provides the possi-

bility to supply an active agent over a prolonged period of time and can reduce sys-

temic absorption. Controlled triggered release of drugs is feasible due polymorphic

transitions of the lipids induced by water evaporation from the dosage form after

application to the skin. Furthermore, electrolytes present in the upper skin surface

can initiate polymorphic transitions accompanied by drug expulsion due to the for-

mation of a stable polymorph [123].

Common disadvantages of SLNs are their particle growth, their unpredictable

gelatin tendency, their unexpected dynamic of polymorphic transitions and their

inherent low incorporation rate because of the crystalline structure of the solid

lipid [10, 124, 125]. It has been claimed that this last drawback can be overcome

by oil-loaded solid nanolipids (also described as NLCs) [34, 35, 123]. Liquid lipids
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solubilize the drug to a much higher extent than solid lipids. In a preferred sce-

nario, the liquid lipids form inner droplets in the solid nanoparticles. In this

model, the NLC nanoparticles would provide a high incorporation rate (because of

the liquid lipid) and a controlled release (because of the outer solid lipid).

Souto and coworkers [62, 64] have prepared SLNs and NLCs for topical delivery

of clotrimazole and ketoconazole. The authors show that these lipid nanoparticles

are useful as modified release formulations for lipophilic drugs over a prolonged

period of time.

10.2.7.5 Cosmetic Applications for SLNs

SLNs are also considered a promising carrier system for cosmetic active ingre-

dients due to their numerous advantages. These kind of delivery systems (i) pro-

vide protection to labile compounds against chemical degradation, as is the case

of retinol and tocopherol, (ii) can provide sustained release of the active ingre-

dients, (iii) act as occlusives, e.g. they can be used in order to increase the water

content of the skin and (iv) show a ultraviolet (UV)-blocking potential, i.e. they

act as physical sunscreens on their own and can be combined with molecular

sunscreens in order to achieve improved photoprotection [126].

SLNs have been shown that they act as active carriers for sunscreens [127]. Song

and Liu [128] prepared SLNs as carriers for 3,4,5-trimethoxibenzoylchitin, a new

UV-absorbing macromolecule and vitamin E; the nanoparticles act both as physical

sunscreens themselves and as carriers in order to enhance the effect of UVB pro-

tection. The incorporation of vitamin E appears to have a better effect on UVB

absorption.

10.3

Polymeric Nanoparticles

10.3.1

Introduction

Polymeric nanoparticles are small colloidal particles ranging in size from 10

to 1000 nm, which are made of nonbiodegradable or biodegradable polymers.

Depending on the method used for their preparation, two different types of nano-

particles can be obtained: nanospheres and nanocapsules. Nanospheres have a

matrix-type structure, where active compounds can be absorbed at their surface,

entrapped or dissolved in the matrix. Nanocapsules, which are reservoir systems,

have a polymeric shell and an inner core. In this case, the active substances are

usually dissolved in the core, but may also be adsorbed at their surface. Among

the polymeric nanoparticles currently under investigation for controlled drug deliv-

ery and drug-targeting applications, those receiving most attention are probably the

nanoparticles based on synthetic polymers such as PLA, PGA and PLGA. These

polymers are known for both their biocompatibility and resorbability through nat-

ural pathways. Additionally, the degradation rate and accordingly the drug release
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rate can be manipulated by varying the ratio of PLA (increased hydrophobicity) to

PGA (increased hydrophilicity).

10.3.2

Nanoparticle Preparation Methods

Nanoparticles can be prepared by a number of methods, which are classified into

two main categories depending on whether the polymer is formed by in situ poly-

merization of monomers or by dispersion of the preformed polymers.

10.3.2.1 Nanoparticles Prepared by In Situ Polymerization of Monomers

The polymerization methods can be classified into two groups based on whether

nanospheres or nanocapsules are formed. Nanospheres are mostly prepared by

emulsion polymerization, whereas nanocapsules are obtained by interfacial poly-

merization performed in emulsions or microemulsions.

10.3.2.1.1 Emulsion Polymerization The polymerization is usually initiated by

the reaction of an initiator with the monomer molecules that are dissolved in the

continuous phase of an o/w or w/o emulsion. Couvreur and coworkers [129, 130]

reported the production of biodegradable poly(alkyl cyanoacrylate) (PACA) nano-

spheres (40–250 nm diameter) by a simple emulsification polymerization proce-

dure. The nanospheres were obtained by mechanically emulsifying alkylcyanoacry-

late monomers in an aqueous acidic medium in the presence of a non ionic

surfactant (e.g. Polysorbate 20, Poloxamer 188) and stabilizers like Dextran 70.

The polymerization is spontaneously initiated by the hydroxide ions present in

water, under vigorous mechanical stirring at ambient temperature. The NP sus-

pension is then purified by ultracentrifugation or by resuspending the particles in

an isotonic surfactant-free medium. The drug is dissolved in the polymerization

medium either before the addition of the monomer or at the end of the polymer-

ization reaction, so that it can be either incorporated into the matrix or adsorbed at

the surface of the nanospheres. A wide variety of drugs have been efficiently incor-

porated into PACA nanospheres including cytostatic agents, a peptide growth hor-

mone and several antibiotics [131–133].

Methylidene malonates are other monomers that give biodegradable polymers

and polymerize according to a mechanism similar to that of alkylcyanoacrylates

[134]. Other polymers proposed for the production of nanospheres by emulsion

polymerization include polyglutaraldehyde, poly(vinyl pyridine) and polystyrene;

however, their lack of biodegradability compromises their clinical use [135, 136].

10.3.2.1.2 Interfacial Polymerization In this procedure an ethanolic phase con-

taining an oil or a nonmiscible organic solvent, the monomers and the drug to be

encapsulated is dispersed in an aqueous external phase containing a surfactant.

The ethanol rapidly diffuses out of the organic phase giving tiny oil droplets. Due

to their interfacial properties, the monomer molecules spontaneously locate at the

surface of the oil nanodroplets at the water/oil interface, leading to the formation
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of nanocapsules [137]. This method has been used for the encapsulation of oily sol-

uble products into PACA nanocapsules. In order to entrap water-soluble mole-

cules, the process was adapted by addition of the monomer to the oily phase of a

previously prepared microemulsion [138, 139].

10.3.2.2 Nanoparticles Prepared from Preformed Polymers

The nanoparticles prepared by in situ polymerization suffer from two main draw-

backs: (i) the presence of toxic residues (unreacted monomers, initiators and sur-

factant molecules) whose elimination is time-consuming and not always efficient,

and (ii) the possible interaction of monomer molecules with the active substance

during the polymerization process, leading to the denaturation and inactivation of

the drug. Therefore, new encapsulation techniques involving the dispersion of al-

ready polymerized materials have been developed to avoid these problems. A major

advantage of these methods over the previously described techniques is that the

polymers are well characterized and the nanoparticle preparation conditions will

not determine their physicochemical characteristics.

10.3.2.2.1 Emulsification/Solvent Evaporation–Extraction Method In this method,

the polymer is dissolved in a volatile organic solvent like dichloromethane, chloro-

form or ethyl acetate. The drug is dissolved or dispersed into the polymer solution,

and this mixture is further emulsified by high-speed homogenization or sonication

into an aqueous solution containing a suitable emulsifier like poly(vinyl alcohol)

(PVA), polysorbate, poloxamer, etc. After the formation of a stable o/w emulsion,

the organic solvent is either extracted by the continuous phase (solvent extraction),

diffuses into the same and evaporates by increasing the temperature/under

pressure or by continuous stirring (solvent evaporation) or is removed by a combi-

nation of both, leading to the formation of nanoparticles. At the end of the proce-

dure, the solidified particles are usually collected by centrifugation, washed and

dried.

The emulsification/solvent evaporation–extraction method has been used for the

production of nanospheres with a wide range of polymers including PLGA, poly(e-

caprolactone) (PCL) and poly(hydroxybutyrate) (PHB). Although this method was

proposed for the encapsulation of lipophilic compounds [140, 141], a modification

of this technique has been used for encapsulating a model protein, bovine serum

albumin (BSA), achieving encapsulation efficiencies up to 70% [142]. An aqueous

solution of BSA was emulsified in a PLGA solution in dichloromethane by sonica-

tion. This w/o emulsion was then added to an aqueous PVA solution resulting in a

w/o/w emulsion which is sonicated again. Polymer hardening and nanoparticle

formation is induced by solvent evaporation-extraction upon addition of an aque-

ous isopropanolic solution.

More recently, Freitas and coworkers [143] have developed a novel ultrasonic

flow-through cell for the production of PLA or PLGA nanoparticles with a mean

diameter of 500 nm. The equipment consisted of a glass tube for the conduction

of the sonicated fluid, which was installed in a steel jacket excited by a transducer

and filled with pressurized water for the transmission of sounds waves. This novel
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technology can avoid the contamination of the fluid from the environment and is

well suited for aseptic continuous nanoparticle production.

10.3.2.2.2 Emulsification/Solvent Diffusion Method This method uses partially

water-soluble solvents like benzyl alcohol or propylene carbonate instead of chlori-

nated solvents that could degrade certain drugs and proteins. The polymer and

active compound are dissolved in the solvent and emulsified in the aqueous phase

containing the stabilizer. Water is added to the emulsion to allow the diffusion of

the solvent into the water and leading to the formation of the nanoparticles. Once

the nanoparticles are formed, they can be collected by centrifugation or the solvent

can be removed by dialysis [144].

10.3.2.2.3 Salting-out Method The salting-out method was first reported by Bind-

schaedler and coworkers in 1988 [145]. In this case, an o/w emulsion is formed by

addition of an aqueous phase saturated with electrolytes, and containing PVA as

stabilizing agent to an acetone solution of polymer and the active compound. The

miscibility of both phases is prevented by the saturation of the aqueous phase with

electrolytes according to a salting-out phenomenon. Subsequently, water is added

until the volume is sufficient to disrupt the equilibrium between the two phases

and to allow diffusion of the acetone into the water, which results in polymer pre-

cipitation and the formation of nanoparticles. Finally, this suspension is purified

by cross-flow filtration and lyophilization. One disadvantage of this procedure is

the use of salts that are incompatible with many bioactive compounds.

10.3.2.2.4 Direct Precipitation-based Method The nanoprecipitation method de-

veloped by Fessi and coworkers [146] represents an easy and reproducible tech-

nique that allows us to obtain nanoparticles without a previous emulsification

step. The process is based on the drop-wise addition of the polymer dissolved in

water-miscible solvents such as acetone, ethanol or methanol to an aqueous me-

dium under stirring. The polymer precipitation gives rise to nanoparticle formation.

The solvent is then removed by evaporation under reduced pressure. This tech-

nique is mostly suitable for the encapsulation of hydrophobic compounds due to

the rapid migration and therefore loss of water-soluble drugs into the aqueous

phase. Molpeceres and coworkers [147] encapsulated cyclosporin A into PCL nano-

particles based on this method. The polymer and drug were dissolved in acetone

and this organic phase was injected trough a needle into an aqueous medium con-

taining Poloxamer 188. Nanoparticle formation could be visualized by the Tyndall

effect.

10.3.3

Characterization of Polymeric Nanoparticles

Nanoparticles are usually characterized in terms of size, morphology, charge, con-

stituent properties, drug content and in vitro drug release. The techniques used are

similar to those described for SLNs in Sections 10.2.4 and 10.2.6.
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10.3.4

Pharmaceutical Applications of Nanoparticles

Polymeric nanoparticles are promising candidates for the delivery of a broad num-

ber of peptide and protein drugs for diagnostic and therapeutic applications, since

they are advantageous in a number of ways. On the one hand, the solid matrix of

particulate carriers protects the incorporated drugs against enzymatic and hydro-

lytic degradation. On the other hand, they present tissue-targeting capacities, there-

by increasing the bioavailability of drugs at the site of action and simultaneously

reducing both the total dose and the side effects associated with the drug. Further-

more, they can be used to modulate the immune responses against encapsulated

antigens due to their ability to efficiently target professional antigen-presenting

cells (APCs), and to facilitate appropriate processing and presenting antigens to T

cells. One additional advantage of particulate carriers is that their surface proper-

ties can be modified in order to evade the macrophages of the reticuloendothelial

system (RES) or in such a way as to improve the uptake and transport across mu-

cosal barriers.

10.3.4.1 Protein Delivery

Advances in biotechnology and biochemistry had led to the discovery of numerous

bioactive molecules, some of which are peptides and proteins. These macromole-

cules are characterized by poor solubility, limited chemical stability in vitro and

in vivo after administration, and poor bioavailability. Indeed, they are usually ad-

ministered by the parenteral route and frequent, high-dose injections are required

to circumvent their extremely rapid clearance in the body. One approach for im-

proving the therapeutic index of these macromolecules could be the development

of nanoparticulate carriers able to maintain appropriate drug blood levels for long

periods of time. Csaba and coworkers [148] have developed a new nanoparticulate

system consisting on a blend nanomatrix of PLGA and a poly(ethylene oxide) (PEO)

derivative for the encapsulation of insulin providing a more stable environment to

the encapsulated macromolecules. These new nanoparticles release the insulin in a

constant rate over a time period of 2 weeks with a negligible burst effect typically

observed for proteins encapsulated in PLGA micro/nanoparticles. In another study

reported by Barrichelo and coworkers [149], different bioactive agents and insulin

were encapsulated into PLGA nanoparticles using the nanoprecipitation method.

Insulin was preferentially bound to the surface of PLGA nanoparticles. Neverthe-

less, a strong hypoglycemic effect of the insulin was observed after administration

of the nanoparticles suspension to the ileum loop of male Wistar rats, indicating

that insulin was absorbed.

More recently nanoparticles are being investigated as drug carriers for proan-

giogenic growth factors proposed as a novel approach for the therapy of various

ischemia-related pathophysiological conditions. Proangiogenic growth factors have

shown promising results in preclinical studies using protein- and gene-based

therapies. However, their success in clinical trials is hindered by the lack of an

optimal delivery strategy that would provide sustained and localized levels of the

10.3 Polymeric Nanoparticles 495



growth factors in the diseased tissue [150]. Davda and coworkers [151] evaluated

the efficacy of sustained release biodegradable nanoparticles, formulated with

PLGA, for the delivery of vascular endothelial growth factor protein (VEGF), a po-

tent proangiogenic agent. Nanoparticles encapsulating VEGF, which were formu-

lated using a double-emulsion solvent evaporation technique, demonstrated sus-

tained release of the growth factor in bioactive form. Furthermore, the growth

factor encapsulated in nanoparticles demonstrated greater and more sustained ef-

fect compared with a solution on endothelial cell proliferation, migration and mor-

phogenesis, which are key elements of blood vessel outgrowth. The greater efficacy

of encapsulated VEGF was due to the ability of nanoparticles to maintain the

growth factor level in culture for a sustained period of time. The data thus suggest

that nanoparticles can be used as an effective delivery system for growth factors to

induce therapeutic angiogenesis.

A new method to prepare heparin-functionalized PLGA nanoparticles for the

controlled release of growth factors has been recently reported by Chung and co-

workers [152]. The system is composed of PLGA as a hydrophobic core, Pluronic

F-127 as a hydrophilic surface layer and heparin as the functionalized moiety. The

incorporation of heparin is based on its high specific binding for various growth

factors, which enables them to crosslink their receptors and to be protected from

proteolytic degradation. The release of VEGF from the nanoparticles (below 200

nm) showed a linear profile without initial burst over 1 month. The authors pro-

posed that these nanoparticles can be used as a growth factor delivery system

in tissue engineering scaffolds as well as sustained release systems of various

heparin-binding growth factors.

Interferon (IFN)-a is another macromolecule that has been encapsulated in order

to simplify its administration and improve its therapeutic effects. The currently ap-

proved therapies require the injection of repeated high nonphysiological doses due

to the short half-life of the free macromolecule [153]. Nevertheless, the potential of

IFN formulated in these controlled release systems has been limited by the reduc-

tion of its biological activity during the encapsulation and/or release process [154].

Sanchez and coworkers [155] have used Poloxamer 188 as a stabilizing agent

for the encapsulation of IFN-a into biodegradable micro/nanoparticles. PLGA/

poloxamer blend microspheres were able to provide significant amounts of active

IFN-a for up to 96 days. These new delivery systems might improve the effective-

ness of IFN-a and the quality of life of patients.

10.3.4.2 Protein Delivery by Mucosal Routes

In recent years, considerable research has been done using nanoparticles for the

delivery of protein and peptide drugs by mucosal routes. After oral administration

the drug carriers are expected to remain in the gastrointestinal tract while protect-

ing the entrapped peptide drugs from enzymatic degradation until they are ab-

sorbed. Carino and coworkers [156] developed an oral nanosphere formulation to

protect insulin from degradation and facilitate systemic uptake by the oral route.

This formulation was shown to have 11.4% of the efficacy of intraperitoneally de-
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livered zinc insulin and was able to control plasma glucose levels when faced with

a simultaneous administered glucose challenge.

The same concept could be also applied to the pulmonary route, which has been

considered as a promising way to improve delivery of insulin with particulate sys-

tems. The nebulized PLGA nanospheres significantly reduced the blood glucose

levels of fasted guinea pigs and the hypoglycemia was prolonged over 48 h com-

pared to the nebulized aqueous insulin solution as a reference (6 h). This result

could be attributed to the sustained release of insulin from the nanospheres depos-

ited widely on to the whole lung [157]. When developing polymeric nanoparticles,

controversy still exists on physicochemical factors governing nanoparticle uptake

and transport across mucosal barriers, including size, size distribution, hydropho-

bicity and surface properties. Many studies on size effects have demonstrate that

size is an important parameter controlling the internalization of nanoparticles

into the epithelia of the gastrointestinal tract and, as a rule of thumb, sizes smaller

than 500 nm are required [105]. Apart from particle size, surface properties seem

to influence the uptake by intestinal epithelia. Summarizing numerous absorption

studies of polymeric nanoparticles in intestinal tissues, it can be concluded that a

combination of both nanoparticles surface charges and increased hydrophobicity of

the matrix material seem to affect gastrointestinal uptake in a positive sense [158–

160]. In addition, different research groups have demonstrated that increased

nanoparticle internalization can be achieved by conferring mucoadhesive proper-

ties to them by coating their surface with mucoadhesive polymers such as chitosan

and carbopol. Takeuchi and coworkers [161] reported the preparation of elcatonin-

loaded PLGA nanospheres coated with chitosan. They found that, following the

oral or pulmonary administration in rats and guinea pig, the reduction in calcium

concentration obtained with mucoadhesive nanoparticles was more effective and

prolonged in comparison with that obtained with noncoated systems. These results

indicate that chitosan nanospheres adhere to the mucus layer in the gastrointesti-

nal tract and lung tissues, due to the mucoadhesive properties of chitosan, and re-

lease the drug over a longer period of time. In another study by Vila and coworkers

[162], it was demonstrated that the coating of tetanus toxoid-containing PLA nano-

particles with PEG or chitosan improved their stability in physiological fluids, and

enhanced the transport across the intestinal and nasal mucosae, thereby confirm-

ing the usefulness of mucoadhesive nanoparticulate systems for the delivery of

peptide drugs.

Nanoparticles have also been used in the induction of oral tolerance, since

successive and extended exposure of the immune system to the antigen in the

intestine is indispensable for inducing peripheral immune tolerance. Kim and co-

workers reported that a single administration of PLGA nanoparticles entrapping

type II collagen could induce oral tolerance more efficiently than repeated admin-

istration of intact protein [163]. In a subsequent study, they prepared PLGA

nanoparticles entrapping PEG-conjugated immunodominant peptides of type II

collagen for oral tolerance induction in collagen-induced arthritis. The single intra-

gastric administration of these nanoparticles induced the production of IL-4 and
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IL-10 in CD4þ T cells of Peyer’s patches, which was comparable to that in mice fed

6 times with peptide solution. Taking into account that IL-4 and IL-10 play a critical

role in arthritis suppression, they conclude that oral administration of nanopar-

ticles might block arthritis progression through this mechanism [164].

10.3.4.3 Vaccine Adjuvants

Nanoparticles containing entrapped or adsorbed antigens have been intensively in-

vestigated as vaccine adjuvants alternatives to the currently used aluminum salts

[165, 166]. A major drawback with current vaccination regimes lies in the method

of administration, which generally employs the parenteral route, which might lead

to noncompliance. Thus, alternative routes of vaccine administration have been

tested: nasal, oral, intradermal and vaginal. Carcaboso and coworkers [167] have

demonstrated the adjuvant properties of PLGA nanoparticles containing encapsu-

lated Spf66 antigen. The systemic immune response obtained following nasal ad-

ministration with nanoparticles was superior to that induced by the same dose

of peptide solution; however, in this study, the best responses were obtained with

1-mm particles. This latter formulation greatly improves and maintains higher

antibody levels compared to conventional alum adjuvant and to the administration

of the particles by others routes (subcutaneous, oral).

In recent studies, Coolı́ and coworkers [168] have investigated the effect of size

and charge on the permeation of nanoparticles through the skin as the first step in

designing a transdermal vaccine delivery system. The results showed that only 50-

and 500-nm fluorescent particles that were negatively charged were able to perme-

ate the pig skin. This provides evidence of the potential of nanoparticles as delivery

vectors for antigens and DNA for the purpose of transdermal vaccination protocols.

In general, vaccination against major diseases requires a humoral immune re-

sponse; however, in the case of intracellular viral, bacterial and parasitic infections

a cellular response is needed [169]. It is known that aluminum hydroxide can pref-

erentially induce Th2 immune responses [170, 171] and deposits the antigen only

for 2–3 weeks [172]. Although aluminum hydroxide can induce the production of

antibodies, it has little effect on eliciting CD4þ Th1 cells (defined by their produc-

tion of IL-2 and IFN-g cytokines, that induce cell-mediated immune responses) or

CD8þ T cell response. Polymeric nanoparticle delivery systems play an interesting

role in the design of new vaccines since it have been demonstrated that they can

elicit a Th1/Th2 combined response. According to the results reported by Schöll

and coworkers [173], the subcutaneous administration of the major allergen of

birch pollen loaded into PLGA nanoparticles modulated an ongoing Th2 response

in the BALB/c mouse model. This response was demonstrated by downregulation

of IgG1, and production of IFN-g and IL-10, suggesting that PLGA nanoparticles

can be used for formulations of allergen extracts or derivatives for the ‘‘few-shot’’

treatment of type 1 allergy.

Furthermore, it has been suggested that PLGA nanoparticles are suitable for

simultaneous targeting of immunoadjuvants and antigens to APCs, and can re-

duce the effective adjuvant dose significantly [174]. Chong and coworkers [175] in-

vestigated the immune-enhancing effects of codelivery hepatitis B core antigen
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(HBcAg) and monophospholipid A (MPLA) in a murine model. In this study, a

single subcutaneous immunization with a vaccine formulation containing MPLA

and HBcAg coencapsulated in PLGA nanoparticles promoted a stronger Th1 cellu-

lar immune response with IFN-g production than those induced by the antigen

alone, mixed with MPLA or HBcAg-loaded nanoparticles. Such response is critical

for the control of viral replication and the elimination of chronic hepatitis B, indi-

cating that the simultaneous delivery of antigens and immune modulators in a sin-

gle particulate formulation may be an interesting strategy for the development of

effective hepatitis B virus therapeutic vaccines.
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Intelligent Hydrogels in Nanoscale Sensing

and Drug Delivery Applications

J. Zach Hilt

11.1

Introduction

This chapter highlights recent activities in the field of intelligent hydrogels, specif-

ically in sensing and drug delivery micro/nanotechnologies. This is a relatively

undeveloped field, but there is high promise and interest in the area, which has

led to rapid growth. Here, some selected examples of the cutting-edge research be-

ing conducted are presented and, where appropriate, the reader is directed to key

reviews within the field. In the past, numerous research groups have utilized

hydrogels as functional components in biomedical applications, such as in bio-

materials and biosensors, but only recently have hydrogels begun to be applied at

the micro/nanoscale.

Example applications of hydrogels at the small scale include work by Ito and col-

laborators [1–3] patterning pH-sensitive and thermosensitive hydrogels for poten-

tial use in various microdevices. In other studies by Matsuda and coworkers [4–8],

hydrogels have been micropatterned using a surface polymerization technique to

create regions with different physicochemical properties to control the direction of

cell adhesion and cellular behavior. In addition, Peppas and coworkers micropat-

terned poly(ethylene glycol) (PEG)-based hydrogels for application in biomedical

devices [9]. Several other groups have focused on developing microdevices utilizing

the mechanical response of environmentally sensitive hydrogels for microactua-

tion. Beebe and coworkers [10, 11] have micropatterned pH-responsive hydrogels

inside microfluidic channels to create flow controls that could respond to the am-

bient environmental conditions.

The application of intelligent hydrogels in micro/nanoscale sensing and drug de-

livery applications are highlighted within this chapter. First, in Section 11.2, the

field of intelligent hydrogels is introduced and several example systems are high-

lighted, including ionic, temperature responsive, biohybrid and imprinted hydro-

gels. Section 11.3 focuses on sensor applications of intelligent hydrogels. Section

11.4 introduces drug delivery applications of intelligent hydrogels, such as in mi-

crofabricated devices and nanoscale structures.
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11.2

Intelligent Hydrogels

The molecular structure of polymer networks can be designed to result in prepro-

grammed and intelligent interactions with their environment. Of particular inter-

est, environmentally responsive hydrogels have been synthesized that are capable

of sensing and responding to changes to external stimuli such as changes to the

pH, specific analytes and temperature, and recent reviews have highlighted the ex-

tensive research focused on developing new and applying current environmentally

sensitive hydrogels [12–15]. The response mechanism of these hydrogel systems

results from the chemical structure of the polymer network, such as the function-

ality of side-chain groups, branches and crosslinks.

11.2.1

Ionic Hydrogels

In ionic hydrogels containing weakly acidic or basic pendent groups, differentials

in water sorption can result from ionization of these pendent groups depending on

the solution pH and ionic composition. In the ionized state, these hydrogels act

as semipermeable membranes to the counterions influencing the osmotic balance

between the hydrogel and the external solution through ion exchange, depending

on ion–ion interactions. For ionic gels containing weakly acidic pendent groups,

the equilibrium degree of swelling increases as the pH of the external solution in-

creases, while the degree of swelling increases as the pH decreases for gels con-

taining weakly basic pendent groups.

11.2.2

Temperature-responsive Hydrogels

Temperature-responsive hydrogels are some of the most widely studied responsive

hydrogel systems, with most systems based on poly(N-isopropyl acrylamide) (PNI-

PAAm) and its derivatives. The response to changes in temperature is due to a

reversible volume-phase transition with a change in the temperature and these

systems have been studied for a variety of applications, including in drug delivery

and tissue engineering [13, 16]. This type of behavior is related to polymer phase

separation as the temperature is raised above a critical value known as the lower

critical solution temperature (LCST), e.g. PNIPAAm exhibits a LCST around

33 �C. Networks showing lower critical miscibility temperature are in a collapsed

state above the LCST and the networks swell upon lowering the temperature below

the LCST.

11.2.3

Biohybrid Hydrogels

Biohybrid hydrogels can be created by integrating biological entities with synthetic

hydrogels, and these systems have the potential to synergistically combine the well-
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evolved biological mechanisms (e.g. high affinity and specificity of binding) and

the tailorable hydrogel properties (e.g. mechanical stability and environmentally re-

sponsive nature). For example, research groups have immobilized enzymes within

the network structure of hydrogels. Activated glucose oxidase has been incorpo-

rated into pH-sensitive cationic hydrogels. The glucose oxidase converts glucose

into gluconic acid, lowering the pH of the local environment and causing the hy-

drogel network to swell in the case of a cationic gel [17]. In other work, Miyata and

coworkers [18] prepared biohybrid hydrogels containing grafted antigen and corre-

sponding antibody within the hydrogel network and demonstrated these systems

to be responsive to a specific antigen. Furthermore, Wang and coworkers [19]

have prepared hybrid hydrogels containing hydrophilic monomers and coiled-coil

protein domains, which were demonstrated to exhibit a temperature-dependent

swelling response based on the change in protein structure.

11.2.4

Imprinted Hydrogels

Another class of intelligent hydrogels is based on molecularly imprinted polymers

(MIPs), which are prepared using template-mediated polymerization techniques

that create recognition domains able to specifically bind template molecules with

high affinity. Although MIPs have been studied for more than three decades, im-

printed hydrogel systems have only recently gained attention [20–23]. These sys-

tems are designed and synthesized to create chemical functionality and structure

that is organized in a precise three-dimensional configuration, and these have

potential application where controlled recognition properties to various biological

analytes and physiological processes are required.

11.3

Sensor Applications

By tailoring the response properties of hydrogel systems, they can be optimized for

application in sensor devices. In particular, environmentally responsive hydrogels

have been applied as sensing elements for development of novel sensor platforms.

For example, hydrogels have been utilized as actuation elements where the me-

chanical response of the network was applied to actuate various transduction ele-

ments. In other examples, hydrogel matrices have been used for optical sensing

platforms and electrical sensing platforms. In the following, selected examples are

highlighted.

11.3.1

Actuation Detection

The mechanical response of hydrogels resulting from network swelling with

changes in ambient environmental conditions can be used to actuate a transduc-
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ing element to create a sensor platform. For example, Grimes and coworkers

[24, 25] demonstrated wireless pH sensors utilizing the actuation response of

pH-responsive hydrogels integrated with magnetoelastic thick films. The sensor

device functioned by monitoring the change in resonance frequency due to applied

mass load of the magnetoelastic sensor device. In other research, Han and

coworkers [26] demonstrated a constant-volume hydrogel osmometer as a novel

sensor platform. The concept was illustrated with a device where a pH-responsive

hydrogel was confined between a rigid semipermeable membrane and the dia-

phragm of a miniature pressure sensor, where changes in the osmotic swelling

pressure of the hydrogel resulting from changes pH were accurately measured via

the pressure sensor. Although the device was of macroscale in dimensions,

the design can be easily miniaturized for microscale or even nanoscale sensor

development.

Recently, microelectromechanical system (MEMS) sensor platforms have been

applied in a wide variety of applications. Gerlach and coworkers [27] developed

piezoresistive sensors which measured the swelling of hydrogel systems by moni-

toring the deflection of the silicon membrane within the sensor chip (Fig. 11.1).

Specifically, two systems, i.e. a network based on a poly(vinyl alcohol) (PVA) and

poly(acrylic acid) (PAA) blend and a network based on PNIPAAm, were applied in

Figure 11.1. Operational principle of hydrogel-

based sensors: (a) with PVA/PAA hydrogel

layer, deposited onto the bending plate and (b)

with PNIPAAm foil piece in a cavity. (1) Bend-

ing plate; (2) mechano-electrical transducer

(piezoresistive bridge); (3) swellable hydrogel;

(4) Si chip; (5) socket; (6) tube; (7) intercon-

nect; (8) solution; (9) grate [27].
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this sensor platform to develop pH and organic solvent concentration sensors, re-

spectively. In other work, a MEMS sensor based on a capacitive pressure sensing

technique and an uncrosslinked poly(2-hydroxyethyl methacrylate) (PHEMA) hy-

drophilic polymer was demonstrated [28]. An inductor–capacitor (LC) LC circuit

was utilized to enable wireless detection of the sensor response.

MEMS sensor platforms based on micro/nanocantilevers have also been of high

interest, as a result of their ultrahigh sensitivity. For example, environmentally re-

sponsive hydrogels have been integrated with silicon microcantilevers to develop

an ultrasensitive bioMEMS sensor platform (Fig. 11.2). Specifically, a pH micro-

sensor was demonstrated based on a methacrylic acid based pH-responsive hydro-

gel [29, 30] and this was the first demonstration of a microscale MEMS sensor de-

vice where actuation is controlled by an intelligent polymer network. In similar

work, Thundat and coworkers [31] have demonstrated a variation on this sensor

platform by integrating hydrogels responsive to CrO4
2� with commercial silicon

microcantilevers to create CrO4
2� sensors. More recently, another variation has

been demonstrated where hydrogels containing benzo-18-crown-6 coated on micro-

cantilevers to create Pb2þ sensors [32].

In other research, Richter and collaborators [33] investigated the suitability of a

quartz crystal microbalance as a transducer element for hydrogel-based liquid sen-

sors. A blend of PAA and PVA was polymerized onto the sensor surface, and the

system was demonstrated to have response time of 500 ms for a pH change from

1.8 to 3.1. Ionic hydrogels, microparticles [34] and thin films [35, 36] have also

been applied for the detection of CO2 gas by measuring the pH decrease that

occurs when CO2 diffuses through a gas-permeable membrane and into an electro-

lyte solution. A commercially available pressure sensor was used for the transduc-

tion of the swelling event and a schematic of the device is included in Fig. 11.3.

11.3.2

Optical Detection

There have been various optical-based detection schemes applied to hydrogel-based

systems, and a few of these are highlighted in the following. For example, re-

searchers have demonstrated a multianalyte hydrogel biosensor array platform

which consists of analyte specific features that are indexed by shape [37]. The plat-

form was based on lithographically patterned PEG diacrylates that contained bio-

molecules for oligonucleotide and cell-based sensing applications.

In other research, McShane and coworkers have developed a novel hydrogel mi-

crosphere sensor platform based on polyelectrolyte-coated calcium alginate micro-

spheres (Fig. 11.4) [38, 39]. In particular, glucose oxidase was encapsulated with

an oxygen-quenched ruthenium compound, allowing for the detection of glucose

concentrations. The polyelectrolyte multilayer films were nanoscale in thickness

(around 10–100 nm), and were used to stabilize enzyme entrapment and control

of substrate diffusion.
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Figure 11.2. Hydrogel as a sensing element in

a bioMEMS sensor platform. (a) A schematic

of the bioMEMS sensor platform based on a

microcantilever patterned with an environmen-

tally responsive hydrogel. (b) A detailed

examination of the equilibrium bending

response versus pH (constant ionic strength of

0.5 M) is shown [30].
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Figure 11.4. Illustration of nanoengineered

microsphere optical glucose sensors. (a) A

functional schematic of the microsphere

sensor. (b) Confocal laser scanning micrograph

of an actual prototype glucose sensor (red

fluorescence ¼ O2 indicator in alginate

microsphere, green fluorescence ¼ reference

fluorescence in polyelectrolyte film) [39].

Figure 11.3. Cross-section and exploded view of the hydrogel-

based CO2 sensor [35] (permission pending).
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Other researchers have applied hydrogels microstructures as three-dimensional

scaffolds for the encapsulation of living cells [40–42], and these structures have po-

tential advantages in the development of cell-based sensors for detecting chemical

and biological toxins, and for assaying cellular responses to target compounds (e.g.

drug screening). For example, a multiphenotypic whole-cell microsensor platform

(Fig. 11.5) was demonstrated that could monitor cell viability via optical methods

[41]. This platform enabled the comparison of the toxic effect of concanavalin A

on macrophages and hepatocytes relative to the relatively unaffected endothelial

cells.

By incorporating enzymes within hydrogel networks, biosensing elements can

be fabricated. These biohybrid structures can be advantageous by allowing the pre-

cise control over the micro/nanoenvironment of the enzymes. In addition, these

biohybrid structures can be patterned at the micro/nanoscale, allowing for their in-

tegration into sensor devices [43–45]. Pishko and coworkers [43, 44] have applied

photolithography techniques to pattern hydrogel arrays containing immobilized

enzymes, such as alkaline phosphatase, acetylcholinesterase and urease. The en-

zymes were conjugated to pH-sensitive fluorophores, allowing for optical detection

of the changes in microenvironment pH due to the enzyme-catalyzed reactions. In

addition, Crooks and coworkers [45] have demonstrated a microfluidic biosensor

based on arrays of hydrogel-entrapped enzymes (micropatches). This platform

was applied to simultaneously detect different concentrations of the same analyte

(e.g. glucose) and multiple analytes in real time (Fig. 11.6).

Nanoscale probes encapsulated by biologically localized embedding (PEBBLEs)

have been developed by Kopelmann and collaborators [46], and these sensing and

imaging probes range from 20 to 600 nm in diameter, and are often constructed of

hydrogel networks (e.g. polyacrylamide). For information on recent activities in

this area, the reader is referred to a recent review of the topic [46].

Figure 11.5. A multiphenotypic microdevice containing (left to

right) hepatocytes, macrophages and endothelial cells stained

with calcein AM [41].
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11.3.3

Electrical Detection

Several research groups have patterned biohybrid hydrogels containing immo-

bilized oxidoreductase enzymes, such as glucose oxidase, lactate oxidase and alcohol

oxidase, onto electrodes to create biosensors for monitoring various analyte levels

[47–50]. For example, Jimenez and coworkers [50] fabricated enzymatic microsen-

sors that employed polyacrylamide as a entrapment matrix for immobilization of

enzyme recognition elements, including glucose oxidase and urease, that was pat-

Figure 11.6. Biosensor based on hydrogel-

containing microchannels. (a) Fluorescence

micrograph obtained 15 min after solutions

containing 0.10 mM Amplex Red plus different

concentrations of glucose (shown at the

bottom of each channel) were introduced into

each of the four channels. The flow rate was

1.0 mL min�1. Each micropatch contained both

glucose oxidase and hydrogen peroxidase. The

fluorescence emission was integrated for 0.7 s.

The dashed white lines indicate the positions

of channel walls. (b) Time-dependent net

fluorescence intensity profiles collected from

the hydrogel micropatches shown in the top

row of (a). The net fluorescence intensity was

obtained by subtracting the intensity of the

micropatch in channel 1 (no glucose present)

from the fluorescence intensities arising from

the micropatches in channels 2–4. (c) Graph

showing the average net fluorescence intensity

as a function of the glucose concentration for

the three micropatches present in each

channel of the device shown in (a). The error

bars represent 1s for the three micropatches.

(d) Plot of net fluorescence intensity as a

function of glucose concentration for three

independently prepared microfluidic devices.

The error bars represent 1s for the three

micropatches in each channel of each device.

Fluorescence micrographs were obtained with

a Photometrics 16-bit gray scale CCD camera

[45].
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terned onto a pH-sensitive ion selective field-effect transistor (FET). In other work,

Sheppard and coworkers developed miniature conductimetric pH sensors based on

the measurement of the conductivity of pH-responsive hydrogels that were photo-

lithographically patterned onto planar interdigitated electrode arrays [51–53]. The

sensor monitored the changes in the electrical conductivity of the hydrogel mem-

brane that resulted with its swelling/collapsing. In related work, Guiseppi-Elie and

coworkers [54] demonstrated chemical and biological sensors that applied conduct-

ing electroactive hydrogel composites as recognition elements and utilized electro-

chemical detection.

In the above sensor applications, the majority of patterning applications of

hydrogels have relied on UV photolithography and, thus, have been limited to mi-

croscale applications. For the application of hydrogels in nanoscale sensing appli-

cations, it is critical that nanopatterning techniques are developed, and this is a

new area receiving much research attention. For example, Libera and coworkers

[55] have applied electron-beam crosslinking methods to pattern amine-terminated

PEG thin films on silicon substrates with lateral dimensions of order of 200 nm

(Fig. 11.7). It was demonstrated that the amine groups remained functional after

electron-beam exposure, enabling the covalent attachment of proteins of interest.

Figure 11.7. AFM images of a 5 mm� 5 mm array of amine-

terminated PEG hydrogels with an inter-gel spacing of 715 nm.

(A) Dry, (B) hydrated and (C) height profiles of a row of

nanogels which swell by a factor exceeding 5 times [55].
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11.4

Drug Delivery Applications

For the application of hydrogels as intelligent carriers in controlled drug delivery,

researchers have optimized their properties by engineering their physical and

chemical properties at the molecular level, such as permeability for sustained

release applications, environmentally responsive nature for pulsatile release appli-

cations, surface functionality for targeted or stealth release (PEG coatings) and bio-

degradability for bioresorbable applications [12, 15, 56, 57]. In particular, environ-

mentally responsive hydrogels have been applied in a wide variety of controlled

drug delivery applications, since they allow for release that is controlled by the

conditions of the environment. For example, temperature-responsive hydrogels

have been widely used to create drug delivery systems exhibiting a pulsatile release

profile in response to temperature changes [13, 16]. In addition, pH-responsive hy-

drogels have been applied in numerous controlled release applications, such as

Figure 11.8. Two valves formed at a T-junction

in a microfluidics device, one made of a gold–

colloid nanocomposite hydrogel and the other

a gold–nanoshell nanocomposite hydrogel.

The channels are 100 mm wide. (a) When the

entire device was illuminated with green light

(532 nm, 1.6 W cm�2), the gold colloid valves

opened while the nanoshell valve remained

closed. (b) However, when the device was

illuminated with near infrared light (832 nm,

2.7 W cm�2), the opposite response was

observed. In both cases, the valves opened

within 5 s [65].
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PEG-containing ionic networks that have been applied for the oral delivery of pro-

teins, including insulin [58, 59] and calcitonin [60, 61].

In therapeutic applications, polymeric micro/nanotechnologies have found wide-

spread application in the form of implantable devices, functional particles and

tissue engineering constructs. The reader is directed to Ref. [62] for detailed infor-

mation on the application of hydrogel nanoparticles. In the following, the applica-

tion of hydrogels as functional components of devices is highlighted, and there is

also a brief mention of nanoshell hydrogel structures.

11.4.1

Micro/nanoscale Devices

In a recent review, polymeric systems for implantable drug delivery systems have

been highlighted [63]. In recent years, several controlled drug delivery devices

where a target release is controlled by hydrogel valves have been proposed [64–

67]. Optomechanically responsive nanocomposite hydrogels have been developed

based on poly(N-isopropylacrylamide-co-acrylamide) and particles with distinct

and strong optical-absorption profiles (gold colloids and nanoshells) [64, 65]. These

nanocomposite hydrogels were photopatterned as valves in a microfluidics device

and their wavelength dependent actuation was demonstrated (Fig. 11.8). Recently,

Daunert and collaborators [66] developed novel biohybrid hydrogel systems that

exhibited stimuli responsive swelling due to Ca2þ and applied these as valves in a

microdevice (Fig. 11.9). Madou and coworkers [67] developed electro-active poly-

mers for application as microvalves potentially for controlled drug delivery.

11.4.2

Nanoscale Macromolecular Structures

In recent years, there has been increased interest in the practical application of

organic chemistry, and its molecular-level control, for the preparation of nano-

structured macromolecular structures with tailored properties and functions

[68]. A prime example has been the work of Wooley and coworkers [69–72], where

well-defined nanostructured materials have been created by organizing poly-

mers into micellar assemblies followed by stabilization through intramole-

cular crosslinking of the chain segments that compose the polymer micelle shell

[shell crosslinked knedel-like (SCK)]. In Fig. 11.10, a schematic of the synthetic

approach for preparing SCK polymer assemblies is provided. These SCK nano-

structures have great potential as nanoscale intelligent drug delivery carriers, such

as their ability to be tailored to be entirely hydrophilic and responsive to environ-

mental conditions [70], be functionalized for targeted drug delivery applications

(e.g. cancer cell targeting) [71], and be mineralized on their surface to further con-

trol dissolution and permeability properties for controlled drug delivery applica-

tions [72].
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Figure 11.9. Incorporation of hydrogels in

microfluidic systems. (a) Schematic of

microactuator ‘plunger’ configuration. The

stimuli-responsive hydrogel (A) shrinks in the

presence of a stimulus in the bulk solution (B)

allowing release from a reservoir (C). (b) The

release of a solution containing blue dextran

and an electrochemical probe [hexaamine

ruthenium chloride(III)] in the presence of a

stimulus (Ca2þ). Arrow denotes release

plume. (c) Electrochemical response of probe

during the release event [66].
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11.5

Conclusions

This chapter has highlighted the recent activities in the field of intelligent

hydrogels, with a focus on the applications in sensing and drug delivery micro/

nanotechnologies. The field of intelligent hydrogels was introduced and several ex-

ample systems (e.g. ionic, temperature-responsive, biohybrid and imprinted hydro-

gels) were highlighted. Selected sensor and drug delivery applications of intelligent

hydrogels were introduced and briefly discussed. Although this is a new field, the

potential is clear with many expected applications where intelligent hydrogel sys-

tems will positively impact the fields of sensing and drug delivery.
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Nanoshells for Drug Delivery

Melgardt M. De Villiers and Yuri M. Lvov

12.1

Introduction

Nanomedicine, especially the field of nanopharmaceuticals (drugs and drug deliv-

ery systems), describes the preparation of nanoscale assemblies, which can be rel-

atively simple nanoemulsions, nanoparticles or polymer conjugates (of proteins or

drugs), or complex multicomponent systems containing drugs, proteins or genes,

arrays of targeting ligands and/or signal systems to enable in vitro or in vivo detec-
tion. Therefore, nanopharmaceutics is defined as the science and technology of

nanometer-sized complex drug delivery systems, consisting of at least two compo-

nents, one of which is the active ingredient. In this field the concept of ‘‘nano-

scale’’ is seen to range from 1 to 1000 nm. Currently just one nanoparticle product

– Abraxane1 (an albumin nanoparticle containing paclitaxel) – has been approved,

but many more are being developed and are in phase I, II or III of the drug devel-

opment process. This means that this class of drug delivery systems is rapidly

growing, and is moving from the development of individual building blocks to

multifunctional, often biomimetic and bioresponsive systems [1, 2].

These more complex nanosized drug delivery systems are either self-assembling

or involve covalent conjugation of multicomponent systems, e.g. drug, protein and

polymer. The bioresponsive and/or biomimetic materials used to create such drug

delivery systems typically include synthetic or semisynthetic polymers, and/or nat-

ural materials such as lipids, polymers and proteins. One nanosystem that is being

proposed as a drug carrier is nanoshells or nanocapsules because these novel

‘‘nanoparticles’’ can address the three principal goals of drug delivery research to-

day, i.e. more specific drug delivery and targeting, greater safety and biocompatibil-

ity, and faster development of new, safe medicines. Current research in nanoshell

drug delivery could lead to, amongst others, vectors that will overcome the biologi-

cal barriers for effective gene delivery, cancer targeting, brain delivery and the com-

bination of the potential of antibody targeting with nanoparticle technology. This

would improve drug targeting to the whole body or cellular and subcellular local-

ization of drugs, proteins and genes [2].
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The nanoshells most studied as potential nanopharmaceuticals are metallic

nanoparticles composed of a dielectric (e.g. silica) core coated with an ultrathin

metallic (e.g. gold) layer and nanoshells formed by electrostatic layer-by-layer mo-

lecular self-assembling (E-LbL). Here, the two types of nanoshells are compared

and their application in drug delivery illuminated. Although several reviews and

chapters have appeared describing the properties of these nanoshells separately,

this chapter focuses on the differences between the two types of nanoshells as

it applies to drug delivery. As, to date, metallic nanoshells have found limited ap-

plication in drug delivery the bulk of the chapter describes the assembly, character-

ization and properties of E-LbL self-assembled polymeric or polymeric/nanoparti-

culate nanoshell drug delivery systems.

12.2

Metallic Nanoshells

In the past few years, silica–gold nanoshells have emerged as powerful building

blocks for devices in which electromagnetic waves can be controlled at the nano-

meter length scale [1]. Due to this unique property, Halas and West demonstrated

in a series of clever experiments how silica–gold nanoshells are uniquely suitable

for use in whole-blood immunoassays, optically triggered drug delivery and tar-

geted photothermal destruction of cancer cells [2]. The use of metallic nano-

particles dates back to the Renaissance when artists handcrafted vibrantly colored

church windows and glass vases by dissolving minute amounts of noble metal im-

purities in a glass melt to induce precipitation of nanometer-size metallic clusters

[3]. Gustav Mie provided the theory explaining this phenomenon [4]. This theory

predicts that metallic nanoclusters strongly absorb visible light at a well-defined

plasmon resonance frequency that depends on the particle size and shape, the

presence of other particles, and the dielectric environment [5]. Due to this phe-

nomenon the silica–gold nanoshells offer enormous flexibility to tune the reso-

nance frequency by varying the relative dimensions of the silica core and gold shell

[6, 7]. In contrast to solid-core metallic nanoparticles, the resonance of a silica–

gold nanoshell particle can easily be positioned in the near-infrared (NIR) region

between 800 and 1300 nm, where absorption by biomatter is low. Together with

the high degree of biocompatibility of these nanoshells, low bioabsorption opens

the door to a wide variety of biological applications.

12.2.1

Synthesis of the Nanoshells

Numerous methods have been reported for preparing metallic nanoshells. For

example gold nanoshells with a gold sulfide core and a gold shell are formed by

combining specific volumes of 2 mM HAuCl4 and 1 mM Na2S. The progress of

the reaction is monitored using an ultraviolet (UV)/visible spectrophotometer to

observe the extinction spectrum of the solution from 400 to 1050 nm [8, 9]. As
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the nanoshells formed, the extinction spectra exhibit a peak that red-shifts into the

IR, then halts and begin to blue-shift into the visible spectrum. The peak narrows

and increase in magnitude as this occurs. Mercaptoproprionic acid is added to halt

this shift by halting the growth of the gold shell when the extinction peak is cen-

tered around 1050 nm. The solution then is adjusted to pH 10.5 with 1 M NaOH,

centrifuged at 3000 r.p.m. for 4� 20 min and stored at 4 �C. The size and polydis-

persity of the resulting nanoshells are determined by evaporating a drop of the

nanoshell solution onto a carbon film on a copper grid and viewing the nanoshells

via transmission electron microscopy (TEM).

Sun and coworkers demonstrated a procedure based on replacement reactions

for generating highly crystalline nanoshells from various metals [10]. The major

steps involved are shown in Fig. 12.1 with gold/silver combination as an example.

Since the standard reduction potential of the AuCl4
�/Au redox pair is higher that

that of the Agþ/Ag redox pair silver nanoparticles are immediately oxidized to sil-

ver ions when mixed with and aqueous HAuCL4 solution. Elemental gold is thus

confined in the vicinity of the template surface where it will nucleate and grow into

small clusters and eventually will evolve into a shell around the silver template.

The reaction initiates at facets with the highest surface free energy. As a result the

thin shell formed initially is incomplete, and therefore both the HAuCL4 and AgCl

will diffuse across the layer until the silver template is completely dissolved. The

wall of each gold nanoshell can then be reconstructed into a highly crystalline

structure via processes such as Ostwald ripening. Since stoichiometrically one

gold atom is generated when three silver atoms are oxidized the thickness of the

gold nanoshell in only one-ninth of the lateral dimension of the silver template.

In an alternative preparation method, Caruso and coworkers employed the LbL

adsorption of polyelectrolytes and charged gold colloids to build shell-like struc-

tures around colloidal template particles whose surfaces have been derivatized

with appropriately charged groups [11]. However, the gold nanoparticles prepared

by all these methods are characterized by relatively low yields, problems with sur-

Figure 12.1. Schematic representation of the production of

gold nanoshells by templating against silver nanoparticles

[adapted from Ref. 10].
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face roughness, polycrystallinity, nonuniformity in shell thickness, poorly defined

composition and difficulty in removing colloidal templates without breaking the

shells [12].

12.2.2

Application in Nanomedicine

In one study, Halas and West showed how NIR resonant nanoshells could be used

to enable fast whole-blood immunoassays [13]. For conventional blood immuno-

assays, optical tests are performed at visible wavelengths. As a purification step

needs to be performed to separate out a variety of unwanted biomaterials that

absorb visible light, the whole procedure can take several hours or days. In the pro-

posed immunoassay procedure nanoshells are conjugated with antibodies that act

as recognition sites for a specific analyte. The analyte causes the formation of

dimmers, which modify the plasmon-related absorption feature in a known way.

The presence of analyte can then be determined by a fast absorption measurement

in the water window, circumventing the time-intensive purification step.

Gold nanoshells can also be incorporated into temperature-sensitive hydrogels to

synthesize a new type of composite material that collapses on laser irradiation [2].

Upon irradiation plasmon excitations are quickly damped and the electron kinetic

energy is converted into heat through electron–phonon interactions. This fast

damping is usually undesirable, but here the efficient light-to-heat conversion in

metallic nanoshells is used to shrink the volume of the hydrogel from a remote lo-

cation. The absorption cross-section of a nanoshell is about a million times larger

than that of a typical molecular chromophore and hydrogel collapse thus occurs at

relatively low pump-power densities. By incorporating nanoshells with different

resonance frequencies, one can selectively collapse specific hydrogel volumes.

Such remotely addressable hydrogels may find application in drug delivery and mi-

crofluidic valves or pumps.

For example, composites of thermally sensitive hydrogels and optically active

nanoparticles have been developed for the purpose of photothermally modulated

drug delivery [2]. Copolymers of N-isopropylacrylamide (NIPAAm) and acrylamide

(AAm) exhibit a lower critical solution temperature (LCST) that is slightly above

body temperature. When the temperature of the copolymer exceeds the LCST, the

hydrogel collapses, causing a burst release of any soluble material held within the

hydrogel matrix. When gold–gold sulfide nanoshells, a new class of nanoparticles

designed to strongly absorb NIR light, were incorporated into poly(NIPAAm-co-
AAm) hydrogels temperature changes in the hydrogel could be induced with light.

Light at wavelengths between 800 and 1200 nm, which is transmitted through

tissue with relatively little attenuation, was absorbed by the nanoparticles and con-

verted to heat. Using this system, significantly enhanced drug release from com-

posite hydrogels was achieved in response to irradiation by light at 1064 nm as

shown in Fig. 12.2. This system controlled the release of methylene blue and pro-

teins of varying molecular weight.
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The nanoshell composite hydrogels can also release multiple bursts of protein in

response to repeated NIR irradiation [2]. If the entire drug load is not released dur-

ing the initial irradiation sequence, additional bursts of release of the drug can be

elicited by subsequent irradiation. Once the laser irradiation is stopped, the driving

force for the convective transport of material out of the hydrogel matrix is removed.

During this time, the drug release is driven by diffusion and the amount released

is much less than that generated by irradiation. The hydrogel will begin to swell as

soon as the laser is turned off, returning to its equilibrium state. A second irradia-

tion sequence delivered at this time will cause the hydrogel to collapse again, re-

sulting in another burst of release of the ‘‘drug’’ molecule. Such a release pattern

for bovine serum albumin is shown in Fig. 12.2. This type of release profile may be

useful in insulin therapy as well as in other applications where controlled pulsatile

release of a drug is necessary.

Additionally, it has been speculated that metallic nanoshells could play a role

in future cancer treatments. These particles are small enough to find their way

through the human circulatory system on injection. Bioactive molecules can be

attached to the nanoshell surface to cause selective binding or accumulation of

these particles within a tumor. Using a NIR laser, carcinoma tissue can then be

destroyed by local thermal heating around the nanoshells. For example by tuning

the nanoshells to strongly absorb light in the NIR, where optical transmission

through tissue is optimal, a distribution of nanoshells at depth in tissue can be

used to deliver a therapeutic dose of heat by using moderately low exposures of ex-

tracorporeally applied NIR light [14]. In this study, human breast carcinoma cells

Figure 12.2. Release of BSA from nonirradiated and irradiated

hydrogel with and without nanoshells. Irradiation was at 1064

nm at 164 mJ pulse�1, 7 ns pulse length and 10 Hz repetition

rate. (Adapted from Ref. [2].)
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incubated with nanoshells in vitro were found to have undergone photothermally

induced morbidity on exposure to NIR light (820 nm, 35 W cm�2), as determined

by using a fluorescent viability stain. Cells without nanoshells displayed no loss

in viability after the same periods and conditions of NIR illumination. Likewise,

in vivo studies under magnetic resonance guidance revealed that exposure to low

doses of NIR light (820 nm, 4 W cm�2) in solid tumors treated with metal nano-

shells reached average maximum temperatures capable of inducing irreversible

tissue damage (DT@ 38 �C) within 5 min. Controls treated without nanoshells

demonstrated significantly lower average temperatures on exposure to NIR light

(DT < 10 �C). These findings demonstrated good correlation with histological find-

ings. Tissues heated above the thermal damage threshold displayed coagulation,

cell shrinkage, and loss of nuclear staining, which are indicators of irreversible

thermal damage. Control tissues appeared undamaged.

Due to all these positive developments, the design and fabrication of new types

of plasmonic metallic nanostructures have seen a flurry of activity. In particular,

the unique properties of nanoshells seem to promise a golden future for metallic

nanostructures in drug delivery and it will be fascinating to see what other applica-

tions arise in the near future [12–14].

12.3

Nanoshells Formed by Polyion E-LbL Self-assembly

This nanoencapsulation method involves the formation of an outer nanothick shell

around a core that is stable, permeable, compatible and allows the release of the

core material through the shell. In the last decade, E-LbL self-assembly has been

developed as a practical and versatile nanoencapsulation method to form nano-

shells. The core templates may be ‘‘passive’’ (such as 50–300 nm latex or silica),

which later will be dissolved, or ‘‘active’’ and functional (such as drug micro/

nanocrystals). Tailoring of the different components of individual particles be-

comes important in order to develop these functionalized colloids, i.e. to combine

several properties in one core–shell structure. Due to these advantages E-LbL as-

sembly has the capacity to employ a great variety of substances as shell constitu-

ents as well as core material. Only general aspects of the method had been elabo-

rated to demonstrate its potential, and it still has to be further developed and better

understood [15–20].

12.3.1

Preparation of E-LbL Nanoshells

The sequential adsorption of oppositely charged colloids was reported in a seminal

paper in 1966 by Iler [21]. The technique of E-LbL self-assembly of thin films by

means of alternate adsorption of oppositely charged linear polyions was then

further developed in earnest starting in the early 1990s [22–25]. The basis of the
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method involves resaturation of polyion adsorption, resulting in the reversal of the

terminal surface charge of the film after deposition of each layer (Fig. 12.3) [20,

22].

As a standard approach for film preparation on a solid support, the following

steps are employed [22, 24, 26]:

(i) Take aqueous solutions of polyion, nanoparticles or protein at a concentration

of 0.1–1 mg mL�1 and adjust the pH in such a way that the components are

oppositely charged.

(ii) Take a substrate carrying a surface charge [e.g. plates or polymer films covered

by a layer of cationic poly(ethylenimine) (PEI) which may be readily attached

to many surfaces].

(iii) Carry out alternate immersion of the substrate in the component’s solutions

for 10 min with 1 min of intermediate water rinsing. To rinse a sample use a

solution with pH that keeps the polyions ionized.

(iv) Dry the sample using a stream of nitrogen (note that drying may hinder the

assembly process and it is not necessary for the procedure).

The method provides the possibility of designing ultrathin multilayer films with

a precision better than 1 nm of defined molecular composition. To date, this

method has been used with more than 50 different charged macromolecules. The

polyions predominately used in the assembly are:

Figure 12.3. The procedure of E-LbL self-

assembly on two-dimensional substrates and

three-dimensional micro/nanotemplates.

Particles with negative surface charge is coated

with a layer of polycation (step 1). This

reverses the surface charge, which is then

coated with an anionic polyelectrolyte (step 2).

The original surface charge change is restored

and the surface is ready for further assembly

(step 3). (Adapted from Refs. [20, 22].)
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� Polycations: PEI, poly(dimethyldiallylammonium chloride) (PDDA), poly(allyl-

amine) (PAH), polylysine, chitosan.
� Polyanions: poly(styrene sulfonate) (PSS), poly(vinylsulfate), poly(acrylic acid)

(PAA), dextran sulfate, sodium alginate, gelatin, chondroitin, heparin, DNA.

These charged materials can be combined with enzymes, antibodies, viruses and

inorganic nanoparticles to produce multifunctional shells in both two- and three-

dimensional nanoassembly processes. The architecture of these shells can be de-

signed with nanometer precision (in cross-section) to meet different requirements

such as thickness, biocompatibility, controlled permeability, targeting and optical

or magnetic properties.

The only crucial factor for successful deposition is the surface charge reversal

upon deposition of layers, which can be achieved by choice of proper deposition

conditions. Since then various polyelectrolyte species could be adsorbed onto the

surface of solid or liquid materials by means of electrostatic adsorption, forming

layered structures with unique properties. It has been established that films can

contain more than 1000 polyelectrolyte multilayers [27]. The universal character

of the method does not impose any restriction on the type of polyelectrolyte. The

multilayers can also produce diverse shapes when various materials beside poly-

electrolytes, such as organic, inorganic nanoparticles and crystals, biomolecules,

lipids and viruses, are used in the coating process. Such a coating produces com-

plicated laminated structures. The use of polymers as the coating component is

often advantageous in comparison with employment of their low-molecular-weight

analogs. Mechanical strength, elasticity, electrical, optical and other properties

make them unique building blocks for the creation of composite materials. In ad-

dition, the incorporation of proteins and nucleic acids in multilayer films may lead

to the application as biosensors and in biotechnology [28–30].

The latter may even provide the base for development of ultrathin multistep

chemical catalysts or photosynthesis systems mimicking plants. Applications can

also be found in the fabrication of optical devices [31] and gas separation mem-

branes [32]. The efficient use of this unique multilayer coating is interlinked with

investigations of their properties. Although the methods for studying multilayer

properties are straightforward, they are very often not applicable or are time con-

suming because of the low amount of material studied and the possible influence

of the surface used as a support for layer growth. To eliminate the first factor, one

should drastically increase the total surface of the multilayers, which can be done

by using colloidal particles as templates [33]. Dissolution of the colloidal core could

avoid the second objection. The derived hollow capsules allow the study of poly-

electrolyte multilayers at the liquid–liquid interface, which seems to be very diffi-

cult while working on the solid support [23, 34].

These developments show that after the first publications on nanoshell forma-

tion in 1992–1999 [15–17], the structure of nanoshells has been characterized and

the procedures to increase the functionality of the nanoshells have been elaborated

through the efforts of several research groups [18, 22, 30]. For example, pore open-

ings in these polyion multilayers were first discovered by Mendelsohn and co-
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workers [35], and then later applied for enzyme loading into nanoshells by Lvov

and Caruso [18]. This growth in our knowledge regarding E-LbL nanoshell fabrica-

tion, structure and properties has led to noteworthy achievements that have many

advantages. However, many practical clinical applications in nanomedicine remain

to be developed.

12.3.1.1 Proving the Nanoshells

For the time-dependent monitoring of the assembly in situ, a quartz crystal micro-

balance (QCM) is most often used because of its proven suitability [22, 36, 37].

First of all, the kinetics of the adsorption process can be delineated by the QCM

technique, which is indispensable for establishing proper assembly conditions

(e.g. saturation adsorption time). Multilayer assembly is generally characterized by

means of the QCM technique in two ways: (i) after drying a sample in a nitrogen

stream we measure the resonance frequency shift and calculated an adsorbed mass

by the Sauerbrey equation or (ii) by monitoring of the resonator frequency during

the adsorption process onto one side of the resonator which is in permanent con-

tact with the polyion solutions. Frequency shifts of about 800 Hz are seen for every

adsorption cycle in solution QCM, which is more than that detected, for example,

for a dried film of PSS/PAH. This difference is ascribed to the strong hydration of

the layer that had just been adsorbed. The bound water is included in the film and

is removed after drying. This means that most polyion films swell by 40–60% be-

fore drying and that only 5–10% of the water remains in polyion films after drying.

It is assumed that polyion adsorption occurs in two stages: quick anchoring to

a surface and slow relaxation. To reach a surface charge reversion during linear

polyion adsorption one needs a concentration greater than 10�5 M [36]. However,

the dependence of polyion layer thickness on concentration is not great because in

the concentration range of 0.1–5 mg mL�1 the PSS/PAH pair yielded a similar bi-

layer thickness. A further decrease in polyion concentration (using 0.01 mg mL�1)

decreased the layer thickness of the adsorbed polyion. Other the other hand, an

increase in the component concentrations to 20–30 mg mL�1 may result in the

nonlinear (exponential) enlargement of the growth rate with adsorption steps, es-

pecially if an intermediate sample rinsing is not long enough [38].

In addition, at the beginning of the alternate assembly process one often sees

nonlinear film growth [36, 39]. As shown in Fig. 12.4, in the first two to three

layers, smaller amounts of polyion are adsorbed as compared with further assem-

bly, when the film mass and thickness increase linearly with the number of adsorp-

tion cycles. Tsukruk and coworkers [40] explained this as an island-type adsorption

of the first polyion layer on a weakly charged solid support. In the following two to

three adsorption cycles these islands spread and cover the entire surface, and fur-

ther multilayer growth occurs linearly. If a substrate is well charged then a linear

growth with repeatable steps begins earlier.

In addition to measuring weight changes with a QCM, following changes in the

UV spectra is another simple method to control LbL assembly on glass or quartz

slides. After every other layer one can measure the sample UV spectra and use

Beer’s law (absorbance is proportional to the material mass) to judge the amount
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of adsorbed polymer and whether the assembly process linear with number of

adsorbed layers. Figure 12.5 shows the UV spectra for three, five, seven and nine

bilayers of PSS/PAH deposited on quartz slide. There is a linear increase of absor-

bency with an increase in the number of layers; therefore, the mass of the film was

increasing linearly too. The absorbance maximum at 225 nm corresponds to the

absorbency of benzyl rings of PSS.

Figure 12.4. Frequency shift and film thickness of each

assembly layer for PDDAþ (PSS/PDDA)2 þ (PSS/gelatin)4
adsorption on QCM electrodes. The first four-layer precursor is

about 4 nm thick. The averaged frequency shift of every gelatin

layer is 483 Hz, corresponding to a thickness of 8 nm.

Figure 12.5. The increase in absorbance with an increase in

the number of PSS/PAH layers deposited on a glass slide. The

insert show the linear increase in layer mass.
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Another method to monitor the assembly process is to ensure the reversal of

charge after each polyion coating as shown in Fig. 12.6 [41]. For this the z potential

of the suspended nanoshells is measured after each layer has been applied. If the

solid support (e.g. drug crystal) with negative surface charge is, for example, incu-

bated in a solution containing a cationic polyelectrolyte, a layer of polycation is

adsorbed. As the adsorption is carried out at a relatively high concentration of poly-

electrolytes, a number of ionic groups remain exposed at the interface with the

solution and thus the surface charge is effectively reversed. The reversed surface

charge prevents further polyion adsorption. Solid supports or microtemplates are

then rinsed with pure water or washed by centrifugation, respectively, to remove

excess free polyions. The surface is then immersed in a solution of anionic poly-

electrolytes. Again, a layer is adsorbed, but now the original surface charge (nega-

tive) is restored and the surface is ready for further assembly. These two steps are

repeated alternately until a layer of the desired thickness is obtained. More than

two components can be used in the assembly as long as one condition, i.e. a proper

alternation of positive and negative charge, is observed [20, 22, 41].

More detail structural information can be obtained from X-ray and neutron re-

flectivity data. X-ray or neutron reflectivity measurements of polyion films show

patterns with profound intensity oscillations, the so-called Kiessig fringes, due to

the interference of radiation beams reflected from solid support/film and air/film

interfaces [42]. From the periodicity of these oscillations one can calculate the film

thickness (with the help of the Bragg-like equation and taking into account refrac-

tion phenomena which are essential at small-angles). Growth steps for a bilayer of

1.1–2.0 nm are typical for alternate linear polyion assembly and a thickness of one

Figure 12.6. Changes in the z potential of the

coated dexamethasone particles as a function

of the number of adsorption steps for capsule

composition of dexamethasone core/(PDDA/

PSS)4/PDDA (solid line and solid squares),

dexamethasone core/(PDDA/gelatin A)4/PDDA

(broken line and open squares) and

dexamethasone core/PDDA/(PSS/gelatin A)4/

(PSS/PDDA)1 (solid line and open triangles).
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layer often equals half of this value [43]. These values correspond to a polyion

cross-section and show that in one cycle of excessive adsorption we have approxi-

mately one monolayer coverage of the substrate. The nanoparticle/polyion bilayer

thickness is determined by the diameter of the particle. Model fitting of X-ray data

gives a surface roughness of the polyion film of order 1 nm, while atomic force mi-

croscopy (AFM) and scanning electron microscopy (SEM) data revealed a surface

roughness of 1–2 nm [42]. Polyion films are insoluble in water and in many or-

ganic solvents and are stable to 250–280 �C [44].

The polycation/polyanion bilayer thickness depends on the charge density of the

polyions. It was shown that more than 10% of polyion side-groups have to be ion-

ized for a stable reproducible multilayer assembly via alternate electrostatic adsorp-

tion [45]. High ionization of polyions results in a smaller step of film growth (1–2

nm) and lower ionization gives a larger growth step (3–6 nm). It can be reached

either by adding salt to a polyion solution (as discussed above for strong polyelec-

trolytes, such as PDDA and PSS) or by varying the pH for weak polyelectrolytes

[46].

12.3.1.2 Influence of the Core on Nanoshell Properties

So far it has been shown that the procedure of E-LbL nanoshell formation is a

multistep process. Although the further properties of capsules depend strongly on

the choice of polyelectrolytes employed and adsorption conditions, such as ionic

strength, temperature, solvent composition, number of layers, etc., an extremely

important step in determining the success of the experiment is the proper choice

of the cores type [27]. This is especially important when fabricating intact capsules

consisting only of the material used during the coating – the process of core disso-

lution should result in 100% elimination of the core without affecting the polyelec-

trolyte multilayers. In fact, the molecular weight of core components is typically

100 times more than that of the polymers forming the shell and the task of com-

plete core removal seems to be complicated from a chemical point of view. At pres-

ent, cores that have been exploited to template hollow capsules can be classified

into three groups differing by dissolution properties and chemical interaction

with polyelectrolyte components of the shell [27].

The first class is made up of organic cores made of water-insoluble oligomers

including the widely studied melamine formaldehyde (MF) cores dissolvable at

low pH and in some organic solvents, polystyrene (PS) cores soluble in tetrahydro-

furan (THF) and biofriendly poly(lactic acid)/poly(lactic-co-glycolic acid) (PLA/

PLGA) soluble in acetone/N-methyl-2-pyrrolidinone mixture. The second class is

made up cores that dissolves into small molecules and ions. These can be either

ionic or molecular crystals soluble in acidic or basic conditions or in an organic sol-

vent. At present, different carbonate particles (CaCO3, CdCO3 and MnCO3) [47]

and SiO2 particles [48] have been used for polyelectrolyte multilayer templating.

The main advantage of exploiting such inorganic particles is the absence of osmot-

ic stress upon dissolution and complete elimination of the core. The third class of

cores is made up of those subjected to strong oxidation. A biological cell is a typical

example of this kind of cores. For example, the assembly of polyelectrolyte multi-
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layers can be performed using fixed erythrocyte cells as templates [49, 50]. The re-

moval of the cell cores can be achieved by oxidation with sodium hypochlorite so-

lution. The main effect of changing the core is that the employment of a different

core material will result in different permeability properties of the shell.

12.3.1.3 Barrier Properties of E-LbL Assembled Nanoshells

The barrier properties of nanoshells formed by E-LbL depend on film thickness,

ionic strength and charge of the permeating molecule, temperature annealing, re-

sealing by additional layers, and chemical modification. If the permeability of the

polyelectrolyte multilayer is provided by diffusion through the entangled polymer

network, it should scale with the inverse of the layer thickness. However, most

studies show that the permeability decreases with increasing layer number much

faster than expected for a straightforward thickness increase. Only from approxi-

mately eight layers onwards does the permeability multiplied by the shell thickness

become constant, indicating that the permeability is now controlled by the thick-

ness increase and the diffusion-limiting region relates to the properties of the poly-

electrolyte layer [51]. Normally, the deeper layers are denser, resulting in a 5-fold

reduction of the estimated diffusion coefficient, while the loose structure of the in-

terfacial layers leads to a very slow increase in the dissolution time. This means

that only the presence of the internal dense layers can slow down the dissolution

time. For thinner walls, the drastic dependence on shell thickness may be ex-

plained either by the existence of pores that are successively closed by further layer

deposition or by a thickness-dependent diffusion coefficient. Diffusion dependent

on layer depth was indeed observed when the diffusion of polar labels in planar

polyelectrolyte films was studied [51].

Another parameter that can influence the multilayers structure is the ionic

strength [27]. It has been shown that the multilayer structure is affected if the

salt concentration is changed once the film is built up. Polyelectrolyte multilayer

vesicles can be subjected to temperature treatment that significantly influences

their properties. For example, at temperatures up to 95 �C the polyelectrolyte cap-

sules keep their integrity, but undergo irreversible structural changes [52]. The re-

sulting structure is characterized by decreasing capsule diameter with simultane-

ously increasing shell thickness as revealed by scanning force microscopy (SFM).

From thermodynamic point of view this effect can be explained by approaching

the equilibrium state of polyelectrolyte complexes. In another example hollow cap-

sules were fabricated by LbL deposition of oppositely charged diblock copolymers

each containing a PNIPAAm block and a charged negative or positive block (20

mol%) [53]. PNIPAAm is known to undergo a phase transition at a temperature

of 32 �C (the so-called LCST), after which it is not soluble. This transition is rather

sharp and completely reversible upon cooling. The obtained capsules exhibit

changes in morphology and permeability at elevated temperatures. However, this

process is only partially reversible in the multilayers. Relaxation requires more

than 1 month, which limits their thermosensitivity to one heating circle.

Chemical modification can be another way to induce the excessive charge into

the polyelectrolyte multilayers and change other characteristics of the film. One
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method proposed is using PAA, partially modified by Fisher esterification with dif-

ferent alcohols, as a multilayer constituent [54]. Depending on the nature of the

derivatizing alcohol, the hydrophobicity of the film could be tuned. The hydropho-

bicity of ester groups was shown to result in advancing water contact angles to

more than 100�. Crosslinking of these hydrophobic films via heat-induced amida-

tion stabilized coatings over a wide pH range, but did not significantly influence

their permeability. It has been proposed that crosslinking of the reactive groups

in the multilayers is sometimes the only possibility of making films composed of

weak polyelectrolytes stable at a wide range of pH and ionic strength. One example

is PAA/PAH multilayers, which readily decompose upon a shift of pH or ionic

strength, that can be crosslinked in order to gain stability [55]. In contrast, nano-

shells composed of PSS/PAH multilayers have semipermeable properties [26].

They are permeable for small molecules, such as dyes and ions, while under most

conditions high-molecular-weight compounds are excluded. One of the explana-

tions for this is the much smaller size of the pores in the multilayer film in com-

parison with the hydrodynamic radius of the permeating molecule.

Filled capsules can also serve as microreactors [56]. This is advantageous be-

cause for macromolecules there is an advantage in encapsulating enzymes and

proteins in general because their inaccessibility for inhibitors, proteases (which

are polymers and cannot permeate the capsule wall) and, of course, for bacteria.

This means the activity of enzymes encapsulated is higher as compared with typi-

cal values of chemically immobilized enzymes. In addition, the native conforma-

tion of proteins such as hemoglobin does not change upon encapsulation due to

contact with the nanoshell because there was no change registered in the position

of a so-called Soret band, which is very sensitive to the changes in the heme con-

formation. All these studies showed that the possibility exists to control and revers-

ibly change the capsule permeability for both low- and high-molecular-weight

molecules as shown in Fig. 12.7. This can be desirable for many applications, in-

cluding drug delivery. This means that the exploration of the permeability proper-

ties of capsules and multilayers must be further developed because it promises

many possibilities as drug carriers, biosensors, micro-reactors and catalysts, con-

struction materials, etc. [56].

12.3.2

Controlled Release of Active Pharmaceutical Ingredients Encapsulated by E-LbL

Assembled Nanoshells

A major challenge in the development of carrier systems of submicron dimensions

lies in the field of advanced drug formulations, especially when it comprises the

elaboration of delivery systems capable of providing sustained release of bioactive

materials [27]. Mainly, these bioactive compounds are small molecules with differ-

ent solubility and diffusion coefficients. If we consider only physical entrapment

without any covalent binding in order to develop a delivery system, one has to

encapsulate the active molecules within the shell proving certain release character-
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Figure 12.7. (A) Polyelectrolyte microcapsules with (PSS/

PAH)5 wall composition loaded with FITC-labeled glucose

oxidase (confocal image). (B) AFM tipping mode image of the

same broken dry capsule on mica; release of the encapsulated

material is visible. (Adapted from Ref. [56].)

Figure 12.8. (A) Illustration of furosemide

microcrystal encapsulation and release study.

In step 1, precursor layers of (PSS/PDDA)2 are

assembled onto positively charged furosemide

microcrystals. In step 2, (PSS/gelatin)2–6 layers

are added. In step 3, drug release in aqueous

solution was monitored at different pH values.

(B) Dissolution profiles of (PSS/PDDA)2 þ
(PSS/gelatin)4-coated furosemide micro-

particles compared to uncoated particles and a

commercially available tablet in physiologically

relevant media using the dissolution test

described in the USP 24. (Adapted from Ref.

[22].)
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istics. The potential use of polyelectrolyte capsules with drug entrapped in the

nanoshell for controlled drug delivery currently requires more study and is not

well established. In contrast, microencapsulation of drug microparticles is a well-

established technique for prolonging release. When microcapsules are coated with

appropriate antigens, they can also be targeted to specific regions in the body. This

can lead to lowered overall dosage requirements, increased drug concentrations in

the necessary regions and reduced side-effects. Polymer- and liposome-based sys-

tems have been used for drug encapsulation, mostly as unordered drug–polymer

conjugates [57–60].

The E-LbL self-assembly technique based on alternate adsorption of oppositely

charged components was developed to add nanometer-thick films to surfaces [15,

17, 35, 61, 62], offering the opportunity to design controlled release systems by en-

capsulating micron-scale cores with a very thin outer shell. The core must be insol-

uble under some conditions, such as low pH, and soluble under the conditions at

which controlled release is to take place. The release rate generally depends on the

thickness of the encapsulating shell and the material used in the coating. Thicker

shells lead longer release times.

12.3.2.1 Nanoshell Permeability for Low-molecular-weight Compounds

In the first report on controlled release, fluorescent dye microcrystals were used

as a model system for controlled release studies [24]. PSS and PAH were used

to form a polyelectrolyte shell on the fluorescein core. Increasing the number of

layers decreased the shell permeability and resulted in prolonged dye–core dissolu-

tion. Encapsulation of ibuprofen also resulted in prolonged release at different pH

values [63]. The ibuprofen dissolution time from capsules with walls built from 15

bilayers of chitosan–dextran was 40 s at pH 7.4, compared to 10 s with no coating.

Therefore, prolongation of the release was minimal.

To determine whether encapsulation by E-LbL assembly can substantially in-

crease drug release time, the technique was used to assemble polypeptides and

polyions on microcrystals of 5-(aminosulfonyl)-4-chloro-2-[(furanylmethyl)amino]

benzoic acid, commonly known as furosemide [22]. Furosemide is a diuretic and

antihypertension drug that is practically insoluble in water. Although the thera-

peutic effect is fast and intense after oral administration of furosemide, the oral

bioavailability of the drug from an immediate release dosage form is poor and

highly variable [64]. These problems can potentially be overcome by developing a

modified release dosage form. Ai and coworkers encapsulated furosemide micro-

crystals with polyions and gelatin to control the release of the drug in aqueous

solutions (Fig. 12.8) [22]. In step 1, precursor layers of (PSS/PDDA)2 are assem-

bled onto positively charged furosemide microcrystals. In step 2, (PSS/gelatin)2–6
layers are added. In step 3, drug release in aqueous solution was monitored at dif-

ferent pH values. Charged linear polyions and gelatin were alternatively deposited

on 5-mm drug microcrystals through E-LbL self-assembly. Sequential layers of

PDDA and PSS were followed by adsorption of two to six gelatin/PSS bilayers

with corresponding capsule wall thicknesses ranging from 45 to 115 nm. They
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then determined furosemide release from the E-LbL encapsulated crystals under

two physiological pH conditions, i.e. pH 1.4 (stomach) and pH 7.4 (blood). At

both pH values, the release rate of furosemide from the encapsulated particles

was reduced by 50–300 times (for capsules coated with two to six bilayers)

compared to uncoated furosemide. The results provide a method of achieving

prolonged drug release through self-assembly of polymeric nanoshells on drug

microcrystals.

In a study that further expanded the application of core–shell structures fabri-

cated by E-LbL self-assembling for drug delivery, Pargaonkar and coworkers re-

ported the controlled release of dexamethasone from microcrystals encapsulated

with a polyelectrolyte shell [41]. The E-LbL self-assembly process was used to pro-

duce dexamethasone particles layered with PDDAþ, (PDDA/PSS)4/PDDA, (PDDA/

gelatin A)4/PDDA, dexamethasone core/(PDDA/gelatin B)4/PDDA or dexame-

thasone core/PDDA/(PSS/gelatin A)4/(PSS/PDDA)1. The nanothin shells were

characterized by QCM measurements, microelectrophoresis, microcalorimetry,

confocal microscopy and SEM. The in vitro release of dexamethasone from the mi-

crocapsules suspended in water or carboxymethylcellulose (CMC) gels, measured

using vertical Franz-type diffusion cells, showed that the assembly of multiple

polyelectrolyte layers around these monodispersed cores produced a polyelectrolyte

multilayer shell around the drug microcrystals which allowed for controlled release

depending on the composition and the number of layers.

Ye and coworkers showed that indomethacin microcrystals can be directly

encapsulated with polysaccharides sodium alginate and chitosan multilayers

through LbL self-assembly [65]. The retention of the drug microcrystal was

found to gradually decrease due to its partial dissolution in the deposition solu-

tion. It was very significant that increasing the deposition temperature from 20 to

60 �C reduced the release rate efficiently, due to the increase in multilayer thick-

ness and formation of a more perfect multilayer film. This finding provides a new

and simple method to control the permeability of the LbL assembled multilayer

films.

12.3.2.2 Nanoshell Permeability for High-molecular-weight Compounds

DNA and polynucleotides (polyuridylic and polyadenylic acids) can be readily as-

sembled in alternation with polycations (PEI, PAH, polylysine) [66]. Alternate ad-

sorption of 0.1 mg mL�1 DNA at pH 5.2 with polycations gave multilayers with a

DNA/PEI bilayer thickness of 4.4 nm and DNA/PAH bilayer thickness of 3.6 nm.

Fourier-transform IR spectra confirmed the native double-stranded DNA confor-

mation in DNA/PEI and DNA/PAH multilayers. Coating DNA/polyion films on

medical implants may have applications in local gene therapy. In other studies,

proteins including lysozyme, horseradish peroxidase, albumin, bacteriorhodopsin,

immunoglobulins, glucoamylase, glucose oxidase (GOx), catalase, glucose isomer-

ase and diaphorase were used at concentrations of 0.1–2 mg mL�1 for LbL assem-

bly [20]. As the surface structure of the solid support can affect the stability of pro-

teins, precursor films of alternate PEI/PSS are normally used as standard surfaces.
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Proteins immobilized in multilayers with strong polyions, such as PSS, PEI and

PDDA, are insoluble in buffers in a pH range between 3 and 10. Protein multi-

layers with weak polyions are partially soluble in solutions with a pH close to the

isoelectric point of one of the components, but such multilayers can be stabilized

with crosslinking agents. Assembled proteins are in most cases not denatured [67,

68].

Nano-organized encapsulation of protein microcores such as insulin nanopar-

ticles in the presence of high concentration of neutral polymers (PEG) was also elab-

orated with a LbL assembly. Uncoated insulin PROMAXX microparticles formed

by controlled phase separation from hydrophilic compounds undergo to a fast dis-

solution if the PEG concentration is decreased [69]. Insulin release from PROMAX

was extended with LbL encapsulation. After the complex of insulin in the core and

the first layer of oppositely charged polymer is formed, the microparticle is stabi-

lized and adding new polyelectrolyte layers can be continued. Balancing strong

interaction of the first polyelectrolyte layer with protein microcore and easing this

interaction by depositing the second oppositely charge polyelectrolyte (polyanion/

polycation for positive cores at pH 5.8 and polycation/polyanion for negative cores

at pH 7.0) allowed us to control complexation of the encapsulated proteins and to

reach a sustained insulin release. Fine tuning of the release profile was reached by

using the third and forth polyelectrolyte layer addition.

Therefore, the general idea of controllable complex formation is as follows. Ad-

sorption of the first polyelectrolyte layer results in strong complex formation and

very slow release. An addition of the second, oppositely charged polyelectrolyte

layer results in relaxed complex and quicker release. The third oppositely charged

layer again gives slower release, etc. Just growing thickness of the capsule walls

within five to 10 bilayers (30–60 nm) did not slow insulin release from the micro-

particles. With this, the concept formulated in a Max Planck Institute research

group [23, 24, 28] defining LbL multilayer as a tight diffusion barrier with adjust-

able thickness in the range of five to 12 bilayers was converted to a new approach

where the main role in the controlled release from protein microaggregates is

given to adjustable interpolyelectrolyte complex formation controlled by alternate

polycation/polyanion coating of two to three monolayers.

E-LbL can also increase the stability of macromolecules as demonstrated for

membrane-disrupting peptide that are easily degraded in vivo [70]. The peptides

are important because when conjugated to peptide hormones they have been

shown to specifically destroy primary tumors and metastases in mouse models.

Consequently, the encapsulation and sustained systemic release of these peptides

could further improve treatment efficacy by protecting the peptides from degrada-

tion. When silica nanoshells are coated by E-LbL with polyelectrolyte layers of gela-

tin B or CMC carrying the peptide drug, Phor21-bCG(ala), the release kinetics of

the embedded peptide drug, can be controlled and its potency to destroy breast

cancer cells can be enhanced in vitro. The silica–peptide nanoshells produced by

this process had a diameter of 450 nm, and the adsorption efficacy was 20% and

was linear with an increasing numbers of layers. Up to 34% of the embedded

Phor21-bCG(ala) was released in a linear fashion from the CMC multilayers over

544 12 Nanoshells for Drug Delivery



a period of 20 h. The release kinetics was dependent on the pH. In vitro toxicity to

human breast cancer cells using gelatin B and CMC silica–peptide nanoshells

showed that Phor21-bCG(ala) was released from the multilayers, and the peptide

retained its potency in destroying human breast cancer cells and did not cause ag-

gregation of the peptide drug. This showed that E-LbL assembled silica–peptide

nanoshells may be used not only for sustained release of a peptide cancer drug to

treat primary tumors and metastases, but also to increase the stability of the active

ingredient.

Taken together, all these studies demonstrate the successful controlled delivery

of large biomolecules not only from a core encapsulated with a nanoshell, but

also from the nanoshell where the active molecule was used in the construction

of the nanoshell via the E-LbL process.

12.3.3

E-LbL Assembled Nanoshells as Protective and Functional Barriers

Nanoshells prepared by E-LbL self-assembly can be used as a new type of protective

microcontainer, capable of preventing oxidation of encapsulated compounds by

low-molecular-weight oxidizing agents [29, 30, 34]. These researchers developed

protective polyelectrolyte microcapsules that effectively prevents the oxidation of

encapsulated bovine serum albumin by a low-molecular-weight agent, H2O2 (Fig.

12.9). Two approaches for designing protective capsule microcontainers were dem-

onstrated. First, the ‘‘passive armor’’ approach is composed of a sacrificial reducing

agent as a shell constituent, while the ‘‘active armor’’ approach includes the cata-

lyst for H2O2 decomposition deposited onto the shell as the outer layer. In the

latter case, the protective material is not consumed during the H2O2 treatment,

thus prolonging the protection activity of the microcapsule. The designed micro-

containers combine the protective function with the controlled release of the en-

capsulated substance and, moreover, can possess magnetic activity to perform

magnetically adjusted delivery of the encapsulated material in aggressive media.

Protective polyelectrolyte capsules can find applications as delivery and depot sys-

tems in medicine, drug industry and biotechnology. These results demonstrated

the possibility of using developed microcontainers for preserving the bioactivity of

different encapsulated enzymes such as urease, chymotripsin, etc.

Another novel use of E-LbL nanoassembly is using biocompatible nanoparticu-

late TiO2 multilayers to coat photosensitive materials to increase their photostabil-

ity. The added benefit of this process is that due to surface modification, an in-

crease the dissolution rate and possibly the bioavailability of a poorly water-soluble

drug can be achieved. The photostability of nifedipine microcrystals (35 mm) coated

with a nanoshell composed of multiple bilayers of positively charged PDDA and

negatively charged nanosized TiO2 particles (20–25 nm) was increased because

even with one TiO2 layer the shelf-life of nifedipine was increased by 30 h indepen-

dent of the intensity of the light exposure, as shown in Fig. 12.10. With an increase

in the number of TiO2 layers, the photostability of the drug was enhanced even

more. In addition, a TiO2 monolayer decreased the contact angle by 20� for water
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and 33� for the dissolution medium as compared with uncoated nifedipine sur-

faces. This increase in wettability due to a decrease in contact angle increased the

dissolution rate of nifedipine microcrystals coated with one PDDA/TiO2 bilayer 13-

fold after 10 min, 5-fold after 1 h and 2-fold after 12 h when compared to uncoated

microcrystals. It is assumed that TiO2 increased the photostability because the

nanoparticulate multilayers act as a potential filter protecting the drug from dam-

aging light rays reaching the drug crystals. The dissolution rate was increased

because the hydrophilic TiO2 nanoparticles increased the aqueous wettability of

the drug crystals, thereby preventing aggregation in the dissolution medium. This

ensured that the maximum drug surface area was exposed to the dissolution

medium.

The increased dissolution observed for TiO2-coated drug particles showed that in

addition to protecting the drug load, E-LbL nanoshells can also assist in changing

the physicochemical properties of drug cores. This was also illustrated for dexame-

thasone where sonication during the layering process helped to reduce the particle

size of the drug, thereby increasing the dissolution rate of this practically water-

Figure 12.9. Schematic overview of the

‘‘passive’’ and ‘‘active’’ protection approaches

for nanoengineered polyelectrolyte capsules.

For ‘‘passive’’ shells (b and c), part of the

H2O2 is reduced by the PAH/PSS shell

material. ‘‘Active’’ ones (d and e) combine

catalytic and redox mechanisms to provide a

more efficient protection barrier. The magnetic

activity of polyelectrolyte capsules doped with

Fe3O4 is also preserved after (and during)

H2O2 treatment. (Adapted from Ref. [33].)
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insoluble drug, while also increasing the suspension stability [41]. For negatively

charged micronized dexamethasone particles the effective adsorption of a first

layer of PDDA during sonication as evidenced by microelectrophoresis measure-

ment of the reversal in charge caused enhanced dispersability of the dexametha-

sone particles because of the colloidal stabilization produced by the positively

charged PDDA coating combined with a significant reduction particles size to be-

low 2 mm. Stabilizing of the practically monodispersed particles also reduced the

Figure 12.10. (A) Decrease in the photo-

instability of nifedipine microcrystals when LbL

coated with nanosized TiO2 particles where

exposed to an illuminance of 12 W m�2 corre-

sponding to a light dose of 30 klux. (B) In vitro

release profiles for nifedipine showing the in-

crease in the dissolution rate of the drug when

coated with one layer of TiO2 nanoparticles.
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Ostwald maturation of the colloidal particles of the scarcely soluble dexametha-

sone, thereby preserving the reduction in particles size and the integrity and the

shape of the original crystals. A schematic of this process is shown in Fig. 12.11.

12.3.4

Magnetic Nanoshells

By using the E-LbL assembly it is also possible to include magnetic nanoparticles

(such as magnetite or cobalt) into the shell, thereby making the entire capsule

magnetic. The example in Fig. 12.12 shows a 400-nm diameter capsule composed

of a glucose oxidase core covered with a shell composed of two bilayers of 12-nm

diameter magnetite alternating with cationic PEI. Deposition of magnetite nano-

particles provided a magnetic momentum that allowed the nano/bioreactors to be

self-stirred and even be separated by the application of an external magnetic field

[71].

In a further development based on this work, ferromagnetic cobalt nanoparticles

coated with gold (Co@Au) were included in the capsule shell. With these particles,

the application of a low-frequency rotating magnetic field rotated these particles,

eventually providing shell distortion and release of the capsule content (Fig.

12.13) [72]. While looking at these functional capsules it is important to underline

that the effect is not due to hypothermal heating because this effect works at much

Figure 12.11. Illustration of the monodispersion of micronized

dexamethasone drug particles by E-LbL encapsulation followed

by the subsequent controlled release of the drug through the

insoluble porous shell.
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higher frequencies of the magnetic field. However, a magnetic field to modulate

the permeability of polyelectrolyte microcapsules prepared by LbL self-assembly

was also explored. For this purpose 5-nm diameter ferromagnetic Co@Au nano-

particles were embedded inside capsule walls. The final 5-mm diameter microcap-

sules had wall structures consisting of four bilayers of PSS/PAH, one layer of

Co@Au and five bilayers of PSS/PAH. Applying an external alternating magnetic

field of 100–300 Hz and 1200 Oe rotated the embedded Co@Au nanoparticles.

This rotation subsequently disturbed and distorted the capsule wall, and drastically

increased its permeability for macromolecules like fluorescein isothiocyanate

(FITC)-labeled dextran. The capsule permeability change was estimated by taking

the capsule interior and exterior fluorescent intensity ratio using confocal laser

scanning microscopy. Capsules with one layer of Co@Au nanoparticles and 10

Figure 12.12. A 400-nm diameter GOx core coated with (PSS/

PEI)2 þ (magnetite/PEI)2 shells. The 12-nm diameter magnetite

nanoparticles are visible on the surface.

Figure 12.13. SEM images of (a) hollow capsules with (PSS/

PAH)11 and (b) magnetic capsules with one layer of embedded

Co@Au [(PSS/PAH)4(PSS/Co@Au)1(PSS/PAH)6] (both in the

dry and collapsed state).
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polyelectrolyte bilayers were optimal for magnetically controlling permeability.

In this study the authors provided a theoretical explanation for the permeability

control mechanisms. What is important to realize is that ‘‘switching on’’ of these

microcapsules using a magnetic field makes this method a good candidate for con-

trolled drug delivery in biomedical applications.

12.3.5

Nano-organized Shells with Functions other than a Adjustable Diffusion Barrier

12.3.5.1 Colloidal Stabilization

The above discussions have focused on the concept of nanoshell assembly based

on the possibility to design multilayer walls with controllable diffusion which

may include active defense of the capsule interior. One of the advantages of this

approach is using in mild cooperative electrostatic interaction not involving cova-

lent bonding that may disturb drug molecules structure (especially for enzymatic

drugs). One of disadvantages of this technology is the necessity of a multistep de-

position process which often may be reached only after 10–16 sequential adsorp-

tion steps. During development of this technique, we found that not only slow

drug release is in demand, but colloidal stabilization and faster release for poorly

soluble drugs are also important. In such an application, one does not need many

adsorption steps that produce a thick nanoshell and we can convert submicron in-

soluble drug particles to stable colloids with controllable fast release only with two

to three deposition steps as shown in Fig. 12.11.

12.3.5.2 Interpolyelectrolyte Complex Formation

Working with soft protein microcores (such as insulin), the crucial importance of

interpolyelectrolyte complexation between the shell polyelectrolyte layers and the

protein core was shown [69]. In this case, the shell grows ‘‘roots’’ into the core

and for controlled release the optimization of this complex formation is more im-

portant than just increasing of number of polymer layers in the shell wall [69]. To

illustrate this, nano-organized encapsulation of protein microcores in the presence

of high concentrations of a neutral polymer (PEG) was elaborated using the E-LbL

process. This is important because it was found that uncoated insulin micropar-

ticles formed by controlled phase separation from hydrophilic compounds undergo

fast dissolution if the PEG concentration is decreased. For the same insulin, when

E-LbL encapsulation was used, the microparticle was stabilized after complexation

of the insulin core with the first layer of oppositely charged polymer. This meant

that the addition of new polyelectrolyte layers was easier. However, balancing the

strong interaction of the first polyelectrolyte layer with the protein microcore was

crucial, and the controlled release depended on the second and subsequent layers

because this interaction was decreased by depositing the second oppositely charge

polyelectrolyte. This allows for the control of complexation of the encapsulated pro-

teins with the first polyelectrolyte layer until sustained release of the insulin is

achieved. The general idea of controllable complex formation can be summarized

as follows. First, adsorption of the first polyelectrolyte layer results in strong com-
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plex formation and very slow release. Addition of the second, oppositely charged

polyelectrolyte layer results in a relaxed complex and quicker release. The third op-

positely charged layer again gives slower release, etc. Therefore just increasing the

thickness of the capsule walls within five to 10 bilayers (30–60 nm) did not slow

insulin release from the microparticles. With this, the concept formulated earlier

[69] where the LbL multilayer was considered as a tight diffusion barrier with

adjustable thickness is now converted to a new approach where the main role in

the controlled release from protein microaggregates is governed by adjustable in-

terpolyelectrolyte complex formation controlled by alternate polycation/polyanion

coating of as few as two to three monolayers.

12.3.5.3 Biomimetic Approach

The concept of using E-LbL shells to act as a nonbiological (engineered) replica al-

lows the reproduction of the shape and maybe even some organization features of

biological cells and viruses. Ai and coworkers [73] demonstrated the E-LbL nano-

coating of blood platelets. This nanocoating included an antigen outermost layer

for targeting these cells to antibody-coated regions in a capillary that simulated a

blood vessel. Using this approach, other small biological cores may also be repro-

duced through shell formation. For example, the nonbiological replication of the

shape and dimensions of a virus with E-LbL nanoassembly is a feasible goal to de-

velop, for example, a viral-like drug delivery vehicle. Figure 12.14 gives preliminary

results for the design of a nanoparticulate shell replica of bacteriophage Sd that has

an average diameter of 78 nm. As can be seen for the transmission electron mi-

croscopy (TEM) images, the nanocapsule E-LbL assembly may be a good instru-

ment for designing artificial virus systems to serve as intercellular drug carriers.

In addition, with this nano-architecture, the E-LbL method can be use to reproduce

some features of the virus structure, such as certain protein or lipid layers, in the

replica shell, making this drug nanocarrier very similar to the virus. This means

that treatment with such replicas will follow the same biological path as the viral

infection.

Figure 12.14. TEM images of bacteriophage

Sd used as a template for the formation of a

8-nm silica nanoparticle shell (right image with

the icosahedra shape), overall diameter D ¼ 78

nm, clearly showing the small tail or ‘‘basal

plate’’. The DNA core diameter is 68 nm and

protein shell thickness is about 5 nm.
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12.4

Conclusion

Nanoshells present a unique class of nano/microparticles with a wide range of po-

tential application in nanomedicine. The most exciting include the possibility of

engineering very small and/or very thin structures that through experimentation

can be developed into reproducible and reliable platforms that integrate micro/

nanotechnologies for the advanced delivery and targeting of drugs. In addition

they can be used to immobilize and copy cells or viruses, and to trap, embed and

protect small and macromolecules on surfaces. Although this field is still in its

infancy, many ongoing developments (and the products produced) offer some

unique opportunities for possible clinical applications that still need to be explored.

Concurrently exploring of these technologies can also lead to the development of

very sensitive in vivo testing methods and targeted in vivo diagnostic systems. The

ultimate goal is to combine delivery, sensing and targeting into a single multifunc-

tional nanoshell.

These novel possibilities should ensure that the future for nanoshell technolo-

gies remains bright. As we learn more about the construction and permeability

properties of these nanothick shells, their applications as drug carriers, biosensing

devices, microreactors, etc., are becoming clearer. This is especially true if one

looks at recent research results that have uncovered the effect of and the controlled

use of variables such as pH, ionic strength and temperature to modulate not only

the fabrication of nanoshells, but also to control the permeability of these shells.

Progress in the understanding of these principles of multilayer construction, inter-

action of charges within the shell and competition of various interactions within

the crowded environment of polyelectrolyte layers is vital for the future progress

in the area of responsive metallic and polyelectrolyte nanoshells.

In addition, answering the fundamental questions of the effect of self-assembly

conditions and the strength of intermolecular adhesion within nanoshells and

their effect on the rate of macromolecular rearrangements in responsive films and

the permeation rate of solute molecules within or from nanoshells may enable

the rational design of nanoshells with specific response characteristics. Hopefully,

unraveling these fundamental properties may lead to new strategies in the con-

struction of responsive coatings, e.g. those that respond to multiple stimuli and

deliver multiple active molecules in a controlled way, thus producing novel drug

delivery systems.

Last, but not least, we speculate that nanoshells could play a role in the future

treatment of specific diseases such as cancers. These particles can be designed in

such a way that they are small enough to find their way through the human circu-

latory system after injection. Bioactive molecules can be attached to the nanoshell

surface, trapped within the shell or covered by the shell to cause selective binding

or accumulation of these particles within a tumor. Using external sources such as

magnetic fields or heating with a NIR laser, carcinoma tissue can then be de-

stroyed by local effects such as thermal heating around the nanoshells.
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To conclude, nanotechnology as represented by nanoshells can provide numer-

ous advances for medicine. It might revolutionize methods used in medical

science, enabling future medicine to become even more successful in its objective

to save lives. We believe that the examples mentioned here represent a small frac-

tion of the future advances that will come from nanoshells. We also believe that

although the two methods to prepare nanoshells have the same foundation, there is

no evidence that the future developments obtained using the two methods will be

equivalent. The presence of some trends and research data leads us to believe that

the versatility of polyelectrolyte LbL nanoencapsulation currently makes its wide

application in drug delivery perhaps more promising. However, it will be fascinat-

ing to see what new applications arise in the future for both these systems.
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Bionanoparticles and their Biomedical

Applications

L. Andrew Lee, Hannah N. Barnhill, and Qian Wang

13.1

Introduction

Bionanotechnology is a newly emerging field in which novel nanomaterials are de-

veloped from biological building blocks. Primary building materials, DNA and pep-

tides (or peptidomimetics), have been extensively studied as starting materials for

nanomaterial synthesis [1–4]. Other basic elements derived from Nature’s own de-

signs include the virus and virus-like particles, ferritins, and other self-assembled

protein cages such as heat shock protein (Hsp) cages [5] and some enzyme com-

plexes [6]. These biogenic systems self-assemble based on multiple noncovalent in-

teractions to become highly organized scaffolds with robust physical properties.

These bionanoparticles (BNPs), in particular, offer fascinating structural features

and sophisticated chemistries, yet are under the control of malleable genetic infor-

mation. These qualities are exploited to tailor the BNPs at the atomic and mo-

lecular scales with specific functionalities (i.e. biomedical applications, supramo-

lecular chemistry, etc.). Moreover, Hsp cages and ferritin average 12 nm in

diameter, and the different viral cages span from 15 [7] to 160 nm [8], offering an

extensive array of sizes.

Distinctive features of BNPs, in comparison to synthetic nanoparticles, make

these biomaterials attractive for the following reasons:

� Monodispersed particles with uniform size distributions.
� Three-dimensional structures characterized at atomic or near-atomic levels.
� Genetic control over the composition and surface properties.
� High stability and organization of self-assembled architecture in nanometer

ranges.
� Economic large-scale production in gram and kilogram quantities.

The aim of this chapter is to provide an overview in BNP programming and its

current research in biomedical applications. There is a growing interest in BNPs

as new biomaterials for directing cellular processes, such as cell growth and differ-

entiation. Multiple ligands and peptides can be anchored to the biomaterials with
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predetermined nanometer spacing to act as homing signals for tissue-specific tar-

geting, and these precise adornments on the nanosystems can even be transferred

to more complex schemes for host immune evasion or activation. Notable nanosys-

tems already in clinical uses as vaccines are the recombinant chimeric hepatitis B

virus (HBV) particles [9] and the virus-like particles of human papillomavirus [10,

11]. The highly ordered and repetitive structures of BNPs facilitate pattern recogni-

tion by the immune systems and, consequently, are of a great benefit in protective

immunity induction [12, 13]. Additionally, both genetic and chemical tools can be

used to mold the scaffolds, which ultimately allows the precise control over the

spatial layout of functional groups at the molecular level.

The different methods involved in manipulating the viruses and ferritins with-

out affecting the self-assembly process is covered in section 13.2. In the following

section, there is particular emphasis on controlling the orientation and density of

ligands decorated on the surface of biomolecular shells via chemical and genetic

methods. Then the following sections in this chapter have been divided and de-

voted to the various programmed functionalities of the protein-based nanopar-

ticles: cell targeting, gene/drug delivery, bioimaging, vaccine development, im-

mune response modulation and, lastly, the future directions of BNP research.

13.2

BNPs

Viruses provide a wide array of shapes such as rods and spheres, and a variety of

sizes spanning from tens to hundreds of nanometers. These protein structures are

evolutionary tested, multifaceted systems with highly ordered spatial arrange-

ments, and natural cell-targeting and genetic information-storing capabilities. The

years of dissecting the details of virus infection, replication and assembly pathways

have imparted a wealth of information on the stabilities and functionalities of

these materials. The structural information provided by X-ray crystallography, nu-

clear magnetic resonance and previous mutagenesis studies lay the firm, primary

foundation for viral vector redesign. Intricately fashioned, multifunctional BNPs

for various biomedical applications have spun off from viral vector-based gene ther-

apy and vaccine development founded on the polyvalent antigen display on virus

coat proteins. Virus-based assemblies are, and continue to be, a major point in the

nexus of bionanotechnology.

Ferritin, another primary building block in bionanoscience, is a highly conserved

protein complex that spans approximately 12–13 nm in diameter as a tetracosa-

meric protein shell. The interior shell measures approximately 7–8 nm in diameter

and encapsulates the mineralized iron core. This protein shell is endowed with as-

tounding thermal and pH stabilities, along with tremendous resistance to denatu-

ration in high ion concentrations to act as protein templates for inorganic material

synthesis. The biomineralization with a variety of other metal atoms in apoferritin,
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the hollow protein shell without the iron core, exemplifies this concept of using

such a biological template for inorganic nanoparticle synthesis [14–16].

Although research on viruses and ferritin outweighs the other protein cages,

new systems such as chaperones [5, 17] and carboxysomes [18] have sprung up as

possible alternative protein cages for bionanosciences. The characterizations of

these systems are in much earlier phases compared to the preceding nanosystems

of viruses and ferritin, but each individual system is a potential novel nanomaterial

for future chemistries and genetic reprogramming. These platforms, derived from

protein-based systems like viruses and ferritin, offer a high degree of spatial orga-

nization with well-characterized self-assembly motifs – a quality that can be of

major advantage in BNPs for controlling functional group density and orientation.

Many of these protein shells permit biological modifications by genetic insertions

of foreign peptide sequences and orthogonal chemistries to alter the native protein

to incorporate multiple functionalities.

Viruses and other BNPs have been previously employed as vaccine carriers and

gene therapy vectors [19–23], but the potential applications of viruses and BNPs

for chemical reactions and material synthesis have not been systematically ex-

plored until recently. Current research topics in BNP chemistry can be broadly

classified as host–guest chemistry (including biomineralization and phage dis-

play), controlled self-assembly and bioconjugate chemistry.

BNP-based inorganic materials development has advanced greatly over the past

few years, pioneered by S. Mann, T. Douglas (together with M. Young) and A. M.

Belcher. Mann and coworkers have prepared magnetic nanoparticles with apoferri-

tin as nanoreactors by biomimetic syntheses [14]. Douglas, Young and coworkers

have made important contributions in the syntheses of inorganic nanoparticles

with cowpea chlorotic mottle virus (CCMV) and other protein cages as templates

[15, 24–28] or catalysts [16]. Belcher and coworkers’ work on using filamentous

bacteriophage M13 to bind and align nanocrystals in an ordered array is another

example of harnessing the logic of biological synthesis for nanomaterial develop-

ment [6, 29, 30]. Genetically modified M13 have been used as templates to align

inorganic, organic and biological nanosized materials into nanowires [31, 32],

nanorings [33], nanofibers [34], films [35, 36] and other nanostructures [29, 37–

39].

In addition to the organic reactions of ferritin and adenovirus [40–44], there

have been many recent developments in the chemoselective organic modifications

of BNPs. Finn and coworkers have extensively quantified the organic chemical re-

actions of viruses as molecular entities [45–48]. Cowpea mosaic virus (CPMV) has

been demonstrated to be a robust platform for conjugation with a variety of mole-

cules, including fluorescent dyes [45–48], poly(ethylene glycol) (PEG) chains [49],

stilbene derivatives [45], biotin [47, 48], DNA, peptides [50], antibodies [45] and

carbohydrates [51]. This strategy permits the covalent installation of functional

groups in multiples of 60 at well-defined locations. Following CPMV, the chemical

reactivities of many other viruses have been studied, including CCMV [52], Nu-

daurelia capensis o virus (NoV) [53], tobacco mosaic virus (TMV) [54], small Hsp
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[5], turnip yellow mosaic virus (TYMV) [55, 56] and bacteriophage MS2 [57]. In

short, BNPs provide chemists and material scientists with conveniently accessible

scaffolds whose structure and functionality can be genetically programmed and

manipulated.

These protein shells are treated as complex chemical compounds that can be uti-

lized as vehicles for drug/gene delivery [58–60], two-dimensional ordered arrays

[35], nanowire synthesis [31], depositions on films or polymers or even biocompo-

site material synthesis [29, 32, 34, 37–39]. The precise manipulation of these plat-

forms relies heavily on the multidisciplinary integration of organic synthesis,

molecular, structural and cell biology, and bio-organic chemistry to devise, func-

tionalize and analyze these complex macromolecular structures. These disciplines

are unified under a unique theme of re-engineering the self-organizing biological

systems in the nanometer range with molecular specificity for a strategic purpose –

gene or drug delivery, eliciting an immune response or in vivo bioimaging.

13.3

Genetic and Chemical Alterations of BNPs

13.3.1

Chemical Modifications

Although a few organic reactions of ferritin and adenovirus have been reported

[40–44], it was not until recently that the chemoselective organic modification of

BNPs has been studied systematically. In all the cases, the accessibility is the key

to the reactivity of a functional residue on BNPs. In other words, if a functional

side-chain is exposed on the surface (either interior or exterior) or is accessible to

the reactant, it generally can be modified.

13.3.1.1 Conventional Bioconjugation Methods for Selective Modifications

The conventional way to modify the BNP relies on the protein chemistry, particu-

larly the reactivity of the functional groups of the side-chains. The amino group of

lysine residues (Lys), the thiol group of cysteine residues (Cys), the carboxylic

groups of glutamic acid (Glu) and aspartic acid (Asp), and the phenol groups of

tyrosines (Tyr) are among the best for chemical modification (Fig. 13.1) [61]. If ac-

cessible Lys, Cys, Glu/Asp and Tyr can be found or created, they should be able to

be derivatized. In addition, orthogonal reaction conditions are generally required to

modify a group of residues selectively without interference with the other func-

tional groups.

CPMV, as a prototype of icosahedral viruses for organic reactions, is now well

understood from the studies of Finn and Johnson groups over the past 5 years

[45–48, 51, 62, 63]. The particle has been found to be highly rigid in the X-ray crys-

tal structure, such that residues are shown to be hindered and remain inaccessible

to chemical reagents in solution.
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13.3.1.1.1 Lysine Reactivity Figure 13.2 shows the space-filling and ribbon dia-

grams of the outside surface of the CPMV pentameric unit. Only five lysine resi-

dues appear to be exposed to the solvent on the exterior, whereas at least 10 are

found on the interior surface, presumably involved in electrostatic interactions

with the packaged RNA genome and therefore unreactive with external reagents.

In initial studies, fluorescent dyes were employed as probes to monitor the reactiv-

ities of CPMV. The exposed lysines of wild-type CPMV were reacted with fluores-

cein N-hydroxysuccinimide (NHS) ester 1 and isothiocyanate 2, which are reagents

selective for reactions with available lysine residues (Scheme 13.1) [48].

Figure 13.2. Structure of the pentameric units

of CPMV coat protein with lysines marked in

blue. (A) Top view of the space-filling model

showing the exterior surface-exposed lysines.

(B) Side view of the ribbon diagram of the

pentamer with all lysines highlighted. Most of

the lysines locate at the interior surface of the

protein cell to bind to the RNA inside.

Scheme 13.1. Chemical modification of CPMV at reactive

lysines and cysteines (virus shown in a schematic manner).

562 13 Bionanoparticles and their Biomedical Applications



The particles were very stable, which can withstand the organic reagents and the

conditions. The integrity of the modified viral particles was confirmed by sucrose

gradient sedimentation, transmission election microscopy (TEM) and fast protein

liquid chromatography (FPLC) analysis. Covalently modified virions were sepa-

rated from excess dye reagents by multiple passages through size-exclusion col-

umns until dye was undetectable in the wash solution and the relevant absorbance

ratios for the virus samples were constant. Nonspecific dye adsorption to the virus

had not been observed. The stoichiometries were determined by absorption mea-

surements on solutions of labeled particles by comparison of the intensities of

dyes (495 nm for fluorescein) to viruses (260 nm), each having nonoverlapping

bands with well-established molar absorptions.

At neutral pH, wild-type CPMV was found to be readily labeled by NHS es-

ters at room temperature, up to a ratio of between 60 and 70 dye molecules

per virion, in a dose-dependent fashion through a reagent ratio (dye:viral protein)

of 200:1 (Fig. 13.3B). Pushing the reaction with greater amounts of 1 (up to

Figure 13.3. Relationship of the ratio of

reactants (Scheme 13.1) to the number of

attached dyes per CPMV particle. (A) Results

of reactions using fluorescein NHS ester 1,

showing the full range of ratios of the

reactants used. (B) Expansion of the boxed

area in (A). (C) Results of reactions using

fluorescein isothiocyanate (FITC) 2. (D)

Sodium dodecyl sulfate–polyacrylamide gel

electrophoresis (SDS–PAGE): lanes 1, CPMV-

N-fluorescein prepared using reagent 2,

containing approximately 50 dyes per particle;

lanes 2, underivatized wild-type CPMV. Left

(black background), visualized directly under

UV illumination showing the attachment of

fluorescein to the small subunit; right (lighter

background), stained with Coomassie blue to

reveal both subunits. (Reprinted from Ref. [48],

8 2002, with permission from Elsevier.)
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dye:protein ¼ 4000:1) gave a maximum loading at both pH 7.0 and 8.3 of about

240 dyes per virion, indicating that four lysine residues per asymmetric unit are

accessible under forcing conditions (Fig. 13.3A). The isothiocyanate reagent proved

to be less reactive and thus more selective, requiring approximately 1000 equiva-

lents to get a loading of 60 dyes per virus particle (Fig. 13.3C). Further increasing

the amount of isothiocyanate dye by a factor of 5 resulted in only a modest increase

in the number of dye molecules attached per virion. Electrophoresis of the result-

ing particles under denaturing conditions showed predominant lysine reactivity at

lower loading (50 dyes per particle using isothiocyanate 2) to be associated with the

small subunit (Fig. 13.3D).

NHS esters and isothiocyanates are very efficient regents to modify accessible ly-

sines on BNP. For example, fluorescent dye 1 has also been applied to derivatize

the lysines of CCMV [52] and the small Hsp (MjHsp) cage from Methanococcus
jannaschii [5]. The latter has been used in selective attachment and release of che-

motherapeutic agents [64]. A similar strategy has been applied to study the differ-

entiated reactivities of lysine residues of NoV virus-like particles (VLPs) during a

pH-induced conformational change [53]. NoV is a single-stranded RNA icosahe-

dral insect virus, whose capsid is composed of 240 copies of the 70-kDa subunit

protein. The VLPs of NoV are readily produced using a recombinant baculovirus

system. At pH 7.6 the coat protein assembled into a stable (‘‘procapsid’’) particle,

which is 480 Å in diameter and quite porous. Upon lowering the pH to 5.0, a con-

certed reorganization into a 410-Å diameter mature capsid structure occurs. The

Figure 13.4. (A) Cryo-electron microscopy

analysis results of Nanogold-modified CPMV

with the density of gold labeled with a golden

color. The electron densities of gold clusters

were generated by subtracting density

computed with the native CPMV X-ray

structure from the density of Nanogold-

derivatized CPMV cysteine mutants. (B) A

pentameric section of the gold densities

superimposed on the atomic model of CPMV

showing that the gold is attached at the site of

designed cysteine mutation. (Reprinted from

Ref. [46], 8 2002, with permission from Wiley-

VCH.)
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pH-induced contraction of NoV is one of the largest relative changes known to oc-

cur in virus particles. Since both the procapsid and capsid forms of NoV VLPs are

stable at pH 7.6, this system offers a rare opportunity to study the chemical reactiv-

ities of such large assemblies in two dramatically different states. With fluorescein

derivatives 1 and 2, approximately 240 dye units can be attached per VLP in the

mature capsid form. As expected, procapsid VLPs were significantly more reactive

than their capsid counterparts under identical conditions [53]. This result clearly

demonstrated the importance of accessibility of a functional group to its reactivity.

13.3.1.1.2 Cysteine Reactivity The reactivity of cysteines of CPMV has also been

carefully studied. The crystal structure of CPMV displays no free cysteine residue

exposed on the exterior surface of the capsid. When wild-type CPMV was treated

with thiol-selective reagents such as N-bromoacetamide 3 and maleimide 4

(Scheme 13.1), the reactions were very slow and give alkylation of thiol residues

located exclusively on the interior surface of the protein capsid. There were no ob-

vious reactions after 6 h of incubation with 3 and 4 [46, 51]. Additional amino acids

can be inserted into a few solvent-exposed sites without interfering the ability of

the resulting mutant virus to propagate in the host plant [20, 65–67]. Taking ad-

vantage of the biological nature of the virus, addressable cysteine residues were

genetically introduced on the exterior surface of CPMV, using standard cloning

techniques. These sites, the bB–bC and bC 0–bC 00 loops of the small subunit and

the bE–bF loop of the large subunit, are color-marked in Fig. 13.5. Each of the

virus mutants contain a cysteine residue inserted as part of an added small loop

or as a point mutation, and thus each particle contains 60 such insertions ar-

rayed in icosahedral symmetry on the 30-nm diameter capsid. The altered se-

quences are genetically stable through multiple rounds of infection, harvesting,

and reinoculation. The average purification yield of the mutant viruses is com-

parable to wild-type, but the presence of b-mercaptoethanol (BME) or tris(2-

carboxyethyl)phosphine (TCEP) was necessary throughout the isolation procedure

to avoid crosslinking of particles when they were pelleted by ultracentrifugation or

stored after purification.

The thiol groups of the introduced cysteine residues of the mutant viruses are

more exposed to the surface than the native cysteines of CPMV. Compared with

the wild-type virus, the new inserted cysteines demonstrated much higher reactiv-

ity. All the thiol groups could be derivatized with very low concentration of the mal-

eimide or bromoacetamide electrophiles at neutral pH within 6 h at 4 �C (Scheme

13.1). More importantly, the different sites of attachment could be programmed by

genetic mutagenesis based on the structure information. For example, when mu-

tant virus was reacted with monomaleimido-Nanogold1, derivatized particles were

flash frozen and examined by cryo-electron microscopy and a three-dimensional

image reconstruction was computed. In Fig. 13.4, the electron densities of the

gold clusters are clearly visible at the positions of the inserted cysteine residues

[46]. This provided an example of the engineering of chemically reactive functional

groups at designated positions on the icosahedral protein template by genetic

methods.
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It is an interesting observation that in general there is no cysteine exposed to the

exterior environment for any native virus or other BNPs. While that may be a re-

sult of evolution to avoid nonspecific aggregation, it offers a unique opportunity to

selectively modify the BNPs. Genetic introduction of accessible cysteine very often

brings in a unique reactive site, which can be derivatized chemoselectively and re-

gioselectively. In addition to CPMV, such a technique has also been applied to

CCMV [52, 68] and MjHsp [5].

13.3.1.1.3 Reactivity on Carboxylic Groups (Glutamate And Aspartate) At neutral

pH and mild conditions, amines can be used to derivatize surface-exposed

carboxylic groups upon activation. A cocatalyzed system, 1-ethyl-3-(3-dimethyl-

aminopropyl)carbodiimide (EDC) and NHS, is commonly used in the modification

of the carboxylic groups of BNPs. For example, horse spleen ferritin (HSF) has

been modified with long-chain aliphatic amine activated by EDC/NHS. The re-

sulted particles can be dissolved in nonaqueous solutions [41, 69]. Similarly,

CCMV [52], TMV [54] and TYMV [55] can also be addressed on the exterior

surface.

13.3.1.1.4 Orthogonal Modification of BNPs Based on conventional bioconjuga-

tion methods, it is possible to attach multiple, distinct functionalities on BNPs

Figure 13.5. CPMV structure. (A) A diagram-

matic representation of CPMV showing the

distribution of the two subunits that comprise

the ‘‘asymmetric unit’’, 60 copies of which

form the icosahedral particle. The trapezoids

in red and green represent the two domains

of the large subunit clustered around the

3-fold symmetry axes and the blue trapezoid

represents the small subunit clustered about

the 5-fold symmetry axes. (B) Ribbon diagram

of the two subunits of the CPMV coat protein,

with the sites of mutational insertion

highlighted in red (bB–bC loop) and purple

(bE–bF loop). (Reprinted from Ref. [48],

8 2002, with permission from Elsevier).
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with orthogonal reactions. For example, the cysteine-inserted CPMV particles

maintain the native reactive lysines. Therefore, one can selectively modify the ly-

sines with NHS ester (or isothiocyanate) and the cysteines with maleimides. With

this method, blue fluorescent antibody and PEG have been attached to CPMV cys-

teine mutants [45]. Scheme 13.2 shows two other examples of dual modification of

BNPs [70, 71].

13.3.1.2 ‘‘Click Chemistry’’ for Bioconjugation of BNPs

The copper-catalyzed azide–alkyne cycloaddition (CuAAC) reaction, discovered in

2002 [72, 73], has emerged as an excellent method for connecting diverse building

blocks in organic synthesis. It is a classic example of ‘‘click chemistry’’ coined by

Sharpless and his coworkers [73, 74]. As the azide and alkyne groups are each al-

most entirely unreactive with proteins, nucleic acids, acids, bases and water, the re-

action is well suited to the formation of covalent bonds to biological molecules with

no side-reactions. In particular, shortly after the discovery of the CuAAC reaction,

many other new catalytic systems were been reported [72, 75–77], which further

promoted the application of this reaction in bioconjugation process. Finn and co-

workers pioneered in using this reaction for the bioconjugation of plant virus [78].

CPMV was successfully labeled at all 60 identical protein asymmetric units of the

capsid (Scheme 13.3A). Tris(carboxylethyl)phosphine (TCEP), a water-soluble re-

ducing agent, was used to reduce Cu(II) to Cu(I) at 4 �C. Addition of ligand 5 dras-

tically enhanced the reaction rate and an almost quantitative amount of modified

proteins could be recovered after the reaction. The azide moiety could be attached

to lysine, cysteine or tyrosine residues [62, 78]. Different fluorescent compounds

Scheme 13.2. Dual modification of CPMV and HSF with

orthogonal reactive lysines and cysteines.
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contained acetylene groups were anchored on viral surfaces with this reaction,

while only millimolar concentrations of dye reactants were required [78, 79]. Using

a new catalyst 6 [77], the reactivity of the reaction has been improved significantly

so that micromolar protein can be connected to mid-micromolar concentrations of

small molecules, polymers and proteins, all in high yield and with excellent purity

(Fig. 13.3B) [80].

The ligation strategy developed by Finn and coworkers was confirmed to be re-

markably reliable and suitable for most of bio-platforms and has been followed by

other groups for different purposes. For example, Tirrell and coworkers incorpo-

rated non-natural azido-amino acids into the Escherichia coli cell membrane protein

OmpC, which were successfully modified with biotin-alkyne via a Cu(I)-mediated

1,3-dipolar cycloaddition [75, 81]. Schultz and coworkers introduced azido-amino

acids or alkyne-amino acids into proteins in yeast [82, 83] and the pIII protein of

M13 filamentous phage [84]. These were sequentially reacted with fluorescent dyes

or polyethylene glycols via the CuAAC reaction. Recently, two useful fluorogenic

click reactions have been reported independently by the groups of Fahrni and

Wang (Scheme 13.4) [85, 86]. Wang and coworkers synthesized 3-azidocoumarins

(7), which show no or very weak fluorescence due to the quenching effect from the

3-azido groups. Upon coupling with arylalkynes, most of the triazole products

strongly fluoresce [86]. The mild reaction conditions allowed the combinatorial

screening of the best azidocoumarin–alkyne pairs on the basis of fluorescent emis-

Scheme 13.3. Bioconjugation by azide–alkyne cycloaddition to

derivatized CPMV particles through the Cu(I)-catalyzed azide–

alkyne coupling reaction under different catalytic conditions

[77, 78].
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sion. Similarly, the fluorescence of 8, synthesized by the Fahrni group, can be

greatly enhanced by the triazole formation [85].

As this reaction tolerates most of functional groups and the azidocoumarin will

only attack the acetylenes [62, 78], the location of the acetylene groups can be pre-

determined by detailed proteomic study. Then, the CuAAC reaction with azidocou-

marins can anchor different kinds of functionalities on predefined positions of

BNPs and the fluorescent signals from the product can be used to monitor the re-

action efficiency.

13.3.1.3 New Developments in Tyrosine Modification

The electron donating effect of the hydroxyl group makes the phenol group of

tyrosine a good nucleophile towards electronphilic attack at the ortho position of

the OH group. Using diazonium salts (AraNcNþ), tyrosine can be selectively de-

rivatized under mild conditions [61]. This reaction has been applied to modified

TMV on surface tyrosines [54]. However, the reactivity of the reaction is re-

duced when the diazonium reagents without electron-withdrawing group on the

aromatic rings are used. To solve this shortcoming, Francis and coworkers further

improved the reaction with sequential derivations to render the tyrosine residue

more susceptible to sophisticated modifications [57]. As shown in Scheme 13.5,

the nitro-substituted diazonium salts afforded excellent tyrosine modification with

MS2 bacteriophage. The resulting particles were reduced with sodium dithionite

and reoxidized to o-iminoquinone. A further Diels–Alder reaction with acrylamides

was completed in 2 h at room temperature with conversion levels exceeding 90%

[57]. This modified protocol affords a versatile orthogonal pathway for bionanopar-

ticle modification at tyrosines.

The unique structural feature of tyrosine can support multifaceted reactions

other than simple nucleophilic or electrophilic substitution reactions with amino,

thiol or carboxylic groups. Many new bioconjugation pathways have been revealed

or re-elaborated recently, which opened new venues toward the selective modifica-

Scheme 13.4. Schematic illustration of the fluorogenic ‘‘click’’ reactions.
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tion of BNPs. For example, selective alkylation of protein tyrosines can be achieved

by p-allylpalladium complexes (Scheme 13.6A) [87] and the ortho position of the

hydroxyl group of tyrosine can be addressed with Mannich-type coupling reactions

(Scheme 13.6B) [88].

13.3.2

Genetic Alterations

Many of the viruses in isolated forms are complex macromolecular assemblies of

metabolically inert molecules, which can be chemically modified. Alternatively,

the virus can be genetically reprogrammed in its hosts with foreign peptides to ex-

press an antigen [89, 90] or to alter the affinity of the recombinant viral particle for

different cell surface receptor [59, 91]. Furthermore, single-amino-acid substitution

mutagenesis allows the site-specific incorporation of reactive amino acids, such as

lysines or cysteines, or non-natural amino acids (NAAs) [92] on the virus coat pro-

tein for regioselective chemical modifications. Using such methods, Schultz and

his group have incorporated PEG [83], alkyne-modified amino acids [93] and pho-

Scheme 13.5. Sequential functionalization of bacteriophage MS2.

Scheme 13.6. New reactions in the selective modification of protein tyrosine residues.

570 13 Bionanoparticles and their Biomedical Applications



toisomerizable amino acids into the proteins [94]. In vivo and in vitro protein ex-

pression systems derived from cell lysates have also been used to drive viral protein

synthesis with the NAAs [93, 95]. To that end, molecular cloning techniques are

well integrated into the generation of hybrid BNPs with novel biological, chemical

and physical properties.

13.3.2.1 Heterologous Peptide Insertions

The structural information provided by X-ray crystallography and NMR studies can

be hallmarks for discovering strategic locations when designing a recombinant

virus particle. Many of the BNPs have their structures resolved at near-atomic res-

olution, facilitating the generation of the recombinant nanoparticles. Often the

outer surface exposed loops between major secondary structures (b-sheets and

a-helices) or amino/carboxy-termini of the coat protein can be prime candidate

sites for insertional mutagenesis. These alterations have ranged from single-

amino-acid substitutions [47] to entire protein domain incorporations [96, 97].

The biological, physical, and structural properties of CPMV have been well char-

acterized [98, 99]. The virus resists temperatures of up to 60 �C and is stable at

extremely low pH levels for extended periods [65], providing the system with an

extended shelf-life. The structure of the nonenveloped plant virus has been deter-

mined at 2.8-Å resolution [100], indicating that the virus displays a picorna-like

T ¼ 1 ðP ¼ 3Þ protein shell (termed a ‘‘capsid’’). Each capsid is composed of 60

copies of the asymmetric units and each unit contains three jelly-roll b-sandwich

folds formed by two polypeptides (identified as ‘‘small’’ subunit, A domain and

‘‘large’’ subunit, Bþ C domains in Fig. 13.5).

The asymmetric units are assembled in an icosahedral surface lattice around the

single-stranded viral genomic RNA to form the virus particle of approximately 30

nm in diameter. The two different RNA molecules are required for infection,

which are packaged by identical capsid structures, giving virions of differing den-

sities and molecular weights (5:16� 106 and 5:98� 106 Da, correspondingly). The

viral genes have been cloned to a robust vector driven by CMV 35S promoter [101],

which eases the transfection process by allowing direct infection with the cDNA

clone rather than with RNA transcripts. Thus, the virus can be easily and inexpen-

sively isolated from in yields of 1–2 g of virus per kilogram of infected leaves by

using a simple and convenient procedure [102].

A series of peptide insertions on different positions of the virus revealed that the

coat protein accomodates inserts of up to 30 amino acids with little effect on virus

host range [103]. Moreover, among all the recombinant vectors synthesized, in-

creases in viral coat protein isoelectric point had an adverse effect on the ability of

the virus to spread systemically [103]. In vaccine development studies, short pep-

tide inserts on the virus with a variety of foreign antigenic sequences have been

successfully engineered on the surface of the virus with gp41 of HIV type 1 [67,

104] and VP2 protein of mink enteritis virus (MEV) [105]. These chimeric viral par-

ticles properly displayed the epitopes to elicit neutralizing antibodies against the

viruses and confer protective immunity in mink against a lethal challenge of

MEV. In particular, the large subunit contains a highly exposed bB–bC loop on
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the surface (Fig. 13.5), which appears to be uninvolved in intersubunit assembly

and exhibits high variability in viruses within the comoviridae family [106]. A chi-

meric CPMV particle incorporating a 12-mer insert from the CD46 receptor on the

exposed bB–bC loop was shown to inhibit measles virus entry into neurons in the

brains of treated mice and prevented a brain infection when the mice were pre-

treated with the chimeric particles [107].

Similar protein structures within a family of viruses can be compared to reveal

permissible mutational sites and identify critical residues for gene encapsidation

or supramolecular assembly. TYMV (Fig. 13.6) is an RNA plant virus within the

family of tymoviridae, which contains at least 20 different known species, among

which three have been determined at near-atomic resolution. Selective replace-

ments on TYMV with the homologous regions of another tymovirus, belladonna

mottle virus (BeMV), had not affected the infectivity in Chinese cabbages [108].

Six of 10 such recombinants were fully viable and gave symptoms in the plants.

According to this study, the amino-terminus region was particularly amendable to

short peptide substitutions. The first 9 amino acids were successfully replaced with

9 amino acids from E-71 major merozoite surface antigen of Plasmodium falcipa-
rum to generate chimeric TYMV particles [108]. However, the study indicated that

these residues reacted poorly to the antibodies raised against the E-71 epitope and

the antigenic inserts were weakly immunogenic [108], suggesting that these in-

serts were less accessible to the surface.

In the structural comparison of the three related viruses, TYMV, physalis mottle

virus (PhyMV) and desmodium yellow mottle virus (DYMoV) (Fig. 13.7), the resi-

dues His68 and His/Ser180 have been identified in the crystal structures to adopt

similar configurations [109]. Bink and coworkers suggest that these two residues

are involved in the RNA encapsidation or decapsidation by the virus, as mutations

of the two histidines to alanines showed an absence of systemic symptoms in

plants, but had not affected capsid assembly when virus coat proteins were over-

expressed in E. coli cells [109]. The comparative analysis also revealed conserved

Figure 13.6. TYMV particle and its asymmetric unit highlighted in yellow.
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regions throughout the coat protein gene and highly variable loops on the viral coat

protein. A systematic peptide insert study on TYMV, similar to studies in CPMV,

may provide valuable information on potential permutation sites.

An exceptional behavior of TYMV is its ability to release its genomic contents

without completely losing its entire capsid structure. The empty vesicles can be

generated via high pressures [110] or deep-freeze/thaw methods [111] and these

unique structures have been visualized by cryo-electron microscopy as intact par-

ticles in solution after decapsidation. The particles offer the unique opportunity to

decorate the interior cavity of about 18 nm in diameter.

TMV is a rod shaped plant virus measuring 300 nm in length and 18 nm in di-

ameter, and assembles in a highly ordered fashion with both amino- and carboxy-

termini exposed to the surface of the particle (Fig. 13.8).

The virus is highly immunogenic in mammalian hosts, which is ideal for adapt-

ing TMV-based vectors for antigen display. An initial study by Haynes and co-

workers demonstrated the feasibility of incorporating immunogenic peptides as

fusion proteins on the plant virus capsids [112]. Short peptide fragments of up

to 21 residues had been repeatedly fused to the carboxyl-terminus of TMV using

Figure 13.7. Asymmetric unit (a) TYMV with H68, 180 in

yellow (b) DYMoV with H68 and S180 in red, and (c) PhyMV

with H69 and S181 in green.
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a leaky ‘‘UAG’’ stop codon without losing viral replication or assembly [113, 114].

By exploiting the suppressible amber stop codon, a mixed pool of fused coat

proteins and native coat proteins are synthesized, which can then assemble to-

gether to form the rod-like structures [113, 114]. In other studies, a variety of

short inserts were made between Ser154 and Gly155 (see Fig. 13.3) using poly-

merase chain reaction (PCR)-based site-directed mutagenesis [115, 116]. Similar

to CPMV chimeras, the isoelectric points of the TMV chimeric particles influenced

the virus infectivity and systemic spreading of the recombinant virus through the

plants [115]. Longer peptide sequences of up to 25 amino acids had also been

fused to the carboxy-terminus by deleting 4–6 amino acids at the carboxyl end

[117].

In lieu of crystallography data, other studies can provide the necessary structural

information for designing a fusion peptide on the virus. Potato virus X (PVX),

which has no crystallographic data, has structural [118] and serological [119] evi-

dence suggesting that the amino-terminal domain is displayed on the surface of

the virus. Based on this evidence, one team utilized PVX as foreign peptide display

vector by fusing a 27-kDa green fluorescent protein (GFP) to the viral coat protein

[96]. The strategy involved incorporating a 16-residue peptide derived from foot

and mouth disease virus peptide 2A (FDMV 2A) at the GFP carboxy-terminus, fol-

lowed by the amino-terminus of the viral coat protein gene. The linker peptide se-

quence, FDMV 2A, mediates a processing event that signals the cleavage of the

peptides at the carboxy-terminal glycine residue [120]. This strategy allowed the

generation of a heterogeneous pool of fused and free forms of viral coat proteins,

which had been necessary to form virus-like rod structures in PVX, as well as in

TMV [113]. Subsequently, a similar study showed the plant vector assembled as

rod-like structures with a single-chain antibody fused to the viral coat protein using

a mixture of native coat proteins with modified coat proteins [121]. Apparently, the

fusion of larger peptides on the viral coat protein is limited by the steric constraints

and the chimeric particles fails to assemble to rod-like structures without the pres-

ence of the native viral coat proteins [121]. PVX vector also facilitated the expres-

Figure 13.8. Ribbon diagram of TMV CP. Amino- and carboxy-

terminal residues are marked in blue and red, respectively.

Residues Ser154 and Gly155 marked as green spheres.
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sion of an unstable peptide derived from the sequence of microbicidal yeast killer

toxin (KT) by direct attachment to the viral coat protein [122]. The purified re-

combinant virus fused with the 10 amino acids from the yeast KT had shown en-

hanced antimicrobial activity against a variety of plant and human pathogens [122].

The authors suggest that the higher efficacy observed in virus-fused peptides may

be due to the increased stability of the fused KP in solution when compared to the

chemically synthesized KP [122].

Ferritins serve as an iron storage particle, ubiquitously found as highly ordered

protein cages in higher eukaryotes [123]. The bioparticles have been demonstrated

to accommodate polypeptides and proteins fused to the amino- and carboxy-

termini to display the polypeptides in the interior and exterior of the protein shell,

respectively [124]. A silver nucleating polypeptide fused to the carboxy-terminus

had been used to sequester silver metals within the confines of the protein cage,

demonstrating the potential of the ferritin cages to template inorganic materials

[124].

Both site-directed and random mutagenesis are practical means of generating

chimeric BNPs. However, the rate at which chimeric particles are generated in

site-directed mutagenesis cannot rival the rate of chimeric particles generated by

random mutagenesis. One common system, the phage display library, utilizes the

natural ability of the biological system to express random polypeptides fused to the

viral protein. The polypeptide is then isolated through a series of selections based

on functionality or binding affinity [125]. The directed evolution of the phage sys-

tem has been investigated thoroughly over the years [126] and utilized as a display

platform for a variety of polypeptides (antibodies [127] and peptide ligands [125]

with altered functionalities). Belcher’s group exploited this feature of M13 phage

to synthesize ordered nanostructures, directing the growth and assembly of the

nanoparticles into one-dimensional arrays [31, 32, 36, 128]. A series of polypepti-

des were screened on the phage template to yield nucleating peptides for semicon-

ductors and ferromagnetic alloys [31]. The study demonstrates that in biological

systems, substrate-specific peptides can be achieved through the modification of

templates.

Similar to phage display systems, a BNP can be subjected to random muta-

genesis to generate variants, which can then be selected based on functionality.

This combinatorial approach would be an untapped, powerful advantage in BNPs,

which would require overcoming two major issues. First, the mutations of polypep-

tide inserts must be in the context of the BNPs as a supramolecular unit. The

screening of the mutants is based on functionality and its capacity to self-assemble,

which is problematic in the frame of phage display. An example is the peptide

screening system designed directly on adeno-associated virus (AAV) that resulted

in altered vector tropism, redirecting the selected AAV vector to primary human

coronary artery endothelial cells [129]. Multiple mutation sites on the exterior of

the virus coat protein had been identified and with the use of a helper virus, a

series of mutant AAVs were produced. In addition, many BNPs are incompatible

with bacterial expressions for rapid protein synthesis and screening. Advances in
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inducible protein expression and cell-free protein synthesis systems have been

integrated in this field to generate many of the plant viruses.

13.3.2.2 NAA Substitutions

The advantage of generating proteins with novel functional groups encoded by the

genetic template is the production of a homogenous protein unit with novel phys-

ical, chemical, and biological functionalities. Exogenous chemical agents can attach

to nonspecific residues of the protein, leading to a heterogenous particle, whereas

the NAA incorporation takes advantage of the natural biosynthetic translation ma-

chinery to yield a modified protein. Currently, two major methodologies exist in

the production of proteins with NAAs. One method incorporates NAAs directly

into the proteins in vivo by introducing a new tRNA–tRNA synthetase pair [82,

84, 92, 93]. The tRNA synthetase specifically aminoacylates the tRNA with the

NAA, after which the charged tRNA is used in the translation process to precisely

decode the RNA template. The method was used in conjunction with phage dis-

play to generate proteins with an alkyne functional group attached to the surface

which was then conjugated to a variety of chemical compounds via ‘‘click chemis-

try’’ [84]. The other method involves an in vitro biosynthetic pathway with bacterial

cell lysates and mammalian cell lysates. Over the years, Sisido and coworkers have

optimized the system with a versatile tRNA aminoacylation technique [95, 130–

133] to incorporate a blue-laser-excitable fluorescent amino acid [134] and multiple

NAAs on a single protein using a four codon/anticodon tRNA [133].

13.3.2.3 Protein Expression Systems

Ultimately, the display of polypeptides on viruses for epitope presentation has its

limitations. In some cases, foreign sequence insertions in the viral coat protein

can result in loss of infectivity, replication or protein folding. Two major themes

have evolved to address this limitation in virus systems. The heterologous peptide

sequence can be chemically conjugated to the virus scaffold by using a bifunctional

linker [80] or an alternative expression system can be explored.

Since the loss of infectivity or replication in a virus is not always correlated with

the assembly pathway, recombinant virions can be produced from a variety of other

protein expression systems, such as the E. coli expression system, Arabidopsis thali-
ana protoplast, baculovirus expression and wheat germ embryo cell extract. The

generation of these reactive mutants utilizes many of the protein expression tech-

nologies developed over the years to greatly expand the repertoire of programming

a protein with novel functionalities. The primary route of expression still relies on

the original host cell for virus expression. However, the mutations leading to the

loss of infectivity eliminates the possibility of propagation and production of the

virus. The bacterial expression system is another possible option or better-suited

production of some viral protein shells. Recently, the bacterial expression system

has been modified to incorporate NAAs with high sequence specificity. These un-

natural amino acids, such as propargylglycine, consist of an alkyne group that re-

acts with azide with a Cu(I) catalyst to form a triazole ring complex [78, 84, 93].
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However, in other viruses, the proteins synthesized from the prokaryotes fail to

assemble correctly without the proper post-translational modifications made in

eukaryotic systems, ultimately requiring an economic eukaryotic protein strategy.

Plant protoplasts can also be used to directly transfect with viral RNA for the

production of many types of plant viruses without the necessity of retaining the

natural infection pathway. The cell-free wheat germ embryo extracts have become

another possible peptide synthesis factory with several advantages over the pre-

vious protein expression systems, particularly in terms of the production of cyto-

toxic peptides and maintaining correct eukaryotic post-translation modifications.

However, until the cost and production efficiency of the cell-free system can rival

or even closely match the preceding systems, it is likely to remain as the last resort

to synthesize viral coat proteins.

13.4

BNPs in Therapeutics

As described in previous sections, BNPs have several advantages over synthetic

platforms, such as their ease of isolation, uniform size and defined structures.

The large surface area and well-defined reactivities allow regioselective expression

of polyvalent targeting units, which is extremely important for cell binding or

recognition. In particular, the polyvalent display of cell-binding ligands can en-

hance the binding affinity and specificity dramatically. For example, Manchester

and coworkers have used mutant CPMV in antiviral applications [107]. A well-

characterized interaction between measles virus (MV) and its cellular receptor,

CD46, were chosen for the anti-MV study. Since a specific region of CD46 has

been previously identified to mediate the interaction with MV and the infection

could be blocked by competition with short peptides from CD46 corresponding to

the MV-interacting domains [135, 136], CPMV chimeras displaying the inhibitory

peptide had been generated, which efficiently inhibited MV infection of HeLa cells

in vitro, while wild-type CPMV did not. Furthermore, CPMV CD46 protected mice

from mortality induced by an intracranial challenge with MV. The CD46 peptide

presented in the context of CPMV was also up to 100-fold more effective than the

solution CD46 peptide at inhibiting MV infection in vitro [107]. These results high-
lighted the polyvalent effect with BNPs as display scaffolds. In addition, the bene-

fits of BNPs include:

(i) They represent very stable self-assembled architectures at the nanometer level

with many size ranges, which are otherwise difficult to produce by standard

synthetic methods in the laboratory.

(ii) They are inexpensive to isolate in large quantities. Both CPMV and TYMV can

be grown in plants and purified in gram quantities with a half-day procedure.

(iii) Their structures have been characterized at near-atomic resolution.

(iv) The infectious cDNA clones of viruses are available as high-yield expression
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vectors. Thus, their composition and surface properties can be precisely con-

trolled using molecular biology techniques.

(v) In-capsid cavity can be used to encapsulate fluorescent dyes or drugs to avoid

the nonspecific binding being observed with other systems.

(vi) The large surface area and well-defined reactivity allow regioselective expres-

sion of polyvalent targeting units, which is extremely important for the re-

quirement of weak-binding ligands (e.g. boronic acid and carbohydrates) or

the demand of special geometrical arrangement.

(vii) Orthogonal cell-targeting mechanisms can be engineered simultaneously on

one BNP platform. Similarly, multiple detection functionalities (e.g. optical,

magnetic resonance imaging, etc.) can be programmed.

13.4.1

Cell Targeting

Targeting the specific diseased cell types would localize the therapeutic agent, re-

ducing potential side-effects and increasing the therapeutic efficacy. A few strat-

egies have evolved over the years in arming cell-targeting moieties on various sys-

tems, including BNPs. One involves taking advantage of the natural affinity of the

BNPs to target the cells. In other cases, genetic modifications on the BNPs with

short peptide fragments redirect the system towards different cell surface recep-

tors. Short peptide sequences from ligands can be genetically engineered on the

BNPs. Portions of antibodies can be chemically conjugated to the protein cages to

confer novel cell-targeting capability. Finally, small molecules are attached to the

particles to modulate the affinity of the nanosystems for different cell types [137].

One strategy is to use the pre-existent cell-targeting motifs on the noninfectious

replicas for therapeutic purposes, such as gene delivery or bioimaging. Many vi-

ruses of Polyomaviridae family generate intact VLPs, solely constructed of the

major coat protein, VP1, without the two minor coat proteins (VP2 and VP3)

[138]. VP1, when expressed in insect cells [139–142], yeast [143] and E. coli [144,
145], self-assembles as protein cages, and naturally targets a cell surface glycopro-

tein with a terminal a2,3-linked N-acetyl neuraminic acid [138, 146], and is inter-

nalized by the cells via a4b1 integrin receptors [147, 148]. Human JC polyomavirus,

which in its native form infects human oligodendrocytes in the brain [149], was

engineered as VLPs to deliver therapeutic genes to human fetal glial cells [150].

HBV, a human liver-specific virus, contains three overlapping envelope genes in a

single open reading frame, encoding for small, medium and large proteins in its

3.2-kb genome [91]. The large protein subunit of HBV can be isolated as an aggre-

gate form of a phospholipoprotein vesicle with an average size of 80 nm, with a

targeting motif for human hepatocytes specified by the sequence located in the

amino-terminus of the large subunit [151]. These hybrid vesicles have been dem-

onstrated as safe vehicles for delivery of genes with high ex vivo and in vivo trans-

fection efficiencies, and high targeting specificity to human hepatocyte-derived

cells [91, 151].
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A cell-targeting system based primarily on natural binding motifs would severely

limit its potential therapeutic applications. Redirecting the protein shells to other

cell types by inserting peptide ligands or portions of ligands have been shown to

be effective in programming altered affinities. In one study, urokinase plasmino-

gen activator (uPA) sequences had been genetically inserted into VP1 proteins of

polymaviruses to direct the recombinant particles to uPA receptor (uPAR) express-

ing cells [139]. In HBV nanoparticles, its native biorecognition motif was replaced

with the epidermal growth factor (EGF) moiety to direct the particles to EGF recep-

tor overexpressing cells [152]. Similarly, when an integrin receptor-targeting se-

quence had been fused to a small Hsp, the protein cage exhibited cell-binding ca-

pability in vitro [153].
Another docking concept involves attaching an antibody on the surface of BNP

to change its tropism. The murine polyomavirus-like particles were engineered

with eight glutamic acid residues and one cysteine residue in one of the exterior

loops to attach a portion of the anti-tumor antibody B3 [154]. The antibody frag-

ment was modified at the carboxy-terminus with peptide sequences (Arg8CysPro),

which associates with the mutant VLP via electrostatic interactions, and the com-

plex is further stabilized by the formation of a disulfide linkage. This coupling re-

action yielded polyoma VLPs with 30–40 antibody fragments bound to the surface,

allowing the modified VLPs to bind to the breast carcinoma cells with high effi-

ciencies [154]. Alternatively a bifunctional crosslinker had been used to conjugate

the antibodies, which can effectively target specific cells within a mixed population

[153].

The conjugation of antibodies on the BNPs can be difficult and costly to manu-

facture. Facile chemical modifications with small molecules can be designed to

modify the surface of BNPs for cell-specific targeting. CPMV, TYMV, TMV and

many other viral platforms have demonstrated robust chemical modifications di-

rected via conventional bioconjugation techniques and alternative methods (see

Section 13.3.1).

13.4.2

Gene Delivery

Gene therapy is still a promising frontier in medicine with unparalleled potential

to combat genetic diseases, cancer or viral infections. Many of the retroviruses effi-

ciently package, deliver and integrate into the host chromosomal DNA, but the

wide range of cell infectivity provides little cell specificity. In addition, the labor-

intensive design and high production costs in obtaining tropism-modified re-

combinant retroviral vectors have diverted attention to safer and more economic

gene delivery systems with VLPs, which are innocuous counterparts of the original

virus. The noninfectious particles in many ways mimic the functions of the origi-

nal virus, but lack the essential components of the viral genome to self-propagate

in the host, reducing its potential safety hazards. HBV nanoparticles and polyoma

VLPs are capable of packaging a therapeutic gene and efficiently delivering it to the
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target cells and organs in vitro and in vivo [152, 155–157]. These particles consist of
proteins produced in bacterial or yeast expression systems, which are also easily

programmable by genetic and chemical methods to adapt various cell-targeting li-

gands, receptors or carbohydrates.

Since the initial proposal in 1970 to develop polyomavirus as a potential gene

delivery vector by Osterman and coworkers [158], various methods have been es-

tablished to introduce genes into a variety murine, monkey and human tissues

[159–161]. Circular DNA sequences of up to 17.7 kb can be encapsulated in vitro
by polyomavirus VP1 [159], and have been used to deliver exogenous DNA to

human brain cells and fetal kidney epithelial cells [155]. Atomic force microscopy

images indicated that polyoma VLPs aggregated around the heterologous DNA to

form loosely associated structures and DNA transfer was mediated by cell surface

sialic acid residues [60]. The polyoma VLPs were also adapted to deliver plasmids

expressing short hairpin RNAs and synthetic small interfering RNAs to human

lymphoblastoid cells and HeLa cells to downregulate gene expression [162].

Regardless of the vehicle, all effective gene delivery agents deal with complicated

issues of targeting appropriate cells or tissue, efficient packaging, transferring, pre-

cisely integrating the therapeutic gene in the host genome, and properly express-

ing the therapeutic gene in the host genome with economic production and safety

considerations [152].

13.4.3

Bioimaging

For in vivo or in vitro imaging (such as diffusion fluorescent tomography), it is im-

portant to have high local concentrations with no quenching of fluorescence to en-

hance the imaging contrast. Since BNPs can be genetically or chemically modified

in a chemoselective manner, high-loading fluorescent dyes can be loaded with a

precisely designed geometrical distribution on the surface of BNPs and inside the

cage of BNPs. The rigid and highly ordered structures of the protein structures of

BNPs ‘‘fix’’ the attached imaging agents at designed positions on the surface.

Therefore, the attached dye molecules have no mobility to interact or aggregate to

each other, which often quench the fluorescence. The observation that no fluores-

cence quenching of the virus–dye conjugates occurred even at a high local concen-

tration of the dyes has been evidently demonstrated [55, 56].

Fluorescent probes are the most common imaging reagent used in BNP label-

ing. For example, using fluorescent dye-modified CPMV, Manchester and her co-

workers have studied the systemic trafficking of CPMV in mice via the oral route

[163]. The pattern of localization of CPMV particles to mouse tissues following oral

or intravenous dosing was then determined by confocal fluorescent microscopy

and viral RNA detection. For several days following oral or intravenous inoculation,

CPMV was found in a wide variety of tissues throughout the body, including the

spleen, kidney, liver, lung, stomach, small intestine, lymph nodes, brain and bone

marrow. CPMV particles were detected after cardiac perfusion, suggesting that the

particles entered the tissues [163]. Fluorescent dye-labeled CPMV has also been
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employed for intravital vascular imaging [164]. The CPMV can be labeled with

high densities of Alexa Fluor or fluorescein dyes, showing no measurable quench-

ing. The resulting exceptionally bright particles were used to visualize the vascula-

ture and blood flow in living mouse and chick embryos to a depth of up to 500 mm.

Therefore, the intravital visualization of human fibrosarcoma-mediated tumor

angiogenesis using fluorescent CPMV provides a means to identify arterial and

venous vessels, and to monitor the neovascularization of the tumor micro-

environment [164]. In another study, the lateral mobility of fluorescent labeled

murine polyoma virus-like particles bound to living cells and artificial lipid bilayers

was studied by single fluorescent particle tracking using total internal reflection

fluorescence microscopy [165].

To minimize the background and enhance the deep-tissue penetration ability,

near-infrared (NIR) fluorescent dyes are often used for in vivo imaging. Significant

efforts have been placed on the development of efficient bioconjugation methods

for the attachment of NIR fluorescent agents to BNPs. As shown in Fig. 13.9, cya-

nine NIR-782 dye was attached to CPMV with over 40 dye molecules per viral par-

ticle, making a local concentration of around 1.8 mM. The purified viral–dye

hybrid has been employed as a probe for NIR fluorescence imaging. Using tissue-

like phantoms, fluorescent tomographic data have been obtained through a multi-

channel frequency domain system. The spatial maps of fluorescence quantum

yield were detected with a finite element-based reconstruction algorithm [166]. In

addition, a new class of carbocyanine dyes has been synthesized and conjugated to

CPMV by the ‘‘click’’ reaction of azides and alkynes [79].

Magnetic imaging complexes or other probes can also be used to decorate BNPs.

For example, luminescent semiconductor nanocrystals (quantum dots) were

employed to modify CPMV [167]. Using CPMV mutants expressing available

6-histidine sequences inserted at loops on the viral coat protein [168], it was shown

that CPMV particles were specifically immobilized on NeutrAvidin functionalized

substrates in a controlled fashion via metal-affinity coordination. Two linking

chemistries were employed to decorate CPMV with CdSe–ZnS core–shell quan-

tum dots to target the histidine or lysine residues on the exterior virus surface

and utilize biotin–avidin interactions. In the first case, quantum dots are immobi-

lized on the surface-tethered CPMV via electrostatic attachment to avidin previ-

ously bound to the virus particle. In the second case, chemical modification of the

surface lysine residues with biotin groups and the biotinylated CPMV is discretely

immobilized onto the substrate via NeutrAvidin–biotin interactions. The biotin

units on the upper exposed surface of the immobilized CPMV then serve as cap-

ture sites for avidin-derivatized quantum dots [167]. Similar conjugation chemistry

has been used to produce virus–carbon nanotube [169] and virus–metal nano-

particle complexes [170], which have potential as biological sensors. For ex-

ample, networks of gold nanoparticles and bacteriophage have recently been

engineered to preserve the cell-targeting and internalization properties mediated

by the specific peptide display [171]. In addition, the gold nanoparticles acted

as signal reporters for fluorescence and dark-field microscopy and NIR surface-

enhanced Raman scattering (SERS) spectroscopy [171]. In all these cases, BNPs
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Figure 13.9. (A) Attachment of NIRF-782 to CPMV. (B)

Reconstruction image of fluorescent quantum yield of dye-

modified CPMV. The left and bottom axes illustrate the spatial

scale in millimeters, which the color scale records the value of

the quantum yield.
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served as an excellent scaffold to modulate the organization of reporters for bio-

sensing or bioimaging.

13.4.4

Drug Encapsulation and Release

The interior cavities of BNPs are hollow spaces that can encapsulate other ele-

ments for drug delivery by genetic and chemical modifications. Covalently attached

small molecules are tethered to the BNPs, preventing leakage from the interior,

and circumventing drug degradation and avoiding nonspecific binding, until a sig-

nal or low endosomal pH within the cell releases the drug from the carrier. Recent

studies with polyoma VLPs and Hsp demonstrated the feasibility of packaging

chemical compounds within the protein cage. In the case with polyoma VLPs,

Schmidt and coworkers inserted the first WW domain of mouse formin binding

protein 11 (FBP 11) to the amino-terminus of VP1 to attach proline-rich ligands

(bearing the consensus sequence PPLP) to the inner surface of the VLPs [172]. In

a similar study with polyoma VLPs, a stretch of 49 amino acids of the inner core

protein from polyomavirus VP2 protein had been fused to GFP or covalently at-

tached to methotrexate (MTX) [173]. The amino acids specifically anchored GFP

and MTX to VP1, resulting in VLPs with GFP or MTX enclosed by VP1 coat pro-

teins [173]. The encapsulated MTX retained similar cytotoxicity in the cells, and

destroyed MTX-resistant cell by circumventing MTX transport.

Flenniken and coworkers covalently modified the Hsp cage interior with anti-

tumor drugs by genetically introducing cysteine residues at the inner surface and

selectively attaching the chemical compound to the reactive cysteines with a pH-

sensitive linker [64]. This Hsp assembles into a 24-subunit spherical structure

with an octahedral symmetry, which is 12 nm in diameter and has a porous pro-

tein shell that allows free small-molecular exchange between the interior and bulk

solution [5]. The (6-maleimidocaprol) hydrazone derivative of doxorubicin was

linked to the interior surface of this Hsp via coupling of maleimide and cysteine

(Scheme 13.7) [64]. The quantitative analysis by absorbance spectroscopy indicated

Scheme 13.7. Controlled release of doxorubicin from the interior of a small Hsp cage [64].
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that 24 doxorubicin moieties were encapsulated and, under acidic conditions, dox-

orubicin was selectively released through the hydrolysis of hydrazone linkage

(Scheme 13.7). This study demonstrates that a therapeutic agent could be housed

within the interior of a BNP cage to realize its controlled release. Therefore, a BNP

system has the potential to serve as a versatile drug delivery system.

13.5

Immune Response

13.5.1

Vaccine Development

The virus surface consists of highly organized repeating motifs that are ideally

suited for eliciting an immune response. Although this is problematic for gene

therapy or drug delivery, the polyvalent display on the BNPs can be extremely ad-

vantageous for vaccine development. In particular, plant viruses show great poten-

tial for production of pharmaceuticals in plants. The small size of plant viral ge-

nomes, the ease with which they can be manipulated and the simplicity of the

infection process make the plant viral vectors an attractive alternative as transgenic

systems for the displaying antigenic proteins. CPMV, TMV, PVX and alfalfa mosaic

virus (AlMV) have all demonstrated enormous potential to incorporate recombi-

nant peptide sequences to confer protective immunity and to combat against viral

and bacterial infections [65, 174].

The immunological analysis of plant virus-based chimeras has been one of the

most thoroughly documented among all of the BNP systems. An important dem-

onstration of CPMV-based vaccines and its potential to stimulate protective immu-

nity was reported by Dalsgaard and coworkers [105] using the chimeric plant virus

inserted with a short linear epitope derived from the amino-terminal region of VP2

of MEV. A single, subcutaneous injection of 1 mg of chimeric particles protected

mink against challenge with MEV. In a following study, dogs immunized with ul-

traviolet (UV)-irradiated chimera elicited high titers of neutralizing antibodies and

conferred resistance to canine parvovirus [175].

PVX, another plant-based antigen display vector, showed similar results in mice

with the highly conserved ELDKWA epitope from HIV-1 gp41 expressed on the

viral coat proteins [176]. The mice inoculated with the PVX-derived chimeric par-

ticles were able to elicit high levels of HIV-1 epitope-specific antibodies without ad-

juvants. Furthermore, the human immune response to chimeric viral particles

was studied with severe combined immunodeficient mice reconstituted with

human peripheral blood lymphocytes (hu-PBL-SCID). hu-PBL-SCID mice immu-

nized with chimeric viral particle-pulsed autologous dendritic cells were able

to mount a specific human primary antibody response against the gp41-derived

epitope [176]. Remarkably, anti-HIV-1-neutralizing activity was present in the sera

from both normal and hu-PBL-SCID mice. Similar vaccine studies with AlMV have

also demonstrated that peptides containing antigenic determinants of rabies virus
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glycoprotein and nucleoprotein fused to the viral coat protein conferred immunity

in mice against lethal challenge [177].

Chimeric TMV particles containing 10 or 15 amino acids from the spike protein

of murine hepatitis virus (MHV) gave rise to intact chimeric viral particles with the

MHV peptides displayed on the surface [116]. The study indicated that muscosal

and parenteral immunization with the chimeric TMV particles protected the

treated mice against lethal doses of MHV. However, displaying larger protein struc-

tures as genetic fusions to the capsid protein has not been possible on TMV. To ad-

dress this issue, a reactive lysine was introduced near the amino-terminus of TMV

CP, which was further modified with biotin [178]. The biotinylated end was then

tagged with GFP–streptavidin or L2 protein of canine oral papillomavirus, result-

ing in TMV particles with GFP or L2 protein, respectively, decorated on the exte-

rior. The L2 protein-coupled biotinylated-TMV was found to be more immunogenic

in mice than uncoupled L2 protein fragments.

Chimeras expressing epitopes of a bacterial origin have also been shown to con-

fer protective immunity. For example, a chimeric CPMV particle expressing amino

acid sequences containing two epitopes from the outer membrane protein F

(ompF) of Pseudomonas aeruginosa protected mice against challenge with P. aerugi-
nosa in a model of chronic pulmonary infection [179, 180]. Likewise, a chimera

plant virus expressing the D2 domain of the fibronectin-binding protein (FnBP)

from Staphylococcus aureus has been shown to be able to protect rats against endo-

carditis [181]. Thus, plant virus-based chimeras carrying neutralizing epitopes can

offer novel avenues for producing effective vaccines against various infectious vi-

ruses and, more generally, for the design of new vaccination strategies in humans.

(See Refs. [20, 174] for more detailed reviews on plant virus-based vaccine develop-

ment.)

13.5.2

Immune Modulation

In addition to the peptide displays, the BNPs can also be adapted to present multi-

ple sugar residues on the exterior surface. The polyvalent scaffolds decorated with

various carbohydrates have shown increased binding affinity and biological re-

sponses when compared with their monomeric constituents [182–184]. Similar to

previous studies with polymers and other supports, the virus has been shown to

accommodate multiple mannose residues via chemical coupling [80] and inhibit

cell agglutination [51]. The virus–carbohydrate conjugate can further be designed

to supplement immune responses or other biological processes.

The repetitive patterns on BNPs, while beneficial for antigen display in vaccine

display, can become a major problem in adapting the BNPs for diagnostic and ther-

apeutic applications. One modality has been to modify the particle surface with

PEG polymers and other polymers to reduce the immunogenic response towards

the particles [185]. In adenovirus, its bioavailability and pharmacokinetics have

been investigated extensively with the intention of improving adenovirus-delivered

gene therapeutics [44, 186]. To facilitate the use of other protein-based systems,
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such as BNPs, Finn and his group studied the immune response towards viral

particles modified with PEG and other polymers (Fig. 13.10) [49, 80]. The pre-

liminary study was to assess the immunogenic response in mice towards PEG-

modified CPMV. The levels of CPMV-specific antibodies in the mice treated with

PEGylated CPMV were comparably similar to the levels in mice treated with un-

modified CPMV, but the serum antibody level had drastically declined over the fol-

lowing 2 months in mice treated with modified CPMV compared with unmodified

CPMV [49].

13.6

Future Directions

The major features of BNPs that were exploited for generating novel biotemplates

in the nanometer range have been iterated throughout the chapter. In general,

these protein structures naturally self-assemble to highly organized structures and

many of the systems, either virus- or ferritin-based, demonstrate robust physical

properties that can be exploited for variety purposes. The systems can be geneti-

cally engineered and chemically addressed to alter functionalities for future thera-

peutic applications. As platforms, the viruses provide a wide array of shapes such

as rods and spheres, and vast ranges of sizes spanning from tens to hundreds of

nanometers. Hsps and ferritin arrange as nanometer-sized materials with well-

characterized hierarchical motifs as templates for mineralization. Several studies

have demonstrated the feasibility of using various nanoparticles (BNPs, liposomal

carriers, inorganic materials, etc.) tailored with ligands and small molecules to tar-

get different cell types for drug/gene delivery and cell imaging [56, 137, 151, 152,

164]. The nanosized probes can further be modified with chemical compounds,

such as bioimaging agents (NIR fluorescent dyes, magnetic resonance imaging

contrast agents) and drugs at high local concentrations to increase detection sensi-

Figure 13.10. Schematic drawing of viral particle-modified polymer.

586 13 Bionanoparticles and their Biomedical Applications



tivity and efficacy for therapeutic applications [166, 187, 188]. Furthermore, the

BNPs can be modified with polymers to boost the half-life of the biological system

either by shielding the protein structures from enzymatic degradation or immune

response. Ultimately, the combination of these multiple derivatizations on the nano-

particles could yield versatile units with specific cell targeting for drug/gene deliv-

ery, with simultaneous in vivo imaging for biomedical purposes (Fig. 13.11).
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Nanotechnology for Gene Therapy – HVJ-E

Vector

Hironori Nakagami, Yasuhiko Tabata, and Yasufumi Kaneda

14.1

Introduction

Currently, more than 400 clinical protocols have been approved for human gene

therapy. In 1995, the Orkin–Motulsky report indicated the importance of vector de-

velopment in human gene therapy. Numerous vectors have been developed to date.

In general, viral vectors are more effective for gene transfer; however, safety re-

mains an issue [1]. In 1999, a young patient died following infusion of an adenovi-

ral vector via the hepatic artery [2] and, in 2002, two patients with X-linked severe

combined immunodeficiency treated with retroviral vector gene therapy developed

leukemia-like symptoms, likely to have been induced by insertional mutagenesis of

the retroviral DNA [3]. Hemophilia B gene therapy using the adeno-associated vi-

rus (AAV) vector looks promising [4], but several potential risks, such as germline

transmission, remain. On the other hand, the safety of a nonviral vector has been

evaluated, but inefficient gene transfection is a limitation of this vector system [5].

Therefore, the current consensus on vector development is that highly efficient and

minimally invasive vectors are the most appropriate for human gene therapy. Be-

fore developing vector systems, we should analyze the biological barriers to gene

transfer and create methods to overcome such difficulties.

All the current vector systems have their advantages and limitations [6]. Cur-

rently, there are several approaches to correct the limitations of each vector system.

In adenovirus vector systems, one crucial improvement is reduced vector antigenic-

ity and a helper-dependent or ‘‘gutless’’ vector in which most of the adenovirus ge-

nome is deleted has been developed [7]. However, the production of this ‘‘gutless’’

vector was much lower than that of the classical adenovirus vector. Another

approach is to overcome the limitations of one vector system by drawing upon the

strengths of another. Examples of chimeric vectors include the pseudo-type retrovi-

rus vector in which the envelope component of the classical retrovirus vector is re-

placed with the vesicular stomatitis virus (VSV) G protein [8] and a new lentivirus

vector containing human immunodeficiency virus (HIV) proteins with the pseudo-

type retrovirus envelope-containing VSV G protein [9]. However, combinations of
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viral vector systems are thought to be of limited utility, because the components

necessary for viral replication and packaging cannot be eliminated, and the constit-

uent viruses may interfere with each other during vector production.

Limitations of vector systems are inevitable, and the introduction of foreign

genes into cells is abnormal and is directed to disturb cellular function. Current

gene therapy strategies mimic viral infection and cells are designed to resist

the gene transfer. Cells have biological barriers that protect against invasion by for-

eign genes and inhibit expression of foreign gene products [5]. Protocols for in vivo
gene transfection consist of several steps. The first step entails the approach of the

vector to the target cell from the outside environment. The second is the introduc-

tion of the transgene into the cytoplasm. Third, the transgene must migrate to the

nucleus. Finally, the transgene must be retained and stably expressed. Each of

these steps has barriers. For example, serum proteins and immune cells can attack

gene transfer vectors before they reach target cells, the cell membrane can prevent

transfer of foreign genes to the cytoplasm, the nuclear envelope can restrict nu-

clear targeting of molecules, and expression of the transgene can be inhibited by

degradation of the DNA or by transcriptional silencing. In a narrow sense, ‘‘gene

transfer’’ means the introduction of a transgene into the cytoplasm, and it encom-

passes the first and second steps described above. However, it is pointless to only

refer to the introduction of a transgene into the cell without considering the final

step of gene expression. Thus, Section 14.2 highlights biological barriers from the

first step (approach to the target cell) to the fourth step (effective expression of the

transgene) and discusses potential solutions for each barrier with respect to future

possibilities for gene transfer systems.

We have developed a unique vector, ‘‘HVJ-E (Hemagglutinating Virus of Japan-

envelope)’’, that can rapidly transfer plasmid DNA, oligonucleotides and protein

into cells by cell fusion. A detailed description is given in Section 14.3. However,

this modality of targeting is still insufficient for rapid and specific accumulation

of active vectors in target tissues. One solution is to engineer the surface proteins

of viral vectors or to couple targeting ligands to viral as well as nonviral vectors,

which might further improve tissue selectivity. Section 14.4 describes other candi-

dates for nonviral vectors, such as cationized gelatin (CG) and magnetic nanopar-

ticles. Finally, Section 14.5 discusses modification of the membrane surface of HVJ

to achieve improvement as a future prospect. We modified HVJ-E conjugated with

protamine sulfate (PS) and/or CG, which enhanced the transfection efficiency in
vitro or in vivo. Moreover, we recently developed magnetic nanoparticle-conjugated

HVJ-E. Importantly, the size and surface chemistry of magnetic particles could

be tailored to meet specific demands of physical and biological characteristics. For

example, coating with PS could be suitable for in vitro, but not in vivo, culture,
whereas heparin sulfate was suitable for in vivo gene expression. Overall, CG or

magnetic nanoparticles can enhance HVJ-E-based gene transfer by modification

of the size or charge, which could potentially help to overcome fundamental limi-

tations to gene therapy in vivo.
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14.2

Biological Barriers to Gene Transfer

14.2.1

Reaching Target Cells

To achieve tissue-specific targeting, vector system development should be ap-

proached from at least three aspects: recognition by specific target tissues,

avoidance of nonspecific uptake and resistance to degradation in the systemic

circulation.

14.2.1.1 Recognition by Specific Target Tissues

Targeting vectors to specific tissues has been considered an ideal method for

gene delivery. Ligand-specific delivery systems have been developed for tissue-

specific targeting. In one experiment, asialoglycoprotein was conjugated with

DNA–polylysine complexes [10]. Since asialoglycoprotein binds to receptors on

hepatocytes, DNA can be delivered specifically to hepatocytes by receptor-mediated

endocytosis using this complex [11]. Transferrin has also been used for receptor-

mediated delivery of DNA to cancer cells, because cancer cells express high levels

of the transferrin receptor [12]. These complexes worked well in cultured cells, but

the efficiency of in vivo gene delivery was so good. Some viruses do, however, target

specific tissues [13]. Epstein–Barr virus (EBV) primarily infects B lymphocytes,

hepatitis virus B attacks hepatocytes, and HIV targets lymphocytes and macro-

phages. Currently, adenovirus-based gene delivery vectors are being used for

many gene therapy applications because of the broad range of hosts [14]. Cellular

tropism of the adenovirus vector in tissues is regulated by fiber proteins and, based

on the tissue tropism of these viruses, targeting viral vectors can be developed [15–

17].

14.2.1.2 Avoidance of Nonspecific Uptake

Colloidal particles with a diameter of more than 300 nm are trapped by reticulo-

endothelial system (RES) cells in the liver, spleen and lung [18]. HVJ-liposomes con-

taining both hemagglutinin/neuraminidase (HN) protein and fusion (F) proteins

target the liver, spleen and lung when the vector is injected into the saphenous

vein of monkeys [19], probably because the phosphatidylserine residues [20] pres-

ent on the envelope are recognized by the RES and the particle size is 470 nm in

diameter. Some phospholipids such as phosphatidylserine are also recognized by

the RES. The liposome–PS–plasmid DNA (LPD) vector targets the lung, kidney,

heart, liver and spleen, with the highest level of gene expression in the lung [21,

22]. To avoid such nonspecific uptake, stealth liposomes have also been developed

[23]. By selecting lipid components, the liposomes are retained in the systemic

circulation much longer than other liposomes. Such stealth liposomes are used

for drug delivery to tumor tissues [24]. In particular, liposomes conjugated with

poly(ethylene glycol) (PEG) are also of the ‘‘stealth’’ type [25, 26]. Cationic lipid–
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DNA complexes accumulate mostly into the lung, while ‘‘PEGylated’’ lipid–DNA

complexes exhibit lower lung accumulation. The folate receptor is abundant in tu-

mor tissues. When folate is conjugated with PEGylated lipid–DNA complexes, pul-

monary accumulation of DNA is reduced and tumor-targeted DNA increases [27].

PEGylation of various types of vectors may regulate tissue-targeting when tissue-

specific molecules are conjugated with the complex.

14.2.1.3 Resistance to Degradation in Systemic Circulation

In the human body, protective mechanisms against viral invasion exist. Anti-

galactose antibodies present in human serum bind to retrovirus envelope proteins

to induce complement-mediated lysis [28]. To avoid such lysis, a complement-

resistant retrovirus has been developed [29]. Adenovirus is highly immunogenic

and is attacked by the host immune system after repeated transfection [30]. As de-

scribed above, to reduce immunogenicity, a ‘‘gutless’’ adenovirus vector has also

been developed [7].

Another barrier to gene transfer is the penetration and distribution of vectors in

tissues. To extrasavate from blood vessels to the target tissues and cells, vectors

must penetrate endothelial cells. To induce gene expression in a large area of tis-

sue, vectors must be spread diffusely throughout the entire area. Many viral vectors

including adenovirus vector and AAV vector cannot penetrate endothelial cells

when administered systemically [31]. Among the nonviral gene delivery systems,

cationic liposomes are the most frequently used for gene transfer. When injected

into the mouse tail vein, gene expression is detected primarily in the lung [32].

However, cationic liposomes cannot penetrate past the endothelial cells when in-

jected into the vasculature [33]. In contrast, anionic liposomes are able to penetrate

endothelial cells [34]. Moreover, anionic liposomes can distribute to broader areas

in the target tissues than cationic liposomes. The mean size of liposomes is also

important, because tissues are more permeable to smaller liposomes.

14.2.2

Crossing the Cell Membrane

After reaching the target cells, transgene DNA must cross the cell membrane,

which is a very effective barrier that excludes foreign substances from cells. There

are several ways to overcome this barrier. Although one is to facilitate DNA trans-

fer by utilizing endocytosis or phagocytosis, in this process the foreign DNA must

penetrate the membrane of the endosome or phagosome rapidly. Otherwise, the

DNA will be degraded. Adenovirus can escape from the endosome by disrupting

the endosomal membrane with penton fibers [35, 36]. This ability has been uti-

lized to enhance the efficiency of gene transfer by transferrin/poly-l-lysine/DNA

complexes [12]. Other viruses can fuse with the cell membrane to introduce their

genomes into the cytoplasm. There are two different mechanisms of virus–cell fu-

sion: pH-dependent and pH-independent. Influenza virus [37], Semliki forest virus

(SFV) [38] and VSV [39] exhibit pH-dependent fusion, whereas HVJ (Sendai virus)

[40] and retroviruses [41, 42] can fuse with the cell membrane at both acidic and
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neutral pH. Viral fusion proteins have been identified and synthetic vectors that

express these viral fusion proteins can transfer foreign genes efficiently into the cy-

toplasm [43].

14.2.3

Nuclear Targeting

Transport of the foreign gene to the nucleus is required for gene expression in

gene therapy. In nondividing cells especially, DNA is not transported efficiently to

the nucleus where transcription occurs. However, it should be noted that naked

plasmid DNA can be transported to the nucleus without breakdown of the nuclear

envelope. The efficiency is generally 1–2% of the DNA in the cytoplasm [44].

Therefore, nuclear targeting increases gene expression, especially in tissues. Some

viruses such as adenovirus, SV40, HIV and herpes virus are known to induce rapid

migration of their genomes to the nucleus even in nondividing cells [43]. In SV40,

viral capsid proteins contain nuclear localization sequences (NLSs) that trigger

translocation of the virion to the nucleus and disassembly of the virion within the

nucleus [44]. Although rapid nuclear transport also occurs with adenovirus, dis-

assembly of the viral capsid occurs in the cytoplasm and the DNA-NLS-containing

proteins are then sorted in the nucleus [45, 46]. In HIV, an integrase is required

for nuclear migration of the viral genome [44]. However, the DNA–integrase com-

plex, or preintegration complex, of oncoretroviruses such as Moloney leukemia vi-

rus cannot pass through the nuclear pores and, thus, transport of the transgene to

the nucleus does not occur in nondividing cells in these retroviral systems [1]. In

nonviral vector systems, nuclear transport of plasmid DNA occurs, but the effi-

ciency is very low [5]. Enhancing nuclear migration of plasmid DNA is an impor-

tant issue for increasing transgene expression. Complexes of plasmid DNA and

nuclear proteins have been constructed to improve nuclear migration of DNA [47,

48]. It was recently reported that conjugation of the NLS peptide derived from

SV40 with a luciferase gene fragment enhanced luciferase gene expression approx-

imately 1000-fold compared with the luciferase gene without the NLS peptide [49].

The NLS peptide at either the 5 0 or 3 0 end of the DNA enhanced luciferase gene

expression, but incorporation of the NLS at both ends was not effective. It is

thought that positioning of the NLS at one end of the gene stimulates nuclear mi-

gration of the luciferase gene, whereas incorporation of the NLS at both ends en-

snares the DNA at the nuclear envelope. However, it remains unknown whether

NLS conjugation improves the nuclear migration of larger DNA molecules and if

NLS conjugation improves the efficiency of translocation in vivo. This raises the

question, does only a small fraction of all the plasmid DNA go to the nucleus? Re-

cently, several papers have suggested that nuclear migration of plasmid DNA may

be sequence dependent [50]. The SV40 enhancer sequence appears to facilitate nu-

clear migration of DNA by binding transcription factors [51] which are transported

to the nucleus by the Ran/importin system.

RNA-based vectors have also been developed. Alphaviruses such as SFV and

Sindvis virus are converted into gene expression recombinant RNA vectors [52,
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53], which do not require the transport of DNA into the nucleus. In general, RNA

vectors produce large amounts of proteins and this production inhibits host

protein synthesis, inducing cell death (apoptosis) [54]. Thus, tight regulation of

protein synthesis will be required for the use of gene therapy using RNA vector

systems.

14.2.4

Regulation of Gene Expression

Effective expression of a transgene is also a major issue in gene therapy. We should

view this step from at least two aspects. One is the stable retention of a transgene

and the other is the regulation of transcription. The export of mRNA, translation

and post-translational modification of polypeptides generally affect gene expres-

sion, but they are not specific for expression of a transgene. Therefore, this section

focuses on the events occurring before mRNA production.

14.2.4.1 Stable Retention of Transgenes

There are two distinct approaches to this issue. One is the integration of the trans-

gene into the host genome. Retroviruses can integrate into random sites of the

host chromosomes, but integration occurs only in dividing cells [1]. HIV inserts

its genome into the host chromosomes even in nondividing cells. A lentivirus vec-

tor system containing the recombinant HIV genome along with a therapeutic gene

and the vesicular stomatitis virus G protein (VSVG) gene was used to generate

long-term gene expression in mouse neurons [9]. The mechanism of insertion of

the viral genome into host chromosomes has been investigated. However, reconsti-

tution of the viral machinery that confers the ability of genome insertion to non-

viral gene delivery systems has not yet been successful. In 1997, sleeping beauty, a
fish transposon/transposase system, was developed [55]. This system inserts the

neomycin-resistance gene into the HeLa cell genome with very high efficiency. Ap-

plication of this system to gene transfer is currently under investigation. However,

insertion of the transgene into the host genome occurs at random. Although AAV

integrates specifically into the AAVS1 site of human chromosome 19 [56], the

recombinant AAV vector is unable to do so because it does not express Rep 65 pro-

tein [57].

Another approach is the stable retention of an episomal piece of DNA. EBV has

been analyzed thoroughly in terms of latent infection. The cis-acting oriP (the

latent viral DNA replication origin) sequence and the trans-acting EBV nuclear

antigen-1 (EBNA-1) gene are required for latent EBV infection, which is character-

ized by autonomous replication and nuclear retention of the EBV genome in host

cells [58–60]. It has been reported that stable retention of the EBV genome is medi-

ated by binding of the oriP sequence with the nuclear matrix. The EBV vector can

transfer genes primarily to B lymphocytes, with minimal transfer to other somatic

cells. To improve long-term transgene expression, an EBV replicon-based plasmid

that contains oriP and EBNA-1 was constructed and transferred to various animal
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tissues using HVJ-liposomes. With the EBV replicon vector system, gene expres-

sion was sustained and enhanced both in vitro and in vivo, in several cell lines

and mouse liver, respectively [61]. Without EBNA-1, transgene expression of

an oriP-containing plasmid was diminished in mouse liver. However, by re-

introducing EBNA-1 to the mouse liver, transgene expression was reactivated [62].

This indicates that EBNA-1 can restore gene expression of an episomal plasmid

containing an oriP sequence within the nucleus. When the luciferase gene was in-

troduced into a mouse melanoma cell line, with or without the EBV replicon com-

ponents (oriP and EBNA-1), effective long-term gene expression was obtained in

the plasmid containing the EBV replicon components. However, Southern blot

analysis revealed that the copy number of the plasmid without the EBV compo-

nents was much higher than that with the EBV replicon plasmid. This result

suggests that effective gene expression by the EBV replicon plasmid results from

transcriptional activation, and not from stable retention of the plasmid DNA. The

regulation of transcription is further discussed below.

14.2.4.2 Regulation of Transcription

Silencing of transgene expression occurs in host cells, despite insertion of trans-

genes into the host genome [63]. Similar silencing has also been reported in cer-

tain viral infections. For example, retroviral gene expression was inhibited after ret-

rovirus infection of mouse embryos [64, 65]. Although low or silenced transgene

expression after transfection has been a major problem in human gene therapy

[66], the mechanism(s) by which transgene expression is regulated have not yet

been elucidated. Since it will be essential to control transgene expression in hu-

man gene therapy, basic research on transgene expression in human gene therapy

should be pursued further.

Although transcription factors have been investigated extensively [67, 68], previ-

ous studies have not fully clarified the mechanism(s) of regulation of transcription

in higher eukaryotes. Recent studies have shown that chromatin remodeling fac-

tors such as the switch/sucrose nonfermenting (SWI/SNF) family and the imita-

tion switch (ISWI) family [69] are involved in regulation of transcription. It is

thought that histone acetylase and deacetylase also regulate transcription by modi-

fying chromatin [70, 71]. Acetylation and deacetylation of histones and other pro-

teins associated with DNA have been shown to be important in the epigenetics of

regulating gene expression [70–72]. Recently, amplification of transgene expres-

sion in animals treated with a novel histone deacetylase inhibitor was reported

[73]. This amplification was more effective for transgene expression than for en-

dogenous gene expression. These data suggest that transgene expression can be

regulated by chromatin modifications, such as histone acetylation/deacetylation.

Methylated DNA-binding protein MeCP2 is a component of the complex that

contains histone deacetylase [74]. This suggests that DNA methylation status may

dictate the state of histone acetylation/deacetylation in chromatin. To overcome the

silencing of transgene expression and to sustain transgene expression, cis-elements

such as ‘‘insulators’’ [75–77] that are not affected by chromatin modification may

be applied for transgene expression in gene therapy.
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Many significant barriers to gene transfer have been elucidated. If omnipotent

vector systems are eventually developed, however, gene transfer may harm patients

– this is far from therapeutic. An all-encompassing vector system may not be feasi-

ble and each vector system must be evaluated with respect to the target disease. In

some diseases such as arteriosclerosis obliterans, transient gene expression would

be sufficient to cure the disease and sustained gene expression would be detrimen-

tal. In other diseases such as SCID-X1 and hemophilia B, it may be necessary to

induce transformation of only a small population of cells. Cancer gene therapy

comprises more than 60% of current human gene therapy approaches and no re-

markable successes have been reported in this area to date. When we consider why

gene therapy is necessary for cancer treatment, the answer is that it should be used

to inhibit tumor metastasis and suppress the recurrence of cancers. For these pur-

poses, investigations on basic cancer cell biology and technological developments

should be promoted much more than at present. The issues described in this

chapter present a road map for future technological developments in cancer gene

therapy. Thus, technology for gene therapy should be developed on the basis

of analysis of the target tissues, target cells, cellular components and relevant

molecules.

14.3

HVJ-E Vector

14.3.1

Development of HVJ-E Vector

HVJ is a mouse parainfluenza virus and is not a human pathogen. As molecules

that enter the cell by phagocytosis or endocytosis often become degraded before

reaching the cytoplasm, fusion-mediated delivery systems have been developed. A

fusigenic viral liposome with a fusion proteins derived from HVJ was constructed

[78]. HVJ fuses with the cell membrane at a neutral pH, and the HN protein and

F protein of the virus contribute to cell fusion [79]. For fusion-mediated gene

transfer, DNA-loaded liposomes were fused with ultraviolet (UV)-inactivated HVJ

to form the fusigenic viral-liposome called the HVJ-liposome (Fig. 14.1).

Fusion-mediated delivery protected the molecules in the endosomes and lyso-

somes from degradation [80]. When fluorescein isothiocyanate (FITC)-tagged oligo-

deoxynucleotide (ODN) was introduced into vascular smooth muscle cells using

HVJ-liposomes, fluorescence was detected in the nuclei 5 min after transfer and

fluorescence was stable in the nucleus for at least 72 h. In contrast, fluorescence

was observed in cellular components (most likely endosomes) and not in the nu-

cleus when FITC-ODN was transferred directly in the absence of HVJ-liposomes

and no fluorescence was detected 24 h after transfer. Using a fluorescence reso-

nance energy transfer system, we demonstrated that more than 80% of oligo-

nucleotides labeled with two different fluorescent dyes at the 5 0 and 3 0 ends were
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intact in the nucleus, while less than 30% of the oligonucleotides were intact

when Lipofectin was used [81].

Another advantage of HVJ-liposomes is the ability to perform repeated injec-

tions. Gene transfer to rat liver cells was not inhibited by repeated injections. After

repeated injections, the anti-HVJ antibodies generated in the rat were not sufficient

to neutralize HVJ-liposomes. Cytotoxic T cells recognizing HVJ determinants were

not detected in the rats transfected repeatedly with HVJ-liposomes [82].

A similar approach has been used to enhance the gene transfer efficiency of a

receptor-mediated gene delivery system by combining fusion peptide derived from

influenza virus hemagglutinin (HA) [83]. A tissue-specific gene delivery system

has been developed by binding tissue-specific molecules to a poly-l-lysine/DNA

complex [84]. Binding asialoglycoprotein and transferrin to a poly-l-lysine/DNA

complex successfully targets DNA to hepatocytes and cancer cells, respectively

[84, 85]. However, the limitation of this system is the degradation of the DNA in

the lysosomes. To avoid such degradation, a fusion-mediated gene delivery system

has been investigated using influenza fusion proteins. Influenza virus fuses with

cell membranes at an acidic pH, and HA protein on the viral envelope is involved

in the fusion between viral envelope and endosomal membrane. It has also been

elucidated that a mutant N-terminal peptide of influenza HA subunit, HA-2, can

fuse with cell membranes at neutral pH. The transferrin/poly-l-lysine/DNA com-

plex bound with the HA-2 peptide increases gene transfer efficiency in cultured

cancer cells more than 1000-fold compared with that in the absence of the peptide

[83].

Figure 14.1. HVJ-E vector system. For

constructing HVJ-E vector, plasmid DNA is

mixed with inactivated HVJ particles, and the

mixture is treated with mild detergent and

centrifugation to incorporate DNA inside the

particle. For constructing HVJ-liposome vector,

plasmid DNA is incorporated in liposome and

mixed with inactivated HVJ particles. HVJ can

fuse with the cell membrane to directly transfer

DNA into cells.
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Reconstituted particles containing fusion proteins of HVJ have also been devel-

oped to promote fusion-mediated gene delivery [86, 87]. HVJ virion was completely

lysed with detergent and the lysates were mixed with DNA solution. In some cases,

several lipids were added to the mixture. By removing the detergent with dialysis

or a column procedure, reconstituted HVJ particles containing DNA were con-

structed. Instead of the whole virion of HVJ, fusion proteins (F and HN) isolated

from the virion were mixed with the lipid/DNA mixture in the presence or absence

of detergent. Since F protein is recognized by the asialogycoprotein receptor on

hepatocytes, reconstituted HVJ particles containing only F protein have been con-

structed to specifically target hepatocytes in vivo [88]. However, DNA trapping

efficiency of the reconstituted particles was not so high. To improve the limitation,

another approach was that liposomes containing fusion proteins of HVJ and DNA-

loaded liposomes were prepared separately, and then both liposomes were fused

together [89]. These reconstituted fusion liposomes were as effective as conven-

tional HVJ-liposomes, which contain the fully intact HVJ virion, in terms of the

delivery of FITC-ODN and the luciferase gene to cultured cells. The LacZ gene

was also transferred directly to mouse skeletal muscle in vivo using these reconsti-

tuted fusion particles.

A more direct and practical approach is the conversion of a fusigenic virion to a

nonviral gene delivery particle. Numerous viruses such as influenza, VSV and HVJ

induce cell fusion. HVJ is the most abundantly produced in chick eggs. Therefore,

we tried to construct an HVJ-E vector system by incorporating plasmid DNA into

inactivated HVJ particle [90]. Our approach has been to use inactivated viral enve-

lope in which the viral genome has been destroyed to develop highly efficient and

minimally invasive vectors.

There are some drawbacks to HVJ-liposomes, although they have been widely

used for gene transfer both in vitro and in vivo. One disadvantage of HVJ-

liposomes is the complicated procedure used to isolate and produce both inacti-

vated HVJ and DNA-loaded liposomes. Additionally, the fusion activity of the

HVJ-liposomes decreases to approximately 2% of that of native HVJ because of

the reduced density of fusion proteins on the surface of HVJ-liposomes. To sim-

plify the vector system and to develop a more effective gene delivery system, we

attempted to incorporate plasmid DNA into inactivated HVJ particles without

using liposomes.

HVJ is a mouse parainfluenza virus and is not a human pathogen [79]. HVJ can

fuse with cell membranes in both neutral and acidic conditions. Two distinct glyco-

proteins, HN and F, are required for cell fusion [79, 91]. HN is required for the

binding of HVJ to cell surface sialic acid receptors and the subsequent degradation

of the receptors by its sialidase activity. Then, F associates with lipids, such as cho-

lesterol, in the cell membrane to induce cell fusion. The F glycoprotein is first

synthesized as inactive F0 in cells infected with HVJ. F0 is then cleaved by host

protease into the active F1 and F2 forms. F1 contains hydrophobic peptides with

approximately 25 amino acids that induce cell fusion [91, 92]. F protein produced

in chick eggs is converted to the active F1 form by the protease in chorioallantoic

fluid, while the virus produced from cultured cells contains inactive F0 that needs
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to be cleaved by a protease to form active F1. Cells in the rodent airway contain

enzymes to convert inactive F0 to active F1. Therefore, HVJ induces severe pneu-

monia in rodents but not in humans. Large amounts of viral proteins are produced

in infected cells. Viral nucleocapsid protein induces cytotoxic T lymphocytes

(CTLs) against infected cells [93]. However, nucleocapsid protein is indispensable

for virus production. Therefore, to develop highly efficient and minimally invasive

vectors based on HVJ, our approach has been to use inactivated viral envelope in

which the viral genome has been destroyed.

For this purpose, we have converted HVJ to a nonviral vector containing thera-

peutic genes instead of the viral genome [90]. HVJ amplified in the chorioallantoic

fluid of 10- to 14-day-old chick eggs was inactivated with b-propiolactone (0.0075–

0.001%) [94] followed by UV irradiation (99 mJ cm�2) [95]. Then, inactivated HVJ-

E was purified by ion-exchange column chromatography and gel filtration (Naka-

jima and coworkers, unpublished method). With this inactivation procedure, virus

replication was completely destroyed, but hemagglutinating activity was not af-

fected. HVJ particles in the chorioallantoic fluid were very heterogeneous with a

diameter ranging from 150 to 600 nm. More homogeneous HVJ-E was isolated

with the improved purification method using the column procedure. The diameter

of HVJ-E obtained from the column procedure was 280 nm and the z potential was

approximately �5 mV.

Aliquots of the inactivated virus (3� 1010 particles per 1.5-ml tube) were centri-

fuged (10 000 g, 5 min) and the viral pellet was mixed with exogenous plasmid

DNA. Exogenous plasmid DNA was incorporated into inactivated HVJ by treat-

ment with mild detergent and centrifugation. First, inactivated HVJ (3� 1010) par-

ticles were mixed with 0.24–0.80% Triton X-100 in the presence of plasmid DNA

(200 mg) in less than 100 ml of Tris–EDTA buffer for 5 min on ice and the mixture

was centrifuged at 10 000 g for 5 min to move the DNA into the HVJ particle. The

DNA trapping efficiency of HVJ-E vector was approximately 15–20%. Without cen-

trifugation, the DNA trapping efficiency was approximately 3%. Different deter-

gents were available for the preparation of HVJ-E vector including NP-40, CHAPS,

octylglucoside, sodium cholate and dodecyl maltoside, although the optimal con-

centration of detergent for preparation of HVJ-E vector is different. Without deter-

gent treatment, DNA does not become incorporated into the viral particle. Electron

microscopy confirms that DNA became incorporated into all of the particles of in-

activated HVJ. The largest plasmid tested was 14 kb and its trapping efficiency was

18%.

The HVJ-E vector differs from the reconstituted HVJ particles that are prepared

by reassembling lipids and fusion proteins after solubilization of the virus particle.

To prepare HVJ-E vector, plasmid DNA is incorporated into inactivated HVJ par-

ticles by treatment with mild detergent. The virion is not destroyed, and not sub-

jected to the dialysis, purification and addition of lipids or proteins that occurs dur-

ing the preparation of reconstituted HVJ particles [86, 87, 89]. Protein analysis of

HVJ-E vector using sodium dodecyl sulfate–polyacrylamide gel electrophoresis in-

dicates that the composition of HVJ-E vector is very similar to that of native HVJ

[90]. Most native HVJ proteins are retained in HVJ-E vector. Fusion proteins HN
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and F1 are retained, and the molar ratio of these proteins in HVJ-E vector was ap-

proximately 2:2.3, which is the same as the ratio in native HVJ [79]. This ratio of F

and HN is very important for fusion activity. Therefore, the fusion activity of HVJ-E

vector is as robust as wild-type HVJ. Electron microscopic observation confirmed

that the fusion between HVJ-E vector and cell membrane occurs only 3–5 s after

the attachment of the plasmid-containing HVJ-E vector to a cell surface.

In contrast to recombinant HVJ viral vector [96], the HVJ-E is a nonviral vector

system that consists of an envelope derived from wild-type HVJ virus by inactiva-

tion and purification. Since the viral genome is inactivated in HVJ-E vector, the

virus does not replicate and viral genes are not expressed in the cells that are trans-

fected with HVJ-E vector. However, cells infected with recombinant HVJ viral vec-

tor produce viral proteins. The recombinant HVJ vector produces a large amount

of therapeutic products, but it may cause cellular toxicity and be highly immuno-

genic, which make it less desirable for repeated administration.

For in vitro transfection, HVJ-E vector containing luciferase expression plasmid

was mixed with PS and this mixture was added to culture cells. Protamine sulfate

enhanced luciferase gene expression 10- to 50-fold in several cell lines and the op-

timum conditions for in vitro gene transfer have been previously summarized [90].

Small interfering RNA (siRNA) is an attractive and effective tool for suppressing

target protein by specifically digesting its mRNA [97, 98]. siRNA is superior to anti-

sense oligonucleotides and ribozyme in terms of efficiency and specificity [99, 100],

but finding a suitable delivery system for siRNA has been problematic [101].

Drugs, synthetic oligonucleotides, proteins and peptides as well as siRNA can be

incorporated into HVJ-E vector, and delivered into cells. The HVJ-E-mediated deliv-

ery efficiency of siRNA in cultured cells was 100%. Other researchers have also

demonstrated that HVJ-E vector efficiently delivers siRNA to islet cell lines [102]

and Jurkat cells [103].

HVJ-E vector system can be used for in vivo gene transfer. The HVJ-E vector has

mediated gene transfer to a variety of tissues (lung, liver, uterus, eye, skin, muscle,

brain and heart) in animals including mice, rats, rabbits and monkeys. In mouse

liver, HVJ-E vector-mediated luciferase gene expression was 2 times higher than

the expression mediated by HVJ-liposomes prepared from inactivated HVJ. In

mouse skeletal muscle, consecutive injection of DNA-loaded HVJ-E vector did not

inhibit gene transfection. In this experiment, empty HVJ-E vector was injected into

mouse muscle tissue twice with a 2-week interval in one experimental group, while

another group received saline injections. Two weeks later, HVJ-E vector-containing

luciferase gene was intramuscularly injected in all mice. In the two groups, similar

luciferase gene expression was observed. Thus, HVJ-E vector appears to be less im-

munogenic than other viral vector.

We reported the successful gene transfection into uterus and brains by HVJ-E

vector [104, 105]. For the transfection into uterus, HVJ-E vector containing plasmid

DNA was slowly injected into the uterine cavity and the cervix was clamped for 10

min. For the transfection into brain tissue, we intrathecally injected HVJ-E vector

containing the LacZ gene into the cerebrospinal fluid (CSF). HVJ-envelop vector

containing plasmid DNA was infused at the rate of 50 mL min�1 after removing
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100 ml of CSF. Then, the animals were placed head-down for 30 min. No behavioral

changes, such as convulsions or abnormal movements, were observed. Cells that

expressed b-galactosidase were present in the spiral ganglion cells (SGCs), cerebral

cortex and medulla.

We also examined the transfection efficiency in the intravenous injection of

HVJ-E vector. Luciferase gene-loaded HVJ-E vector (6� 109 particles) was injected

into the mouse tail vein and luciferase activity in several organs was measured

24 h after injection. Luciferase expression was detected in the spleen for at least

1 week. When HVJ-E vector containing FITC-ODNs was systemically injected,

FITC-ODNs were observed in the marginal zone of the spleen. However, by intra-

venous injection of HVJ-E vector, coagulation functions in the mouse blood is

transiently suppressed, but the functions are recovered at 24 h after the injection.

It is probable that the hemagglutinating activity of HN protein will be necessary for

systemic injection of HVJ-E vector to ensure the safety in gene therapy.

14.3.2

Approaches to Cancer Gene Therapy Utilizing HVJ-E Vector

14.3.2.1 Transfection of Dendritic Cells (DCs) with Melanoma-associated Antigen

(MAA) using HVJ Envelope Vector for Immunotherapy of Melanoma

Our first approach for developing cancer gene therapy was to construct cancer vac-

cines using the HVJ-E vector system. Polyvalent tumor antigen vaccines have been

evaluated to increase the repertoire of antitumor T cells [106]. In this study, we

chose MAA genes, glycoprotein 100 (gp100) and tyrosine-related protein 2 (TRP2),

and transfected DCs with these two genes to evaluate ex vivo vaccination for pro-

phylactic and therapeutic melanoma treatment.

DCs are the most potent antigen-presenting cells. DCs are capable of highly ef-

fective presentation of antigens to naive T cells and they can initiate immune re-

sponses [107]. Several clinical studies have now been conducted in cancer patients

with tumor-associated antigen (TAA)-loaded DCs [108, 109]. In several of these

clinical studies the DCs were loaded by pulsing with protein antigens or with pep-

tides derived from TAAs. Studies have demonstrated that ex vivo transfected DCs

and adoptive therapy can be very effective in inducing antigen-specific immune re-

sponses. This type of strategy has been demonstrated in animals and pilot clinical

studies for a variety of cancers [110, 111].

Transfected DCs with vectors expressing TAA genes have shown promising re-

sults. Studies have demonstrated that xenogeneic TAAs are very strong immuno-

gens capable of cross-priming to host syngeneic TAAs. Human TRP2 and gp100

proteins have a high amino acid sequence homology to their mouse counterparts.

We used xenogeneic TAAs for several reasons: to break self-antigen tolerance in the

host, to induce strong antitumor immunity and to enhance individual TAA immu-

nogenicity. The approach provides a large expression of TAAs and activates DC pre-

sentation. Therefore, highly efficient transfection system is absolutely necessary for

efficient induction of tumor immunity. In recent studies, adenoviral vector was the

original vector of choice for efficiently transfecting DCs [112, 113]. However, ad-
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enovirus has serious disadvantages as a vector for engineering DCs because of its

high toxicity. Some studies have demonstrated that plasmid DNA in liposomes

[114], vaccinia virus [115, 116] and retroviruses [117, 118] could be used to infect

or transfect human DCs to present a variety of antigens. However, a highly effi-

cient and minimally invasive vector system has not yet been achieved for transfec-

tion of DCs. To develop more efficient gene transfer to DCs that cause only mini-

mal damage, we tested the potential of HVJ-E vector for transfection of DCs with

two different TAA genes.

We used the luciferase gene to determine the optimal conditions for transfection

of DCs. As previously reported, the optimum ratio of HVJ-E vector to cultured cells

is 6� 103 to 1:2� 104 [90]. We identified 1:2� 104 as the optimal ratio and deter-

mined the most effective transfection conditions. When DCs were incubated with

HVJ-E vector containing the luciferase gene, luciferase gene expression was not

significant. We attempted to increase the luciferase gene expression by centrifug-

ing the mixture of DCs and HVJ-E vector. Centrifugation at 9000 g was much

more effective for gene transfection than 3000 and 13 000 g. The viability of DCs

after transfection was approximately 70%. The centrifugation time required for

the most effective gene expression was 90 min. The highest luciferase gene expres-

sion was obtained in DCs that were centrifuged for 90 min at 9000 g and 37 �C. Six

days after DCs were isolated was the best time to transfect the DCs for optimal lu-

ciferase gene expression. Thus, the optimal conditions for the most effective trans-

fection of DCs were at 9000 g for 90 min at 37 �C in DCs cultured for 6 days after

isolation from bone marrow. Under these optimal conditions, we assessed the ex-

pression of yellow fluorescent protein (YFP) expression to determine the trans-

fected DCs population. Almost all DCs that were recognized with phycoerythrin

(PE)-conjugated CD11c antibody expressed YFP, as determined by fluorescence

microscopy. Flow cytometry analysis revealed that approximately 99% of DCs

expressed YFP.

Surface markers of mature DCs were studied by flow cytometry analysis to con-

firm that differentiation was not inhibited by gene transfection using HVJ-E vector.

The lipopolysaccharide (LPS)-induced expression of CD40, CD80, CD86 and HLA-

DR was equivalent on nontransfected DCs and transfected DCs. The nonspecific

phagocytotic activity of DCs (evaluated by uptake of FITC-labeled dextran) was sup-

pressed in transfected DCs as well as in nontransfected DCs. Thus, gene transfer

with HVJ-E vector did not inhibit LPS-induced maturation of DCs.

Next, we used HVJ-E vector to transfect the gp100 and TRP2 genes into DCs.

The expression of each transfected antigen was detected by flow cytometry analysis

of cells stained with antigen-specific antibody. On day 1, gp100 and TRP2 were de-

tected in 36 and 63% of DCs, respectively. Approximately 80% of DCs expressed

both antigens on day 7.

DCs transfected with either the gp100 or TRP2 gene or both genes after one day

were injected intradermally into C57BL/6 mice. The delayed-type hypersensitivity

(DTH) response was assessed in mice immunized with MAA-transfected DCs at

24, 48, and 72 h after TAA protein challenge. Significant cutaneous DTH was de-

tected in mice immunized with MAA gene-transfected DCs compared to the con-
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trol mice that were injected with DCs without MAA. The DTH response to gp100

was significant in the groups immunized with gp100-transfected DCs or gp100/

TRP2-transfected DCs. The level of response was equivalent in the two groups.

A similar response to TRP2 was obtained in the groups immunized with TRP2-

transfected DCs or gp100/TRP2-transfected DCs.

We examined CTLs against BL6 tumor cells on day 7 after DC administration.

TAA-specific CTLs were generated with variable response rates. Mice immunized

with DCs expressing gp100 and TRP-2 had the highest level of CTL activity against
51Cr – labeled BL6 target cells. Mice immunized with single TAA-transfected DCs

generated significant CTL activity against BL6 cells when compared to the control

groups that received HVJ-E vector containing pcDNA-3.1. However, these re-

sponses were lower than those generated by the cotransfer of gp100 and TRP2.

Vaccination of DCs transfected with TAA genes induced TAA-specific cellular im-

munity consisting of CTL activity and DTH helper cell activity against melanoma

cells.

We tested the effect of vaccination with MAA-transfected DCs on the inhibition

of tumor growth in mice. No tumor growth was observed in mice immunized with

gp100/TRP2 transfected DCs, although significant tumor masses were palpable in

all control mice injected with DCs without TAA. Immunization with DCs trans-

fected with single TAA gene was not effective, as small tumor masses were de-

tected. However, the tumor growth rate was slower than that of the control group.

In this prophylactic study, vaccination with DCs transfected with both gp100 and

TRP2 was much more effective for inhibition of tumor growth than vaccination

with DCs transfected with TRP2 alone.

To investigate the therapeutic effect of vaccination with TAA-transfected DCs,

we vaccinated the mice with various DC vaccines 24 h after intravenous inocula-

tion with 104 BL6 cells. All control mice injected with PBS-treated DCs and

pcDNA3.1-transfected DCs died of lung metastasis in 45 and 62 days after inoc-

ulation, respectively. Vaccination with DCs that were transfected with a single TAA

gene improved the survival. Vaccination with TRP2-transfected DCs was more

effective than vaccination with gp100-transfected DCs. Vaccination with gp100/

TRP2-transfected DCs significantly prolonged the survival rate. Eight of nine mice

vaccinated with gp100/TRP2-transfected DCs survived more than 80 days after tu-

mor inoculation. Vaccination with immature DCs that were not treated with LPS

was not effective for improving survival and all of these mice died in 60 days (in-

cluding the mice that received gp100/TRP2-transfected DCs).

14.3.2.2 Fusion of DC Tumor Cells and Simultaneous Gene Transfer to the Hybrid

Cells using HVJ-E for the Prevention and Treatment of Cancers

TAAs have been identified in some cancers such as melanoma [119, 120]. How-

ever, TAAs in many cancers have not been identified. The identification of TAAs

is required for the development of TAA-loaded DC vaccines.

To solve the problem, hybrid cell vaccines have been developed by fusing DCs

with tumor cells [121, 122]. There is evidence that these DC–tumor fused cells pos-

sess the properties of both tumor cells containing known and unknown TAAs and
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DCs with high levels of MHC class I and II molecules and costimulatory molecules

for priming and activating naive CD4þ and CD8þ T cells. Therefore, even though

tumor cells lose MHC class I molecules, TAAs can be presented on the surface of

the fused cells by DC-derived MHC class I molecules. PEG and electroporation

have been used to induce tumor cell–DC fusion. HVJ has been identified as a pow-

erful fusogen. We stained mouse DCs with red fluorescent reagent. Mouse mela-

noma cells were stained green and irradiated with g-rays. Both cells were mixed

with inactivated HVJ. After 30 min, the fusion of DCs and tumor cells occurred

with approximately 50% efficiency.

We used HVJ-E to generate powerful tumor–DC vaccines, because HVJ-E can in-

duce tumor cell–DC fusion and simultaneously transfer DNA or proteins to acti-

vate the immune response. To confirm simultaneous fusion and gene transfer

mediated by HVJ-E, DCs and tumor cells were mixed with HVJ-E containing the

green fluorescent protein (GFP) gene. Fusion between DCs and irradiated-tumor

cells was observed, and YFP expression was detected in fused cells as well as in

DCs.

Using this system, we attempted to generate anti-tumor immunity using HVJ-E

with or without the interleukin (IL)-12 gene. Ten days after the second immuniza-

tion, spleen cells were isolated to assess cytolytic activity. The cytolytic activity of

the effector cells obtained from the mice immunized with fused cells was signifi-

cantly higher than that obtained from other vaccination protocols such as PBS, IL-

12, ‘‘Mix’’ (mixture of DCs and tumor cells without fusion) and ‘‘Mix’’ plus IL-12.

Higher cytolytic activity was observed in the mice that received fused cells plus IL-

12 as compared with that in the mice that received fused cells alone.

First, we examined the effect of this hybrid cell vaccine on the prevention of tu-

mor generation. After two vaccinations, melanoma cells or renal cancer cells were

intradermally injected. The mice vaccinated with fused cells plus IL-12 had signifi-

cantly increased survival; all of these mice were alive 60 days after tumor challenge

in the B16BL6 tumor model. The survival rate was 20% in the mice vaccinated

with fused cells without IL-12. All mice in the other groups died. The effect of

fused cells and IL-12 on the enhancement of tumor-specific immunity in mice

was also observed against renal cancer. Therefore, these findings indicate that im-

munization with fused cells plus IL-12 strongly induces Th1 cytokines and acti-

vates tumor-specific CTLs, resulting in significant protection from melanoma,

which has known TAAs or renal cancers which has unknown TAAs.

Next, we treated solid tumors by in vivo fusion and gene expression using HVJ-E

vector. Mouse DCs and HVJ-E vector were injected into solid tumors. The effect of

the transfer of a therapeutic gene by HVJ-E vector was also evaluated. To detect in
vivo fusion of DCs with tumor cells, red-stained DCs were injected into melanoma

masses expressing YFP with inactivated HVJ. Megakaryocytes, which indicate tu-

mor cell–tumor cell fusion, were detected, as well as large orange-stained cells in-

dicate DC–tumor cell fusion. However, the fusion efficiency in vivo was much less

than that of in vitro cell fusion.
For therapeutic experiments, melanoma cells were intradermally injected. When

the tumor diameter was greater than 5 mm, an injection of DCs and HVJ-E vector
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was administered. Spleen cells were isolated and assayed for antimelanoma CTL

activity. No therapeutic genes were incorporated into HVJ-E vector. The coinjection

of DCs and empty HVJ-E vector resulted in significant antimelanoma CTL activity.

DCs or HVJ-E vector alone did not induce CTL activity. When tumor growth was

observed, the coinjection of DCs and empty HVJ-E vector inhibited tumor growth,

but the tumor volume still gradually increased. When DCs were coinjected with

HVJ-E vector that contained the IL-12 gene, a greater inhibitory effect was ob-

tained. The coinjection of DCs and HVJ-E vector effectively prolonged mouse sur-

vival. The most effective therapeutic effect was obtained when HVJ-E vector that

contained IL-12 gene was coinjected with DCs into the tumor mass; approximately

60% of these mice survived 35 days after treatment.

Thus, we developed a novel cancer vaccine using HVJ-E-mediated DC–tumor

cell fusion. The DC–tumor cell fusion was induced by HVJ-E vector at a high effi-

ciency. Both known and unknown TAAs were presented on fused cells by MHC

class I molecules from DCs. Furthermore, IL-12 gene transfer was achieved in the

fused cells. The expression of IL-12 stimulates the maturation of naive T cells and

promotes a Th1 response [123]. It is believed that the presentation of TAAs and the

promotion of a Th1 response together induce an efficient antitumor CTL response.

The HVJ-E vector holds great promise for human gene therapy. We are improv-

ing the HVJ-E vector system so that it can be used in clinical trials. So far, the virus

has been produced in chick eggs, but egg-derived HVJ is difficult to use for clinical

trials. It has been very difficult to produce large amounts of the virus in cultured

cells and the production in cultured cells are less than 2% of that in chick eggs.

We recently developed the system in producing HVJ in human cells. We cloned

HEK-293 cells that produce a high titer of HVJ after infection and determined the

growth conditions for these cells in an animal product-free medium using a bio-

reactor. We are able to culture these cells in 10 L of serum-free medium at a den-

sity of more than 106 cells mL�1 and we can obtain HVJ at the efficiency of more

than 3� 109 particles mL�1. The production in a 10-L culture is comparable to that

in 500 chick eggs. A pilot plant to commercially produce clinical grade HVJ-E

vector was established in a venture company named Genemidea (Japan; http//

www.anges-mg.com/news/030324.htm). Genomidea created a working cell bank,

master cell bank and master virus bank for producing clinical-grade HVJ for phase

I and IIa trials. They also set up an apparatus to purify inactivated HVJ using two

different column systems. The human cell-derived HVJ-E vector was more effective

for gene transfection than the egg-derived HVJ-E vector. Human cell-derived HVJ-

E vector is also available for drug delivery both in vitro and in vivo. This vector will
be available for human gene therapy soon.

14.4

Biocompatible Polymer with HVJ-E

Recent advances in biotechnology have made it possible to produce various clini-

cally useful DNA and proteins. While this technology has brought about the dis-
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covery and mass production of these bioactive macromolecules, several challenges

need to be addressed with regard to their sustained delivery in a convenient, con-

trolled manner and targeting formulations. It has been demonstrated that com-

plexation with positively charged polymers enabled negatively charged DNA to

have an enhanced stability and transfection efficiency to cells [124–126]. Recently,

the use of biodegradable gelatin as a nonviral vector augmented adrenomedulin

expression and thereby enhanced the therapeutic effects of adrenomedulin gene

transfer which potentially induces angiogenesis [127]. They demonstrated that

rhodamine isothiocyanate-labeled adrenomedulin DNA was incorporated into

positively charged gelatin. In addition, intramuscular administration of adrenome-

dulin DNA–gelatin complexes strongly enhanced adrenomedulin production com-

pared with that of naked adrenomedulin DNA. These results suggest that biode-

gradable gelatin may serve as a vector for gene transfer. In fact, adrenomedulin

DNA–gelatin complexes induced more potent angiogenic effects in a rabbit

model of hind limb ischemia than naked adrenomedulin DNA, as evidenced by

significant increases in histological capillary density, calf blood pressure ratio, laser

Doppler flow and muscle weight ratio, and a decrease in necrosis of lower hind

limb and thigh muscles. These results suggest that the use of biodegradable

gelatin as a nonviral vector augments adrenomedulin expression and enhances

adrenomedulin-induced angiogenic effects. Adrenomedulin DNA–gelatin com-

plexes were distributed mainly in connective tissues. They have recently demon-

strated that gelatin–DNA complex is readily phagocytosed by macrophages, mono-

cytes, endothelial progenitor cells, etc., resulting in gene expression within these

phagocytes [128, 129]. These findings raise the possibility that adrenomedulin

secreted from these cells acts on muscles in a paracrine fashion. Unlike adrenome-

dulin production in the naked adrenomedulin group, adrenomedulin overexpres-

sion in the adrenomedulin–gelatin group lasted for longer than 2 weeks. Thus, it

is interesting to speculate that delaying gene degradation by gelatin may be respon-

sible for the highly efficient gene transfer.

We succeeded in enhancing the transfection efficiency of HVJ-E by combining it

with cationic polymers [130]. For cultured cells in vitro, the most efficient transfec-

tion was obtained by combining HVJ-E with both CG and PS. However, for in vivo
transfection, CG–HVJ-E without PS resulted in the highest gene expression. These

findings are consistent with our previous report indicating that the particle size of

cationic liposomes may affect gene transfection efficiency [131]. By adding both PS

and CG to HVJ-E, the size and charge of the resulting complex may have been the

most suitable for in vitro transfection. PS and CG affected gene transfection effi-

ciency in a variety of cell lines as well as in primary cells, although the efficiency

was varied among cell types. The ratio of PS and CG used for these experiments

was determined by gene transfection experiments with CT26 cells. Thus, gene ex-

pression in the other cell types may be enhanced when the conditions are opti-

mized for each cell type.

We determined that cell fusion is the mechanism responsible for a PS–CG–

HVJ-E-mediated gene transfer system. Although endocytosis appeared to be in-

volved in gene transfection based on the wortmannin experiments, transfection
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was completely inhibited by antibody against the fusion protein of HVJ. Since the

fusion activity of HVJ is pH independent, HVJ can fuse with the cell membrane

both on the cell surface and in endocytotic vesicles. Even for the HVJ-E complex

with PS and CG, the F protein of HVJ appeared to associate with the cell mem-

brane, and fusion activity appeared to be necessary for gene transfection.

HVJ-E complexed with CG targeted the liver. With PS, gene expression in the

liver after intravenous injection was lower than with CG–HVJ-E. We speculate

that larger particles with positive charge are less mobile when intravenously ad-

ministered. Comparison with PS–HVJ-E and PS–CG–HVJ-E suggests that CG–

HVJ-E may have the appropriate size and potential for targeting the liver after in-

travenous injection. Our results suggest that the CG–HVJ-E vector may be effective

and practical for the treatment of liver diseases, such as liver cirrhosis and hepati-

tis, when therapeutic genes encoding secreted proteins, such as human growth fac-

tor, soluble transforming growth factor-b receptor and decorin, are employed. An

adverse effect of this treatment is that coagulation function is transiently decreased

by CG–HVJ-E in mice, although it recovered in 1 day. This adverse effect is proba-

bly caused by HVJ hemagglutinating protein, which is necessary for binding with

sialic acid, a virus receptor. When HVJ-E is complexed with CG, CG may perform

the function of hemagglutinating protein and enhance the association with cell

membranes. If HVJ-E without hemagglutinating protein is combined with CG,

the complex may reduce adverse effects to a much lower level.

An additional advantage of CG is that it protects HVJ-E from degradation in

fresh mouse serum. Although the in vitro transfection efficiency of HVJ-E was

not inhibited by culture medium containing 10% FBS, the activity of HVJ-E was

rapidly lost in the presence of fresh mouse serum. However, CG–HVJ-E was

significantly stable in 50% fresh mouse serum. The high transfection activity of

CG–HVJ-E after intravenous injection appears to be mediated by the stability of

the vector in fresh serum. Liposomes composed of hydrogenated egg phosphatidyl-

choline and cholesterol activate the complement system in rats by interacting with

IgG and IgM. Although it is unproven that HVJ is degraded by complement lysis

in mouse serum, the interaction of serum proteins with HVJ-E may be involved in

the loss of transfection activity of HVJ-E. Conjugation to CG appears to protect the

surface molecules of HVJ-E from the detrimental effects of serum proteins.

The results of this study suggest that low-molecular-weight CG may be appropri-

ate for complex formation with various envelope viruses, such as retrovirus, herpes

virus and HIV, and that the CG-envelope virus vector may enhance transfection ef-

ficiency both in vitro and in vivo. This technology may lead to the achievement of

an ideal vector system with high efficiency and minimal toxicity.

14.5

Magnetic Nanoparticles for Medicine

A novel transfection method, so called magnetofection, which comprises the asso-

ciation of vectors with superparamagnetic iron oxide nanoparticles and gene deliv-
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ery under the application of a magnetic field, has been developed [132]. Using the

method of magnetofection the efficiency of synthetic gene carriers has been en-

hanced up to several-hundred-fold. In particular, the duration of the transfection

procedure has been reduced to minutes [132]. For magnetofection, gene carriers

such as poly(ethylenimine) (PEI), which are associated with superparamagnetic

iron oxide nanoparticles, are complexed with plasmid DNA (these complexes are

called magnetofectins) and gene delivery is targeted by the application of a mag-

netic field. For an unrestricted use of magnetofection and its benefits it would be

advantageous to gain more insights into the cellular uptake mechanism of the

magnetofectins. For polyplexes an endocytic uptake mechanism, probably medi-

ated by heparan sulfate proteoglycan receptors via endosomes, has been shown

[133]. Due to its high buffering capacity, PEI is able to destabilize the endosomal

membrane leading to the so-called endosomolysis. PEI apparently induces a mas-

sive proton accumulation in the endosomes followed by passive chloride influx

leading to osmotic swelling of the endosomes and, finally, to its burst releasing

the gene vectors into the cytoplasm as a prerequisite for the transport of DNA to-

wards the nucleus. This effect is called the ‘‘proton sponge effect’’ [134–136]. In

this context the question arises whether the PEI-based magnetofectins function in

the same way as PEI gene vectors. In particular, we asked if the applied magnetic

force result only in an increased accumulation of magnetofectins on the cell sur-

face or if it is even able to pull them directly into the cells, circumventing endocy-

tosis and leading to a different gene transfer mechanism as for PEI gene vectors.

Endocytosis is involved in various cellular processes like the transmission of

neuronal, metabolic and proliferative signals, the uptake of many essential nu-

trients, and the ability of defense against invading microorganisms [137]. It is char-

acterized by the formation of membrane vesicles at the plasma membrane. One

distinguishes between clathrin-dependent and clathrin-independent endocytosis.

The clathrin-dependent endocytosis is the best described so far. Here the vesicles

(diameter of approximately 100 nm) are coated with clathrin [137, 138]. After inter-

nalization, the clathrin coat gets recycled and the vesicle fuses with an endosome

where the sorting, mediated by microtubules, and the dissociation of potential re-

ceptors take place. This step is followed by degradation in lysosomes and further

transport to the final destination [138]. Well-known examples for the clathrin-

dependent uptake mechanism of receptor-bound ligands are transferrin and the

low-density lipoprotein (LDL) [137]. The clathrin-independent pathways include

phagocytosis, macropinocytosis, constitutive nonclathrin uptake and caveolae-

mediated uptake [137]. Phagocytosis is generally restricted to macrophages, where-

by macropinocytosis refers to the formation of large, irregular primary endocytic

vesicles [138]. Clathrin-independent endocytosis in the absence of caveolae and

caveolin is found and designated as constitutive nonclathrin uptake. The caveolae-

mediated uptake is characterized by caveolae, which are omega-shaped, noncoated

membrane invaginations (diameter 50–100 nm) present in many cell types, but

especially abundant in endothelial cells [138]. Their structure is maintained by a

family of cholesterol-binding proteins called caveolin. Besides caveolin, caveolae
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are enriched in cholesterol, sphingomyelin and glycosphingolipids [138]. There is

some evidence for a potential role of caveolae in the internalization and intracellu-

lar delivery of gene-based therapeutics, as used for somatic gene transfer or single-

stranded oligonucleotide technology [139].

We focused on magnetic nanoparticles, such as magnetite and maghemite, with

an average size of from 20 to 50 nm, which can be positionally regulated by a mag-

netic force. Magnetic nanoparticles basically consist of oxidized iron, which is com-

monly used as a supplement for the treatment of anemia. We hypothesized that

the association of magnetite and HVJ-E technology could allow the rapid attach-

ment of HVJ-E and cells by application of a magnetic force, leading to enhanced

transfection efficiency. Moreover, magnetic nanoparticles can be modified with sev-

eral chemical compounds to allow modification of the charge, size and affinity. In

addition, there is increasing interest in using magnetic resonance imaging (MRI)

to monitor the in vivo behavior of proteins labeled with magnetic nanoparticles

[140, 141]. Indeed, magnetic nanoparticles were recently used for gene transfec-

tion, because magnetic targeting exploits paramagnetic particles as drug carriers,

guiding their accumulation in target tissues with strong local magnetic fields

[142, 143].

To evaluate the HVJ-E vector system mixed with maghemite, we mixed several

doses of maghemite with HVJ-E vector infusing luciferase plasmid. However, un-

expectedly, we did not find any improvement in transfection efficiency. From these

results, we speculated that there might be a close association, such as electrostatic

interaction, between HVJ-E and maghemite. Since we have previously reported

that PS, a low-molecular-weight naturally polycationic peptide (around 4000 Da),

enhanced the transfection efficiency based on HVJ-E vector in an in vitro culture

system, we coated the surface of maghemite with PS. After modification with PS,

the z potential of maghemite was changed to 23:8G 1:8 from 17:5G 1:6 mV,

which suggests that surface coating of maghemite enhanced its cationic charge.

Interestingly, a mixture of PS-coated maghemite with HVJ-E vector significantly

enhanced the transfection efficiency in a dose-dependent manner. Using the same

system, high transfection efficiency into BHK cells was also achieved using the en-

hanced GFP (EGFP) gene or FITC-ODN. To confirm the interaction of magnetite

and HVJ-E vector, we performed electron microscopy. PS-coated maghemite and

HVJ-E vector co-existed even though a number of maghemite particles were aggre-

gated around HVJ-E vector (Fig. 14.2).

To explore transfection in vivo, we further evaluated the maghemite-attached

HVJ-E vector by direct injection into mouse liver. Unexpectedly, a mixture of ma-

ghemite surface-coated with PS did not enhance the transfection efficiency in the

analysis of luciferase activity, differing from the in vitro system. Since cotreatment

with heparin has been reported to enhance the transfection efficiency of HVJ-E

vector in brain tissue, we next coated the surface of maghemite with heparin,

which might antagonize the function of PS. The z potential of maghemite was

changed to �10:1G 2:3 from 17:5G 1:6 mV, which suggests that the surface coat-

ing of maghemite was changed to a fairly negative net charge. A mixture of
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heparin-coated maghemite with HVJ-E vector significantly enhanced the transfec-

tion efficiency in the liver. These data suggest that suitable modifications for gene

transfection differ between in vitro and in vivo. Analysis of EGFP expression in

the liver by immunostaining, also confirmed marked expression obtained with

heparin-coated maghemite with HVJ-E vector containing the EGFP gene as com-

pared to PS-coated maghemite. For safety evaluation, the serum levels of alanine

aminotransferase (ALT) and aspartate aminotransferase (AST) were not further

elevated in the heparin-coated maghemite group compared to the control group.

Furthermore, we tried to enhance the transfection efficiency under the influence

of a magnetic field by placing a magnet on the surface of the liver. However, no

obvious improvement in luciferase activity in the liver was observed. Probably, a

stronger magnetic field or more accurate control of magnetite might be necessary

to enhance it.

In the system of magnetofection, the gene carrier itself represents a hybrid sys-

tem characterized by an iron oxide inner core and a coat consisting of the cationic

PEI which might also assist the endosomal escape of a gene after transfection into

cells. In contrast, in our system, transfection was mediated by a cell fusion process

of HVJ-E vector, which did not require endosomal escape, are not by endocytosis.

Thus, we selected PS as the coating material of maghemite in combination with

the HVJ-E system, as PS is a low-molecular-weight polycationic peptide that has

Food and Drug Administration approval as an antidote to heparin anticoagulation

Figure 14.2. Modified HVJ-E vector. PS enhanced the

transfection efficiency based on HVJ-E vector in an in vitro

culture system. In addition, we coated the surface of magnetic

nanoparticles with PS and further enhanced the transfection

efficiency based on HVJ-E vector.
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[144, 145]. Since both the surface of HVJ-E and the cell membrane have a negative

net charge, cationic charged PS-coated maghemite can be speculated to enhance

the association of HVJ-E with the cell membrane. Thus, PS-coated maghemite

would actively carry HVJ-E to cultured cells under a magnetic force.

However, in an in vivo system, heparin, but not PS, was suitable as the coating

material in combination with HVJ-E vector, consistent with a previous in vivo re-

port. Of special interest regarding this result was a previous report showing that

coinfusion of trophic factors and heparin into the rat brain significantly enhanced

the volume of distribution. Thus, we speculate that the distribution of these vectors

may be a key to explaining this discrepancy between in vitro and in vivo gene trans-
fer. In addition, no immunohistochemical data has been presented on potential

toxic effects of heparin. The size and surface chemistry of magnetic particles

could be tailored accordingly to meet specific demands of physical and biological

characteristics.

Magnetically targeted drug delivery by particulate carriers to a localized disease

site may be efficient as drugs and a very high concentrations of chemotherapeutic

or radiological agent can be achieved near the target site, such as a tumor, without

any toxic effects on normal surrounding tissue or the whole body. Magnetic

carriers receive their magnetic responsiveness to a magnetic field from incorpo-

rated materials such as magnetite, iron, nickel, cobalt, neodymium–iron–boron or

samarium–cobalt. As for biomedical applications, magnetic carriers must be water-

based, biocompatible, nontoxic and nonimmunogenic. The first medical applica-

tion directly applied magnetite or iron powder. The first clinical cancer therapy trial

was performed in Germany for the treatment of advanced solid cancer in 14 pa-

tients using magnetic microspheres that were about 100 nm in diameter and filled

with 4 0-epidoxorubicin [146]. The phase I study clearly showed low toxicity of the

method and accumulation of MMS in the target area. However, MRI measure-

ments indicated that more than 50% of MMS ended up in the liver [147]. Concep-

tually, magnetic targeting is a very promising approach. However, there are a num-

ber of physical, magnetism-related properties which require careful attention. (i)

More responsive magnetic materials with defined and homogenous material prop-

erties in a stable and defined oxidation state need to be synthesized. (ii) The size

must be small enough that they do not clog the blood vessels through which they

are guided to the target organ. (iii) Altering the surface of magnetite with appropri-

ate molecules should be considered, to either increase or decrease the interaction

of magnetite with tissues or organs. (iv) The magnetite size must be uniform

enough to provide an equal probability of magnetic capture for each magnetite par-

ticle. (v) The fate of the particles in the body is an important consideration both for

local and systemic short- and long-term toxicity. Thus, further improvements of

this hybrid vector were required in future studies.

Overall, we have developed a novel hybrid vector of HVJ-E and magnetic nano-

particles with different surface modifications in an in vitro culture system as well

as in vivo. Further modification of this system with MRI might provide new thera-

peutic potential to achieve tissue targeting.
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14.6

Conclusion

If omnipotent vector systems are eventually developed, gene transfer may harm

patients – this is far from therapeutic. An all-encompassing vector system may

not be feasible and each vector system must be evaluated with respect to the target

disease. In some diseases such as arteriosclerosis obliterans, transient gene expres-

sion would be sufficient to cure the disease and sustained gene expression would

be detrimental. In other diseases, such as SCID-X1 and hemophilia B, it may be

necessary to induce the transformation of only a small population of cells. Cancer

gene therapy occupies more than 60% of current human gene therapy approaches

and no remarkable successes have been reported in this area to date. When we

consider why gene therapy is necessary for cancer treatment, the answer is that

gene therapy should be used to inhibit tumor metastasis and suppress the recur-

rence of cancers. For these purposes, investigations in basic cancer cell biology

and technological developments should be promoted much more than at present.

The issues in this chapter present a road map for the future technological develop-

ments for gene therapy. Thus, technologies in gene therapy should be developed

on the basis of analysis of the target tissues, target cells, cellular components and

molecules which are relevant to the biology.
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Nanotoxicology of Synthetic Gene Transfer

Vectors: Poly(ethyleneimine)- and Polyfectin-

mediated Membrane Damage and Apoptosis

in Human Cell Lines

Seyed M. Moghimi

15.1

Introduction

Viral vectors are extremely efficient in transfecting cells; however, they can induce

severe immunotoxicity and inflammatory responses, which restrain repeated ad-

ministration [1]. The death of Jesse Gelsinger in September 1999 during an exper-

imental adenoviral gene therapy trial conducted at the University of Pennsylvania

is a grim reminder of these adverse effects. The autopsy findings confirmed that

the adenoviral vector initiated an unusual and deadly immune system response

that led to multiple organ failure and adult respiratory distress syndrome, and ulti-

mately brain death. Another potential complication is insertional mutagenesis,

which could pose additional risks in gene therapy programmes involving retrovi-

ruses, as evident from stem cell gene therapy trials for treatment of X-linked severe

combined immunodeficiency disease at Necker Hospital, Paris, France [1–3]. Of 17

patients who participated in this programme, virtually all showed major improve-

ment. However, three developed leukemia-like conditions; of these, one subse-

quently died. These issues, together with the limited loading capacity and difficul-

ties in large-scale production of viral vectors, have generated a surge in design and

engineering of synthetic cationic nonviral gene transfer systems. Examples include

a plethora of cationic lipids (lipofectins) and polycations (polyfectins) such as

poly(l-lysine) and poly(ethyleneimine) (PEI) in linear, branched and dendrimeric

form, and variations thereof [poly(ethylene glycol)- and ligand-tagged] [4–6]. These

materials can condense genetic materials into nanostructures readily amenable for

transfection. PEIs have received considerable attention in gene transfer protocols

as a result of excellent transfection efficiencies [4–6].

This chapter briefly reviews the structure and properties of PEI-based transfec-

tants. PEI is also cytotoxic, but the molecular basis of its cytotoxicity is poorly

understood and therefore not discussed in detail in previous reviews. The major

part of this chapter critically examines recent breakthroughs in understanding of

the molecular mechanisms of PEI-mediated cytotoxicity.
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15.2

PEI as a Nonviral Vector

15.2.1

Structure and Properties of PEI and PEI–DNA Complexes

PEI exists in both linear and branched form and is available in a broad

range of molecular weights (from a few hundred Daltons to 1500 kDa). Ring-

opening polymerization of 2-substituted 2-oxazoline leads to formation of poly(N-

formalethylenimine), which is then hydrolyzed to yield linear PEI. In contrast, the

branched form of PEI is produced by acid-catalyzed polymerization of aziridine.

PEI is capable of condensing DNA and RNA into stable toroidal and globular

nanostructures mainly via electrostatic interactions, as supported by a range of bio-

physical characterization studies [7–10]. The physicochemical nature and stability

of the PEI–DNA complex (polyplex) is dependent on a number of factors, includ-

ing PEI type, molecular weight, charge density, ionic strength of the media, the ter-

tiary structure of nucleic acids (e.g. linear versus supercoiled DNA), polymer:DNA

ratio and even the sequence of component addition, and these are reviewed re-

cently in detail by Neu and coworkers [6]. For example, low-molecular-weight PEIs

(2 kDa and smaller) form larger polyplexes (greater than 500 nm) than their high-

molecular-weight counterparts (less than 200 nm). Also, linear PEI possesses lower

DNA condensation capacity when compared to a branched counterpart, which is

attributed to its lower content in primary amines [6].

Polyplex formation not only protects DNA and RNA from degradation by nucle-

ases, but also is a necessary prerequisite for the efficient delivery of nucleic acids

into cells via endocytosis and macropinocytosis [10]. Following internalization,

PEI can rapidly destabilize endosomal membrane following protonation. Indeed,

every third atom of PEI is a nitrogen capable of protonation. PEI exhibits a very

high buffering capacity above pH 7, which is attributed to the secondary amines

in the structure, but additionally shows buffering capacity in the range of endoso-

mal pH (pH 4–6). Thus, following internalization, PEI-based polyfectins act as pro-

ton sponges, buffering the low endosomal pH and inducing membrane rupture

[11–14]. This releases PEI and PEI–DNA complexes into the cytoplasm.

15.2.2

Cytotoxicity

Various reports have indicated that PEI can induce cytotoxicity, often defined by

assessing the in vitro metabolic activity of cells (e.g. MTT assay), but the mecha-

nism(s) remain unclear [6, 15–17]. High-molecular-weight PEIs are more cytotoxic

than their smaller counterparts and increasing the degree of branching induces

more cytotoxic effects [15, 17]. The issue of PEI-induced cytotoxicity is particularly

important in protocols that attempt to restore gene function, e.g. in metabolic dis-

orders. PEI-induced cytotoxicity in normal and nontarget cells, particularly the type
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of cells that the cationic vectors will encounter when first administered to the pa-

tient, must also be considered. One of the most striking features of PEI polyplexes

is the large amount of PEI that remains in the free form, which may induce cell

dysfunction and explain the observed cytotoxicity [18]. However, the presence of

free PEI is essential for modification and permeabilization of the endosomal mem-

brane structure, thus affording polyplexes a mode of access into the cytoplasm [6,

18]. Indeed, partially purified PEI complexes were recently shown to induce less

cytotoxicity, but this also led to a decrease in transfection efficiency [19]. The re-

moval of excess PEI may also affect the stability of polyplexes, since complex for-

mation is an equilibrium process [18].

In light of these observations and with the view that the intracellular levels of

endogenous polyamines (e.g. spermine and spermidine) are tightly regulated by

means of several homeostatic mechanisms, whereas their excessive cytoplasmic

accumulation (e.g. resulting from insults to anionic cellular structures) transduces

a death signal to mitochondria by an oxygen-independent mechanism [20, 21], we

sought to investigate the effect of PEI and related polyfectins on human cell dys-

function and apoptosis. For the first time, we have identified PEI as an apoptotic

agent [22, 23]. Our observations and findings may provide a likely explanation for

previously reported transient gene expression associated with polyfectin vectors. A

brief overview of our findings as well as recent breakthroughs in polycation-

induced cytotoxicity mechanisms is therefore discussed.

15.3

PEI-mediated Cell Dysfunction and Apoptosis

15.3.1

PEI and PEI–DNA Complex Internalization

PEI and PEI–DNA complexes enter most cells presumably via binding to trans-

membrane heparan sulfate/chondroitin sulfate proteoglycans that belong to the

syndecan family (e.g. syndecan-1 and -4) [24–27]. Cells, like fibroblasts, express

glycosylphosphatidylinositol-anchored heparan sulfate proteoglycans (glypican) in-

stead, which may also serve as a receptor for polyamine uptake [28].

Earlier, fluorescence-labeled studies have demonstrated that within 3 h of incu-

bation with human cell lines, a significant fraction of PEI and PEI–DNA com-

plexes appears in endosomes and endolysosomes [11]. Subsequent attempts with

double fluorescence-labeled PEI–DNA complexes have shown disruption of some

endosomes, beginning at 4 h postincubation, with evidence of some separation

of DNA from PEI in cytosol [11]. Nuclear localization of PEI or PEI–DNA was

relatively common by 3.5–4.5 h postincubation and the earliest localization of com-

plexes within nuclei preceded the earliest observed transgene expression by 1 h

[11]. The molecular basis of PEI–DNA complex localization to the nucleus still re-

mains unclear, but such complexes may attract a lipophilic coating within cytosol,
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thus promoting fusion with the nuclear membrane. However, PEIs in the range of

5–25 kDa are most efficient in transfection experiments because of their small size

(less than 200 nm) and relatively faster cytosolic movements [6].

15.3.2

Plasma Membrane Damage and Apoptosis

We have shown that exposure of three different primary human cell lines (hepato-

cytes, endothelial cells and lymphocytes) to branched (B)-PEI (25 kDa) or linear

PEI (750 kDa) in both free form (10 and 30 mg mL�1) as well as complexed with a

mammalian DNA (regardless of PEI:DNA) causes considerable release of lactate

dehydrogenase (LDH) within 1 h, followed by a time-dependent gradual rise in

LDH release, thus confirming plasma membrane damage (Fig. 15.1A) [22]. Paral-

lel to rapid LDH release, we also reported rapid (30–60 min) redistribution of phos-

phatidylserine (PS) from the inner plasma membrane to the outer cell surface with

PEI concentrations of 20 mg mL�1 and above (Fig. 15.1B) [22]. PS redistribution

was increased gradually with time. However, at lower PEI concentrations (e.g. 10

mg mL�1) PS externalization was significant only after prolonged incubation peri-

ods (e.g. 24 h). PS translocation is a hallmark of apoptosis; caspase-3 in active

form impairs the activity of aminophospholipid translocase, which leads to PS ex-

ternalization [29, 30]. Early PS expression, however, was not inhibited in the pre-

Figure 15.1. The effect of B-PEI in free form

and DNA-complexed on Jurkat T cell plasma

membrane integrity. The release of the

cytoplasmic LDH from cells is shown in (A),

whereas (B) demonstrates the extent of PS

externalization from the inner to the outer cell

surface. Detailed experimental procedures are

outlined in reference [22].
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sence of Ac-DEVD (a broad-spectrum caspase inhibitor) and therefore occurs in-

dependent of procaspase-3 cleavage. A substantial delay between PS exposure and

activation of the executioner caspase-3 was also observed [22]. The activity of this

protease was profound particularly at 24 h post-B-PEI/B-PEI–DNA treatment (Fig.

15.2) and could be inhibited by Ac-DEVD. Also, caspase-3 activation was detectable

at 24 h post-treatment with lower concentrations of PEI and PEI–DNA complexes;

this was in accord with PS expression in tandem with propidium iodide staining.

Hence, both PEI types induce apoptosis, but early exposure of PS is presumably

the result of plasma membrane destabilization during internalization processes,

where PEI may crosslink syndecan molecules and/or induce syndecan clustering.

Subsequently, syndecan/glypican clustering may mediate actin stress fiber forma-

tion and activate associated signaling pathways such as those of Src family of

kinases, contractin, tubulin, microfilament-regulated processes and phosphatidyli-

nositol 4,5-bisphosphate-dependent processes [27, 28, 31]. In certain cells these

processes may initiate apoptosis via activation of protein kinases, depending

on polycation type and architecture (discussed later). Dissociation of PEI–DNA

complexes is also known to occur in the presence of negatively charged macro-

molecules [32]. It is likely that PEI may interact with actin and alter membrane

integrity.

However, through which of the two primary caspase activation pathways, mito-

chondrially mediated and death receptor-mediated, do PEIs and PEI–DNA com-

plexes induce apoptosis? Here, studies were restricted to PEI–DNA complexes

that expressed positive z potential (PEI:DNA of 3:1), thus mimicking the estab-

lished transfection protocols [6]. Stress-induced stimuli triggers mitochondrial per-

meabilization and causes the release of proapoptotic proteins such as cytochrome

c, apoptosis-inducing factor (AIF), and Smac/DIABLO from mitochondrial inter-

membrane space [33, 35]. For example, cytochrome c release initiates apoptosis

via the Apaf-1-containing apoptosome complex assembly. This results in subse-

Figure 15.2. The effect of B-PEI in free form and DNA-

complexed on caspase activation and cytochrome c release in

Jurkat T cells.
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quent cleavage of caspase-9, which, in turn, activates the executioner caspase-3 [33,

35]. On the other hand AIF, a 50-kDa protease, is capable of inducing DNA frag-

mentation and chromatin condensation directly [35]. PEI and PEI–DNA treatment

in human cell lines was associated with substantial activation of both caspase-3

and -9; significant accumulation of cytochrome c in cytosol was also observed

(Fig. 15.2) [22]. Since nuclear accumulation of PEI–DNA complexes was reported

to occur within a few hours of transfection [11], PEI may also induce genotoxic

stress via caspase-2 activation [36, 37]. Indeed, activated caspase-2 can directly per-

meabilize the outer mitochondrial membrane and stimulate the release of death-

promoting proteins without the involvement of mitochondrial permeability transi-

tion [36, 37]. However, no evidence for caspase-2 activation even after prolonged

periods following PEI and PEI–DNA complex treatment was reported [22, 38].

Also, the absence of caspase-8 activity further suggested that plasma membrane

manipulation by PEI and PEI–DNA complexes has no effect on death receptor sig-

naling, which could lead to activation of caspase-3 and -7 directly or indirectly via

subsequent cleavage of the amino portion of cytosolic Bid. This would have gener-

ated truncated Bid, which, in turn, could activate proapoptotic Bax or Bak proteins

to release cytochrome c from mitochondrial intermembrane space [35].

The loss of mitochondrial membrane potential (MMP) is also an early event

in several types of apoptosis [39, 40]. In our hands, MMP in human cell lines was

dramatically dropped in a time-dependent manner [22, 23] and was consistent with

caspase activation (with peak activity at 24 h). MMP was determined by a specific

cationic fluorescent probe, JC-1, which fluoresces differently in healthy and apop-

totic cells (Fig. 15.3). JC-1 forms aggregates in healthy mitochondria with a high

orange/red fluorescence, indicating a normal MMP, but following MMP loss these

aggregates dissipate into the cytoplasm in the monomeric state, which is detectable

with a concurrent gain in green fluorescence [22]. Therefore, these observations

confirm that PEI and PEI–DNA complexes induce apoptosis via the mitochondrial

pathway.

15.3.3

Effect of PEI on the Function of Isolated Mitochondria

To further understand the molecular basis of PEI-induced mitochondrially medi-

ated apoptosis, attention was focused on studies with isolated mitochondria [22].

Here, PEI was able to release cytochrome c from the mitochondrial intermem-

brane space in a concentration-dependent manner. Indeed, cytochrome c release

was detectable following treatment with both PEI types even at levels as low as 0.1

mg mL�1. Interestingly, cytochrome c release was not associated with changes in

mitochondrial volume (Fig. 15.4). This observation may indicate a minor role for

permeability transition in the release of apoptogenic proteins from mitochondria.

However, it should be emphasized that permeability transition is reversible; per-

meability transition may cause an individual mitochondrion to swell, releasing

apoptogenic proteins, and then reverse and regenerate membrane potential [41].

Therefore, this route may still operate in intact cells.
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Figure 15.4. The effect of polycations on continuous swelling

of isolated rat liver mitochondria, monitored as changes in A540

at room temperature. Detailed experimental procedures are

outlined in Refs. [22, 50].

Figure 15.3. Time-dependent changes in MMP in Jurkat T cells

by free (30 mg mL�1) and DNA-complexed (PEI:DNA, weight

ratio 3:1) branched PEI, as determined by specific MMP

fluorescent probe JC-1. Detailed experimental procedures are

outlined in Ref. [22].
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Changes in the membrane potential of isolated mitochondria can be followed by

measuring the uptake of the cationic lipophilic fluor DiOC6(3) (Fig. 15.5). This

membrane potential-sensitive dye electrophoretically accumulates in the negatively

charged matrix of healthy mitochondria. When mitochondrial depolarization oc-

curs, accumulation of DiOC6(3) is reduced and can be followed by flow cytometry

as a decrease in mitochondrial-associated green fluorescence. Interestingly, dye

uptake remained unaltered in the presence of PEI (i.e. after cytochrome c release)
when compared to healthy intact mitochondria (where no cytochrome c release is

detectable) (Fig. 15.5). As a control experiment DiOC6(3) responded to acute

changes in mitochondrial membrane potential induced by the protonophore car-

bonyl cyanide p-chlorophenylhydrazone (CCCP). Thus, cytochrome c release is in-

dependent of mitochondrial depolarization [22], but in intact cells PEI was capable

of altering MMP. This discrepancy may indicate a role for activated caspases in al-

tering MMP. Remarkably, the addition of an active recombinant human caspase 3

(rCasp-3) exerted no effect on dye accumulation in intact mitochondria, whereas

in the presence of PEI dye uptake was reduced dramatically unless Ac-DEVD

was present (Fig. 15.5). These experiments strongly support that PEI is capable of

forming channels in the outer membrane large enough to allow the release of cy-

Figure 15.5. The effect of branched PEI on

function of isolated rat liver mitochondria.

(A) The effect of PEI on cytochrome c release

(Western blot analysis). (B) The extent of

DiOC6(3) uptake by isolated mitochondria at

different treatment protocols. Following

incubation with PEI and rCasp-3 (15 min),

DiOC6(3) was added and the sample was

incubated for a further 10 min at 22 �C.
Samples were then diluted in the buffer, filtered

and incubated for a further 10 min before flow

cytometric analysis content of individual

mitochondria.
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tochrome c, presumably in a manner similar to proapoptotic peptides and oligo-

meric Bax [42, 43], without altering MMP. Thus, these observations are also in ac-

cord with the loss of MMP in intact cells following PEI or PEI–DNA uptake, which

is believed to occur after cytochrome c release and presumably is mediated by acti-

vated caspases. Indeed, recently it was demonstrated that following cytochrome c
release, activated caspases gain access to the intermembrane space of mitochond-

rion where they cleave the 75-kDa subunit of respiratory complex I, resulting in

disruption of complex I activity, loss of MMP and production of reactive oxygen

species [44].

15.3.4

Other Plausible Apoptotic Routes

Recently, a spatial and functional connection between Bax and the mitochondrial

fission process was suggested [45, 46]. In normal interphase cells the mitochondria

exists as a tubular network. During apoptosis, the mitochondrial network becomes

fragmented and Bax colocalized with the fission- and fusion-related proteins (Drp1,

Figure 15.6. Schematic representation of possible polycation

effect on protein kinase and phospholipase activation, and the

role of full-length Bid in initiation of mitochondrially mediated

apoptosis.
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Mfn2) at fission sites in the outer mitochondrial membrane. Due to their poly-

cationic nature and molecular architecture, PEI molecules could hypothetically

promote mitochondrial fission, which may lead to destabilization of the outer

mitochondrial membrane.

It can also be speculated that following binding to plasma membrane proteo-

glycans, such as syndecan or glypican, PEI and related polycations may initiate

apoptosis via signaling and activation of protein kinases (Fig. 15.6). For example,

poly(l-lysine)s and poly(arginine)s are known to stimulate a number of cellular

kinases and protein phosphatases, particularly phospholipases, even at suboptimal

cytotoxic concentrations [47]. For instance, poly(l-lysine) is capable of inducing

phospholipase D activation in bovine pulmonary artery endothelial cells through

the involvement of protein kinase C [47]. Phospholipase activation may lead to-

wards insertion of lysolipids into the outer mitochondrial membrane via the re-

cently identified lipid transfer capacity of full-length Bid [48]. Once bound to lyso-

lipid, full-length Bid is suggested to transfer lysolipid to intracellular membranes

rich in cardiolipin and monolysocardiolipin, towards which the protein has a

‘‘static’’ selectivity of binding, thereby altering cardiolipin homoeostasis [48]. In-

deed, monolysocardiolipin is an inhibitor of mitochondrial phospholipase A2 [49]

and thus tight binding of full-length Bid to monolysocardiolipin may lead to activa-

tion of this phospholipase. These modifications may induce a positive change in

the outer mitochondrial membrane curvature leading to the release of apoptogenic

factors, either directly or through other mediators.

15.4

Cell Damage and Apoptosis with Related Polycations and Cationic Lipids

Poly(l-lysine) are also used widely in DNA compaction and gene transfer protocols

[4]. Recent observations from this laboratory have shown that poly(l-lysine)s are

also capable of inducing mitochondrially mediated apoptosis in a wide range of

human cell lines [50]. However, low- and high-molecular weight poly(l-lysine)s/

poly(l-lysine)–DNA complexes had different effect on mitochondrial functions

and initiated mitochondrially mediated apoptosis differently. For example, high-

molecular-weight poly(l-lysine)s were not only capable of inducing cytochrome c
release from isolated mitochondria, but were also able to dramatically alter mito-

chondrial respiration and membrane potential without swelling [50]. Interestingly,

in intact cells inhibition of Bax channel-forming activity was shown to reduce

the extent of cytochrome c release from mitochondria by half. In the case of low-

molecular weight poly(l-lysine)s neither cytochrome c release nor changes in the

function of isolated mitochondria was noticed, whereas in intact cells such treat-

ments resulted in significant accumulation of cytochrome c in cytosol within 24 h

with a concurrent MMP drop, and caspase-3 and -9 activation [50]. These observa-

tions may indicate a possible role for protein kinases and phospholipases in initia-

tion of apoptosis by low-molecular weight poly(l-lysine)s, as discussed above

(Fig. 15.6).
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Poly[2-(dimethylamino)ethyl methacrylate] is another example of a cationic poly-

mer that facilitates cell transfection. This polymer is also cytotoxic, but the mecha-

nisms of its cytotoxicity is primarily due to necrotic cell death [51]. Nanoparticles

made from poly(d,l-lactide-co-glycolide) have also been suggested for transfection

studies; these particles can escape the endolysosomal compartment within min-

utes of internalization in intact form and reach the cytoplasm [52]. The mecha-

nism of rapid escape is by selective reversal of the surface charge of nanoparticles

from the anionic to the cationic state in endolysosomes, thus resulting in a local

particle–membrane interaction with subsequent cytoplasmic release. However,

degradation products arising from poly(l-lactic acid) particles also show cytotoxic-

ity, and can induce apoptotic and necrotic cell death [53].

We have also proposed an apoptotic role for cationic surfactants and related

structures (micelles), thus limiting the applicability of cationic drug carriers for in-

tracellular drug release [54]. Cationic lipids have also been employed in gene trans-

fer/therapy protocols [4], but recent studies have indicated that cationic lipids are

also capable of inducing apoptosis [55]. For example, apoptosis in macrophage-like

cell line RAW264.7 following treatment with stearylamine-incorporated liposomes

was mediated by mitogen-activated protein kinase p38 and c-jun N-terminal kin-

ase, and a caspase 8-dependent Bid cleavage pathway [55].

Furthermore, cDNA microarray expression profiling studies are beginning to re-

veal that the cationic delivery vehicle can adversely influence the desired effects of

the delivered genetic agents [56], which is in agreement with the observation that

polycations such as PEI and poly(l-lysine) in both free form and complexed with

DNA can localize to the nucleus. Gene expression changes in a wide range of gene

ontologies were recently demonstrated with PEI in both in vitro and in vivo studies
[56]. Remarkably, both PEI concentration and architecture had a dramatic effect on

non-target gene expression.

15.5

Conclusions and Future Outlook

Polycations such as PEI and poly(l-lysine) induce rapid perturbation of the plasma

membrane (within 30–120 min of exposure) with characteristics resembling early

necrotic-like changes, which is followed by activation of a ‘‘mitochondrially medi-

ated’’ apoptotic programme at later stages (24 h), at least in human endothelial,

lymphocyte and hepatic cell lines [22, 38, 50]. These findings are of relevance to

transient gene expression following polycation-mediated DNA compaction and

transfection both in vitro and in vivo. There are numerous developments with re-

spect to the design and synthesis of ‘‘less cytotoxic’’ polycations [6, 57–59]. Cytotox-

icity, however, is often assessed by the MTT assay, which is not indicative of apop-

tosis. Future cytotoxicity studies with newly designed cationic macromolecules and

polyfectins should address and consider the time-dependent apoptotic processes,

as apoptosis may compromise transcription and translation processes, and limit

protein expression. Additionally, the process of apoptosis in intact cells is stochas-
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tic, with different cells entering apoptosis at different times. Furthermore, different

cationic polymers may interact differently with mitochondria or the endoplasmic

reticulum (leading to perturbation of intracellular calcium) and initiate apoptosis

differently. The inherent heterogeneity of mitochondria that make up any particu-

lar population of these organelles should also be taken into the account.

Attempts in polycation-mediated gene transfer, however, could benefit through

recent advances in high-throughput approaches to polymer design and screening

[60]. Such approaches may enhance our understanding of the molecular basis of

interaction between cationic polymers and intracellular membranes. An under-

standing of such events may eventually help to design novel and safer materials,

particularly those that can provide duration period-specific gene expression in clin-

ical scenarios.
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Mély, Y. Intracellular dynamics of the

gene delivery vehicle polyethylenimine

during transfection: investigation by

two-photon fluorescence correlation

spectroscopy, Biochim. Biophys. Acta
Biomembr. 2003, 1617, 52–61.

640 15 Nanotoxicology of Synthetic Gene Transfer Vectors



14 Forrest, M. L., Pack, D. W. On the

kinetics of polyplex endocytic

trafficking: Implications for gene

delivery vector design, Mol. Ther. 2002,
6, 57–66.

15 Fischer, D., Bieber, T., Li, Y.,

Elasasser, H. P., Kissel, T. A novel

non-viral vector for DNA delivery

based on low molecular weight,

branched polyethylenimine: effect of

molecular weight on transfection

efficiency and cytotoxicity, Pharm. Res.
1999, 16, 1273–1279.

16 Florea, B. I., Meaney, C.,

Junginger, H. E., Borchard, G.

Transfection efficiency and toxicity of

polyethylenimine in differentiated

Calu-3 and nondifferentiated Cos-1

cell cultures, AAPS PharmSci. 2002, 4,
article 12.

17 Fischer, D., von Harpe, A., Kunath,

K., Petersen, H., Li, Y. X., Kissel, T.

Copolymers of ethyeneimine and N-(2-
hydroxyethyl)ethyleneimine as tools to

study effects of polymer structure on

physicochemical and biological

properties of DNA complexes,

Bioconjug. Chem. 2002, 13, 1124–1133.
18 Clamme, J. P., Azoulay, J., Mély, Y.
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16.1

Introduction

Alzheimer’s disease (AD) is the most common form of dementia among people

over the age of 65 years, progressing slowly from mild forgetfulness to the need

for total care [1]. This disease is a devastating neurodegenerative disorder with pro-

gressive and irreversible damage to thought, memory and language. In America

alone, 360 000 new AD cases were identified in 2000, bringing the total to 4.5 mil-

lion, and the affected population will continue to increase as the population ages

[2, 3]. It is expected that the number of people with AD in the US and worldwide

will be 14 and over 100 million, respectively, by 2050 if no effective prevention and

treatment become available [4, 5]. As such, the disease poses a heavy economic and

societal burden, with associated annual costs of care over US$100 billion [1]. In ad-

dition, AD places an incalculable emotional and physical drain on families and

caretakers. The ravaging effects of the disease call for efforts to prevent, forestall

and reverse the disease. Unfortunately, despite much interest, an explicative etiol-

ogy or a viable cure is not available. The current Food and Drug Administration

(FDA)-approved drugs, targeted towards managing cognitive symptoms such as

changes in memory and perception, provide only partial benefit to select patients

and fall tremendously short as adequate means of therapeutic management. In ad-

dition to donepezil (Aricept1), tacrine (Cognex1), rivastigmine (Exelon1) and gal-

antamine (Reminyl1), memantine (Namenda1) has recently won FDA approval

for the treatment of AD. Unlike the acetylcholinesterase inhibitors (Aricept, Exelon

and Reminyl) and the cholinesterase inhibitor (Cognex), memantine blocks excess

amounts of glutamate that can damage or kill nerve cells. This new drug is becom-

ing the first-line choice for advanced stages of AD [6, 7]. In contrast, the earlier

approved drugs mentioned above work in the early stages of AD by delaying the

breakdown of acetylcholine, vital for nerve cell communication [8, 9]. Although

treatment with these drugs provides symptomatic improvements or delays in the

progression of cognitive, behavioral and functional deficits, this treatment does

not stop or reverse the progression of AD.

There are many medications used to treat AD, including anti-inflammatory

drugs [10–14], antioxidants and vitamins [15–24], hormones [25–30], calcium
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channel blockers [31, 32], angiotensin-converting enzyme (ACE) inhibitors [33],

cholesterol-lowering statins [34–39], ethylenediaminetetraacetic acid (EDTA) and

clioquinol [40–44], gabapentin, lamotrigine, prazosin and risperidone [15, 45–47],

vaccines against amyloid-b (Ab) [48–52], and even a drug (rosiglitazone) to treat in-

sulin resistance [53, 54]. Antihypertensive medications or regular exercise are also

suggested to reduce risk for AD and dementia among people aged 65 years and

older [55–57]. Other medications and substances being investigated at the present

time include cannabinoids, physostigmine, nerve growth factor, b-sheet breakers,

valproate, huperzine and nicotine [58–65]. New studies on the regulation of Ab

protein precursor translation by Phenserine [66, 67], the regulation of Ab by nepri-

lysin [68], inhibition of the activity of amyloid precursor protein (APP) secretases

[69–74] and CD45 [75] show promising progress toward the identification of new

therapeutic agents. Other studies, such as targeting glycosaminoglycans or metal-

loprotein attenuating compounds, new chelation agents, tau phosphorylation in-

hibitors, NF-kB blocker, gene delivery and human embryonic stem cells are under

investigation [51, 59, 76–95]. Unfortunately, none of the treatments or drugs cur-

rently available can prevent or cure AD. Indeed, it is likely that more than one type

of drug will be required to control AD. A recent study shows that Aricept and

Namenda work in tandem to ameliorate symptoms of AD [96]. These studies re-

veal the complexity of the disease, and indicate a great need for a better under-

standing of AD pathophysiology and for more effective therapeutic agents.

In addition to the complex mechanisms of AD development, another obstacle to

a deeper understanding and better treatment of AD is the presence of the blood–

brain barrier (BBB). Many drugs of interest cannot gain access to the brain by

crossing the BBB. Its presence may also negatively affect drug efficacy and toler-

ance because a large dosage of drugs must be applied to achieve therapeutic effec-

tiveness. Nanoparticulate drug delivery offers an opportunity to overcome this im-

pediment. Accumulating studies provide evidence that this delivery method can

improve drug targeting of the central nervous system and drug penetration of the

BBB, thus reducing drug toxicity and improving therapeutic efficacy [97–105]. Al-

though there are many promising studies regarding nanoparticle delivery of drugs

across the BBB to treat central nervous system diseases, only a few address treat-

ment of AD [106–110]. In this chapter, the rationale for nanoparticulate drug

delivery in the treatment of AD is presented, the current studies of using this de-

livery systems for AD treatment are reviewed and brief perspectives on this new

approach are outlined.

16.2

Rationales: The Ability of Nanoparticles to Cross the BBB – A Useful Tool to Deliver

Drugs into the Brain

16.2.1

Physiological Functions of the BBB

The BBB, constituted by endothelial cells of the cerebral vasculature together with

perivascular elements such as astrocytes, pericytes and basement membrane,

16.2 Rationales 645



strictly limits and specifically controls the passage of substances between the blood

and the cerebral extracellular space [111, 112]. Brain blood vessel endothelial cells

characteristically have tight continuous circumferential junctions between them,

thus abolishing any aqueous paracellular pathways between the cells [113]. Due to

the presence of the tight junctions and the lack of aqueous pathways between cells,

polar solutes and lipid-insoluble substances are greatly restricted in movement

across the cerebral endothelium [114]; however, noncharged, small, lipophilic mol-

ecules may cross the BBB through the endothelial membrane by passive diffusion.

This pathway is closely checked by efflux pump systems, which include the multi-

ple organic anion transporter (MOAT), P-glycoprotein (P-gp) and multidrug

resistance-associated protein (MDR) [114]. As a result, even molecules with a favor-

able lipophilicity, which should enable them to cross the endothelial cells, may be

rapidly pumped back to the blood stream. These efflux pump systems can also ef-

fectively prevent anions, amphipathic organic cations or neutral compounds from

entering the central nervous system [114, 115]. As the BBB contains biochemical

systems consisting of enzymes, many drugs and blood-borne substances are specif-

ically metabolized before entering the brain [116]. In order to allow essential sub-

stances to enter the brain and metabolic waste to leave, the BBB provides specific

routes such as receptor and transporter systems to accomplish this transport [114,

117, 118]. Substances that can be absorbed or eliminated by the brain using these

carrier-mediated transporter systems include amino acids, hexoses, monocarbonic

substances, lipoproteins, insulin and purine compounds [99, 100]. Nanoparticulate

drug delivery systems may utilize the low-density lipoprotein (LDL) receptor and

the transferrin transcytosis systems to transport drugs into the brain [117, 118].

These transport pathways at the BBB are depicted in Fig. 16.1 [119].

16.2.2

Strategies for Drug BBB Penetration

Although the BBB’s existence is absolutely necessary to isolate the central nervous

system, with broad consequences for physiology, biology, pharmacology and pa-

thology (most of which remain to be fully elucidated), the BBB represents an insur-

mountable difficulty for brain uptake of many therapeutic agents. These agents

include some antibiotics, antineoplastic drugs and central nervous system-active

therapeutics, especially neuropeptides [99, 100]. To overcome this obstacle, various

strategies have been developed, which include osmotic opening of the brain endo-

thelial cell tight junctions [120], prodrug preparation [121, 122], and utilization of

carrier-mediated transporter systems such as antibodies [123–125], carbohydrate

conjugation [126–129], viral and nonviral gene delivery vectors [130–132], peptide

vectors [133, 134], liposomes [135–137], micelles [138, 139], and nanoparticles

[100, 102, 103, 140–142]. While these studies have shown promise, most of these

methods have been of limited use [133, 140]. For example, use of osmotic pressure

to open tight junctions is a very invasive procedure and the opened junctions en-

able the passage of unwanted molecules. Prodrugs designed with higher lipophilic-

ity and/or the ability to circumvent the efflux pump systems may enable them
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more effectively to penetrate the BBB and transport into the brain, but this

approach is not often possible [99]. It is common to use viral vectors for transfect-

ing the expression of specific protein, but this drug delivery method shows certain

disadvantages such as safety of both vector and expressed transgene, and stability

and regulation of transgene expression [130]. Drugs conjugated to a natural pro-

tein molecule as carrier, so called vector-mediated drug delivery utilizing chime-

rical peptide technology, have shown effectiveness in brain delivery; however, the

amount of transported drugs is limited because the maximal ratio of drug to car-

rier protein is usually about 1:1 [142]. Carbohydrate drug delivery, using sugar-

mediated transporters in the BBB, may only work for drugs with small molecular

sizes. On the other hand, colloidal drug delivery systems including liposomes, mi-

celles and polymeric nanoparticles have become an important tool to transport

drugs into the brain [100, 102, 103, 105, 124, 140]. Compared with other colloidal

systems, the polymeric nanoparticle delivery system in particular has the advan-

tage of easier preparation and higher stability in biological fluids [141, 143]. Con-

trolled and sustained drug release is an added virtue of the nanoparticulate drug

delivery systems [104, 141]. However, passive targeting of nanoparticles, which re-

fers to the natural distribution of a drug delivery system in organs containing ses-

sile actively phagocytosing cells such as liver and spleen, has to be solved, espe-

cially with parenteral administration [143–147]. This passive uptake represents a

major problem for nanoparticle targeting to other parts of the body including the

Figure 16.1. Physiological functions of the BBB (with

permission after Ref. [119], see original article for full details).
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brain. Fortunately, studies have demonstrated that, by modification of the proper-

ties of nanoparticulate drug delivery systems, they can actively target specific or-

gans or cells [141]. These modifications can be approached through various means

that include (i) surfactant or macromolecule coating to alter system surface proper-

ties, (ii) conjugating specific antibodies to the system surface, (iii) changing the

particle size and/or electric charge on the surface, and (iv) incorporating magnetite

particles into the system and using a magnetic field for targeting. These tech-

niques open the door for nanoparticulate drug targeting development and provide

many possibilities to optimize particle-targeting delivery.

16.2.3

Preparation of Polymeric Nanoparticulate Drug Delivery Systems

Drugs delivered by polymeric nanoparticles can be dissolved, entrapped or encap-

sulated in the nanoparticles, forming a solid solution or dispersion. Also, the drugs

can be adsorbed onto the particle surface or chemically attached (Fig. 16.2) [99,

100, 104]. Nanoparticles of 10–1000 nm, composed of either natural or synthetic

macromolecules as therapeutic adjuvants and/or drug carriers, have potential for

pharmaceutical and medical uses [99, 100, 141]. With respect to drug delivery to

the brain, nanoparticles that are too small in size may result in reduced brain up-

take due to rapid dissolution in the blood [101, 141]. Also, at smaller sizes it be-

comes difficult to obtain a monodispersed particle population [104]. On the other

hand, larger size particles may suffer an increase in uptake by the mononuclear

phagocytic system before reaching the brain, and increase the risk of blood capil-

lary blockade and embolism, especially with intravenous administration [101, 148–

150]. Nanoparticles in the region of 200 nm have, with surface modification, the

ability to deliver drugs such as central nervous system-active substances and anti-

cancer agents across the BBB, as shown by therapeutic efficacy [98, 100, 102, 141,

142, 151, 152].

Nanospheres (Fig. 16.2A), generally defined as a dense polymeric matrix in

which drugs are dispersed, can be prepared via an emulsion and/or dispersion po-

Figure 16.2. Different types of nanoparticulate drug delivery

systems such as: (A) nanosphere with drug incorporated in

polymeric matrix, (B) nanocapsule with drug surrounded by a

thin polymeric envelope and (C) drug absorbed or chemically

attached on the polymeric nanoparticle surface.
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lymerization of monomers, depending on the nature of the polymers used [103,

110, 153] or by preformed polymers [103]. For example, poly(alkylcyanoacrylate)

nanospheres, which are rapidly biodegradable and widely used for in vivo studies

of drug delivery to the brain, are obtained by the emulsion polymerization process.

In this method, droplets of water-insoluble monomers are emulsified in aqueous

solution and stabilized by surfactants. The anionic polymerization reaction is initi-

ated by the water itself and started in micelles after diffusion of monomers

through the aqueous phase. Polymeric chains continue growing until prohibited

by free-radical termination, then aggregate into fine particles. To incorporate them

into nanospheres, drugs can be dissolved in the polymerization medium either

before the monomer introduction or after its polymerization [104]. Using the

solution-emulsification technique, nanosphere drug delivery systems can be ob-

tained from preformed, well-defined macromolecules. This approach can avoid

some potential problems associated with polymerization of monomers such as re-

sidual monomer and drug interaction and inactivation [104]. An example of this

method is briefly described here. Polyester is dissolved in chloroform and this so-

lution is mixed with an aqueous phase to form a uniform oil/water emulsion [154,

155]. Continuous emulsification under mixing is necessary to prevent organic

droplet coalescence and to allow spontaneous solvent evaporation and particle for-

mation [104]. To obtain particles with sizes less than 1 mm, ultrafine emulsification

must be performed and microfluidization was recently used for this purpose [156].

An improved method based on desolvation has been developed, in which macro-

molecules can be precipitated from solution following the introduction of a third

component or a nonsolvent miscible with the solution. Many nanoparticulate

drug delivery systems are prepared using this technique or its modifications, as re-

viewed in [104].

Nanocapsules (Fig. 16.2B) are characterized by the presence of a liquid core sur-

rounded by a thin polymeric shell. Interfacial deposition and emulsification diffu-

sion are the two main approaches for nanocapsule preparation. The interfacial de-

position procedure involves mixing a water-miscible organic phase containing oil

(with or without lipophilic surfactant) with an aqueous solution containing hydro-

philic surfactants. This approach can also use either preformed polymers or mono-

mers that polymerize at the oil/water interface [104, 157, 158]; preformed macro-

molecules should first be dissolved in the organic phase (or in a phase that can

dissolve them). After mixing the organic and aqueous phases, the macromolecules

diffuse with the organic solvent and are stranded at the oil/water interface. If

monomers are used, e.g. alkylcyanoacrylates, they are dissolved in ethanol and oil,

then dispersed in water containing surfactants. Polymerization in the oil phase is

initiated at the interface, resulting in the formation of nanocapsules [104]. The

emulsification diffusion technique provides a simple approach to produce nano-

capsules. It also has several advantages including a large choice, small solvent

quantities, and controlled size and shell thickness [104]. Using this method, nano-

capsules with an inner aqueous core can be prepared [159]. Emulsification diffu-

sion is based on the initial formation of an oil/water emulsion, which contains a

polymer, a drug and oil in the organic solvent, in an aqueous solution of a stabiliz-
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ing agent. Then, displacement of the organic solvent into the external phase is con-

ducted by adding excess water [104, 160]. It is worth noting that nanocapsules have

higher drug-loading capacity and lower polymeric content than nanospheres.

Drugs can also be adsorbed onto the surface of preformed nanoparticles (Fig.

16.2C) by mixing the particles with the drugs in solutions. The absorptive capacity

is dependent on several factors such as the polymer, the drug and the medium pH

[141, 161]. In some cases, chemical binding of drugs to nanoparticle surface (Fig.

16.2C) may be necessary as described later in our studies. The covalent bonds can

be formed through chemical reactions between functional groups present in the

drugs and the particles [141, 162]. Apart from polymeric nanoparticulate drug de-

livery, drug nanocrystals (nanosuspensions), lipid–drug conjugate nanoparticles

and lipid nanoparticles are also widely used and take advantage of high drug-

loading capacity. Their features, including preparation and medical application,

are reviewed in Refs. [101, 102].

The nanoparticle sizes and their distribution can be evaluated by elastic light

scattering. This can also be done using scanning or transmission electron micros-

copy (SEM, TEM), which may provide information about nanoparticle structure

[103, 104, 141]. Measurement of the z potential is often made to characterize the

nanoparticle surface properties such as electrical surface potential, drug location

and particle stability [103, 104, 141]. Some more commonly performed character-

izations such as drug loading and releasing capacities are summarized in Refs.

[103, 141].

16.2.4

Possible Mechanisms by which Nanoparticles Cross the BBB

There is a little doubt that nanoparticles conjugated with antibody against transfer-

rin receptor (TfR) or ligands such as thiamine are transported across the BBB by

utilizing TfR or thiamine-mediated transport systems, respectively [123, 142, 148,

163]. However, the mechanisms by which nonantibody or non-ligand-coated nano-

particles deliver drugs into the brain are not fully understood. Surface coating of

nanoparticles, e.g. using poly(ethylene glycol) (PEG) [164–166] and some polox-

amers [100, 167, 168], and especially with polysorbates [151, 152, 169, 170] and

apolipoprotein E and/or B (ApoE and/or B) [100, 167, 171], plays a critical role in

nanoparticle-mediated drug transport across the BBB. The coating with these ma-

terials apparently alters the natural blood opsonization process of the nanopar-

ticles, thus reducing macrophage recognition in the liver and spleen. This effect

consequently increases the nanoparticle blood half-life and extravasation to non-

reticuloendothelial systems including the brain [142].

To further elucidate the role of coating, patterns of human plasma protein ab-

sorption on the nanoparticle surface have been examined after incubation of nano-

particles in the plasma. Analyses were performed by separating the nanoparticles

and releasing the absorbed plasma proteins followed by two-dimensional polyacry-

lamide gel electrophoresis (2-D PAGE). These analyses showed that polysorbate-

coated nanoparticles preferentially absorb ApoE on their surface. In contrast, no
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such adsorption was found after incubation of noncoated nanoparticles or nanopar-

ticles coated with many other surfactants [100, 167, 168]. Moreover, in in vivo
studies on central nervous diseases, only drugs delivered via polysorbate or ApoE

(and/or B) coated nanoparticles have therapeutic effectiveness and ApoE-deficient

animals exhibit a reduced therapeutic response compared to controls [172]. These

findings strongly indicate the involvement of ApoE and B in nanoparticle-mediated

drug transport across the BBB and the surfactant on the particle surface may serve

as an anchor for ApoE [171]. It is well known that ApoE plays a key role in the

transport of LDLs into the brain, and the LDL receptor exists on the BBB [118,

173–177]. Also, lipoprotein particles containing ApoE and ApoA-I are found in

human cerebrospinal fluid [178]. After the polysorbate coated nanoparticles absorb

ApoE from blood plasma, it is very possible that nanoparticles mimic LDL particles

and interact with the LDL receptor. Thus, brain capillary endothelial cells take up

the nanoparticles by receptor-mediated endocytic processes [99]. Endocytosis of

nanoparticles coated with polysorbate has been demonstrated in both in vitro
and in vivo studies [169, 171, 172, 179, 180]. Significant and rapid uptake of

polysorbate-coated nanoparticles by endothelial cells is found at an incubation tem-

perature of 37 �C, whereas only minimal uptake is observed for noncoated nano-

particles [169, 172]. Further evidence shows that uptake is inhibited at lower

temperatures (4 �C) or by cytochalasin B (a potent phagocytic uptake inhibitor) pre-

treatment [169, 172].

After nanoparticle endocytotic uptake, the nanoparticles may be transcytosed

through the brain blood vessel endothelial cells since LDL transcytosis across the

BBB has been demonstrated [118]. It is also possible that the drug is released

from the nanoparticle in the endothelial cells and diffuses into the brain [99]. Sev-

eral other mechanisms involved in nanoparticle-mediated drug transport across

the BBB have been suggested [99]. For example, opening of the tight junctions be-

tween the brain endothelial cells by nanoparticles could occur, and the drug could

then penetrate through the opened junctions either with the particles and/or in

free form. Studies show that inulin spaces, an indicator of the tight junction open-

ing, are increased only by 10 and 99% after 10 and 45 min, respectively, in rats

treated with polysorbate-coated nanoparticles. In contrast, the increase of these

spaces is 1000–2000% by osmotic methods [180–184]. These studies indicate that

the coated nanoparticles increase the volume available to the intravascular inulin;

however, they do not disrupt the BBB significantly. The slight opening of the tight

junctions caused by the particles may result from folding-up of the cell membrane

accompanied by endocytotic events or from an increase in fluid-phase endocytosis

of inulin associated with the internalization of the nanoparticles [99]. It is known

that some surfactants such as polysorbate show the ability to inhibit P-gp present

in the brain endothelial cells and responsible for the multidrug resistance [185–

187]. This inhibition of the efflux pump by surfactant could be responsible for

nanoparticle-mediated drug delivery into the brain [99]. It may be significant that

nanoparticle brain penetration increases when brain pathologies such as cancer

[188, 189] and allergic encephalomyelitis [164] occur. The potential toxicity of the

polysorbate-coated nanoparticle to the brain endothelial cell has also been sug-
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gested to facilitate particulate drug delivery across the BBB [170]. In fact, many

studies show that there are no significant signs of toxicity associated with this pro-

cess [99, 190, 191]. However, it should be mentioned that nanoparticle surface

charges may affect BBB function and studies show that cationic nanoparticles

pose a toxic effect on the BBB, while the neutral or anionic nanoparticles at low

concentrations do not disrupt BBB integrity [192]. Lipid coating may prevent the

toxic effect of the ionically charged particles to the endothelial cell and enable the

particles to cross the endothelial cell layer via transcytosis with no or little degrada-

tion [99, 193].

The preparation of the drug–nanoparticle system is relatively easy and in general

the system is very stable. It is also important that there is a large variety of ways to

improve the bioavailability and specific targeting of the particulate drug delivery

systems and to minimize the toxicity of the systems. Based on the nanoparticle-

mediated transport technology, a novel approach was recently developed in our lab-

oratories [109]. This approach allows the nanoparticles not only to deliver metal

chelation agents into the brain for the treatment of AD and other metal-mediated

neurodegenerative diseases, but also to bring the toxic metals out of the brain, thus

increasing therapeutic efficacy and limiting metal-chelate toxicity. This principle

may be useful for other biomedical applications in the delivery of drugs to disease

targets and/or depletion of toxicants using nanoparticle transport technology.

16.3

Status: Nanoparticle Targeting Transport of Therapeutic Agents for Potential

Treatment of AD

The technology of nanoparticulate drug delivery has been developed for many

years, and has been demonstrated not only to improve drug safety and efficacy,

but also to lead to new therapeutic agents. However, its application in the treat-

ment of AD has only appeared recently in very limited studies, due perhaps to the

complexity of the disease pathogenesis and to an incomplete understanding of the

mechanisms by which nanoparticles deliver drugs across the BBB. A lack of collab-

oration between scientists in differing, but relevant, disciplines may also impede

application. In order to understand how to advance nanoparticle application, a re-

view of recent developments in nanoparticulate drug delivery for AD treatment is

now presented.

16.3.1

Nanoparticle Targeting of Ab to Deliver Potentially Therapeutic Agents

Senile plaques in the brain, composed mainly of insoluble deposits of Ab peptide

with 39–43 amino acids, are a major hallmark of AD [69]. Studies, albeit controver-

sial studies, show that the accumulation of Ab derived from APP by proteolytic

cleavage are neurotoxic and believed to be responsible for the neurodegeneration

observed in AD [194, 195]. Therefore, preventing and reversing the Ab accumula-

tion is an important pharmacological target in AD treatment and several potential
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therapeutics such as b-sheet breakers [196, 197], regulators of APP translation [66,

198–200], inhibitors of APP secretases [69–74], vaccines against Ab [48] and metal

chelators [42, 76–78] have been developed and tested. As many potential drugs are

electrically charged hydrophilic and/or large size molecules, a lack of ability to enter

the brain may hamper their treatment efficacy. Although nanoparticles serving as a

vehicle can provide a valuable approach to carry many otherwise impermeable drugs

across the BBB, the tissue distribution of nanoparticles and drug release are not

fully elucidated. However, a recent study showed that the nanoparticles as well as

delivered drugs are present predominantly in microglia and also in neurons [106],

where the Ab accumulation may occur and cause neurotoxicity [69, 194, 195, 201].

In this study, core–shell latex particles containing Thioflavin-(TfT) as a marker

for fibrillar Ab were synthesized by aqueous polymerization of butylcyanoacrylate

and seeded onto polystyrene cores filled with TfT, then collected by ultrafiltration.

The cores were prepared using emulsion polymerization of styrene in aqueous

ethanol solution containing TfT and purified by dialysis against deionized water

[202]. The formed core–shell nanoparticles are reported to be sphere-shaped with

a diameter of about 90 nm, as demonstrated by SEM and TEM (Fig. 16.3A and B).

The nanoparticles were injected into the hippocampus (AP ¼ �1:7 mm, L ¼ 1

mm and DV ¼ 2 mm, relative to bregma) of C57B6 mice after anesthesia. Three

days postinjection, the animals were transcardially perfused with 4% paraformalde-

hyde and 0.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were

then fixed in 4% paraformaldehyde overnight and coronal vibratome 50-mm sec-

tions of the dentate gyrus were cut. Using the oxygen-enriched photoconversion

method [203], the TfT was photoconverted into an electron-dense material to local-

ize the TfT-containing nanoparticles in the brain. After washing, osmication and

dehydration, the brain tissue blocks were embedded in Ducurpan and semithin or

ultrathin sections were prepared. Aggregated nanoparticles were detected in den-

tate granule cells and vacuolated cytoplasm in the vicinity of nanoparticle aggre-

gates using light microscopy (Fig. 16.3C). Using TEM, this study also found clus-

tered nanoparticles in microglia (Fig. 16.3D) and in neurons (Fig. 16.3E and F).

Moreover, vacuolated inclusions and amorphous structures with moderated elec-

tron density were found in both cell types. The core–shell structure of the nanopar-

ticles and the TfT delivered from the nanoparticles were further confirmed by TEM

at higher power (Fig. 16.3F).

This study indicates that nanoparticles and the nanoparticle-delivered drugs may

target Ab in the brain, and provides strong evidence to further support the possibil-

ity of nanoparticle drug delivery for AD treatment with increased efficacy and low-

ered toxicity.

16.3.2

Nanoparticulate Antioxidant Delivery to Increase Efficacy against Ab-mediated

Oxidative Stress

One of the neurotoxic effects of Ab is to induce lipid peroxidation [204–207] that

can lead to the formation of cytosolic free radicals and reactive oxygen species
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(ROS) [208]. Free radicals and ROS are highly active and can cause oxidative dam-

age to all classes of biomolecules found in vivo, which include cellular lipids, nu-

cleic acids, proteins and carbohydrates [209, 210]. This is believed to be a key factor

in AD development [211, 212]. With aging, the endogenous antioxidant systems

may gradually lose their ability to provide adequate neuroprotection and fail to

compensate for the increased ROS formation [213]. Thus, antioxidant intake may

provide protective effects against oxidative neurodegeneration [214, 215]; however,

as discussed before, one impediment to the success of AD antioxidant therapy is

the BBB that may limit appropriate antioxidant concentrations within the brain,

thus diminishing its efficacy. Reduced efficacy may also result from the inability

Figure 16.3. (A) The TfT-containing latex

nanoparticles with a diameter of about 90 nm

(SEM analysis). (B) Image of the nanoparticles

on a Pioloform-coated slot grid (TEM analysis).

(C) Light microscopic analysis of a section

from fixed and plastic-embedded mouse

dentate gyrus after 3-day intrahippocampal

injection of nanoparticles and following

photoconversion of TfT. Arrows and arrow-

heads indicate representative adducts of

photoconversion. (D–F) TEM analyses of cells

in the dentate gyrus after 3-day TfT particle

injection and photoconversion. (D) Analyses

show clusters of aggregated particles

incorporated in microglia (left) and in a

granular cell (right). The vacuolar inclusions

and amorphous structures with moderate

electron density are found in both cells.

(E) Photoconverted, aggregated latices are

located in the cytoplasm of a granule cell and

an arrowhead marks the same cluster in (C).

(F) High magnification of intraneuronal parti-

cle clusters. Photoconverted electron-dense

materials surround the most core–shell-type

microspheres (arrows), indicating TfT delivered

by the nanoparticles. Scale bar: 1 mm for A, E

and F; 0.1 mm for B; 20 mm for C; 5 mm for D.

(With permission after Ref. [106].)
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of antioxidants to reach specific targets. It is known that vitamin E, a lipophilic

antioxidant, shows mixed results in the treatment of AD [19, 216–218]. Further-

more, although vitamin E is capable of preventing Ab-induced ROS in cultured

cells, the cells have to be treated with vitamin E before Ab exposure, or treated si-

multaneously with vitamin E and Ab. In contrast, antioxidants that can enter the

cytosolic compartment of these cells give neuroprotection even if applied after Ab

exposure [219–221]. This limitation is suggested to be a consequence of the lipo-

philic nature of vitamin E. The lipophilicity of vitamin E reduces its access to the

hydrophilic cytosolic compartment, thus minimizing its ability to quench cytosolic

ROS, as well as ROS produced from antecedent membrane oxidative damage

[208]. It is possible that nanoparticle-mediated drug delivery cannot only send anti-

oxidants into the brain more effectively, but also facilitate targeting specific loca-

tions, hence increasing their antioxidative effects.

A recent study [108] showed that vitamin E encapsulated in nanoparticles pos-

sesses an improved ability to quench Ab-induced ROS even if applied about 1 h

after Ab exposure; in contrast, nonencapsulated vitamin E does not have such a

capability. This study indicates that although vitamin E can protect against Ab-

mediated ROS, it lacks the ability to access the secondary ROS, which radiates

into the cytosolic compartment following prior Ab exposure, due to the lipophilic-

ity of vitamin E [205–208, 213, 221].

In this study, nanoparticles containing vitamin E were prepared by mixing PEG

1500 decanyl polymer and vitamin E in chloroform solution. After removal of the

solution, the mixture of PEG polymer and vitamin E was redissolved into water to

induce self-assembly by vortexing. Resultant vitamin E-containing nanoparticles

were purified by dialysis against water to remove unencapsulated vitamin E [222].

To examine the antioxidative efficacy of vitamin E encapsulated in PEG polymer

nanoparticles, SH-SY-5Y human neuroblastoma cells were used. The cells were

cultured in DMEM with 10% fetal calf serum and differentiated for 7 days with

10 mM retinoic acid. Cell cultures were exposed to Ab (25–35) for 2 h. Vitamin E

and vitamin E encapsulated in nanoparticles were added to additional cultures ei-

ther simultaneously with, or 1 h following, the addition of Ab. To monitor the in-

tracellular peroxide concentrations as an index of ROS, 2 07 0-dichlorofluorescein di-

acetate was added to cultures for 20 min and then cultures visualized under

fluorescein UV optics. The results indicate that vitamin E prevents an increase in

ROS induced in differentiated neuroblastoma cells following Ab treatment only if

applied prior to or simultaneously with Ab (Fig. 16.4). In contrast, vitamin E en-

capsulated in nanoparticles can prevent ROS even 1 h after Ab exposure. The pro-

tective effectiveness was same as application of an equivalent concentration of non-

encapsulated vitamin E simultaneously with Ab exposure (Fig. 16.4). Nanoparticles

without encapsulated vitamin E do not have neuroprotective ability. This result that

the nanoparticles can deliver vitamin E into cytosol, thus increasing vitamin E anti-

oxidative capability to quench cytosolic ROS, indicates that nanoparticle-mediated

delivery may serve as a valuable tool for targeted transportation of antioxidants or

other therapeutic agents for the treatment of AD. However, this result needs to be

confirmed using normal neuro-cells and in vivo studies.
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Figure 16.4. Nanoparticulate drug delivery

improves the efficacy of delayed application of

vitamin E against Ab-induced ROS. Panels

present phase-contrast and fluorescent images

of SH-SY-5Y neuroblastoma cells examined

for ROS before (control) or 1 h following

addition of Ab with or without vitamin E or

nanoparticulated vitamin E at the indicated

intervals. Note the increase in ROS following

addition of Ab. Note that this increase is

prevented by simultaneous, but not delayed,

addition of vitamin E, yet is prevented by

delayed addition of nanoparticulated vitamin E.

The accompanying graphs present the mean

2 07 0-dichlorofluorescein diacetate (DCF-DA)

fluorescent intensityG standard deviation of at

least 50 cells. Values are also presented in the

percent change in fluorescent intensity for each

condition versus untreated controls (the mean

intensity for controls are defined as 1). (With

permission after Ref. [108].)
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16.3.3

Nanoparticle Delivery of Copper Chelator for Preventing and Reversing Ab Deposition

Copper and zinc are essential in the body, but their excess is toxic. Accumulation of

these metals in the central nervous system is believed to contribute to the oxidative

stress and inflammation associated with AD [223–225]. Studies reveal that Ab has

the ability to bind copper and zinc with high affinity, and that these metals may, in

turn, mediate the Ab deposition in AD [226–233]. The evidence showing the asso-

ciation of these metals with Ab deposition is that simple coincubation of Ab from

postmortem AD brain tissue with copper and/or zinc chelators results in resoluble

aqueous Ab [234]. This association is also demonstrated by other findings from

both animal experimental studies and human clinical trails [42, 43, 77, 80, 235].

Severe changes in some metal distributions are found in the brain of AD patients

compared with healthy controls [225]. Concentrations of copper and zinc are sig-

nificantly elevated in amyloid plaques and neuropil regions in the brains of AD pa-

tients (about 400 mM for copper and 1 mM for zinc) compared to the healthy brains

(70 mM for copper and 350 mM for zinc) [226, 236]. Treatment of APP transgenic

mice (an AD mouse model) with the copper and zinc chelator, clioquinol, was

shown to reverse Ab deposition [237], leading to a near halving of Ab deposition

in the animal brain, compared with sham-treated controls [77]. The reduction of

Ab deposition was accompanied by a significant improvement in behavior and gen-

eral health parameters. Clinical studies also demonstrate that AD patients treated

with clioquinol show significantly slowed cognitive deterioration and lowered

plasma Ab levels [42, 43]. There were no indications of toxicity associated with che-

lation treatment for either experimental or clinical studies. These results suggest a

potential approach that can prevent and treat AD by targeting the interaction of

copper and zinc with Ab using chelation agents. However, an implication of clio-

quinol toxicity in an epidemic of subacute myelo-optic neuropathy in Japan has

forced withdrawal of the drug from the market. For neuro-chelation therapy, the

BBB represents a major hurdle for most available chelation therapeutics [109,

238]. To gain a deeper understanding of the roles of metals in AD development

and to make progress in AD chelation therapy, there is a great need to develop

more effective and safer chelation agents. Nanoparticle-mediated drug transport

as an alternative means of drug delivery to the brain may provide an opportunity

for such development [109, 110].

A recent study showed that d-penicillamine, a specific copper chelator for Wil-

son’s disease (copper overload), can be successfully conjugated to nanoparticles

through covalent bonding [107]. The nanoparticles have a long circulating ability

in the blood and have been shown to be taken up by the brain in situ and in vivo
without significant changes in BBB integrity or permeability [107, 147, 239, 240].

The nanoparticles containing 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-

(p-maleimidophenyl)butyramide] (MPB-PE) or 1,2-dioleoyl-sn-glycero-3-phosphoe-
thanolamine-N-[3-(2-pyridyldithio)propionate] (PDP-PE) were synthesized by

warming microemulsion precursors composed of emulsifying wax and surfactants

such as Brij 78 or Tween 80 [107, 241]. These core components of the nanopar-
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ticles are considered nontoxic and nonirritant materials [107, 241]. This study

shows that the stability of these nanoparticles is greatly affected by the final con-

centration of surfactants, and the use of 4–6 mM of Brij and 2 mg mL�1 of emul-

sifying wax can form the most-stable particles. A further increase in Brij concentra-

tion leads to the formation of less-stable nanoparticles. This study provides a

simple preparation method for stable nanoparticles that can anchor chelation

agents with them. In the preparation procedure, emulsifying wax was first melted

and then stirred at 50–55 �C after adding deionized and filtered water in order to

form a homogenous milky slurry. The surfactant was then added with continu-

ously stirring. After microemulsions were formed, the mixture was cooled to

room temperature to produce nanoparticles. The formed particles were character-

ized using a Coulter N4 Plus Sub-micron Particle Sizer. To provide functional

sites on the nanoparticles for covalent conjugation with the sulfhydryl group in

d-penicillamine, various amounts of MPB-PE or PDP-PE were incorporated into

the particles by adding different concentrations of MPB-PE or PDP-PE in chloro-

form. The solvent was removed by evaporation before adding the emulsifying

wax. The diameter of the formed nanoparticles was less than 100 nm with a

narrow size range. Size is influenced by the MPB-PE or PDP-PE concentration, al-

though not significantly [107]; however, if the concentration of MPB-PE or PDP-PE

reaches 15% w/w, the microemulsion cannot be formed and the size of the result-

ing particles is relatively large. This study suggests that the hydrophilic heads of

MPB or PDP are exposed on the nanoparticle surface while the lipophilic dioleoyl

groups in both MPB-PE and PDP-PE insert into the lipophilic core of nanoparticles

[107, 241, 242]. This molecular orientation, leaving the functional groups on the

nanoparticle surface, is favorable for chelator conjugation. d-Penicillamine con-

tains a sulfhydryl group and can either react with MPB-PE or PDP-PE to form thi-

oether or disulfide bonds, respectively, which link the chelator and nanoparticles

[243–245] (Scheme 16.1). The reactions were conducted at room temperature in

approximately neutral aqueous solution (pH 6.5 for MPB-PE containing particles;

pH 8.0 for PDP-PE containing particles). Nitrogen gas was used to prevent atmo-

spheric oxygen from disturbing the conjugation reaction. The chelator-conjugated

nanoparticles were purified by gel permeation chromatography using a Sephadex

G75 column. The short-term stability of the chelator-nanoparticles containing

PDP-PE was tested by particle size measured at intervals. The stability of the par-

ticles to salt or serum was also examined: d-penicillamine-conjugated nanopar-

ticles are stable at 37 �C for 30 min in several different biologically compatible

media such as saline, 10 mM phosphate-buffered saline solution (PBS), 10% lac-

tose and 10% fetal bovine serum in saline. The linkage of disulfide bonds between

d-penicillamine and PDP-PE incorporated into particles is also quite stable in PBS

at pH 6, 7 and 8. Both d-penicillamine conjugated PDP-PE nanoparticles and

MPB-PE nanoparticles are stable when treated with simulated serum, thus being

suitable for chelator delivery in vivo. d-penicillamine conjugated MPB-PE nanopar-

ticles are more stable than d-penicillamine–PDP-PE conjugated ones because of

the formation of a more stable thioether linkage of d-penicillamine–MPB com-

pared to the less stable disulfide link between d-penicillamine and PDP [245].

658 16 Nanoparticles for the Treatment of Alzheimer’s Disease



It should be mentioned that linkages using the sulfhydryl group of d-

penicillamine totally deprive its copper binding activity. This, however, may provide

a targeting chelation approach by which d-penicillamine can chelate copper within

the brain only if it is released from nanoparticles, thus minimizing chelator toxicity

in other places. To restore the chelation activity of d-penicillamine, it was proposed

that the release could take place when the d-penicillamine conjugated nanopar-

ticles react with reducing agents such as glutathione under normal physiological

conditions. In cells, glutathione is the most concentrated nonprotein thiol and its

concentration is about 1–6 mM [107, 246]. In order to test this hypothesis, a reduc-

ing agent, dithiothreitol (DTT) was used to incubate with the d-penicillamine-

conjugated nanoparticles. After a 1-h incubation at 37 �C in water at pH 6.7,

d-penicillamine was partially released from PDP-PE-containing particles by DTT,

indicating cleavage of the disulfide bond between d-penicillamine and PDP. Al-

though this result indicates the possibility of d-penicillamine release from nano-

particles by reducing agents, further studies are warranted such as increasing the

releasing efficacy in both in vitro and in vivo investigations. As Ab is known to bind

metals with high affinity and its aggregates are associated with copper, the ability

of d-penicillamine, d-penicillamine–nanoparticles and d-penicillamine released

from nanoparticles to reverse copper-mediated Ab aggregates were evaluated in

this study. The Ab deposition is obtained from incubation of Ab(1–42) with cupric

chloride in Tris buffer (pH 7.4) for 1 h at 37 �C and then incubated with those che-

lation agents for a further 1 h at 37 �C. To determine the redissolved copper Ab

aggregates in the soluble fraction, the samples were centrifuged (10 000 g for 20

min) and the supernatants were analyzed for protein concentrations using the

Pierce method [107]. In order to release d-penicillamine from nanoparticles, the

chelator-conjugated PDP-PE-containing particles were incubated in basic aqueous

solution (0.1 M, sodium hydroxide) at 45 �C for 1 h. Under these conditions, the

Scheme 16.1. Conjugation reactions of d-penicillamine to (A)

MPB– and (B) PDP–nanoparticles. (Minor modification from

Ref. [107].)
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disulfide bond of d-penicillamine–particle linkage is more labile [243, 247]. Results

show that the d-penicillamine conjugated to nanoparticles can no longer resolubil-

ize the insoluble Ab aggregates mediated by copper while the free d-penicillamine

does. d-Penicillamine released from nanoparticles restores its ability to effectively

resolubilize the copper–Ab aggregates (Fig. 16.5).

This study provides a method to prepare d-penicillamine-conjugated nanopar-

ticles that may have the ability to cross the BBB without adverse effects on cerebral

perfusion, BBB integrity and permeability [107, 239, 240]. This study also shows

that the nanoparticle-delivered chelator may be released after targeting and resolu-

bilize metal-mediated Ab deposition, thus being able to prevent and treat AD.

d-Penicillamine is used to treat Wilson’s disease, wherein copper is accumulated

initially in the liver and eventually in other organs including the brain [248].

d-Penicillamine can conveniently be administered orally and its effect on urinary

copper excretion is dramatic [249]. However, development of d-penicillamine intol-

erance is frequently seen among patients and the ability of d-penicillamine to cross

the BBB is not clear [107, 250, 251]. Thus, nanoparticle d-penicillamine delivery

may increase the brain targeting of d-penicillamine and reduce its intolerance. Al-

though more in vivo studies are needed and this chelation may be imperfect due to

the possible accumulation of the chelator–metal complexes in the brain, this study

provides evidence to support nanoparticle drug delivery as a potential approach for

AD management.

Figure 16.5. Experiments of Cu-Ab(1–42)

aggregate resolubilization. The treatments are

control (no chelator), d-penicillamine, d-

penicillamine conjugated to PDP-NPs (NPs)

and d-penicillamine conjugated to PDP-NPs

(NPs) after being treated in 0.1 N NaOH at 45

�C for 1 h (NPs treated). An asterisk indicates

that the values for d-penicillamine and treated

NPs are not different from each other, but are

significantly higher than that of no chelator

and NPs. (With permission after Ref. [107].)
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16.3.4

Nanoparticle Transport of Iron Chelators and Metal Chelator Complexes Into and Out

of the Brain, Respectively

16.3.4.1 Increased Levels of Various Metals in the Brain of AD Patients

It is already known from the above that copper and zinc play an important role in

the accumulation of Ab deposits, which in the form of preamyloid lesions and neu-

ritic plaques, are one of the key neuropathological features of AD [107, 195]. Other

metal ions are also known to be toxic and may be potential risk factors for AD. For

example, excess iron in the body is extremely dangerous even though it is an

essential nutrient for virtually all mammalian cells. Studies demonstrate that in in-

dividuals with primary or secondary iron overload disease, extreme iron accumula-

tion in organs is recognized as a contributor to the manifestation of other diseases,

including cardiac, hepatic, endocrine and bone disorders as well as cancer [252–

254]. Even moderate elevations of iron in the body, which may be associated with

age, is believed to play a significant role in causing diseases such as atherosclerosis,

cancer, diabetes, dementia and osteoporosis [210, 255–260]. The toxic effects of ex-

cess iron and copper result largely from their ability to catalyze free radical genera-

tion through the Fenton reaction or Haber–Weiss reaction [209]. Iron also plays a

key role in the regulation of cellular functions such as respiration, oxygen trans-

port, DNA synthesis, nitric oxide formation and other redox reactions [209]. There-

fore, iron levels in particular biological compartments have a close association with

various disease processes. Although the etiology of AD is not well understood, ac-

cumulating evidence supports the hypothesis that oxidative stress generated by var-

ious mechanisms may be among the major risk factors that initiate and promote

neurodegeneration [16, 211, 261–263]. Compared with other tissues, the central

nervous system may be particularly susceptible to oxidative damage [264, 265].

Since iron and copper catalyze oxidation reactions, the likelihood that an oxidation

reaction will take place is probably increased by regional concentrations of these

metals [209, 223]. Substantial studies show that the metabolism of iron is involved

in AD and that the concentration of iron, like copper, in the brain of AD patients is

elevated [224, 266–270]. The iron levels in neuropil of human brain are 39 mg g�1

for AD patients and 19 mg g�1 for controls determined by microparticle-induced

X-ray emission [236, 271–273]. Studies also demonstrate that iron can induce Ab

aggregation at acidic pH [232], a pathological value found in inflammatory disor-

ders. Another metal ion, aluminum, has also received attention in AD [274], al-

though its role in AD development has not yet been convincingly demonstrated.

Nonetheless, aluminum is found in high concentrations in both senile plaques

and intra-neuronal fibrillar tangles in the brains of subjects with AD, which sug-

gests that this metal may be involved in the etiopathology of AD [224, 269, 275,

276]. Aluminum, unlike iron and copper, is unable to participate in redox cycles

of electron transfer reactions due to a fixed oxidation state of 3þ in biological sys-

tems, but growing evidence suggests that it can act synergistically with iron to in-

crease free radical damage [264, 277]. A recent study shows that accumulated alu-
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minum in the central nervous system modulates Ab formation and deposition

[278]. As mentioned early, evidence already shows that copper [211, 236, 279–283]

and zinc [229, 236, 269, 284, 285] are implicated in the development of AD. In the

AD brain, the concentration of copper is elevated in the rim of senile plaques and

the concentration of zinc is significantly elevated in senile plaques. Taken together,

these studies indicate that the environmental conditions in AD, exacerbated by im-

balances in several metals, have the potential of catalyzing and stimulating free

radical formation [109], and of facilitating Ab aggregation and deposition [286],

thus enhancing neurodegeneration.

Simultaneously elevated levels of multiple metals promoting oxidative damage to

the brain present a complex system of pathophysiology that is not yet fully under-

stood. Despite this complexity, metal dysregulation may in fact be the Achilles’ heel

of AD, opening a door for chelation therapy. A chelator, regardless of synthetic or

natural origin, may have high affinity for one metal ion, but it can also undesirably

chelate other metals in the body leading to serious side-effects. The affinity for

multiple metals such as aluminum, copper, iron and zinc may pose useful rather

than detrimental effects since various metals are implicated as oxidative instiga-

tors. Perhaps this is why desferrioxamine (DFO), a specific iron chelator also with

high affinities for aluminum, copper and zinc, has demonstrated some therapeutic

benefits for patients with AD. Thus, simultaneous chelation of several excess

metals in the AD brain may provide a novel approach for safe and effective treat-

ment of AD.

16.3.4.2 Problems with Iron Chelators for Simultaneous Removal of Multimetal Ions

for Treatment of AD

Iron chelation therapy shows potential as an alternative treatment for AD by simul-

taneously chelating multiple excess metals. However, this promising approach is

hindered by chelator toxicity and/or poor bioavailability, especially BBB impenetra-

bility. A few clinically available iron chelators also negatively affect the develop-

ment of iron chelation therapy for this disease.

DFO and deferasirox (ICL670, Exjade1) are the only iron chelation drugs ap-

proved by the FDA for iron overload disease (Fig. 16.6). Their therapy can promote

iron excretion, and has led to great improvements in the quality and duration of

life of patients who suffer from b-thalassemia and other refractory anemias [287,

Figure 16.6. Chemical structures of (A) DFO, (B) ICL670 and (C) L1.
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288]. Although there are no reports yet on deferasirox for potential treatment of

AD, DFO is found to significantly slow the progression of AD in one clinical trial

[289]. In this study, only the chelation of aluminum was examined, but it is possi-

ble that the therapeutic effect may also have been due to removal of iron since

DFO preferably chelates iron forming 1:1 complex (DFO, a hexadentete chelator)

[290, 291]. DFO also has an appreciable affinity for copper and zinc [290, 292].

The affinity constants of DFO for Fe(III), Al(III), Cu(II), and Zn(II) are 30.6, 22.0,

14.1 and 11.1 ðlog KÞ, respectively [293]. In this particular clinical study, copper

and zinc were not monitored. Thus, it is unclear if the DFO treatment simultane-

ously removes these metals and/or whether such a removal plays a role in slowing

the clinical progression of AD. However, 2 years after the initial publication, a ver-

bal report at the International Conference on Alzheimer’s Disease (Padua, Italy,

1992) provides evidence that iron and zinc concentrations are decreased in a post-

mortem analysis for DFO-treated patients [271, 290]. This clinical study, in

addition to the follow-up report, provides strong evidence that multiple metal

accumulations in the brain may be key contributors to AD development and simul-

taneous removal of them mitigates disease progression. Aside from effective chela-

tion of several metals, DFO also inhibits nigrostriatal degeneration induced by

6-hydroxydopamine [294]. Unfortunately, DFO has serious side-effects including

neurotoxicity and neurological changes [223, 274, 295–300]. Furthermore, DFO is

poorly absorbed by the gastrointestinal tract and rapidly degrades after administra-

tion [301]. Therefore, it requires long subcutaneous administration to yield signifi-

cant iron excretion [287, 291, 302]. Moreover, some studies show DFO does not

easily penetrate the BBB due to its hydrophilic nature [303], although this point re-

mains open to debate [304]. Indeed, some penetration may occur due to a compro-

mised BBB via lesion sites [303]. Nonetheless, the neurotoxicity and difficulty of

administration and delivery present serious hindrances to the use of DFO for AD

treatment.

Another iron chelator, L1 (deferiprone or 1,2-dimethyl-3-hydroxyl-4-pyridinone),

is a bidentate chelator and approved in Europe, but not in the US, for iron or alu-

minum overload diseases [305–307] (Fig. 16.6). It chelates iron and aluminum

with very high stability constants of log b ¼ 37 and 32, respectively. Since it can

also chelate copper and zinc with appreciable efficiencies (log b ¼ 19:6 for copper

and 13.5 for zinc), L1 is capable of simultaneously chelating these metal ions. L1

virtually lacks affinity for calcium or magnesium; therefore, unlike many other

chelators, L1 has no toxic effects due to chelation of these essential metals [307].

L1 also has high oral activity and BBB penetration because of its lipophilicity and

relatively small molecular size. However, its use is limited because of serious side-

effects [308, 309]. Moreover, studies show that L1 lacks the ability to remove iron

from the brain [304] probably due to strong hydrophilicity of the iron–L1 complex.

Additionally, there is no carrier-mediated transport system available to remove the

complex from the brain. Other L1 derivatives with higher lipophilicity also have the

ability to cross the BBB and complex iron in the brain, but they also possess con-

siderable neurotoxicity [295, 298, 308]. Deferasirox is a tridentate iron chelator with

oral bioavailability, which is currently approved by FDA for treatment of transfu-
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sional iron overload in thalassemia. However, its long-term profiles are not yet

available [288]. Furthermore, its lipophilic nature like L1 may raise questions con-

cerning potential toxicity in AD treatment.

Thus, the use of the currently available iron chelators to simultaneously remove

several excess metals in the brain of AD is limited because of their toxicity and/or

poor transference across the BBB. Most bi- or tridentate iron chelators with small

molecular weight and high lipophilicity have the ability to penetrate the BBB, but

show toxicity [310]. On the other hand, hexadentate iron chelators are considered

better candidates for chelation therapy than bi- and tridentate ones because of their

lower toxicity before and after chelation [310], but they have difficulty penetrating

the BBB [122, 304, 310] due to their hydrophilicity and relative high molecular

weight. One strategy to increase the BBB penetration is by enhancing the lipophi-

licity and lowering the molecular weight of the iron chelators, but this is believed

to increase toxicity [311]. In addition, the increase in lipophilicity of iron chelators

will decrease the solubility in aqueous solution with probable a decrease in bio-

availability [309]. Also, it is possible that some lipophilic chelators which normally

should cross the brain endothelial cells are rapidly pumped back into the blood

stream by extremely effective efflux pumps, as mentioned before [99]. Many prom-

ising attempts have been made to develop iron chelators with oral activity (mem-

brane penetration) and low toxicity for the treatment of iron overload disease

[312–347]. This leads to the hope, that if successful, some iron chelators may also

be suitable for simultaneous chelation of several excess metal ions for AD treat-

ment.

Some existing USP drugs such as clioquinol (iodochlorohydroxyquin) that pos-

sess chelation properties and BBB penetration ability have shown therapeutic ben-

efits in AD [42, 43]. Clioquinol is an antibiotic agent and chelator with high affinity

for zinc and copper, and less for calcium and manganese [77]. As mentioned be-

fore, oral administration of clioquinol in APP transgenic mice with advanced Ab

deposition leads to a significant reduction of Ab deposition in the mouse brain

compared to nontreated animals. This reduction of Ab deposition is reported to

be associated with copper and zinc chelation by clioquinol [77]. In clinical studies

with clioquinol, the clinical rate of cognitive decline is slowed in a subset of AD

patients compared with controls [42, 43]. Interestingly, the zinc concentration in

plasma of AD patients treated with clioquinol was significantly higher than that

of controls although no parallel change in plasma copper concentration has been

indicated [43]. However, further investigation with this new approach is hindered

by clioquinol toxicity. It should also be mentioned that this type of chelator gener-

ally may have a low affinity for iron and would be toxic at doses needed for suffi-

cient iron removal [293]. EDTA has also shown some clinical improvements in the

patients with dementia, including AD, in a small clinical trial and a large retro-

spective study [40, 41].

Currently, chelators with a hydroxyquinoline backbone or with high lipophilicity

show BBB permeability and neuroprotective potential in experimental studies [78–

80]. However, the toxicity of these chelators related to their lipophilicity has not

been studied. Other therapeutic approaches are being explored to overcome the im-

pediment of the BBB. For example, a prochelator has been designed for the pur-
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pose of easily entering the BBB. The functional groups of the prochelator are then

activated by enzymatic or nonenzymatic reactions after they have entered the target

organ [121]. Another example is to use simple inorganic silicate that can form very

stable complexes with many metals and probably has the ability to enter the BBB

[348]. A newly developed copper chelator (tetrathiomolybdate) for Wilson’s disease

is also suggested as a potential treatment for AD [85, 349]. Iron chelators designed

with near-optimal lipophilic/hydrophilic balance of the free chelator and iron com-

plex for the purpose of passage into and out of the cell have been synthesized and

studied [309]. However, no clear-cut clinical evidence for a beneficial effect of these

chelators in AD has been demonstrated and new approaches are necessary.

16.3.4.3 Nanoparticle Transport Technology to Improve Chelation Therapy for AD

The use of nanoparticles to transfer chelators represents an exciting therapeutic

option that may prove safer and more effective for chelation therapy. There are

four advantages to this particle chelator delivery approach: (i) the chelators need

not be lipophilic to cross the BBB, (ii) the lipophilic character of the chelators no

longer contributes to potential toxicity and (iii) hydrophilic hexadentate iron chela-

tors with large molecular weights may be used, as previously demonstrated with

nanoparticle technology [152, 350, 351]. Finally, the most important advantage is

that the chelator conjugated to nanoparticles has the potential to leave the brain

after complexing metals, thus further improving chelation safety and efficacy.

For metal chelation to be effective, the chelators must be capable of leaving the

brain with the corresponding complexed metal ions. Many chelators are unable to

prevent iron from catalyzing free radical formation via Fenton or Haber–Weiss re-

action even though the chelators can complex iron tightly [352]. Thus, the metal–

chelator complexes in the brain may still catalyze free radical formation, with pos-

sible new adverse effects on the brain. In fact, there is no systematic solution for

this problem and finding the solution remains a big challenge in chelation therapy

for AD as well as other neurodegenerative diseases associated with metal toxicity. If

the nanoparticles are not biodegradable within the brain and can mimic lipopro-

tein particles by preferentially absorbing ApoA-I, known to facilitate the removal

of particles from the brain [99, 353], the same carrier mediated transport systems

of LDL will be able to carry the metal-complex nanoparticles out of the brain. This

is in contrast to lipophilic chelators that can enter the brain, but when complexed

with metals, are unable to cross the BBB due to a change in their lipophilicity. For

example, the distribution coefficient (DC) of free L1 determined in n-octanol/Tris–
HCl buffer system is 0.24, but when complexed with iron is down to about 0.001

[354]. Therefore, although L1 can reportedly penetrate the BBB, it fails to remove

iron from the brain [304]. Obviously, the use of nanoparticles may provide a novel

approach to transport of metal–chelator complexes out of the brain. The use of

nanoparticles conjugated with chelators to mimic lipoprotein particles and transfer

iron chelators into and out of the brain through selected apolipoprotein absorption

not only provides a useful means of improving the efficacy and minimizing the

toxicity of chelation therapy, but also provides insights into the mechanisms of

AD development. This novel approach can also open a new area for nanoparticle

technology to clean unwanted substances from diseased sites.
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16.3.4.4 Experimental Descriptions

To conjugate nanoparticles covalently, iron chelators must have a functional group

to react with an active moiety on the particle surface. The functional group intro-

duced into the iron chelators should not possess adverse effects on the chelator–

metal binding. Synthetic methods to produce a series of iron chelators with such

functional side-chains have been developed [126, 127, 355]. The metal binding

properties of these chelators and some biological properties such as the in vitro
ability to remove iron from tissue sections of AD brains and from ferritin (an im-

portant protein for iron storage) have been examined [126, 355]. Some of these

chelators can remove iron from ferritin and are capable of depleting iron from tis-

sue sections of the AD brain more effectively than DFO. Methods for conjugation

of various iron chelators to nanoparticles have also been developed. The particles

can be made of biocompatible synthetic or natural macromolecules [99, 100, 356]

with functional groups such as amino and carboxyl groups on their surface for co-

valent bonding with chelators [162, 243]. After conjugation, the amounts of chela-

tor that conjugate to the particles and the ability of the chelator–particle systems to

bind iron are determined. Interestingly, some bidentate iron chelators converted to

hexadentate chelators after conjugation to particles because the particles provided

backbone linkages. This phenomenon greatly improved the metal binding stability

and lowered toxicity associated with metal–chelator complexes. The human plasma

protein absorption patterns on iron chelator particle systems are examined using

2-D PAGE technology [99, 357]. These studies show that the protein absorption

pattern on the iron chelator particle systems is totally different from that of the hu-

man plasma proteins. Through changing the system surface properties, such as

chelators and surfactants, the chelator–particle systems can preferentially absorb

ApoE. With the same kind of changes, it is also found that the chelator–particle

systems after binding metals can preferentially absorb ApoA-I. Such preferential

absorptions allow the systems to mimic the ApoE or ApoA-I nanoparticles and to

cross the BBB through LDL transport mechanisms [350, 353]. Uniform coating of

the systems with ApoE, B or A-I can also be achieved by overcoating of these apoli-

poproteins, which may enable the systems to cross the BBB with high efficiency

[171]. These studies indicate that iron chelator–nanoparticle systems have the po-

tential to enter the brain and bring excess metals out of the brain, thus effectively

preventing metal-associated oxidative damage. The results also show the potential

to obtain chelator–nanoparticle systems with optimal surface properties via chang-

ing chelators, linkages, coating materials and nanoparticles with different surfaces.

These findings are promising and suggest that this novel method of chelation may

prove useful in the treatment of AD. More studies are warranted to demonstrate

the chelation efficacy of the chelator–nanoparticle systems, to evaluate the system

toxicity and to optimize their capability to cross the BBB. Some experiments are

briefly described as follows.

16.3.4.4.1 Synthesis of Iron Chelators with Functional Groups for Nanoparticle Con-

jugation Iron chelators containing active functional groups have been synthe-

sized. The preparation procedures are simple and product yields are good. The

synthetic chelators have been characterized using standard methods such as
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1H-nuclear magnetic resonance (NMR), mass spectrometry (MS), ultraviolet (UV)-

vis and elemental analysis. Their preparations are briefly given below.

2-Methyl-N-(2O-aminoethyl or 3O-aminopropyl)-3-hydroxyl-4-pyridinone (MAEHP and

MAPHP) The chelators were synthesized using a modified procedure as previ-

ously described (Scheme 16.2) [358, 359]. In brief, 3-hydroxyl-2-methyl-4-pyranone

and benzyl chloride were mixed in a solution of water and methanol in the pres-

ence of NaOH. The mixture was refluxed for several hours with magnetic stirring.

After removing methanol under vacuum, water was added and the 3-benzyloxy-2-

methyl-4-pyranone was extracted with methylene chloride. The methylene chloride

solution was then washed with 5% NaOH aqueous solution followed by water and

dried over MgSO4. The product was obtained after evaporation of the solvent under

vacuum and then reacted with 1,2-diaminoethane or 1,3-diaminopropane in

aqueous ethanol solution at room temperature. After 1 week, solvents and residual

diamines were evaporated under vacuum and the residue was dissolved in chloro-

form, washed with water and dried with Na2SO4. After removing solvent, metha-

nol was added and the pH is adjusted to 1 with HCl. 1-(2 0-Aminoethyl)-3-benzyloxy-

2-methyl-4-pyridinone or 1-(3 0-aminopropyl)-3-benzyloxy-2-methyl-4-pyridinone was

precipitated as dihydrochloride salt and collected by filtration. The pure products

were obtained by recrystallization from methanol and ether, and further reacted

with BBr3 (1.0 M CH2Cl2 solution) in CH2Cl2. The mixture was stirred overnight

at room temperature under a nitrogen atmosphere. Water was added and stirring

was continued for an additional 4 h. The aqueous phase containing the MAEHP or

MAPHP was separated and evaporated under vacuum. The crude MAEHP or

MAPHP was purified through recrystallization from an ethanol/ether solution.

2-Methyl (or ethyl)-N-(2O-hydroxyethoxy)methyl-3-hydroxyl-4-pyridinone (MHEMHP or

EHEMHP) The chelators were synthesized using established methods (Scheme

16.3) [355, 360]. Briefly, 3-benzyloxyl-2-alkyl-4-pyridinone was synthesized as re-

ported in reference [358] with a minor modification. First, to protect the 3-hydroxyl

group, 2-alkyl-3-hydroxyl-4-pyranone with benzyl chloride was refluxed under alka-

Scheme 16.2. (a) Benzylchloride/NaOH. (b) NH2(CH2)nNH2,

n ¼ 2; 3. (c) BBr3 in CH2Cl2 at 4
�C or hydrogenation with H2/

Pt on active carbon. (With permission after [359].)
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line conditions, as described above. Then, the ring oxygen of 3-benzyloxyl-2-alkyl-4-

pyranone was replaced by a nitrogen atom via a substitution reaction with aqueous

ammonia at room temperature for 48 h. The 3-benzyloxyl-2-alkyl-4-pyridinone was

silylated in hexamethyldisilazane under refluxing and nitrogen gas for 2 h. After

evaporation of the solvent under vacuum, the residue was redissolved in 1,2-

dichloroethane and then benzyloxyethoxymethylchloride that could be replaced by

(2-acetoxyethoxy)methyl bromide [361] was added in the presence of a catalytic

amount of trimethylsilyl trifluoromethanesulfonate (SnCl4 could also be used as

catalyst in the alkylation reaction, but might result in separation difficulties and

low yields) [362]. The resulting mixture was stirred at room temperature for 4 h

and then treated with an aqueous solution saturated with sodium bicarbonate.

After removing the aqueous phase, the organic phase was dried with sodium

sulfate and the solvent evaporated under vacuum. Both of the protection groups

were removed simultaneously by hydrogenation with H2/Pt on activated carbon

in acidic aqueous ethanol at room temperature for 24 h or by BBr3 in CH2Cl2 at

4 �C [306, 363, 364]. The chelators were obtained in pure form after recry-

stallization from a 1:1 solution of CH3Cl:MeOH. To evaluate whether the linked

(2 0-hydroxyethoxy)methyl moiety affected the geometry of the iron binding site

in the chelators, molecular and crystal structures of EHEMHP were determined

by X-ray crystallographic analysis. A piece of colorless crystal (0.33 mm� 0.33

mm� 0.11 mm) formed in methanol/ethyl acetate solution was used for X-ray

measurement with an Enraf-Nonius CAD-4 diffractometer equipped with a graph-

ite monochromator of MoKa (0.71073 Å) [355]. An Oak Ridge Thermal Ellipsoid

Plot (ORTEP) stereoview of the EHEMHP molecular structure is depicted in Fig.

16.7.

Scheme 16.3. R ¼ Me and Et. (a) PhCH2Cl/

NaOH/refluxing/6 h. (b) NH4OH/room

temperature/48 h. (c) Hexamethyldisilazane,

chlorotri-methylsilane. (d) Benzyloxyethoxy-

methylchloride, trimethylsilyl trifluoro-

methanesulfonate in 1,2-dichloroethane.

(e) H2, Pd/C, AcOH in 95% EtOH. (With

permission after [355].)
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2-Methyl-3-hydroxy-1-(b-D-ribofuranosyl or ribopyranosyl)-4-pyridinone (MHRFP or

MHRPP) The synthesis of these chelators was similar to that of MHEMHP and

EHEMHP above using a modified Hilbert–Johnson reaction (Scheme 16.4) [127,

360, 365]. In brief, after silylation the silylated 3-benzyloxyl-2-methyl-4-pyridinone

Figure 16.7. ORTEP stereoview of chelator EHEMHP. (With permission after Ref. [355].)

Scheme 16.4. R ¼ Me. (a) PhCH3Cl/NaOH/

refluxing/6 h. (b) NH4OH/room temperature/

24 h. (c) Me3SiCl/Me3SiNHSiMe3.

(d) A prototype, 1,2,3,4-tetra-O-acetyl-b-d-

ribopyranose/trimethylsilyltrifluoromethane-

sulfonate. (e) H2, Pd/C in aqueous methanol

with acetic acid. (f ) NH3-MeOH solution.

(With permission after [127].)
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was alkylated by b-d-ribofuranosyl or ribopyranosyl groups. The benzyl protection

group on the pyridinone was first removed by hydrogenation under H2/Pt on acti-

vated carbon in acidic aqueous methanol [306, 363, 364]. Then, the hydroxyl

groups of the sugar moiety were deprotected by basic hydrolysis in an NH3/

methanol medium overnight at room temperature. The chelators were obtained

in pure form after recrystallization from a 1:1 solution of CH3Cl:MeOH. Molecular

and crystal structures of MHRPP were determined using X-ray crystallographic

analysis to further evaluate the effects of the linked sugar moiety on the iron bind-

ing geometry in the chelators. An ORTEP stereoview of the molecular structure of

MHRPP is depicted in Fig. 16.8.

16.3.4.4.2 Ability of the Chelators to Complex Iron

Reaction of Chelators with Iron Ions in Buffer Solution The reaction between iron

and chelators was indicated by a color change of buffer solutions (Tris buffer, 25

mM, pH 7.5, 22 �C) containing chelators following ferric iron [Fe(NO3)3] addi-

tion to the solution. The chelators and iron formed purple complexes with the

chelator:iron stoichiometry of 3:1 [126, 355]. The typical visible absorption lmax

for free chelators and chelator–iron complexes was about 280 and over 450 nm, re-

spectively (shown in Fig. 16.9). The stoichiometry was determined spectrophoto-

metrically by titration of chelators in Tris buffer with freshly prepared iron solution

Figure 16.8. The molecular structure of chelator MHRPP. (With permission after Ref. [126].)
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at room temperature. The iron solution was added gradually and the change in ab-

sorbance of the chelator–iron complexes was monitored by UV-vis spectrophotom-

etery after the chelation reaction reaches equilibrium. Typical titration curves using

MHEMHP and EHEMHP are presented in Fig. 16.10 and the endpoints of the ti-

tration indicate the formation of chelator:iron (3:1) complexes [355].

Iron Mobilization by Chelators from Ferritin The removal of iron from ferritin was

studied by incubation of horse spleen ferritin with chelators in Tris buffer (25 mM,

pH 7.5). Each chelator was mixed with the ferritin and incubated at 37 �C. The

changes in absorbance of the iron–chelator complexes were measured spectropho-

tometrically at different time intervals. The concentrations of iron–chelator com-

plexes were estimated from emax values at the wavelength of lmax of the complexes

[126, 355]. The kinetics of the iron release was investigated for periods up to 72 h.

Figure 16.11 shows the iron removal from ferritin by MHEMHP and EHEMHP as

a prototype compared with DFO.

Figure 16.9. A. The UV-vis absorption of free MAPHP

(lmax ¼ 281 nm, e ¼ 1:43� 104 Mcm�1) and B. The absorption

of iron–MAPHP complexes (lmax ¼ 455 nm, e ¼ 3:02� 103

Mcm�1).
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Iron Mobilization by Chelators from AD Brain Sections In Vitro The ability of chela-

tors to remove iron from brain sections was examined using a histochemical

method [366]. Briefly, hippocampal tissues were collected from Alzheimer’s dis-

ease patients, then fixed in methacarn (methanol:chloroform:acetic acid 6:3:1) over-

night at 4 �C. After fixation, the tissues were placed in 50% ethanol, dehydrated in

ascending concentrations of ethanol and embedded in paraffin. Six 6-mm sections

of the tissues were cut and then mounted on silane-coated slides (Sigma). The sec-

tions were deparaffinized with two changes of xylene (10 min each) and rehydrated

through graded ethanol/TBS (50 mM Tris, 150 mM NaCl, pH 7.6). Then, 40 mL of

each chelator in PBS at various concentrations were applied to each section and

incubated over night at 37 �C. The sections were rinsed thoroughly with TBS. After

a 2-h incubation at 37 �C in 7% potassium ferrocyanide in aqueous hydrochloric

acid (3%), the sections were rinsed with Tris buffer and subsequently incubated in

0.75 mg mL�1 3,3 0-diaminobenzidine and 0.015% H2O2 for 5–10 min. Finally, sec-

tions were dehydrated through graded ethanol and cover slip.

16.3.4.4.3 Conjugation of MAPHP and DFO with Nanosphere or Microsphere Parti-

cles A variety of covalent bonds such as amido, amino, ether and thioether can

easily be formed for conjugation of chelators and particles, depending on the exist-

ing functional groups located on chelator side-chains and on the surface of

Figure 16.10. Titration of MHEMHP (IIa) and EHEMHP (IIb)

with iron. (With permission after [355].)
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particles [162, 243]. Here, a simple method of particle–chelator conjugation by

forming an amido bond is presented as a prototype. Monodispersed polystyrene

particles with carboxyl groups on the surface were used to conjugate MAPHP or

DFO, each of which contained a free primary amino group available for the con-

jugation. The preparation of the chelator–particle conjugates is presented in

Scheme 16.5. The carboxylic acid functional groups on the particle surface

were preactivated by N-cyclohexyl-N 0-(2-morpholinoethyl)carbodiimide methyl-p-
toluensulfonate (CMC) and conjugated with MAPHP or DFO as described in

Refs. [162, 243, 367]. The carboxylated particles were resuspended through pipet-

ting and vortexing, and then the particles were immediately transferred into a mi-

crocentrifuge tube and the supernatant removed by centrifugation. The particles

were suspended in 0.01 M NaOH solution, mixed well and the process was re-

peated. The particles were washed twice with 0.1 M of 2-(N-morpholino)ethane sul-

fonic acid (MES) buffer (pH 5.0) and once with cold Milli-Q water. Carboxyl groups

on the particles were activated by adding cold Milli-Q water containing CMC (0.01

M) and incubating for 10 min at 4 �C with slow tilt rotation. After removal of the

supernatant, CMC solution was added again along with MES buffer (0.3 M, pH

5.0). The mixture was vortexed and incubated as described above for 30 min. The

particles with activated carboxyl groups were washed twice with cold 0.1 M MES as

quickly as possible and resuspended in MES buffer (0.1 M, pH 5.0) containing ex-

cess MAPHP or DFO (0.01 M). The mixture was vortexed, followed by incubation

Figure 16.11. Removal of iron from ferritin by the chelators of

MHEMHP (IIa), EHEMHP (IIb) and DFO. (With permission

after [355].)
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for 30 min at room temperature with tilt rotation. The particles conjugated with

chelators were washed with 0.1 M MES buffer twice and PBS (pH 7.4) twice and

stored in PBS at 4 �C. The yield of conjugation was determined by measurements

of the free chelator concentrations in the solutions before and after conjugation

Scheme 16.5. Conjugation of MAPHP and DFO to particles.

(a) Reaction of CMC with carboxylic acid on particle surface in

MES at room temperature for 30 min and (b) reactions of the

activated carboxyl groups with excess chelators in MES for

30 min at room temperature.
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using high-performance liquid chromatography (HPLC) or UV-vis spectrometry at

the wavelength of maximum absorption [162]. The concentration and size distribu-

tion of the chelator–particle systems could be determined using a Beckman

Coulter Multisizer II in a counting cuvette containing Isoton II diluent or using a

Coulter N4 Plus Sub-micron Particle Sizer.

16.3.4.4.4 Reaction of MAPHP– or DFO–Particle Systems with Ferric Iron An ali-

quot of freshly prepared ferric iron solution [Fe(NO3)3, 0.002 M] in MES buffer

(0.01 M, pH 5.0) was added to MES (0.01 M, pH 5.0) solution containing sus-

pended MAPHP–particles or plain particles as a control. The mixture was rotated

at room temperature for 4 h. The iron–chelator–particle systems and supernatant

were separated by centrifugation. The systems were thoroughly washed with MES

buffer 5 times to remove noncomplexed iron ions. After combining the superna-

tants, excess MAPHP in MES buffer (0.01 M) was added to complex the iron ions

that did not react with the chelator–particle systems. The visible absorbance of the

iron–MAPHP complex was measured using UV-vis spectrophotometry at a maxi-

mum wavelength of 455 nm ðe ¼ 3:02� 103Þ after the chelating reaction reached

equilibrium. A standard curve for iron concentration was obtained by measuring

several solutions of iron–MAPHP complex with known iron concentrations. The

identical procedure was applied in the investigation of the reaction of DFO–

particle systems with ferric iron.

16.3.4.4.5 Protein Absorption Patterns of Chelator–Particle Systems and Chelator–

Particle Systems with Iron The protein absorption patterns of chelator–particle

systems and chelator–particle systems with iron, which were obtained by reaction

of ferric iron with chelator–particle systems, were evaluated using 2-D PAGE anal-

yses. In brief, the chelator–particle systems, overcoated with Polysorbate 80 at

room temperature, and the chelator–particle system with iron (100 mL of each sys-

tem, 2.5% w/v in PBS buffer) were incubated separately in 1 mL of citrated human

plasma (Sigma) for 5 min at 37 �C [357]. After separation by centrifugation and

washing 4 times with Milli-Q water, the adsorbed proteins were eluted from the

particle surface with a protein-solubilizing solution [5% sodium dodecyl sulfate

(SDS), 5% dithioerythritol, 10% glycerol and 60 mM Tris, pH 6.8] [357] and ana-

lyzed by 2-D PAGE. In the first dimension, isoelectric focusing (IEF), the proteins

were separated only according to their isoelectric points (pI). The IEF was carried

out in glass tubes of inner diameter 2.0 mm using 2.0% pH 3.5–10 ampholines

for 9600 Vh. In the second dimension, SDS–polyacrylamide gel electrophoresis

(PAGE), the separation was based on molecular weight. Each tube was equilibrated

for 10 min in buffer (2.3% SDS, 50 mM dithioerythritol, 10% glycerol and 62.5

mM Tris, pH 6.8) and sealed to the top of a stacking gel that was on top of a 10%

acrylamide slab gel (145 mm� 145 mm� 0.75 mm). SDS slab gel electrophoresis

was performed for about 4 h at 12.5 mA per gel. After SDS–PAGE, the gels were

dried between sheets of cellophane and silver-stained [357].
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16.3.4.5 Results and Discussion

16.3.4.5.1 Preparation of Iron Chelators with Functional Groups for Particle Conjuga-

tion In order for chelators to conjugate with nanoparticles, the chelators must

have a functional group to allow formation of a covalent bond between the two.

As described above, several methods have been successfully developed to modify

L1 by adding various side-chains that contain functional groups. The synthetic ap-

proaches are simple and the reaction yields in general are very high. In L1 (Fig.

16.6), the methyl group on the nitrogen atom at position 1 can be very easily re-

placed through various reactions, which provide many possibilities to obtain new

chelators with functional groups. Also, the replacement has little effect on the ge-

ometry of metal-binding sites. Therefore, it is expected that the high binding affin-

ity of L1 to iron as well as aluminum, copper and zinc will remain after its modifi-

cation, enabling the new chelators to simultaneously complex multiple metals. The

geometry of the metal-binding site in the modified chelators has been examined by

X-ray crystallographic analysis. The analysis shows that the C3aO2, C2aO1 and

C2aC3 bond distances of the metal binding site in MHRPP are 1.269(6), 1.361

and 1.428(7) Å, respectively (Fig. 16.8) [126]. These data compare well with the cor-

responding bond lengths of 1.271, 1.364 and 1.438 Å in L1 (Fig. 16.6) [368]. The

unchanged geometry of the metal-binding site indicates that the affinity for iron

as well as other metals is not affected [126, 355, 368, 369]. In EHEMHP, the

C3aO1, C4aO2 and C3aC4 bond distances of iron binding site are 1.302(3),

1.350(3) and 1.418(4) Å, respectively (Fig. 16.7). The bond lengths of C4aO2 and

C3aC4 are similar to that of L1, but the C3aO1 carbonyl bond distance is about

0.031 Å longer. These phenomena are explained by the increased electron donor ef-

fect of the ethyl group in EHEMHP compared with that of the methyl group in L1

on the 2 position of the pyridinone ring. Since the carbonyl group on the pyridi-

none ring is an electron draw group, the greater the electron density on the pyridi-

none ring donated by alkyl groups (ethtyl > methyl), the longer the carbonyl bond

length should be. Interestingly, the carbonyl bond distance of EHEMHP is close to

that of the iron–L1 complex [370]. In the complex, the corresponding carbonyl

bond length is 1.299(8) Å. The C4aO2 and C3aC4 bond lengths in EHEMHP also

compare very well with the corresponding bond lengths of 1.342(7) and 1.408(7) Å

in iron–L1 complex [370]. These observations indicate that the replacement of the

2-hydroxyethoxymethyl group has no negative effect on iron binding and that the

iron-binding site of EHEMHP may be more favorable for iron chelation than L1

because of the preorganizated effect [371].

16.3.4.5.2 Examination of Modified Chelators Complexing to Iron The ability of the

modified chelators to complex metals was examined by titration of the chelators

with iron in Tris buffer solution. The chelators react with iron forming purple com-

plexes which have the chelator:iron stoichiometry of 3:1. The titration result also

reveals that the functional groups in the side-chains are not involved in iron com-

plexation under physiological conditions. This is important, because it ensures that
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the use of the functional groups in chelator side-chains for conjugation with nano-

particles will not affect the chelator–metal binding ability.

To further examine the ability of the chelators to complex metals, the reaction of

chelators with ferritin was evaluated. This protein is important for iron storage and

in brain tissue most of nonheme iron is in the form of ferritin [266, 372]. Evidence

shows that iron metabolism is altered in the brain of AD patients, with alterations

including chelatable iron, ferritin and transferrin [267, 268, 275, 373]. The in vitro
extraction of iron from the ferritin core by chelators is a convenient measurement

of the potential efficacy of in vivo removal of iron from iron-overloaded organs

[374]. All of the modified chelators can mobilize iron from ferritin in a slow reac-

tion, which is monitored by the increase in absorbance of the iron–chelator com-

plexes using a spectrophotometric method [126, 355, 374]. The formation of iron–

chelator complexes in all the reactions indicated a common kinetic mobilization

pattern that is characterized by initial rapid iron removal, followed by a slower

iron removal rate. The end of the reaction as judged from stable absorbance. The

modified chelators were more effective than DFO in mobilizing iron from ferritin

at physiological pH. The initial rate of removal was faster with the modified chela-

tors than with DFO, while the rate after 24 h was about the same, which can be

seen in Fig. 16.11.

In vitro tests of iron removal from AD brain sections with various iron chelators

were also performed and examinations of the sections using differential interfer-

ence microscopy demonstrated that iron chelators have the ability to strip iron

from the brain tissues. Results showed that the iron removal efficacy depends on

the chelator chemical structures and concentrations used. For example, both

MAEHP and MHEMHP had better ability to remove iron from AD brain sections,

compared with DFO and MHRPP, at concentrations of 0.01 M (Tab. 16.1). The his-

tochemical evaluation of iron in an AD brain section treated with MAEHP is pre-

sented in Fig. 16.12, showing remarkably less staining for iron compared with an

untreated control. Importantly, this finding provides further support for the possi-

ble mechanism of metal-associated oxidative damage in AD development, by show-

Tab. 16.1. Iron evaluation by histochemical staining in AD

brain sections after being treated with various iron chelators.

0.1 M 0.01 M

Untreated positive positive

DFO negative very positive

MHRPP few positive blood vessels very positive

MHEMHP negative weakly positive

MAEHP negative weakly positive
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ing the existence of chelatable iron in the AD brain. The chelatable iron is believed

to be one of the culprits that catalyze free radical formation, causing oxidative dam-

age to all types of biomolecules [209]. Furthermore, this result indicates the poten-

tial of chelation therapy of AD by depletion of excess metals, hence preventing

metal-mediated neuro-oxidative damage. These results are consistent with early re-

ports that chelation treatment can affect iron accumulations that are closely associ-

ated with the places of senile plaques and neurofibrillary tangles in cases of AD

[366]. This iron specifically localized to the lesions of AD could participate in in
situ oxidation and catalyze an H2O2-dependent oxidation [366]. Our current study

also identifies a useful tool to screen potential chelators which have suitable ability

to mobilize iron from the AD brain in vitro. This method provides important infor-

mation for selecting optimal chelators to use for conjugation with nanoparticles in

our studies.

As discussed previously, currently available iron chelators used in chelation ther-

apy are problematic due to both toxicity and/or poor bioavailability. It is difficult to

develop iron chelators with an optimal balance of bioavailability and low toxicity by

adjusting chelator size and lipophilicity. Therefore, other strategies have been ex-

plored in order to develop therapeutic iron chelators with suitable bioavailability

as well as tolerable levels of toxicity. Relevant to particulate drug delivery, attempts

to improve the pharmacological properties of current clinical iron chelators include

covalently conjugating DFO to dextran and hydroxyethyl-starch [376–378] or conju-

Figure 16.12. Lesion-associated chelatable iron in AD brain

sections was depleted with iron chelator, which was evaluated

by histochemistry. (A) Control and (B) MAEHP-treated section

(with permission after [375]).
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gating DFO to large agarosepolyacrolein microsphere beads [379]. Results from

these studies are consistent with our studies that the conjugation does not appear

to affect the normal high iron-binding affinity of DFO. Also, improved bioavailabil-

ity and/or stability of DFO as well as decreased toxicity are observed. Formulations

of DFO with n-decanesulfonate or poly(fumaric anhydride-co-sebacic anhydride)

produced particles with increased efficiency in chelation treatment by slowing

down the release of DFO from the particles [380, 381]. In addition, microencapsu-

lated formulations of L1 with Eudragit RS, RL and L90, and cellulose acetate phtha-

late have been developed to further improve its bioavailability [382]. Despite all of

these improvements, there still is a tremendous need to develop iron chelators

with specific organ-targeting ability. Optimal organ-targeting may in itself further

improve bioavailability of chelators and limit toxicity. In addition to the primary

purpose of correcting primary and secondary iron overload, this particular

approach may also make it possible for chelation therapy to prevent and treat other

diseases especially neurodegenerative disorders associated with excess metals.

16.3.4.5.3 Chelator–Particle Conjugation, Metal Complexation and Potential BBB

Penetration Nanoparticulate drug delivery provides an opportunity for drugs to

penetrate the BBB. The nanoparticle drug system also possesses the advantage of

easy preparation and high stability. To explore the possibility of nanoparticle–

chelator transport for AD treatment, practical methods for chelator conjugation

with nanoparticles were investigated. Here, the reaction of MAPHP or DFO, each

containing one primary amino group, with polystyrene nano/microparticles with a

surface carboxylic acid moiety is presented as a prototypic conjugation. As men-

tioned before, it also is possible to synthesize iron chelators containing different

functional groups that readily react to the nanoparticle surface active sites without

any adverse effects on the chelator metal binding.

Carboxylic acid functional groups on the surface of the particles used here al-

lowed the particles to conjugate with chelators by forming covalent amido bonds.

Prior to conjugation, the carboxylic acid groups were activated using carbodiimide

in MES buffer at an acidic pH value to form an active intermediate ester. To re-

move excess carbodiimide, the particles were rapidly washed with cool Mill-Q

water since the ester is unstable and undergoes hydrolysis. An alternative

method, such as adding a water-soluble N-hydroxyl compound like sulfo-N-

hydroxysuccinimide (NHS), could increase the coupling yield since NHS is known

to form a more stable intermediate ester by replacing the oacylisourea intermediate

formed by carbodiimide. The NHS-formed ester is less susceptible to hydrolysis

but still highly reactive toward amino groups [383, 384]. The primary amino group

in the chelators reacts with active ester intermediates derived from carboxyl groups

on the particle surface, consequently forming covalent amido bond linkages in

good quality yields (over 70%). Coupling yields were determined by (i) measuring

the free chelator concentration in solution before and after conjugation, using

HPLC or UV-vis spectrophotometery readings, and (ii) calculating the difference

between the two concentrations to indicate the amounts of the chelators conju-

gated to particles. After the conjugation reaction, the particle size distribution was
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measured and compared with the distribution prior to conjugation. A distribution

change was not observed, which indicated that there was no particle clumping (Fig.

16.13). A useful protocol for particle conjugation with various molecules can be

found in Ref. [162].

With rapid development of nanoparticle technology in biomedical applications,

most processes for preparing various nanoparticles with different sizes and proper-

ties have become routine and standard, and many of these nanoparticles are even

commercially available. The technologies to make the nanoparticles virtually

monodispersed, with a narrow diameter deviation, spherical shape and constant

surface area, has really advanced the development of nanoparticulate drug delivery.

Also, it has become easier to obtain suitable nanoparticles with various functional

groups on their surface for the purpose of covalent bond conjugation by utilizing

simple chemical reactions, as demonstrated by our studies.

To test whether chelators retain their ability to complex metals after conjugation

with nanoparticles, the chelator–nanoparticle systems were incubated with a

Fe(NO3)3 solution. After the reaction was complete, the Fe(NO3)3 solution was re-

moved and noncomplexed iron was determined by adding MAPHP and measuring

the iron–MAPHP complexes using UV-vis spectroscopy. Results indicated that

about two MAPHP molecules conjugated to particles complexed with every iron

atom. As each MAPHP can provide only two oxygen donors to chelate iron, two

more iron-binding sites are needed to form a highly stable iron complex with an

octahedral coordination sphere. According to our earlier studies [385], the oxygen

atoms in amido groups may be involved in chelating iron; thus, two oxygen donors

Figure 16.13. Particle size distributions measured by Multizer

analyzer II. There is no distribution change between particles

conjugated with MAPHP and particles without conjugation.
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from two amido groups and four oxygen donors from two MAPHPs may assemble

into a hexadentate chelator, using particle surface linkages as the backbone (Fig.

16.14). This is significant, as hexadentate iron chelators possess many advantages

including kinetic stability, concentration independence of iron affinity and low

toxicity [310]. In addition, attempts to convert bi- or tridentate iron chelators into

hexadentate chelators with various backbones suffer mainly from decreased

bioavailability and the risk of potential toxicity. By contrast, the use of nano/

microparticles to convert bi- or tridentate chelators to hexadentate chelators may

circumvent these problems due to the particle targeting ability. In this manner,

many bidentate or tridentate iron chelators, even with intolerable toxicity, can be

modified by conjugation with nano/microparticles, since the toxic character of the

free chelators may be diminished after particle conjugation. Our results also re-

vealed that DFO still retains the 1:1 complex ratio with iron – an indication that

conjugation with particles does not affect its iron binding ability. It is also worth

mentioning that the bioavailability of some hexadentate iron chelators with high

molecular weights and hydrophilicity can be improved after forming the chelator–

particle delivery systems [386].

In order to demonstrate the possibility that chelator–nanoparticle systems enter

the brain and that the chelator–nanoparticle systems leave the brain after chelation

with metals, the protein absorption patterns of MAPHP–particle system and iron–

MAPHP–particle system were evaluated; 2-D PAGE analyses were used to conduct

this evaluation after incubation of the systems with human plasma. The 2-D PAGE

images are presented in Fig. 16.15 and show that the protein patterns on the sys-

tems are totally different from that of the human plasma protein (Fig. 16.15a).

Figure 16.14. Four oxygen donors from two MAPHPs and two

oxygen donors from amido groups constructing a hexadentate

chelator through particle surface as the backbones.
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Through changing the surface properties of MAPHP–particle system by coating

surfactants such as Polysorbate 80, the system preferentially absorbed ApoE (Fig.

16.15b). On the other hand, after complexing of MAPHP–particle system with

iron, the iron–MAPHP–particle system possessed the absorption preference for

ApoA-I (Fig. 16.15c). Such preferential protein absorptions may allow the

MAPHP–particle system and iron–MAPHP–particle system to mimic the ApoE

and A-I nanoparticle, respectively, and therefore to enter brain without metal che-

lation and leave the brain with complexed metals via LDL transport mechanisms.

Simultaneous chelation of iron and other metals such as aluminum, copper and

zinc may provide a useful therapeutic option for AD treatment. The use of nano-

particles to transport iron chelators into and out of the brain could lead to a safer

and more effective chelation therapy for AD by means of decreasing the multiple

metal load in neuro-tissue, and thereby staving off the harmful effects of oxidative

damage and its sequelae. Iron chelators with functional groups can be synthesized

and the functional groups can be used for conjugation with nanoparticles. The

conjugation of such chelators to nanoparticles does not alter the chelator metal-

binding ability and, in some cases, the conjugation even improves the chelation

coordination property. The nanoparticles can be made of biocompatible synthetic

or natural macromolecules with functional groups on their surface for conjugation

with chelators. The macromolecules can be non- or controlled biodegradable for

specific purposes. Changing nanoparticle surface properties can optimize the pref-

erential protein absorption, thus improving the ability of the particle to cross the

BBB. Many approaches to adjust particle surface properties can be used, such as

coating with different surfactants or proteins, conjugating with different chelators

or with various linkers and using antibodies to increase lipoprotein preferential

absorption. Further studies with the chelator–nanoparticle system may provide

more insights into the mechanisms of AD pathophysiology, and may show the pos-

sibility of prevention and treatment for other iron-mediated neurodegenerative

diseases such as Friedrich ataxia, Huntington’s disease, Parkinson’s disease and

Hallervorden–Spatz Syndrome. More studies are needed to demonstrate the pro-

tective efficacy of the chelator–nanoparticle systems, to evaluate their toxicity and

Figure 16.15. Images of plasma protein patterns examined by

2-D PAGE. (A) Plasma, (B) nanoparticle–chelator systems

coated with Polysorbate 80 and (C) nanoparticle–chelator

systems complexed with iron (with permission after [375]).
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to optimize their capability to cross the BBB. Our studies may also open the door

for the use of a nanoparticle-mediated transport to facilitate extraction of toxins

from defective places in the body for disease prevention and treatment.

16.4

Perspectives

Nanoparticulate drug delivery for AD prevention and treatment shows great poten-

tial; however, it is still at a very early stage of development. In order to advance this

technology for AD application, knowledge is urgently needed in several basic re-

search areas. For example, there is no study on the in vivo treatment of AD using

nanoparticulate drug delivery technology. With the AD animal models available,

the efficacy of nanoparticulate agents delivered to the brain that may offer thera-

peutic effects on AD based on a current understanding of AD pathogenesis should

be evaluated. This will not only provide insights into the mechanisms of AD devel-

opment, but also lead to more effective and safer therapeutics for the disease. It

also is necessary to fully study whether the nanoparticulate drug systems possess

adverse effects on the BBB and brain as well as other parts of the body, at tissue,

cell and molecular levels. Additionally, the pharmacology and pharmacokinetics of

the systems need to be examined, which will ensure the further development of

the nanoparticulate drug systems for clinical use. Furthermore, it is suggested

that the nanoparticle surface, and perhaps also the particle components, can be

used to manipulate particle uptake into the brain via the LDL receptor, because

nanoparticles preferentially absorb ApoE and/or B in blood, and thereby mimic

these protein particles. However, the exact mechanisms are not fully understood,

and thorough studies could provide valuable information that will help improve

the ability of nanoparticulate drug systems to cross the BBB. Moreover, studies on

improving drug-loading capacity in nanoparticulate drug systems, which should

not affect the ability of these systems to enter the brain, must be carried out in or-

der to reach sufficient drug level in the AD brain. In this regard, drug nanosuspen-

sions have the advantage that no polymeric materials are required as carriers.

Lipid nanoparticulate drug systems also show promise; both need to be investi-

gated. Finally, because of the highly interdisciplinary nature of developing the tech-

nology of nanoparticulate drug delivery for AD treatment, it is necessary to bring

together chemists, bioengineers and life scientists in order to accomplish this task.

Specifically, it would be useful to focus on nanoparticle chelation agents as a pos-

sible drug for AD treatment, because metal-mediated toxicity is believed to be an

important contributor to AD development and chelation therapy shows some ben-

efits to AD patients. In addition to nanoparticle delivery of drugs into the brain,

which has seen achieved in some cases, the ability of nanoparticles to bring

chelator–metal complexes out of the AD brain needs to be demonstrated in vivo.
Effects of the nanoparticulate chelator system on metal biokinetics and excretion

should be studied, which will provide important information about chelation effi-

cacy and toxicity.
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Further studies should utilize the nanoparticulate drug delivery systems, one of

the few valuable tools to deliver drugs into the brain, to transport available thera-

peutics to prevent or treat AD in clinical studies. This approach may significantly

improve the efficacy of these therapeutic agents and minimize systemic side-effects

or make it possible for some potential therapeutics such as nerve growth factors,

non-brain-distributing ACE inhibitors and hydrophilic chelators with large molec-

ular size to enter the brain for AD treatment. The use of this technology will also

facilitate the development of other promising treatments such as antibody, gene

and stem cell therapies. Simultaneous multidrug delivery can also be achieved

through nanoparticle technology, which may provide better therapeutic efficacy. Bio-

compatible or biodegradable polymers to serve as carriers in nanoparticulate drug

systems are now being developed, as are potential AD therapeutics. Coupling these

studies may result in more rapid identification of more effective and safer drugs

for the treatment of AD. As many nanoparticulate drug delivery systems are de-

signed for intravenous administration, the possibility of oral administration as

well as transdermal, ocular, nasal and inhalation routes should be investigated.

The development of these patient-administrable nanoparticulate drug delivery sys-

tems would greatly facilitate the care of AD patients and benefit patients over ex-

tended time periods of therapy.

It is worth noting that an outstanding feature of nanoparticulate drug delivery

technology is its simplicity of preparation, optimization and application. For

example, the nanoparticles used for chelator transport can be made of synthetic

or natural macromolecules with functional groups such as amino and carboxyl

moieties on their surface for covalently bonding with chelators. Changing the

chelators, linkages, surfactants and the nanoparticle surface can result in nano-

particulate chelator systems with desirable surface properties, which enable the

systems to cross the BBB. Also, directly coating the chelator–nanoparticle with apo-

lipoproteins or their antibodies may facilitate high-efficiency penetration of

the BBB. In addition to nanoparticle delivery of drugs, nanoparticle conjugation

with drugs or prodrugs can also offer the possibility of developing new ther-

apeutics that not only possess specific organ targeting, but also have improved

therapeutic efficacy and minimized toxicity for AD treatment. It is also possible

that nanoparticles can serve as vehicles to bring toxic materials out of the brain,

which will be a huge advance in nanoparticle technology for disease prevention

and treatment.

The fundamentals of nanoparticulate drug delivery into the brain indicate the

possibility of transporting therapeutic agents across the BBB for treatment of AD.

Current investigations provide evidence to support this possibility and show

promise. Further studies are needed to demonstrate therapeutic efficacy and toler-

ance. Enthusiasm for nanoparticle transport of drugs for AD treatment is high be-

cause this approach will not only provide more insights into the mechanisms of

AD development, but also will lead to safer and more effective therapies for the dis-

ease. This approach can also be used for prevention and treatment other neurolog-

ical diseases as well as for disease diagnosis.
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doxorubicin, controlled release 583

drug carrier 145

drug delivery 415–459

– absorption 193

– AIDS 434

– antioxidant 653–656

– applications 519–522

– BBB 645–651

– brain 226–227

– carbon nanohorn (CNH) 286

– CNTs 111–114

– controlled release 278–279

– copper chelator 657–660

– core–shell nanoparticles 143–188

– diabetes 451

– f -CNTs 285

– macrophage targeting 228–229

– materials 255–309

– mucosal routes 496–497

– NANOEGGTM technology 310–341

– nanoshells 527–556

– nasal 413

Index 711



drug delivery (cont.)
– ocular 416–421

– oral 412

– polymeric nanoparticles 409–470

– porous silastic materials 287–309

– potentially therapeutic agents 652

– proteins 495

– pulmonary 413

– routes 412

– solid lipid nanoparticles 471–508

– targeted see targeted drug delivery

– transdermal/subcutaneous 414

– vaccine adjuvants 498–499

– with CNT-based vectors 85–142

drug delivery systems 380

– AIDS 435–438

– antifungal 428–430

– BBB 648–649

– carriers 270–286

– gastroretentive 279

– invasive 225

– noninvasive 223

– oral 224

– transdermal 224

– transmucosal 225

drug distribution 197

drug encapsulation, BNPs 583

drug incorporation

– efficiency 477

– models 476

– SLNs 476

drug-loaded lipid core 146

drug loading, SLNs 477

drug release

– BNPs 583

– SLNs 476

drug-releasing microcapsules, thermosensitive

261–262

drug reservoir 198

drug:carrier ratio, solid dispersion particles

290

drugs

– controlled release 278–279

– low-soluble 488–489

– poorly absorbable 275–277

– uptake 410

drying, SLNs 475

DSC see differential scanning calorimetry

dye-modified CPMV 582

e
E-LbL

– assembly 542

– preparation 532–534

– self-assembly 532–533

E-LbL assembled nanoshells 540

– barrier properties 539

– barriers 545–547

EA see ethyl acrylate
ECG see electrocardiography
EEG see electroencephalography
efficacy increase, oxidative stress 653–656

EHEMHP see ethyl)-N-(2O-
hydroxyethoxy)methyl-3-hydroxyl-4-

pyridinone

electrical detection, sensors 517–518

electrical diagnostics

– electrochemical biosensors 24–27

– nanomaterials for enhanced electron transfer

20–24

electrocardiography (ECG), patient diagnostics

5

electrocatalytic amplification, biosensors 23

electrochemical biosensors, electrical

diagnostics 24–27

electrochemical detection, DNA hybridization

25

electrodes, CNT-based 100

electroencephalography (EEG), patient

diagnostics 5

electromyography (EMG), patient diagnostics

5

electron dense agents, TEM 396

electron transfer, enhanced 20–24

electron-transfer mediator 27

electroporation, carbon nanotubes 283

elimination, targeted drug delivery 198–200

ELISA see enzyme-linked immunosorbent

assay

embolotherapy, MRI-detectable 73–74

EMG see electromyography

emulsification-diffusion, polymeric

nanomaterials 356

emulsion, surface functionalization 369

emulsion-evaporation, polymeric

nanomaterials 354

encapsulation, controlled release 540

endocytosis

– clathrin-mediated 209

– HVJ-E Vector 616

– receptor-mediated 205

endothelial barrier 206

enhanced electron transfer, nanomaterials

20–24

enhanced permeation and retention effect,

therapeutic applications 383

Entamoeba histolytica, parasitic infections 426

enterocytes, special pharmacology 203

712 Index



entrapment efficiency, mesoporous silica 295

enzyme assay enhancement, biosensors 24

enzyme-linked immunosorbent assay (ELISA)

3

– surface modification 379

epidermal growth factor, dermatology 325

epidermal layer, HA production 328–329

epidermis

– NANOEGGTM 326, 318

– tissue analysis 323

epithelioid granulomas, CNT toxicity 284

epithelium

– gastrointestinal tract 202–203

– respiratory tract 202

– skin 201

erythropoietin (EPO)

– concentration 281

– core–shell nanoparticles 156

Escherichia coli 213

esterification, CNT functionalization 90

ethics, patient diagnostics 42–43

ethyl acrylate (EA), nanoporous materials

259

ethyl-N-(2O-hydroxyethoxy)methyl-3-hydroxyl-

4-pyridinone 666–669

evasion

– immune system 213–214

experimental descriptions, metal chelator

complexes 666–675

expression, gene-encoding DNA and RNA

116–117

external eye infections, inflammatory 416

extravasation 344

eye

– anatomy 415

– infections 416

f
F-127 see Pluronics
f -CNTs see functionalized carbon nanotubes

f -SWNTs see functionalized SWNTs

fabrication

– CNT-based electrodes 101

– CNT-FETs 97

face, NANOEGGTM treatment 331–333

FAD see flavin adenine dinucleotide

ferric iron, reaction with MAPHP and DFO

675

ferritin

– BNP 558

– iron mobilization 671–672

ferucarbotran, liver diseases 64

ferumoxides, liver diseases 63

ferumoxides endocytosis, SPIOs 58

ferumoxsil

– contrast agents 62

– gastrointestinal tract imaging 62

ferumoxtran, blood pool 66

ferumoxtran-10 57–60

FET see field effect transistor

fiber optic biosensors, optical diagnostics

18–19

fibroblast growth factor (FGF), gene therapy

220

field effect transistor (FET)

– biosensors 98–99

– CNT 97

– diagnostics 97

film formation, polymeric nanoparticles 258

film preparation 533

film thickness, QCM electrodes 536

films, biosensor 102

fine particle coating 260

– drug delivery materials 260

– nanoporous materials 259

fine wrinkles

– mouse tissue 331

– NANOEGGTM treatment 330–333

first-generation nanoparticles 343

FISH see fluorescent in situ hybridization

FITC see fluorescein isothiocyanate

flavin adenine dinucleotide (FAD), biosensor

103

flora, native 210

flow cytometry, patient diagnostics 4

fluidization, fine particle coating 260

fluorescein isothiocyanate (FITC)

– diagnostics 9

– molecular structure 105

fluorescence 11

– diagnostics 9–10

– labeling 388–391

fluorescence polarization immunoassay (FPIA)

3

fluorescent

– in situ hybridization (FISH) 4

– nanotubes 106

– peptide–CNT conjugate 105

– probes 580

– quantum yield 582

fluorination, CNTs 93

FMDV peptide f -CNTs, molecular structure

110

folate-coated nanoparticles 378

folate receptor, surface functionalization 361

folded-sheet mesoporous silica see FSM
Fourier transform IR (FTIR)-spectra, core–

shell nanoparticles 176

Index 713



FPIA see fluorescence polarization

immunoassay

freeze–thawing method, mesoporous silica

295–298

FSM (folded-sheet mesoporous silica), pore

structure 296

FTIR see Fourier transform IR

fullerenes, health impact 119

functional barriers 545–547

functional groups 375

– iron chelators 676

functional molecules 370–374

functional surfactants 366–368

functionalization

– biological (macro)molecules 359

– chemical 86–95

– ligands 360

– nano-organized shells 550

– polymeric nanomaterials 342–408

functionalized carbon nanotube ( f -CNT)-
attached peptide antigens, presentation and

immunogenic potential 109–110

functionalized carbon nanotubes ( f -CNTs)
285

– cell uptake 106

– gene delivery 286

– interaction with CpG 107–109

functionalized SWNTs ( f -SWNTs), CNT 89

fusigenic virion, HVJ-E Vector 606

fusion, cancer 611–612

Fxa see anti-factor Xa

g
galactose, recognition mechanisms 361

gastrointestinal tract

– imaging 61–62

– mucosal epithelium 202–203

gastroretentive floating drug delivery system

279

gel layer, core–shell nanoparticles 159

GEMA macromonomer 371

gene delivery

– BNPs 579

– f -CNTs 286

gene-encoding DNA and RNA, delivery and

expression 116–117

gene expression, regulation 602

gene therapy 597–628

– antigens 609–610

– cancer 611–612

– HVJ-E 609

– retrovirus-based 219

– SLNs 482–485

gene transfer

– biological barriers 599–603

– CNTs 115–117

– simultaneous 611–612

– synthetic vectors 629–643

genetic alterations, BNPs 560–576

genetics, nanotechnology-enhanced diagnostic

tools 37–38

genomagnetic capture separation 30

genomagnetic nanocapturers 28

glucose levels 456

glucose sensors 515

glucuronidation, drug delivery 199

glyconanospheres, luminescent 391

gold coating, surface modification 29

gold nanoparticles, aptamer-functionalized

19

gold nanoshells 530

– production 529

granulocytes, bacteria 215

growth factors

– dermatology 325

– Heparin 167

h
HA see hemagglutinins; see also hyaluronic
acid

HaCaT see human epidermal keratinocytes

handheld diagnostics, magnetic nanoparticles

30

HB-EGF see heparin-binding epidermal

growth factor

HB-EGF mRNA expression, mouse tissue

325

HDF see human fibroblasts

health impact, CNTs 118–126

Helicobacter pylori 213

– oral delivery 447

Hemagglutinating Virus of Japan-Envelope

vector see HVJ-E

hemagglutinins (HA)

– biosensor 100

– chemical structure 348

a-Hemolysin ion channel, biosensors 38

heparin-binding epidermal growth factor (HB-

EGF), NANOEGGTM technology 325

heparin functionalized PLGA 168

heparin-functionalized PLGA nanoparticles

166–173

hepatic imaging, liver diseases 63

herpes simplex virus, gene therapy 220

heterologous peptide insertions, BNPs 571–

575

high-molecular-weight compounds, drug

delivery applications 543–544
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HIV (human immunodeficiency virus)

protease inhibitors 437

HMG-CoA see hydroxymethyl glutaryl

coenzyme A

host cell invasion, viruses 217–218

host invasion, natural strategies 210–212

human cell lines, membrane damage

629–643

human epidermal keratinocytes (HaCaT), CNT

127

human face, NANOEGGTM treatment

331–333

human fibroblasts (HDF), CNT surface

123

human immunodeficiency virus see HIV

human immunoglobulin G, biosensor 100

human melanoma, SPIOs 57

HVJ-E (Hemagglutinating Virus of Japan

envelope) vector 598

– biocompatible polymer 613–614

– cancer gene therapy 609

– development 604–608

– gene therapy 604–612

– melanoma-associated antigen (MAA)

609–610

– PS modified 618

– system 605

– tumor cells 611–612

hyaluronic acid (HA)

– dermatology 328–329

– natural polymers 348

hyaluronic acid (HA)-functionalized PLGA

nanoparticles 157–165

hybrid cells, gene therapy 611–612

hydrodynamic particle size, SPIOs 54–55

hydrogel based sensors 512

hydrogels

– biohybrid 510–511

– biosensors 518

– imprinted 511

– intelligent 509–526

– invasive delivery systems 226

– ionic 510

– temperature-responsive 510

hydrophilic polymeric shell, core–shell

nanoparticles 160

hydrophobic interaction

– CNT 89

– CNTs 88

hydroxyapatite cement, calcium compounds

270

hydroxyapatite drug delivery system 271

hydroxymethyl glutaryl coenzyme A (HMG-

CoA) 58

hyperkeratinization, NANOEGGTM 319

hyperpigmentation 330

– guinea pig 332

– human faces 333

– NANOEGGTM 319

hysteresis loop, iron-oxide 174

i
ICL670, chemical structure 662

IHC see immunohistochemical stains

illnesses, chronic 223

imaging, molecular 143–188

imaging diagnostics 33–34

immune modulation, BNPs 585

immune response, BNPs 584–585

immune system activation, bacteria 214

immune system evasion

– bacteria 213–214

– viruses 216

immunoassay 39

– nanotechnology-enhanced diagnostic tools

39

– patient diagnostics 3

immunogenic potential, f -CNT-attached
peptide antigens 109–110

immunoglobulin G

– antibodies 362

– viruses 217

immunohistochemical stains (IHC), patient

diagnostics 4

immunopotentiating effect, CNT 108

Immunostaining, NANOEGGTM 337

immunostimulatory activity, CpG motifs

107–109

immunotherapeutics delivery, with CNT-based

vectors 85–142

immunotherapy, gene therapy 609–610

imprinted hydrogels, drug delivery applications

511

improved lability, ATRA 317–318

in situ polymerization

– nanospheres 357

– polymeric nanoparticles 492

in vitro assays, magnetic nanoparticles 393–

395

in vitro effects, CNTs 123–124

in vivo effects, CNTs 125–126

in vivo monitoring, cell therapy 72

incorporation efficiency

– determination 477

– drug delivery 476

infections

– iron oxide nanoparticles MRI 70

– parasitic 426
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inflammation

– cytokines expression 322

– multiple sclerosis 69

– NANOEGGTM 321

– stroke 68

– USPIO 61

inflammatory external eye infections, drug

delivery 416

inorganic calcium compounds, drug delivery

270

inorganic minerals, NANOEGGTM 314

inorganic nanoparticles, drug delivery

materials 265–266

Insulin 459

– FSM adsorption 296

– FSM entrapment 298

– oral delivery 454

insulin level change, NANOEGGTM 337

intelligent hydrogels, drug delivery

applications 509–510

interactions, p–p stacking 86–87

interferon (IFN)-a 496

interferon (IFN)-g 59

interleukin (IL)-4 59

internalization, nonviral vector 631–637

interpolyelectrolyte complex formation 550

intestine

– drug delivery 195

– special pharmacology 202

intracellular delivery, protein 282–283

introduction 51–52

invasion, host cell 217–218

invasive delivery systems 225

ionic hydrogels, drug delivery applications

510

iron chelators

– AD 662–664

– bioavailability 678

– functional groups 676

– transport 661

iron evaluation, AD brain sections 677–678

iron ions, reaction with chelators 670–671

iron oxide nanoparticles

– metabolism 56–60

– MRI applications 51–84

– pharmacology 56–60

– physicochemical characteristics 53–55

iron removal 673

iron–MAPHP complexes 680–682

irritation, ATRA 320–322

ischemia-associated inflammation, stroke 68

isolated mitochondria, PEI effect 634–636

j
Jurkat T cells 632–633

k
keratinocytes, dermatology 326–327

kidney imaging, iron oxide nanoparticles MRI

71

Kupffer cells

– liver diseases 63

– mononuclear phagocyte system 204

l
L1, chemical structure 662

labeling, polymeric nanoparticles 388–391

lability, ATRA 317–318

latex

– fine particle coating 260

– thermosensitive drug-releasing 262

lecithin

– core–shell nanoparticles 149

– lipid core 152

Legionella pneumophila 214

Leishmania donovani 423

Leishmania infantum 424

leishmaniasis, macrophage-related diseases

423–425

length, CNTs 123

lesion-associated chelatable iron 678

LFMPS see liquid formulation holding

microparticulate system

ligand–receptor binding, bacteria 212

ligands, surface functionalization 360

linking, covalent 370–374

lipid core, core–shell nanoparticles 146–147

lipid nanoparticles, drug delivery 471–508

lipids, cell damage 638

lipofectins, gene transfer vectors 629

liposomal system, drug delivery 144

liposomes, macrophage targeting 229

liquid core, core–shell nanoparticles 145–

155

liquid formulation holding microparticulate

system (LFMPS) 276

Listeria 211

liver diseases, iron oxide nanoparticles MRI

63

liver imaging 63

LMWH see low molecular-weight heparin

loading, drug delivery 476

localised SPR biosensor 16

low-molecular-weight compounds, drug

delivery applications 541–542

low molecular-weight heparin (LMWH),

silastic compounds 276

low-soluble drugs 488–489

luciferase gene, HVJ-E Vector 610

luminescent glyconanospheres, quantum dots

391
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luminescent lanthanide complexes,

immunoassay 39

lymph node metastases 65

– iron oxide nanoparticles MRI 64–65

lymphoid tissues, drug delivery 411

lysines 567

– reactives 562

lysozyme

– core–shell nanoparticles 163–165

– release pattern 165

m
M cells, targetet drug delivery 211

macromolecular structures, drug delivery

applications 520–522

macromolecules, biological 359

macrophage-related diseases, drug delivery

423–426

macrophages

– drug delivery 228–229

– interaction with SPIOs 58

– SPIOs 56

MAEHP see 2-methyl-N-(2 0-aminoethyl)-3-

hydroxyl-4-pyridinone

magnetic diagnostics 28–30

magnetic fields, therapeutic applications

387

magnetic nanoparticles 393–395

– gene therapy 615–619

magnetic nanoshells, drug delivery

applications 548–549

magnetic resonance imaging (MRI)

– acute cardiac transplant rejection 72

– arthritis 70

– clinical uses 61–74

– contrast agents 392

– embolotherapy 73–74

– infections 70

– iron oxide nanoparticles mri 51–84

– kidney imaging 71

– liver diseases 63

– lymph node metastases 64–65

– multiple sclerosis 69

– nanoparticle vectorization 60

– patient diagnostics 4

– spleen diseases 63

– stroke 68

magnetization at saturation (MS), SPIOs 54

magnetofection 31

– HVJ-E Vector 618

magnetoresistive arrays, biosensors 32

main biodegradable synthetic polymers,

chemical structure 350

MALDI see matrix-assisted laser desorption

and ionization

maleic anhydride, surface modification 369

MALT see mucosal-associated lymphoid

tissues

mannose, recognition mechanisms 361

MAPHP see 3O-aminopropyl-3-hydroxyl-4-

pyridinone

– conjugation with nanosphere or

microsphere particles 672–675

– iron complexes 680–682

– reaction with ferric iron 675

mass spectroscopy

– nanotechnology-enhanced diagnostic tools

36–37

– surface plasmon resonance 37

material assembly, proteins 26

materials, drug delivery 255–309

matrix-assisted laser desorption and ionization

(MALDI), enhancement tools 36

mechanical diagnostics 30–33

melanoma, gene therapy 609–610

melanoma-associated antigen (MAA), gene

therapy 609–610

melt-adsorption method, silastic compounds

273

membrane, cell 207–208

membrane damage 629–643

– nonviral vector 632–633

membrane transport, functionalized CNTs

285

MEMS see microelectromechanical

system

metabolism, SPIOs 56–60

metal chelator complexes, transport 661

metal complexation 679

metal film deposition, biosensor 101

metal levels, AD 661

metallic core, core–shell nanoparticles

174–180

metallic nanoshells, drug delivery applications

528–531

metallic SWNTs 93

metastable crystalline forms, stability 291

metastases, lymph node 64–65

methotrexate (MTX), CNT 114

2-methyl-3-hydroxy-1-(b-D-ribofuranosyl)-4-

pyridinone 669–670

2-methyl-N-(2 0-aminoethyl)-3-hydroxyl-4-

pyridinone 666

2-methyl-N-(2O-hydroxyethoxy)methyl-3-

hydroxyl-4-pyridinone 666–669

MHEMHP see 2-methyl-N-(2O-

hydroxyethoxy)methyl-3-hydroxyl-4-

pyridinone

MHRFP see 2-methyl-3-hydroxy-1-(b-D-

ribofuranosyl)-4-pyridinone
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MHRPP see 2-methyl-3-hydroxy-1-(b-D-

ribopyranosyl)-4-pyridinone

– chemical structure 670

micro/nanoscale devices, drug delivery

applications 520

microactuator, biosensors 521

microcapsules

– coating 261

– drug delivery 261–262

– permeability test 387

microchannels, biosensors 517

microcrystal encapsulation, drug delivery

542

microelectromechanical system (MEMS)

sensor platforms, actuation detection 512

microfluidics device, valves 519

micronized dexamethasone drug particles,

monodispersion 548

microorganism strategies, barrier penetration

210

microparticle coating, drug delivery materials

263

microsphere particles, conjugation with

MAPHP and DFO 672–675

microspheres

– calcium silicate-based 279

– optical glucose sensors 515

Mie theory, quantum dots 15

miniemulsion

– polymerization 357

– surface functionalization 369

mitochondria, isolated 634–636

mitochondrially mediated apoptosis 637

modified chelators, complexing to iron 676

molecular imaging, core–shell nanoparticles

143–188

molecular markers expression, mouse tissue

328

monitoring

– in vivo 72

– real-time 40

monoclonal antibodies

– invasive delivery systems 227

– surface modification 28

monodispersion, drug delivery 548

monomers, in situ polymerization 492

mononuclear phagocytic system (MPS) 204–

205

– macrophages 411

monosaccharides, surface functionalization

360

mortality, CNT 126

motifs, CpG 107–109

mouse skin, growth factor expression 325

mouse tissue, NANOEGGTM treatment 325–

331

MPB-PE see 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[4-(p-
maleimidophenyl)butyramide]

MPS see mononuclear phagocyte system

MRI see magnetic resonance imaging

MRI-detectable embolotherapy 73–74

mRNA, expression 325

MS see magnetization at saturation

MTX see methotrexate

mucosal-associated lymphoid tissues (MALT)

411

mucosal epithelium

– gastrointestinal tract 202–203

– respiratory tract 202

mucosal routes, drug delivery 496–497

mucus, delivery routes 412

multifunctional BNP hybrid 587

multifunctional dendrimer, patient diagnostics

40

multimetal ions, AD 662–664

multiple functional groups 561

multiple sclerosis 70

– iron oxide nanoparticles MRI 69

multiplexed diagnostic assays, patient

diagnostics 40

multistep titration 379

multiwalled carbon nanotubes (MWNT) 21

Mycobacterium tuberculosis 214

– tuberculosis 431

n
NAA see non-natural amino acids

nano-organized shells, drug delivery

applications 550

nanocantilever, biosensors 31

nanocapsules, synthesis 358

NANOEGGTM 334

– chronic inflammatory diseases 320

– drugs 338

– epidermis 318

– hyperpigmentation 319

– indications 335–337

– pharmacological effects 323–324

– preparation 314–316

– solubility 334

NANOEGGTM technology 310–341

– all-trans retinoic acid (ATRA) 317–318

NANOEGGTM treatment

– animal skin 330

– human skin 321

nanoelectrode, CNTs 102

nanoelectrode arrays (NEA), CNT 97
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nanoelectrode biosensors, diagnostics 102–

104

nanoelectrode ensemble (NEE) 103

– CNT 97

nanomaterials for enhanced electron transfer,

electrical diagnostics 20–24

nanomedicine 530–531

nanoparticles

– barrier crossing 645–651

– chitosan 263

– core–shell 143–188

– delivery 657–660

– drug delivery systems 648–649

– inorganic 265–266

– MRI applications 51–84

– optical diagnostics 14–17

– PLGA 157–173

– recovery 476–477

– targeting 652–682

– transport technology 665

– vectorization 60

nanopore, DNA 38

nanoporous materials

– drug delivery 270–286

– silastic 271–277

– silica 278–279

nanoprecipitation, polymeric nanomaterials

356

nanoscale devices, drug delivery applications

520

nanoscale sensing 509–526

nanoshells

– barrier properties 539

– drug delivery 527–556

– E-LbL assembled 540

– magnetic 548–549

– optical diagnostics 14–17

– synthesis 528–529

nanosphere particles, conjugation with

MAPHP and DFO 672–675

nanospheres, synthesis 354

nanotechnology

– electrical diagnostics 19–28

– future of patient diagnostics 40–43

– imaging diagnostics 33–34

– magnetic diagnostics 28–30

– nanotechnology-enhanced diagnostic tools

34–39

– optical diagnostics 9–19

– patient diagnostics 2–8

– targeted drug delivery 189–254

nanotoxicology 629–643

nanowindows, CNH 286

nasal, drug delivery 413

native bacterial flora, targetet drug delivery

210

natural polymers, nanomaterials 346–348

NEA see nanoelectrode arrays

NEE see nanoelectrode ensembles

neoplasm, uterine 73

NMRD see nuclear magnetic relaxation

dispersion

non-natural amino acids (NAA) substitutions

576

noncancer applications, drug delivery 409–

414

noncovalent functionalization, CNTs 86

noncovalent interaction, surface modification

363

nondegradable synthetic polymers,

nanomaterials 352

noninvasive delivery systems 223

nonplanar conjugated molecules, CNT

functionalization 92

nonspecific uptake, gene therapy 599

nonstealth liposomes, macrophage targeting

229

nonsteroidal anti-inflammatory drugs, delivery

routes 421

nonviral vector, PEI 630

noradrenaline receptors, synthetic 9

nuclear magnetic relaxation dispersion

(NMRD) 53

nuclear targeting, gene therapy 601

nucleic acid sensors, CNT 104

nucleic acids

– amplification 37

– electrochemical detection 23

nucleophilic carbene, SWNT functionalization

94

nucleoside reverse transcriptase inhibitors,

HIV treatment 435

nylon membrane, surface modification 28

o
OAT see optoacoustic tomography

OCT see optical coherence tomography

ocular bioavailability, delivery routes 420

ocular delivery 415–423

– future prospects 422

ODN CpG complexation 108

oily drugs, solidifying 271–274

oligodeoxynucleotides (ODN), CNT 107

oligosaccharides, surface functionalization

360

OMP see oral magnetic particles

ophthalmic formulations, polymeric

nanoparticles 382

Index 719



optical coherence tomography (OCT), patient

diagnostics 4

optical detection, sensors 513–516

optical diagnostics

– fiber optic biosensors 18–19

– fluorescence 9–10

– nanoparticles/-shells 14–17

– quantum dots 11–13

– SPR 14–17

optical fiber distal tip, surface modification 20

optical glucose sensors 515

optically addressable delivery systems,

therapeutic applications 386

optoacoustic tomography (OAT), patient

diagnostics 5

oral administration, hypoglycaemic effect

453

oral delivery 412

– carbon nanotubes 280

– chitosan 448

– CNTs 280

– noninvasive systems 224

– osmotic 224

– protein drug 280–281

oral magnetic particles (OMP) 62

oxidative stress, drug delivery 653–656

p
p–p stacking interactions, CNTs 86–87

PACA see poly(alkylcyanoacrylate)
paclitaxel, release pattern 151

paclitaxel-loaded lipid core, core–shell

nanoparticles 148–150

paclitaxel porous particles 279

parasitic infections, drug delivery 426

particle conjugation, iron chelators 676

particle size

– distributions 680

– hydrodynamic 54–55

– SLNs 480

particles, solid dispersion 288–294

passive diffusion, drug delivery 194

PAT see photoacoustic tomography

pathogenesis, prions 222

pathology

– AIDS 434

– tuberculosis 431

patient diagnostics 3

– future developments 40–43

– introduction 1

– nanotechnology 2–8

pattern recognition receptors, CNT 108

PCL nanospheres, charged 427

PCR see polymerase chain reaction

pDNA see plasmid DNA

PDP-PE see 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[3-(2-
pyridyldithio)propionate]

peak time, drug delivery 196

PEBBLE nanosensor, biosensors 17

PEBBLEs see probes encapsulated by

biologically localized embedding

PEG see poly(ethylene glycol)

PEI see poly(ethyleneimine)

D-penicillamine, conjugation reactions 657

PEO see poly(ethylene oxide)

peptide antigens, f -CNT-attached 109–110

peptide coating, CNT 89

peptide delivery 486–487

peptide insertions, heterologous 571–575

peptide nucleic acid (PNA), CNT

functionalization 91

permeability

– high-molecular-weight compounds 543–

544

– low-molecular-weight compounds 541–542

PET see positron emission tomography

Peyer’s patches, delivery routes 412

pharmaceutical ingredients, controlled release

540

pharmacokinetics, SPIOs 59

pharmacology

– SPIOs 56–60

– targeted drug delivery 192–208

PHEMA see PMMA-b-polyhydroxyethyl

methacrylate

phospholipid (PL), CNT 89

phospholipid/polydiacetylene membrane,

synthethic receptors 10

photoacoustic tomography (PAT), patient

diagnostics 5

photoaging, NANOEGGTM 331

physicochemical characteristics, SPIOs 53–

55

physicochemical techniques, surface

modification 376

PIHCA see poly(isohexyl cyanoacrylate)
PL see phospholipid
plant-based antigen 584

plaque, atheromatous 67

plasma glucose levels 456

plasma membrane damage, nonviral vector

632–633

plasmid DNA (pDNA), gene therapy 116

plasminogen, targeting 230

platforms, multifunctional 40

PLGA (poly(lactic-co-glycolic acid))
nanoparticles
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– HA-functionalized 157–165

– heparin-functionalized 166–173

– preparation 158

Pluronics (F-127), core–shell nanoparticles

158

PMMA see poly-methyl methacrylate

PMMA-b-polyhydroxyethyl methacrylate

(PHEMA), CNT functionalization 91

PMP complex, biosensors 25

PNA see peptide nucleic acid

PnBEMA see poly-n-butyl methacry-late

point-of-care diagnostics 41–42

poly-methyl methacrylate (PMMA), CNT

functionalization 91

poly-n-butyl methacry-late (PnBMA), CNT

functionalization 91

poly(alkylcyanoacrylate) (PACA), synthetic

polymers 352

polyanions, E-LbL nanoshells 534

polycations

– cell damage 638

– cytotoxicity 639

– E-LbL nanoshells 534

– mitochondrially mediated apoptosis 637

poly(EA–MMA–HEMA), chemical structure

259

polyelectrolyte microcapsules, drug delivery

541

polyelectrolyte multilayer capsule 386

poly(ethylene glycol) (PEG), CNT 89

polyethylene oxide (PEO)

– core–shell nanoparticles 156

– nanomaterials 352–353

poly(ethyleneimine) (PEI)

– cell dysfunction 631–637

– DNA complexes 630–631

– gene therapy 117

– isolated mitochondria 634–636

– membrane damage 629–643

– nonviral vector 630

polyfectins

– gene transfer vectors 629

– membrane damage 629–643

polyguanylic acid-functionalized polymer

nanocontainers 231

polyion E-LbL self-assembly 532–551

polyion films 538

poly(isohexyl cyanoacrylate) (PIHCA),

Leishmaniasis 423

poly(lactic-co-glycolic acid) see PLGA
polymer conjugation, CNT 87

polymer materials 345–353

polymer nanocontainers, functionalized 231

polymerase chain reaction (PCR)

– CNT 104

– patient diagnostics 3

polymeric core, core–shell nanoparticles

156–173

polymeric micelles 267

polymeric nanomaterials 342–408

– aqueous 257–258

– surface functionalization 359–379

polymeric nanoparticles 409–470

– characterization 494

– drug delivery 471–508, 648–649

– drug delivery materials 267

– film formation 258

– fluorescence labeling 388–391

– pharmaceutical applications 495

– preparation 354–358

polymeric shell composition, drug delivery

148

polymerization, in situ 357

polymers

– biocompatible 613–614

– degradable 349–351

– natural 346–348

– nondegradable 352

– preformed 354

– viral particle-modified 586

polymorphism, SLNs 481

poly(propylene oxide) (PPO), core–shell

nanoparticles 157

polysaccharides

– coating 263

– natural polymers 346

polysorbate-80-coated AZT nanoparticles 436

polystyrene core, surface modification 370

poorly absorbable drugs, drug delivery 275–

277

pore size effect, solid dispersion particles 289

porous silastic materials, drug delivery 287–

309

porous silica, drug delivery 288–294

porous silicon (pSi), drug delivery 279

positron emission tomography (PET), patient

diagnostics 4

potential, immunogenic 109–110

potentially therapeutic agents, drug delivery

652

potentiation, CpG immunostimulatory activity

107–109

PPO see poly(propylene oxide)

praziquantel encapsulation efficiency, parasitic

infections 427

preformed nanoparticles

– covalent linking 370–374

– surface functionalization 364–365
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preformed polymers 354

preparation techniques

– polymeric nanoparticles 492

– SLNs 474

presentation, f-CNT-attached peptide antigens

109–110

prevention, cancer 611–612

prions, natural strategies 221–222

pro-inflammatory cytokine IL-8, cytotoxicity

125

proangiogenic growth factors, protein delivery

495

probes encapsulated by biologically local-

ized embedding (PEBBLEs), patient

diagnostics 6

production processes, SLNs 474

proliferation, keratinocytes 326–327

protective barriers, E-LbL assembled

nanoshells 545–547

protective envelope, viruses 218

protein, intracellular delivery 282–283

protein absorption patterns, chelator–particle

systems 675

protein delivery 486–487

– mucosal routes 496–497

– polymeric nanoparticles 495

protein drug, delivery 280–281

protein expression systems 576

protein-loaded core–shell nanoparticles,

formation 152

protein loading process, core–shell

nanoparticles 160

protein transduction domain (PTD) 373

proteinaceous infectious particle, prions

221

proving, nanoshells 535–537

pSi see porous silicon
PTD see protein transduction domain

pulmonary, drug delivery 413

pulmonary toxicity, SWCNT 125

purity, CNTs 119–122

PVP-coated iron oxide 175–180

pyelography 62

q
QCM electrodes 536

quantum dot core, size distribution 13

quantum dots, optical diagnostics 11–13

quantum yield, fluorescent 582

r
radioimmunoassay (RIA), patient diag-

nostics 3

radiolabeled nanoparticles 396

Raman spectroscopy, nanotechnology-

enhanced diagnostic tools 35–36

rat liver mitochondria, polycation effect 635–

636

reaching target cells, gene therapy 599

reaction enhancement 25

reactive oxygen species (ROS) 653–656

real-time monitoring, patient diagnostics 40

receptor-mediated endocytosis 205

receptor-specific nanocarrier, construction

234

receptors, synthetic 10

recognition

– gene therapy 599

– mechanisms 360

rejection, cardiac transplant 72

related structures, SLNs 478–479

relaxation rates, SPIOs 53

relaxivity measurements, SPIOs 56

release, triggered 384–387

removal, multimetal ions 662–664

repaglinide, silica materials 278

RES see reticuloendothelial system
resistance, gene therapy 600

respiratory tract, mucosal epithelium 202

retention, gene therapy 602

reticuloendothelial system (RES)

– inorganic nanoparticles 265

– special pharmacology 204

retrovirus-based gene therapy 219

reverse transcriptase, gene therapy 220

RIA see radioimmunoassay

risks, patient diagnostics 42–43

RNA (ribonucleic acid), delivery and

expression 116–117

ROS see reactive oxygen species (ROS)

routes of administration 380–381

routes of tissue, drug delivery 410

ruthenium–polypyridyl complex, biosensors

23

s
S. pyogenes 215

Salmonella 211

salting-out, polymeric nanomaterials 355

SAW see surface acoustic waves

SAXS see small-angle X-ray scattering

scaling-up, SLNs 475

scavenger receptor a1, drug delivery 231

SCK polymer assemblies, biosensors 522

second-generation nanoparticles 343

SELDI see surface-enhanced laser desorption

and ionization

selective modifications, BNPs 560–566
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self-aggregation, ATRA 312

self-assembly, E-LbL 532–551

semiconducting nanotubes 97

sensing, nanoscale 509–526

sensors

– drug delivery applications 511–518

– hydrogel based 512

SERS see surface-enhanced Raman

spectroscopy

shells, nano-organized 550

Shigella 211

sidewall functionalization, CNTs 91–95

signal suppression 62

silastic compounds, drug delivery 271

silastic materials, drug delivery 271–274

silica, drug delivery 295–309

silica materials, drug delivery 278–279

simultaneous gene transfer, cancer 611–612
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